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Étude de la diversité phénotypique et fonctionnelle des macrophages : caractérisation des 

macrophages du tissu adipeux brun et des glandes surrénales. 

Résumé  

 

Les macrophages sont des cellules myéloïdes faisant partie du système 

phagocytaire mononucléaire, reconnues notamment pour leur fonction d’élimination et 

de recyclage des cellules apoptotiques. Au cours de ces deux dernières décennies, 

l’étude de ces cellules a révélé une grande diversité phénotypique et fonctionnelle des 

macrophages. Dans les tissus, les macrophages exercent des fonctions spécifiques 

de chaque organe. Par exemple, les macrophages pulmonaires participeraient à la 

clairance du surfactant, tandis que les macrophages pancréatiques joueraient un rôle 

dans le recyclage de l’insuline. L’avènement des nouvelles technologies à résolution 

« single-cell » a cependant remis en cause la théorie selon laquelle la diversité des 

macrophages s’observerait uniquement à l’échelle des différents tissus, notamment 

en révélant une grande diversité de ces cellules à l’échelle sous-tissulaire. Divers 

facteurs tels que l’origine développementale ou la localisation de ces cellules au sein 

du tissu sont dorénavant reconnus comme facteurs clés dictant le phénotype et la 

fonction des macrophages. Par exemple, les macrophages cardiaques d’origine 

embryonnaire jouent des fonctions réparatrices tandis que les macrophages 

cardiaques dérivés des monocytes prônent l’inflammation et sont néfastes lors d’un 

infarctus du myocarde. D’autre part, la différentiation des monocytes en macrophages 

inflammatoires est accentuée au cours des maladies métaboliques telles que l’obésité 

et l’athérosclérose, et ce mécanisme est reconnu comme étant délétère. Ainsi, 

appréhender la diversité des macrophages au sein de chaque tissu et les mécanismes 

régulant leur maintenance semble être une étape majeure avant d’envisager des 

approches thérapeutiques centrées sur ces cellules. 

Au cours de nos travaux, nous avons focalisé notre attention sur les 

macrophages du tissu adipeux brun et des glandes surrénales, deux populations peu 

– ou pas – caractérisées. Via une approche de séquençage ARN « single-cell », nous 

avons identifié diverses sous-populations de macrophages ayant chacune une 

signature transcriptionnelle propre suggérant des fonctions restreintes à chaque 

population. Nous avons pu expliquer cette diversité par l’origine et la localisation sous-

tissulaire de ces cellules. De manière surprenante, nous avons également observé 
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des influences du sexe biologique sur la présence de certaines populations de 

macrophages. Nous avons pu déterminer que les monocytes jouent un rôle clé dans 

la maintenance des macrophages du tissu adipeux brun et des glandes surrénales, 

notamment en remplaçant les macrophages embryonnaires au fil du temps. D’un point 

de vue fonctionnel, au sein de ces deux tissus, la déplétion des macrophages induit 

une perturbation du métabolisme lipidique et une altération de l’homéostasie tissulaire, 

démontrant ainsi le rôle clé que jouent ces cellules. 

 

Mots clé : Macrophage – Monocyte – Glandes surrénales – Tissu adipeux brun. 
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Studying the phenotypic and functional diversity of macrophages : characterization of 

brown adipose tissue and adrenal gland macrophages. 

Abstract 

 

Macrophages are myeloid immune cells and part of the mononuclear phagocyte 

system. They are known for their role in the clearance of apoptotic cells and 

phagocytosis of extracellular debris and pathogens. In the last two decades, several 

studies have brought to light the impressive phenotypic and functional heterogeneity 

of macrophages. In tissues, macrophages perform organ-specific functions. For 

example, lung macrophages clear surfactant while pancreatic islet macrophages 

participate in insulin recycling. However, recent single-cell based technologies have 

challenged the hypothesis that macrophage diversity is solely observed at the inter-

organ scale, notably by revealing an underestimated macrophage diversity at the sub-

tissular scale. Several parameters such as developmental origin and sub-tissular 

localization are now considered as key drivers of macrophage phenotype and function. 

For example, embryonic cardiac macrophages participate in tissue repair and 

resolution of inflammation while monocyte-derived cardiac macrophages support 

inflammation and are deleterious in myocardial infarction. Monocyte differentiation into 

macrophages with an inflammatory phenotype is enhanced in chronic metabolic 

diseases such as obesity and atherosclerosis, thus contributing to disease worsening. 

Understanding macrophage diversity and the mechanisms allowing the maintenance 

of these cells in each tissue therefore appear to be a critical step before therapeutic 

approaches can be designed to target these cells.    

In this work, we focused on brown adipose tissue and adrenal gland 

macrophages, two poorly characterized macrophage populations. Using single-cell 

RNA sequencing, we identified macrophage sub-populations with a specific 

transcriptomic  signature suggesting population-restricted functions. This phenotypic 

diversity could be explained by a different developmental origin and sub-tissular 

localization. Surprisingly, we observed the presence of sex-specific macrophage 

populations in adrenal glands that were tied to a specific sub-tissular niche. Monocytes 

played a key role in the renewal of both brown adipose tissue and adrenal gland 

macrophages, notably by replacing embryonically-seeded macrophage populations. 

On a functional standpoint, macrophage depletion induced a perturbation of lipid 
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homeostasis in both of these tissues, thus demonstrating the key role of macrophages 

in tissue homeostasis. 

 

Key words : Macrophage – Monocyte – Adrenal glands – Brown adipose tissue. 
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Introduction 

 

Myeloid cells, together with lymphoid cells, represent the main cellular defense 

mechanism of the organism. The myeloid branch of the immune system is composed 

of macrophages, dendritic cells, monocytes, neutrophils and eosinophils. These 

effector cells can be rapidly mobilized upon infection to initiate the innate immune 

response, but they also play physiological roles at steady state, and can be activated 

in the presence of sterile inflammation. Dysfunctions of the immune system have been 

observed during pathologies such as auto-immune diseases and inflammatory 

diseases. Among myeloid cells, mononuclear phagocytes comprise macrophages, 

monocytes and dendritic cells1. They are specialized in the detection, uptake and 

degradation of extracellular components such as pathogens, cellular debris or 

apoptotic cells. Resulting processed antigens may eventually be presented via major 

histocompatibility complexes to prime the adaptative immune system, therefore 

allowing to mount a full and effective immune response upon infection. Understanding 

the diversity and functions of mononuclear phagocytes in health and disease therefore 

appears crucial to envision new therapeutic approaches centered around those cells.  

The results presented in this thesis focus on two poorly characterized macrophage 

populations, namely brown adipose tissue and adrenal gland macrophages, in order 

to characterize their diversity, ontogeny and functions.  
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Chapter 1 – Mononuclear phagocytes. 

 

A. Overview 

The developmental and functional interrelationship of mononuclear phagocytes 

have long been controversial, especially because these cells share many cell-surface 

markers confusing their identificiation1. The emergence of new genetic tools has now 

allowed a better understanding of the diversity of these cells through fate-mapping 

experiments. It is now well-established that bona fide dendritic cells are seeded and 

maintain independently of the monocytic lineage, and monocyte-derived macrophages 

coexist with embryonic macrophages – which don’t rely on monocyte recruitment for 

their maintenance – in most tissues. The first chapter of this manuscript will be 

dedicated to clearly defining the identity and general roles of mononuclear phagocytes, 

while the rest of the manuscript will focus on macrophage biology. 

 

Figure 1. Schematic representation of mononuclear phagocyte diversity 
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B. Macrophages 

Macrophages were first observed by Ilya Metchnikov in 1882 who gave the name 

“macrophage” to cells presenting the capacity to engulf and degrade extracellular 

material and foreign bodies. Metchnikov was later awarded the Nobel prize for his 

discovery of phagocytosis. Nowadays, macrophages are still mainly recognized for 

their capacity to engulf and recycle dead cells – a process called efferocytosis – and 

to clear foreign material such as pathogens. Historically, macrophages were identified 

in vivo by criteria such as morphology, size and intracellular composition. Later, 

identification of the F4/80 marker2 facilitated the observation of macrophages in many 

tissues and allowed to define their particular sub-tissular localization, which suggested 

potential local functions3-7. Over the last four decades, extensive work has aimed at 

identifying the factors determining macrophage seeding, maintenance, activation and 

function, and how these parameters reflected through their phenotypic diversity. F4/80+ 

cells are decreased in most tissues of op/op mice which bear an inactivating mutation 

in the gene coding for the growth factor CSF1 (colony stimulating factor 1), indicating 

that CSF1 is necessary for macrophage survival8,9. This phenotype was also observed 

in mice deficient for the CSF1 receptor (CSF1R, CD115)10, which is highly expressed 

among mononuclear phagocytes11. Absence of macrophages was first attributed to the 

lack of blood monocytes in these mice, since previous work suggested that 

macrophages originated from bone marrow precursors12-14. However, although CSF1 

administration rescued hematopoietic defects and monocyte production15, tissue 

macrophage restoration was mostly partial and restricted to certain tissues9. These 

results indicated that monocyte contribution to the tissue macrophage pool was not 

systematic, and supported other reports suggesting a dual origin of tissue 

macrophages16,17 and showing the existence of macrophage maintenance through 

self-proliferation18-20. It is now well-established that CSF1R signaling – triggered by 

binding either CSF1 or IL-3421 – regulates seeding and survival of most tissue 

macrophages22, with the exception of lung alveolar macrophages which rely on GM-

CSF23. Analysis of CSF1-knockout mice showed persistence of microglia24 while these 

cells were absent in CSF1R-/- and IL-34-/- mice25, showing the dependence of microglia 

on IL-3425,26. IL-34 is also necessary for maintenance of Langerhans cells26 in the skin 

and peripheral nervous system macrophages27. 

More recent work established the current consensus that macrophages are 

identified as cells co-expressing CD64 (Fcgr1) and MerTK28 in mice, while F4/80 
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expression was reported on other cell types (eosinophils and a subset of dendritic 

cells)29,30. Phenotypic analysis of tissue resident macrophages using flow cytometry 

quickly revealed a heterogeneity of these cells across tissues. Furthermore, elaborate 

fate-mapping experiments established that macrophages are also heterogenous in 

development with either an embryonic origin, a monocytic origin, or a mixture of both31 

(detailed in chapters 2 and 3). Comparative analysis of macrophage transcriptome and 

chromatin landscape from different tissues further brought to light the phenotypic 

diversity of these cells on the scale of the whole organism, and supported the idea of 

imprinting by the local environment28,32. This also suggested that macrophages could 

play tissue-restricted functions on top of their canonical phagocytic properties28,32. This 

complexity was further enhanced by recent single-cell RNA sequencing analysis, that 

revealed an unanticipated macrophage diversity at the sub-tissular level. It is now 

becoming clear that diverse macrophage subsets coexist across tissues, and these 

subsets are defined by their conserved origin, maintenance mechanisms, expression 

of specific surface markers and sub-tissular localization33,34.  Notably, across all 

tissues, Lyve1high MHC-IIlow macrophages are found to be mostly of embryonic origin 

and associated to blood vessels while Lyve1low MHC-IIhigh CX3CR1+ macrophages are  

associated with neurons and are replenished by monocytes33,34. Nevertheless, 

unbiased clustering of these macrophage subsets transcriptional signature across 

tissues still shows the dominance of tissue imprinting over developmental origin on 

macrophage phenotype33.  

Recent technologies have thus revealed an impressive macrophage diversity in 

almost every organ, raising many exciting questions about these cells. Our current 

understanding of macrophage biology suggests that subset-specific functions and 

phenotypes mainly depend on cell localization within the tissue, while contribution of 

monocytes to the macrophage pool may influence inflammatory potential. The 

functions of tissue resident macrophages have, for the most part, been addressed 

considering that macrophage populations were homogenous. Recent advances in the 

field have highlighted the heterogeneity of tissue resident macrophages and some of 

these past conclusions may need to be revisited thoroughly. Defining each subset’s 

localization and the factors controlling their development, maintenance and functions 

will be the next step in the macrophage field. 
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C. Monocytes 

Monocytes are short-lived circulating myeloid cells, generated in the bone 

marrow through hematopoiesis in a CSF1-dependent manner35. In vivo use of 3H-

thymidine allowed the identification of the hematopoietic origin of monocytes and their 

half-life in the blood circulation was estimated at around 20 hours both in mice36,37 and 

humans, although this observation did not take into account the diversity of 

monocytes38. These early observations were recently revisited using genetic 

reporters39. Pioneering studies described the phagocytic properties of monocytes40,41 

and their capacity to differentiate to macrophages both in vitro and in vivo42-45. 

Monocytes have also been identified in tissues46, where they can either differentiate 

into macrophages or uptake antigens and migrate to lymph nodes through lymphatic 

vessels46,47.  

Two major monocyte subsets are present in the blood, both in mice and humans 

: classical and patrolling monocytes48,49. Although these monocyte subsets are 

developmentally interconnected, they differ in their phenotype and functions50. 

Classical monocytes, also called inflammatory monocytes, are identified as CD14+ 

CD16- cells in humans48 and Ly6Chigh in mice49. Patrolling monocytes are identified as 

CD14low CD16+ cells in humans48 and Ly6Clow in mice49, and they further express 

CD4351. As their name suggests, Ly6Clow monocytes have a patrolling behavior in the 

blood vasculature52. They are tightly associated to endothelial cells, which they survey 

in order to remove dying cells and maintain endothelium homeostasis53. Patrolling 

monocytes have been shown to differentiate from classical monocytes both in mice 

and humans38,39,54,55. The transition of Ly6Chigh to Ly6Clow monocyte is characterized 

by down-regulation of Ly6C and CCR2 and up-regulation of Treml4 and CX3CR156, 

and the maintenance of patrolling monocytes depends on the transcription factor 

Nr4a157. Their half-life is longer than that of classical monocytes, and their survival is 

extended when classical monocytes are depleted due to increased circulating CSF1 

availability38,39. In humans, a third subset identified as CD14+ CD16+ is also found in 

significant proportions and these cells correspond to an intermediate differentiation 

stage of classical monocytes into patrolling monocytes38.  

Monocytes are important mediators of inflammation and their numbers in blood 

can be correlated to several pathologies. Understanding the factors influencing their 

generation, mobilization, survival and recruitment potential therefore appears crucial. 

Further insights about monocyte biology will be developed in chapter 4. 
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D. Dendritic cells 

Dendritic cells are pivotal antigen presenting cells able to uptake antigens locally, 

migrate to lymph nodes through lymphatic vessels and activate both CD4+ and CD8+ 

T cells which can in turn spark the adaptative immune response. They were discovered 

in 1973 when Ralph Steinman and Zanvil Cohn isolated adherent cells from lymphoid 

organs with features different of macrophages58. Unlike macrophages, these cells 

were motile and lowly phagocytic58. The term “dendritic cell” was chosen due to their 

numerous protrusions, further defining the difference between these cells and 

macrophages58. Distinguishing dendritic cells from macrophages and monocytes in 

vivo has always been challenging since expression of CD11c and MHC-II – two 

canonical DC markers – is shared among many mononuclear phagocytes1. After their 

discovery, dendritic cells were quickly proposed to derive from circulating monocytes59. 

Although this is possible in vitro60, discovery of the Zbtb46 transcription factor which is 

expressed in conventional dendritic cells (cDCs) and their progenitors, but not in 

monocytes and macrophages60,61, allowed a definitive separation of cDCs from the 

monocyte lineage62. Indeed, Mafbcre x R26YFP x Zbtb46GFP mice allowing separate 

tracking of the monocyte and dendritic cell lineages lack YFP+ GFP+ cells in tissues 

even during inflammation, although Langherans cells stand out as the only cells with 

a dual origin and express both Mafb and Zbtb4660. This result was further confirmed in 

Ms4a3cre x R26TdTomato mice, which allow tracking of the monocyte lineage and do not 

show labeling of dendritic cells63.  

Dendritic cells originate from bone marrow precursors and depend on Flt3-Flt3L 

signaling for their maturation and survival64-66. They comprise plasmacytoid dendritic 

cells (pDCs), and conventional dendritic cells (cDCs). pDCs are identified through their 

expression of the markers B220 and Siglec-H, and they are developmentally different 

from cDCs. Indeed, they do not arise from Zbtb46+ precursors and rely on the 

transcription factors E2-2 and IRF8 for their proper development and function67,68. 

pDCs are mainly involved in antiviral responses through the production of type I 

interferon69. cDCs can be further divided into two sub-types : cDC1s and cDC2s. All 

cDCs express high levels of the integrin CD11c and MHC class II but, in lymphoid 

tissues, cDC1s express CD8, CD24 and XCR1 while cDC2s are characterized by CD4 

and Sirpa expression. In nonlymphoid tissues, cDC1s are described as CD103+ and 

XCR1+ and cDC2s as CD11b+ and Sirpa+70,71. This phenotypic description correctly 

applies to the majority of tissues with few exceptions such as the small intestine, where 
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a population of CD103+ cDC2s was described72. A third cDC subset, named cDC3, 

was recently observed in studies using single-cell RNA sequencing73. Upon activation, 

notably through pattern recognition receptors, dendritic cells migrate through lymphatic 

vessels to reach lymph nodes where they can initiate the adaptative immune 

response74,75. Dendritic cell migration via the lymphatic system fully relies on their 

expression of the chemokine receptor CCR776,77, which depends on their activation 

status, and chemotactic gradients of the CCR7 ligands CCL19 and CCL2178,79.   
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Chapter 2 – Embryonic origins of macrophages. 

 

A. Overview 

More than fifty years ago, a pioneering study reported the presence of yolk sac 

progenitors able to give rise to macrophages in mouse embryos80. The formal 

presence of mature macrophages, identified via F4/80 immunostaining, was later 

reported in the yolk sac and liver as soon as embryonic day 10 (E10)81. It has since 

become clear that the establishment of these cells is preceded by successive waves 

of primitive hematopoiesis, which initiate in the yolk-sac. The first wave takes place 

around E7 and seeds predominantly microglia25. The second wave initiates around 

E8.25 when erythro-myeloid progenitors (EMPs) arise in the yolk-sac and later 

colonize the fetal liver via the blood circulation in which they expand and participate to 

fetal liver hematopoiesis around E1082-85. Fetal liver hematopoiesis is completed by a 

third wave of HSCs that arise from the aorta-gonad-mesonephros and seed the fetal 

liver around E10.5. At birth, hematopoietic progenitors seed the bone marrow, which 

represents the major site of hematopoiesis throughout adult life (developed in chapter 

3). Although they differ in development, macrophages seeded by yolk-sac precursors 

partly overlap phenotypically with macrophages arising from fetal liver 

hematopoiesis34. By contrast, macrophages arising from definitive bone marrow 

hematopoiesis lack expression of these markers and they highly express MHC-II and 

CCR234. Embryonic and monocyte-derived macrophages co-exist in many tissues, and 

they perform different functions. Interestingly, some tissues rely entirely on one 

mechanism for macrophage maintenance. For instance, brain microglia is totally 

independent from monocytes at steady state while intestinal lamina propria 

macrophages are continuously replenished by monocytes86. In this chapter, we will 

discuss the seeding of macrophages by yolk-sac and fetal liver progenitors.  
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Promoter Model Target cell 
Conditional expression       

(inducible models) 
Refs 

Cx3cr1 

cre 

Monos & Mɸ 

Adults : Monocytes, CX3CR1+ Mɸ              
E8.5 : YS Mɸ & EMPs                  

E13.5 onwards : FL HSPCs & 
monocytes 

 39,87-89 creER 

GFP 

Ccr2 

cre 

Monos & Mɸ 
Adults : Ly6Chigh monocytes, 

CCR2+ Mɸ 
72,90-92  

creER 

GFP 

RFP 

Ms4a3 
cre GMP & progeny,                      

partly MDP progeny 
GMP & progeny, partly MDP 

progeny 
 63 

creER 

Csf1r 

cre 

Monos & Mɸ E8.5 : YS Mɸ & EMPs                  
Adults : Monocyte progenitors and 

lineage 
 85,93-98 

merCREmer 

EGFP 

ECFP*  DPE-independent Monos & Mɸ 

Flt3 cre FL MDPs, HSC & progeny / 94,99,100  

Runx1 merCREmer HSCs, EMPs 
E7.0-7.5 : YS Mɸ                                                

E8.5 : YS Mɸ & EMPs                                     
E9.5 onwards : HSCs  

25,100,101 

LysM 
GFP 

Myeloid cells 
/ 

 102,103 
cre / 

F4/80 cre Macrophages /  104 

Kit 
cre 

EMPs, HSPCs 
E7.5 : YS Mɸ                                                        

E8.5 : YS Mɸ, EMPs, AGM 
progenitors  

105-108  
merCREmer 

Lyve1 
cre 

Lyve1+ Mɸ Lyve1+ Mɸ 109-111  
creER 

Clec4f cre Kupffer cells / 112  

Mx1 cre HSC & progeny HSC-derived cells  94,113 

Mafb mCherry-cre Monos & Mɸ /  62 

Zbtb46 GFP Conventional DCs / 60,62 

Table 1. Macrophage and monocyte fate mapping models. 

Partly adapted from Xu Y et al.114. Only labelling in target cells is indicated. For 
instance, Ms4a3cre is lowly expressed in sperm, Lyve1cre labels lymphatic endothelial 
cells and dendritic cells express CX3CR1gfp. *DPE : Distal promoter element. Csf1r-
eCFP mice lack the DPE upstream of the Csf1r transcription start site, and only cells 
relying on the intronic FIRE enhancer are labeled in this mouse. Monos : monocytes. 
EMPs : erythromyeloid progenitors. HSPCs : hematopoietic stem and progenitor cells 
(includes cKit+ Sca1- progenitors). HSCs : hematopoietic stem cells (Lin- Sca1+ cKit+ 
cells). AGM : aorta-gonad-mesonephros. FL : fetal liver. YS : yolk sac. MDP : 
monocyte-dendritic cell progenitor. GMP : granulocyte-monocyte progenitor. 
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B. Yolk-sac progenitors 

The emergence of genetic fate-mapping models allowed to robustly demonstrate 

the contribution of yolk-sac progenitors to hematopoiesis101. EMPs are characterized 

by their expression of cKit (CD117, the receptor for stem cell factor) and CSF1R. Their 

differentiation into pre-macrophages in the yolk-sac is characterized by loss of cKit 

expression and up-regulation of CX3CR125,115. Both EMPs and pre-macrophages start 

colonizing the embryo around E9, and the majority of this migration occurs before 

E12.5106. This process necessitates the onset of the blood circulation, suggesting that 

seeding of tissue macrophages occurs through the vascular route25,84,106. Trans-tissue 

migration of progenitors is another possibility that remains to be properly addressed. 

Optimal seeding of organs by pre-macrophages during embryogenesis depends on 

CX3CR1106,116, and these cells start acquiring their tissue-specific signature as they 

differentiate116, highlighting the impact of microenvironmental imprinting even in the 

earliest stages of life. Mature macrophages start proliferating in tissues as soon as 

E10.5, and they maintain by self-proliferation throughout life94.  

Several genetic reporters have been used to track embryonic yolk-sac-derived 

macrophages114. These include inducible Runx1mer-CRE-mer 25 and CSF1Rmer-CRE-mer 85,94 

crossed to fluorescent reporters with cre induction at E8.5. This approach 

demonstrates that certain tissue-resident macrophage populations arise from Runx1+ 

or CD115+ cells present at this developmental stage, while cre induction at a later 

developmental stage fails to label them. The contribution of yolk-sac progenitors to 

macrophage seeding was further demonstrated by analyzing macrophage content in 

Myb-deficient embryos94, which show major defects in hematopoietic stem cells 

(HSCs)117. Indeed, a population of F4/80bright CD11b+ macrophages was maintained in 

Myb-/- embryos, and inducible deletion of Myb in hematopoietic cells failed to deplete 

certain tissue-resident macrophages suggesting their independence from Myb and  

monocyte replenishment94.  

One classical example of yolk-sac-derived macrophages is that of microglia in 

the brain. The presence of microglial cells in brain rudiments, identified by F4/80 

staining, was reported as soon as E8 and the yolk-sac was proposed as their origin118. 

These cells show strong proliferation in situ until they approach their maximal 

population size around two weeks post birth118. The seeding of microglia by yolk-sac-

derived precursors was formally demonstrated in fate-mapping experiments with 

Runx1mer-CRE-mer x R26eYFP mice25. Indeed, time-lapse induction of cre recombinase 
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activity  showed a peak labelling efficiency around E7.25, before hematopoiesis takes 

place, and seeding of the brain by Runx1+ progenitors needed a functional vascular 

system25. Development of microglia was altered in IRF8-/- mice and absent in PU.1-/- 

mice, and this was linked to impaired yolk-sac progenitor maturation further supporting 

the yolk-sac origin of microglia119. Microglia is maintained independently from 

monocyte recruitment throughout life at steady state. Indeed, parabiosis experiments 

showed that less than 5% of microglia were monocyte-derived even one year after 

parabiosis establishment25, and no labeling of microglia was found using Ms4a3cre-

driven labeling of the monocyte lineage63. However, monocytes can be recruited to the 

brain upon injury and give rise to microglial cells, often identified by their expression of 

Iba1120,121. However, these monocyte-derived microglial cells are short-lived and do 

not maintain after resolution of inflammation122. Resident microglia plays key roles in 

the maintenance of brain homeostasis and function123,124. However, the role of CNS 

(central nervous system)-infiltrating monocytes is not as straightforward. In 

experimental autoimmune encephalitis models, these cells play a detrimental role in 

the development of the disease122. However, they are beneficial in Alzheimer’s disease 

models and contribute to alleviating amyloid plaque burden125. Understanding the 

subset-restricted factors regulating the maintenance of resident and monocyte-derived 

microglia in disease conditions therefore appears crucial to envision new therapeutic 

strategies. The short lifespan of monocyte-derived microglial cells could perhaps be 

explained by the fact that maintenance of microglial identity relies on the transcription 

factor Sall1, which is not induced in monocyte-derived cells126. Another factor that may 

explain this phenotype is their dependence on CSF1127 while resident microglia 

depend on IL-3425, the main CSF1R ligand produced in the brain128. CSF1-producing 

and IL-34-producing neurons are situated in restricted regions of the brain128, and 

whether monocyte-derived microglia competes with resident microglia to occupy 

specific niches during inflammation is an open question. 

 

 

C. Fetal liver hematopoiesis 

Fetal hematopoiesis is initiated when yolk-sac EMPs seed the fetal liver, 

proliferate in situ and give rise to blood myeloid cells and erythrocytes85. The fetal liver 

is also seeded by HSCs that arise from the aorta-gonad-mesonephros region129-131. 

Fetal liver-derived hematopoietic stem cells further disseminate through the blood 
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circulation and seed the definitive hematopoietic tissues132. The generation of fetal liver 

progenitors by EMPs depends on the transcription factor c-myb117, while myelopoiesis 

depends on the transcription factor PU.1133,134. Both c-myb and PU.1 are induced in 

fetal liver EMPs during the establishment of hematopoiesis100,135. Fetal liver monocytes 

arise either from c-myb-dependent EMPs, or from HSCs which engraft in the fetal liver 

after EMPs136, and these monocytes start seeding tissues around E13.5100. 

Importantly, fetal liver-derived monocytes start diluting or replacing tissue yolk-sac-

derived macrophages at that stage100, and fetal liver-derived macrophages are 

predominant in most adult tissues107. These embryonic macrophages persist into 

adulthood and maintain independently from monocytes through self-proliferation, and 

they can be identified by their expression of the marker Timd4137,138. 

A well-characterized example of fetal liver-derived macrophage development is 

that of liver Kupffer cells (KCs). The first macrophages to be seeded in the fetal liver 

arise from CX3CR1+ yolk-sac pre-macrophages106. Part of these cells persist through 

adult life94,106, but they are greatly diluted by KCs arising from fetal liver 

hematopoiesis100. Embryonic KCs down-regulate CX3CR1 and they are 

distinguishable from cells of adult hematopoietic origin39. In adults, the contribution of 

monocytes to the KC pool is barely detectable at steady state, as demonstrated by 

analysis of reporter strains driven by Flt3cre – which labels fetal liver MDPs and adult 

BM-derived cells100 – or Ms4a3cre63, and analysis of parabiotic mice139. The KC-specific 

signature is imprinted on KCs by the liver microenvironment137, which dictates their 

expression of markers such as Clec4F140 and Clec2141. Clec4F expression is detected 

in fetal liver macrophages as soon as E12.5, and is a marker of bona fide KCs in adults 

(142 and RNA-seq data from116). As mentioned earlier, embryonic KCs further express 

Timd4 and they rely on the transcription factors Zeb2 and LXRD (coded by Nr1h3) for 

their maintenance112,137. Interestingly, invalidation of Zeb2 using Clec4fcre induces a 

2.5 fold reduction in Timd4+ KC abundance, while the absence of this population is 

complemented by monocyte-derived Timd4- KCs to keep the KC pool constant112. 

Zeb2 expression is essential for myelopoiesis143. Its expression is controlled by two 

key enhancers – one located 165kb upstream of the Zeb2 transcription start site (-

165kb), and another located at +164kb144. Mice with deletion of the -165kb enhancer 

show major hematopoietic defects and notably lack monocytes, while their KCs remain 

unaffected further supporting their independence from monocytes144. However, the 

+164kb enhancer is specifically active in cells with an embryonic origin and it has been 
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proposed to control their development. This enhancer binds the transcription factor 

Nr4a1, and Nr4a1-/- mice have abnormal fetal-liver hematopoiesis144. Furthermore, it 

also binds the transcription factor LXRD (ChIP-seq from137) which is essential for KC 

establishment, and transcriptomic signatures from Zeb2-/- and Nr1h3-/- KCs largely 

overlap112. Both Zeb2 and LXRD start being expressed in embryonic macrophages116. 

Together, these data strongly suggest that the loss of Timd4+ KCs observed in Clec4fcre 

x Zeb2fl/fl  mice may be due to abnormal KC establishment, in a manner involving 

binding of the +164kb Zeb2 enhancer by transcription factors such as Nr4a1 and Nr1h3 

during embryonic development. The Zeb2-dependent development of KCs – and other 

macrophage populations deriving from fetal liver progenitors – could be thoroughly 

characterized by generating and analyzing mice lacking its +164kb enhancer.  

 Kupffer cells play key roles in both homeostasis and disease145. Their roles 

include a participation in iron homeostasis146,147, removal of damaged 

erythrocytes147,148, bacterial clearing during infection149, or detection of enterically-

derived pathogenic signals that disseminate through the portal vein150. A recent report 

revealed the existence of two distinct embryonic KC subsets – a predominant (80%) 

subset called KC1 and a minor (20%) subset called KC2151. While both subsets 

express canonical KC markers, KC2s are further characterized by high expression of 

CD206 and Esam and these cells were attributed metabolic functions. Upon challenge 

with high fat diet, KC2s accumulate and further upregulate CD36151, a scavenger 

receptor152 and receptor for lipids including long chain fatty acids and lipoproteins153. 

KC2s display a transcriptomic signature reminiscent of lipid metabolism that is further 

enhanced upon high fat diet, and their depletion leads to alterations of hepatic 

metabolism. Upon challenge with western diet, embryonic KCs also accumulated 

intracellular lipids154. These results suggest that KCs participate in the maintenance of 

liver homeostasis upon lipid overload. This was also suggested in a context of non-

alcoholic steatohepatitis (NASH), a pathology associated with disappearance of 

embryonic KCs and CCR2-dependent replenishment of the KC pool by monocyte-

derived cells141,154,155. In particular, the lipid-associated macrophage markers Trem2 

and CD9156 were strongly up-regulated in resident Timd4+ KCs during NASH, but also 

in newly-recruited monocyte-derived Timd4- KCs141,154,155. As indicated earlier, 

monocytes can give rise to Timd4- KCs in conditions where homeostasis of embryonic 

KCs is perturbed. This notably occurs after irradiation157 or diphtheria toxin-mediated 

KC depletion (in Clec4fcre x R26DTR mice)137,140, which render hepatic niches available 
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for monocytes. These newly-recruited monocytes rapidly adopt the KC transcriptomic 

signature as they are exposed to tissue imprinting, and they notably upregulate the 

bona fide KC surface markers Clec4f137,140 and Clec2(141 and RNA-Seq data from138). 

In NASH, KCs up-regulate CCL2 and favor the establishment of monocyte-derived 

KCs (moKCs) that gradually replace embryonic KCs, proliferate, and retain their KC 

profile in the long term after disease regression141. Although moKCs supported a 

reduction in liver triglyceride content, plasmatic alanine amino-transferase levels were 

increased during NASH in a model accelerating the replacement of embryonic KCs by 

moKCs141. Together with the clear inflammatory gene signature of moKCs141, these 

results suggest that replacement of specialized embryonic macrophages by monocyte-

derived cells is deleterious in chronic metabolic diseases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
“Pre-macs” (pre-macrophages) represent the first wave of primitive hematopoiesis 
when yolk sac-derived cells seed the brain and give rise to microglia. Yolk sac-derived 
erythromyeloid progenitors (EMP) and macrophages later colonize the embryo to seed 
tissues and the fetal liver. Pre-HSCs originating from the aorta-gonad-mesonephros 
(AGM) region seed the fetal liver and, together with EMPs, allow fetal liver 
hematopoiesis to take place for the better part of embryogenesis. Fetal monocytes give 
rise to a great proportion of tissue-resident macrophages during this period and 
perinatally. HSCs seed the bone marrow at birth and allow adult hematopoiesis to take 
place. 
 

Figure 2. Schematic representation of macrophage seeding waves. 
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Chapter 3 – Myelopoiesis. 

 

A. Definitive hematopoiesis 

Myelopoiesis is the hematopoietic differentiation program that gives rise to blood 

myeloid cells, including monocytes and granulocytes. This process takes place in the 

bone marrow at steady state, and is amplified in diverse pathogenic conditions158-161. 

A complementary process called extramedullary hematopoiesis is activated in the 

spleen upon inflammatory conditions162. Beyond the transcription program that finely 

tunes myelopoiesis under physiological conditions, several factors have been shown 

to influence hematopoietic stem cells (HSCs) through modulations of their 

microenvironment or their metabolism. Changes in HSC homeostasis can directly 

impact leukocyte production including monocytes. Here we will discuss monocyte 

generation, diversity and cues that can influence their maintenance and functions.   

Hematopoietic stem cells (HSCs) are identified through their co-expression of 

Sca1 (Stem cell antigen 1) and c-Kit, and their lack of mature cell markers such as 

CD11b or CD19 for example. The hematopoietic stem cell compartment (Sca1+ c-Kit+) 

contains both quiescent stem cells and proliferating multipotent progenitors (MPPs), 

that can be identified as CD150+ CD48- and CD150- CD48+ respectively163,164. 

Maintenance of the HSC pool relies on balance between symmetrical and 

asymmetrical cellular divisions, which determine the number of stem cells and 

committed progenitors HSCs give rise to. Common myeloid progenitors (CMPs) derive 

from MMPs and they give rise to the myeloid lineage165. CMPs differentiate either into 

granulocyte-monocyte progenitors (GMPs), monocyte-dendritic cell progenitors 

(MDPs) or megakaryocyte-erythrocyte progenitors (MEPs). Their commitment toward 

each lineage is tightly regulated by opposing effects of transcription factors – for 

example PU.1 governs differentiation towards GMPs while the PU.1 antagonists Id2 

and Gata1 support differentiation towards MEPs166,167. On top of their respective 

lineages (granulocytes and dendritic cells), both MDPs and GMPs also give rise to 

monocytes168. A more mature monocyte-committed progenitor called the common 

monocyte progenitor (cMoP) was recently identified169, and this progenitor give rise to 

CXCR4+ pre-monocytes that gradually lose CXCR4 expression and gain CD11b 

expression as they differentiate to fully mature monocytes54.  
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Although in vitro work suggested that the cMoP could derive from MDPs169, in 

vivo fate-mapping experiments refuted this hypothesis63. Ms4a3 is a transcription 

factor specifically expressed by GMPs, and following the expression of Ms4a3cre-driven 

reporters allowed a robust characterization of GMP contribution to the monocyte 

pool63. It is now well-established that GMPs, and not MDPs, give rise to cMoPs that 

can in turn generate monocytes63 that mature in the bone marrow before reaching the 

blood circulation54. Transfer experiments showed that although MDPs do not express 

Ms4a3, its expression is induced in around 80% of MDP progeny compared to 100% 

of GMP progeny. Ms4a3cre labeling reaches 95% and 90% in blood Ly6Chigh and 

Ly6Clow monocytes respectively63. This suggests that Ms4a3- precursors deriving from 

MDPs may only have a small contribution to the monocyte pool. Ly6Chigh monocytes 

are known to be precursors of Ly6Clow monocytes39 and this notion is confirmed using 

Ms4a3cre-driven reporters. Use of Ms4a3creERT2 mice allows the time-lapse tracking of 

GMP-derived cells, and  Ly6Chigh monocyte labelling reaches >90% around 3 days 

post tamoxifen injection. In comparison, labelling of Ly6Clow monocytes is delayed and 

reaches its peak at 60% around day 10 post-tamoxifen, suggesting a 60% replacement 

of these cells by Ly6Chigh-derived cells over this time period. However, constitutive 

Ms4a3cre labelling is slightly lower in Ly6Clow monocytes (around 90%) compared to 

Ly6Chigh cells, and one would expect their labelling efficiency to be strictly identical to 

what is observed in Ly6Chigh monocytes if these cells were their only precursors63. This 

result either suggests that a small proportion of Ly6Clow monocytes may not derive 

from Ly6Chigh monocytes, or that Ms4a3- Ly6Chigh cells are better at generating Ly6Clow 

monocytes. BrdU pulse-chase experiments previously allowed to demonstrate that 

labelling of bone marrow Ly6Clow monocytes occurs before labelling of blood Ly6Clow 

monocytes, suggesting tissue-restricted generation of these cells39. Moreover, BrdU 

labeling of bone marrow Ly6Clow monocytes occurs 6hours after BrdU injection while 

the conversion of mature Ly6Chigh monocytes to Ly6Clow monocytes takes 2 to 3 

days39. This suggests either that Ly6Clow monocytes proliferate in the bone marrow or 

that they can – in a small proportion – be generated in the bone marrow independently 

of Ly6Chigh monocytes as previously proposed39. Additional tools allowing to 

specifically track MDP-derived monocytes and thoroughly address this question and 

are currently lacking.  
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B. Transcriptional control of myelopoiesis 

The commitment of hematopoietic stem cells towards the monocytic lineage is 

tightly regulated, and notably involves transcription factors such as Myb94, PU.1133,134, 

MafB170, Zeb2143, IRF8171 and Klf4172 among others. As discussed earlier Myb is 

necessary for fetal liver hematopoiesis and its invalidation in adults (using Mx1cre) 

completely abrogates myelopoiesis94. The master regulator PU.1 is necessary for 

expression of CSF1R and a pro-myeloid signature in bone marrow and fetal liver 

monocyte progenitors133,134. MafB is an inducer of monocyte differentiation170. Its 

expression is found in long term HSCs, in which it inhibits PU.1 to maintain homeostatic 

commitment towards the myeloid lineage173. MafB overexpression in human CD34+ 

cells induces monocyte differentiation and up-regulation of a strong 

monocyte/macrophage signature including CSF1R expression174. Analysis of MafB 

reporter mice (MafBmCherry-Cre x R26YFP) confirmed low expression of MafB in early 

Bone marrow myelopoiesis
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progenitors, while its expression is strongly induced in blood monocytes and present 

in tissue macrophages28,62. Monocytes and macrophages remain present in MafB-/- 

mice, and they display increased proliferation capacity175 that was attributed to 

inhibition of the transcription of self-renewal genes by MafB176. The PU.1 target genes 

Zeb2144 and Klf4172 are involved in expression of CSF1R in mature monocytes143,172, 

and Klf4 overexpression in PU.1-/- fetal liver cells rescues CSF1R expression172. 

Transplantation of Klf4-/- hematopoietic cells into wild-type recipients lead to a 

disappearance of Ly6Chigh CD115+ blood monocytes, while bone marrow monocytes 

remained clearly detectable and peritoneal macrophage numbers were unchanged177.  

Klf4 is further regulated by IRF8, which is essential to induce Klf4 expression in 

monocytes and their precursors171,178. Monocytes – gated as CD11b+ CD115+ – were 

reported to be absent in IRF8-deficient mice171,178,179. However, indefinite CD11b+ 

CD115low/- cells accumulated in the spleen and blood of IRF8-/- mice171. A more recent 

study showed accumulation of both neutrophils and monocytes – gated CD11b+ Ly6G+ 

Ly6Cint and CD11b+ Ly6G- Ly6C+ respectively – in the spleen of IRF8-/- mice, although 

Ly6C expression appeared lower in IRF8-/- monocytes compared to wild-types180. 

These data suggest that CSF1R and Ly6C down-regulation might have mislead 

previous studies of Klf4-/- and IRF8-/- monocytes and confounded the identification of 

these cells. CD115+ Ly6Clow monocytes remain present in Klf4-/- bone marrow 

chimeras and IRF8-/- mice and their generation depends on Ly6Chigh monocytes39, 

supporting the idea that blood monocytes do not fully disappear in these models171,177. 

Importantly, CSF1R expression was fully abolished in Zeb2-/- bone marrow cells143 – 

in a manner involving its -165kb enhancer144,181 – while it remained detectable in bone 

marrow cells from Klf4-/- chimeras177 and IRF8-/- mice178,182. These results suggest that 

CSF1R expression might be differentially regulated in the bone marrow and in the 

blood, and one could hypothesize that this would depend on tissue imprinting and 

niche-dependent induction of transcription factors. For example, whether interaction of 

Ly6Clow monocytes with the endothelium induces a specific transcription program 

allowing their subset-specific maintenance of CSF1R in IRF8-/- mice remains to be 

established.  Klf4 is gradually upregulated along PU.1 during CMP to GMP transition172 

while IRF8 is strongly induced in MDPs and cMoPs – which express CSF1R – but less 

expressed in GMPs182. IRF8-/- mice show increased numbers of GMPs, MDPs and 

cMoPs178,179 and Klf4-/- CMPs are biased towards granulocytes172. These results 

support the accumulation of CD11b+ myeloid cells in the periphery of IRF8-/- mice and 
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emphasize the importance of time-restricted induction of transcriptional programs in 

hematopoiesis. This regulation is further complicated by the presence of multiple 

enhancers that can be bound by multiple – sometimes redundant – transcription 

factors183.  

The expression of CSF1R is tightly regulated notably by cell-specific and 

developmental stage-specific binding of transcription factors184. CSF1R regulation by 

FIRE (fms-intronic regulatory element) has notably emerged as a major determinant 

of monocyte versus macrophage maintenance. FIRE is a highly conserved regulatory 

element in the second intron of the Csf1r gene that is bound by PU.1 and IRF8 among 

other transcription factors184. Deletion of FIRE (FIRE'/') leads to loss of specific 

macrophage populations including yolk-sac-derived macrophages and Langerhans 

cells185. CSF1R has been shown to be dispensable for fetal liver hematopoiesis25,100, 

and an early report of CSF1R blockade using a monoclonal antibody (AFS98) 

suggested a weak role of this receptor during myelopoiesis while c-Kit was 

dominant186. FIRE is differentially regulated among tissue macrophages and blood 

monocytes, and its chromatin accessibility is high in macrophage populations that are 

missing in FIRE'/' mice. Hematopoiesis and Ly6Chigh monocyte numbers appeared 

unaffected in FIRE'/' mice despite their loss of CSF1R expression and CSF1 

binding185. Interestingly CSF1R expression was maintained in Ly6Clow monocytes, a 

phenotype reminiscent of the dichotomy observed in IRF8-/- mice (discussed above). 

Together, these results suggest that CSF1R expression might not be mandatory for 

myelopoiesis and monocyte maintenance at steady state. However, in vivo treatment 

with anti-CSF1R or anti-CSF1 monoclonal antibodies are well-known to reduce blood 

monocyte numbers187,188. Using this approach, blood monocyte numbers are only 

halved while certain tissue-resident macrophages fully-disappear, suggesting that 

monocytes can still be generated during CSF1R blockade although less efficiently. In 

vitro, culture of FIRE'/' bone marrow cells with M-CSF still generated bone marrow-

derived macrophages, although with a lesser yield185. Hematopoietic defects in 

osteopetrotic mice can be linked to reduced osteoclast activity that is necessary to 

generate space for niche establishment189,190. FIRE'/' mice do not display 

osteopetrosis or any bone defects associated with op/op and CSF1R-/- mice185, as 

osteoclasts in fact depend on a different transcription start site for CSF1R expression97. 

A recent study using an inducible approach ubiquitously invalidated CSF1 in adults 
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after establishment of proper bone morphology188. This resulted in partial (30 to 50%) 

diminution of bone marrow MDPs and cMoPs, and of bone marrow and blood 

monocytes while spleen monocytes remained unaffected188. Although this result fully 

supports the notion that CSF1 is necessary for optimal myelopoiesis and monocyte 

maintenance, it also suggests that CSF1-independent mechanisms are involved in this 

process. Further work is required to fully comprehend the transcriptional mechanisms 

governing myelopoiesis and the complex roles of CSF1 and CSF1R in this context. 

Notably, whether the CD11b+ Ly6G- Ly6Cint cells that accumulate in the spleen of IRF8-

/- mice180 and monocytes from FIRE'/' mice are fully differentiated and functional 

monocytes remains to be properly addressed using genetic reporters that bypass 

CD115 and Ly6C staining. A fully detailed characterization of hematopoiesis in FIRE'/' 

mice is also lacking. 

 

C. Niche and HSC homeostasis 

Hematopoietic stem cells are located in specific trophic niches, in proximity to 

sinusoidal blood vessels both in the bone marrow191 and in the spleen192. These niches 

provide growth factors, influence HSC proliferation rate and potential skewing towards 

a certain lineage. Cells from the bone marrow niche include endothelial cells, CXCL12-

abundant reticular cells (CAR cells), adipocytes, megakaryocytes and LepR+ 

mesenchymal stromal cells. They maintain hematopoietic stem cell homeostasis by 

producing SCF (stem cell factor) and CXCL12 (C-X-C motif chemokine 12) (among 

other factors) which regulate hematopoietic stem cell proliferation and homing193. 

LepR+ mesenchymal stromal cells notably sense adipose tissue-derived leptin, which 

dampens SCF and CXCL12 expression, and leptin production is diminished during 

physical exercise conferring beneficial anti-inflammatory effects194. Under 

homeostasis, HSCs are released from the bone marrow in a circadian manner, and 

this process directly relies on inhibition of CXCL12 production by niche cells in 

response to sympathetic stimuli195 depending on E2 and E3 adrenergic receptors196. 

Interestingly, pre-treatment with E-adrenergic agonists 24hours before bone marrow 

transplantation increases stem cell homing to the bone marrow and reconstitution 

efficiency197. During chronic stress, elevated E-adrenergic stimulation of bone marrow 

cells by noradrenaline leads to extended reduction of CXCL12 production, which in 

turns promotes stem cell exhaustion and accelerated myelopoiesis160. Myeloid 
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progenitors and monocytes also locate within specific niches, notably along CSF1-

expressing endothelial cells188,198. Regulation of myelopoietic progenitors is not 

restricted to stromal cells, and immune cells actively contribute to this process. CSF1 

production was detected in skin199 and bone marrow neutrophils and transplantation 

of CSF1-/- bone marrow blunted the induction of myelopoiesis in a sleep fragmentation 

model200. Another example of the regulation of myelopoiesis by immune cells is that of 

bone marrow dendritic cells, which locate in proximity to myeloid progenitors198. Upon 

infection, these dendritic cells can sense pathogens and stimulate hematopoiesis by 

secreting inflammatory cytokines such as IL-1E201. B lymphocytes were reported to 

synthesize acetylcholine, which promotes CXCL12 production by LepR+ niche cells 

and  dampens hematopoiesis202. Bone-resorbing osteoclasts play a key role in the 

maintenance of the bone marrow niche. Osteopetrotic mice, which show major bone 

defects due to altered osteoclast function, also display hematopoietic alterations that 

can be rescued by restoring osteoclast activity189,190.  

 

 

Metabolism is another factor that impacts hematopoietic stem cell maintenance 

and proliferation. HSC biology has been shown to be impacted by metabolites such as 

glucose203,204, fatty acids205, amino acids204,206, cholesterol207,208 or vitamins209. In 

humans, metabolic pathologies are associated with increased bone marrow activity, 

measured by 18F-fluorodeoxyglucose uptake210-212.The peri-sinusoidal niche in which 

HSCs locate is a hypoxic microenvironment that directly impacts HSC metabolism by 
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regulating access to oxygen and circulating metabolites213-215. HIF-1D is expressed in 

HSCs, and its stabilization in hypoxic conditions – notably through niche-derived 

signals – promotes anaerobic glycolysis and maintenance of a quiescent state216-218. 

HIF-1D-/- mice display increased myelopoiesis and lymphopoiesis, extramedullary 

hematopoiesis, and HIF-1D-/- HSCs show a weak reconstitution potential suggesting 

stem cell exhaustion216. HSCs display a low mitochondrial potential suggesting low 

mitochondrial activity, and glycolysis has been proposed to be essential to maintain 

the quiescent state of stem cells217. Pyruvate, the end product of glycolysis, can either 

be converted into acetyl-CoA in the mitochondria via the enzyme pyruvate 

dehydrogenase (PDH) to fuel oxidative metabolism, or converted into lactate in the 

cytosol by the enzyme lactate dehydrogenase A (LDHA). This critical step of pyruvate 

conversion therefore appears pivotal, and it has been addressed in HSCs by 

invalidating Pdk proteins 2 and 4, which inhibit PDH to suppress pyruvate flux into 

mitochondria219. Pdk2/4 are HIF-1D targets that partially restore HSC maintenance and 

reconstitution potential when transduced in HIF-1D-/- stem cells219. Pdk2/4-/- double 

knock-out HSCs show an increase in ROS generation, but also a decrease in LDH 

activity and pyruvate levels – although that could be due to increase flux towards 

mitochondrial metabolism rather than altered glycolysis. Importantly, loss of Pdk2/4 

leads to stem cell exhaustion in the long term despite an unaltered initial capacity to 

generate every hematopoietic lineage219. This result suggests that finely tuned balance 

between anaerobic glycolysis and mitochondrial metabolism is essential to HSC 

homeostasis. Overall cellular ATP production is higher in proliferating progenitors 

compared to HSCs, suggesting metabolic rewiring to accommodate 

differentiation219,220. This idea is now supported by several studies of mitochondrial 

function in HSCs. For example, “mito-mice” which have severe mitochondrial 

dysfunctions due to deletions in mitochondrial genome, show an accumulation of HSCs 

and progenitors, reduced production of mature leukocytes and long term stem cell 

exhaustion220. Mice with Vav1cre-driven hematopoietic deletion of the mitochondrial 

phosphatase PTPMT1 develop anemia resulting in perinatal death221. Inducible 

PTPMT1 knock-out via Mx1cre promoted glycolysis at the expense of mitochondrial 

metabolism, triggered HSC accumulation and loss of differentiation, and also results 

in 80% lethality within 3 weeks221. Similarly, hematopoietic loss of Lkb1 – a tumor 

suppressor that interacts with AMPK – resulted in a drop of ATP levels in HSCs, 
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mitochondrial defects, loss of HSC quiescence, pan-leukopenia and subsequent 

death222-224. Importantly, loss of either PTPMT1 or Lkb1 in mature cells did not impact 

their peripheral numbers. These results suggest that although engagement of 

mitochondrial metabolism is necessary throughout stem cell differentiation, it also 

plays a crucial role in maintaining HSC homeostasis. As mentioned earlier, acetyl-CoA 

is essential in mitochondrial metabolism and it can be generated either from pyruvate 

– which seems to be a weak source in HSCs – or from mitochondrial fatty acid oxidation 

(FAO). In that regard, the role of FAO in HSCs was addressed by invalidating PPARb, 

a key regulator of FAO and the main member of the PPAR family expressed in 

HSCs205. Loss of hematopoietic PPARb blunted HSC reconstitution capacity and this 

was attributed to increased symmetric stem cell divisions leading to exhaustion205. 

PPAR-dependent induction of FAO notably relied on mitophagy225. FAO directly fuels 

the TCA cycle to generate ATP, and impairment of respiratory chain function in stem 

cells blunts their differentiation and maintenance, ultimately providing evidence that 

aerobic mitochondrial metabolism is crucial for HSC function226.  
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Chapter 4 – Blood monocytes 

 

A. Monocyte mobilization 

Once their maturation in the bone marrow is complete, monocytes can egress 

and be mobilized to the blood circulation before extravasating and being recruited to 

peripheral tissues. In tissues, newly-recruited monocytes can be identified as CD11b+ 

MerTK- CD64+ Ly6C+ cells and they lose Ly6C expression and upregulate MHC-II 

during maturation46. Monocyte mobilization is governed by the chemotactic axes 

CXCL12-CXCR4, responsible for monocyte retention in the bone marrow54,227,228, and 

CCL2-CCR2 which regulates mobilization towards peripheral tissues229-232. Both these 

mobilization and retention signals are regulated by the nervous system in a circadian 

manner and orchestrate monocyte oscillation between the bone marrow and the blood 

circulation195,197,233. This mechanism depends on circadian control of sympathetic 

neural signals that stimulate E-adrenergic receptors on bone marrow cells to inhibit 

CXCL12 production195,197,233. On the other hand, CCL2 is produced in a circadian 

manner by endothelial cells to regulate monocyte migration towards peripheral 

tissues197. Sympathetic tone has also been shown to impact leukocyte migration via 

regulation of the vasculature234. Corticosterone is secreted in a circadian manner and 

it inhibits CXCL12 production in the bone marrow235. During acute stress, adrenal 

gland-derived corticosterone binds the glucocorticoid receptor (GR) on leukocytes 

including monocytes and leads to their disappearance from the blood circulation236. 

GR stimulation notably promotes expression of CXCR4 on leukocytes and their homing 

to the bone marrow236. 

Comparative studies of murine and human monocytes have identified conserved 

features of both monocyte subsets, and that includes their respective expression of the 

chemokine receptors CX3CR1 and CCR249,50. Both human and murine monocytes 

express CX3CR1, although higher expression of this chemokine receptor is found on 

the patrolling subset while classical monocytes highly express CCR249,50.  The Ly6Chigh 

subset displays a high migratory capacity.  It is at the origin of the majority of 

monocytes and monocyte-derived macrophages found in tissues, although Ly6Clow 

monocytes are also capable of migration and are notably recruited in the lung237. 

Several chemokine receptors were proposed to control monocyte recruitment238, and 

it is now widely accepted that CCR2 is the main chemokine receptor responsible for 
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monocyte recruitment to inflamed tissues239. Ly6Chigh monocytes have historically been 

called “inflammatory” because of their enhanced production and recruitment to tissues 

during inflammation240. However, they also participate to the maintenance of 

macrophages and tissue homeostasis in several tissues at steady state31,46.  

 

 

 

 

Trafficking and extravasation rely on adhesion molecules that regulate 

monocyte rolling on the endothelium, subsequent adhesion and transmigration. The 

role of different adhesion molecules has been addressed using genetic models, 

intravital microscopy and injection of neutralizing antibodies. An early report showed a 

role for the complement receptor 3 (CR3, consisting of CD11b and CD18) in monocyte 

adhesion241. It is highly expressed in Ly6Clow monocytes which also express LFA-1 

(consisting of CD11a and CD18)52. Injection of anti-CD11a or anti-CD18 antibodies 

results in a rapid release of monocytes crawling in the endothelial wall, while anti-

CD11b injection did not produce such a striking result showing the essential role of 

CD11a, and CD18 in both CR3 and LFA-152. A previous study using genetic 

invalidation of LFA-1 in a model of thioglycolate-induced peritonitis showed no 

reduction of Ly6Chigh monocyte recruitment242. L-selectin is also involved in monocyte 

recruitment in peritonitis models243. Moreover, optimal Ly6Chigh monocyte recruitment 

to the liver upon bacterial infection required CD11b, CD44 and Icam-1 while CD11a 
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was not involved244. CD11b-deficient mice show reduced monocyte recruitment to the 

inflamed adipose tissue in obesity, resulting in reduced adipose tissue macrophage 

counts245. These results suggest the existence of recruitment mechanisms relying on 

subset-specific adhesion molecules. As discussed earlier, monocyte recruitment to 

tissues at steady state is circadian and endothelial expression of adhesion molecules 

that facilitate leukocyte migration is also circadian, adding further complexity in the 

regulation of monocyte recruitment197.  

 

B. Metabolic control of monocytes 

In the past decade, the metabolic regulation of monocyte functions has started to 

be thoroughly investigated as monocytes have been identified as critical mediators of 

metabolic diseases. In these pathological conditions, they are known to support 

disease progression by producing cytokines and giving rise to pro-inflammatory 

macrophages in tissues. Monocyte numbers increase in the blood circulation in a 

context of obesity246 and they represent a risk factor for cardiovascular diseases such 

as atherosclerosis247,248. Monocyte counts were further elevated in obese patients with 

type 2 diabetes and hyperglycemia246, and this was paralleled by increased CCL2 

levels among other cytokines and chemokines249. The link between hyperglycemia and 

blood monocyte counts was also established in mice250. In this study, increased 

monocyte counts in diabetic mice were attributed to enhance myelopoiesis as 

discussed earlier250. The importance of glucose metabolism in monocytes was further 

brought to light by a recent study exploring the consequence of fasting on blood 

immune cells251. Blood monocyte counts were significantly reduced in the fasted state 

both in mice and humans, and could be restored by glucose intake while lipid 

administration failed to do so251. This monocyte mobilization was attributed to hepatic 

energy sensing and regulation of systemic CCL2 production251. In conditions of chronic 

stress, increased monocyte production supports inflammation160. Importantly, these 

cells undergo chromatin rewiring as a stress response to promote activation of 

inflammatory and glycolytic genes and repression of mitochondrial genes252. This 

result suggests a pro-inflammatory role of monocyte glycolysis. A recent report showed 

that glucose injection induces a rapid increase in blood monocyte counts253. 

Importantly, this glucose-induced monocyte mobilization was blunted in LyzMcre x 

Glut1fl/fl mice. LdlR-/- mice transplanted with LyzMcre x Glut1fl/fl bone marrow had fewer 

blood monocytes compared to controls253. These results further support previous 
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results showing that Glut1 is the main mediator of glucose intake in myeloid cells254,255. 

How exactly this dynamic Glut1-dependent monocyte mobilization occurs following 

glucose intake remains to be established.  

Studying monocytes ex vivo has always been challenging since limited amounts 

of these cells can be extracted, and their maintenance in vitro in an undifferentiated 

state is challenging. For this reason, studies profiling the metabolic needs of 

monocytes are scarce and extensive in-vitro work has instead been performed on bone 

marrow-derived macrophages. Metabolism quickly emerged as a major factor 

influencing macrophage phenotype, and this led to the creation of the M1/M2 

macrophage activation paradigm. However, in vivo studies challenge this simplified 

view. Indeed, surface activation markers attributed to M1 (inflammatory) or M2 (anti-

inflammatory) macrophages are actually co-expressed on many macrophages subsets 

in vivo, and this observation is also valid for cytokine production. Nevertheless, defining 

in vivo the metabolic needs of monocytes and macrophages and the influence of 

general metabolic state on their functions is an exciting challenge. The recently-

described SCENITH approach has allowed to profile rare cell populations including 

blood monocytes256. In human healthy donors, both classical and patrolling monocytes 

were shown to have an important glucose dependence, and mitochondrial activity was 

found almost exclusively in the patrolling subset256. Glucose metabolism was also 

predominant in murine Ly6Chigh monocytes, but mitochondrial activity was also 

detected at steady state256. These observations are in agreement with the results 

discussed above, pointing towards glucose as a major regulator of monocyte 

metabolism. How exactly glucose is used intracellularly downstream of Glut1-mediated 

uptake remains to be properly addressed. Short chain fatty acids generated by 

microbiota during fiber fermentation were also linked to the generation and function of 

patrolling Ly6Clow monocytes257. Whether monocytes subsets rely on other metabolic 

substrates such as amino acids or long chain fatty acids, both at steady states and 

during inflammation, is also an open question.  
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Chapter 5 – Monocyte-derived macrophages. 

 

A. Overview 

Monocytes participate to the maintenance of the macrophage pool in several 

tissues at steady state, and they can give rise to inflammatory macrophages during 

disease. Although mechanisms of monocyte recruitment to tissues are well 

established, what influences monocyte engraftment in tissues and their long-term 

survival as macrophages has only recently started to be addressed. Moreover, 

monocyte recruitment is accelerated in inflammatory conditions such as 

atherosclerosis, where monocytes give rise to macrophages in a rapidly-evolving 

microenvironment – the atheromatous plaque – devoid of resident macrophages. Here, 

we will develop on the contribution of monocytes to the tissue macrophage pool in 

health and disease. 

 

B. The macrophage niche 

Tissue macrophages are embedded within a complex micro-environment that 

comprises tissue-specific stromal cells – such as hepatocytes in the liver and 

adipocytes in adipose tissue –, blood and lymphatic258 endothelial cells, fibroblasts259, 

mesothelial cells260, neurons261 or other immune cells for example. These cells 

constitute the tissue macrophage niche, that produces growth factors and other 

mediators responsible for imprinting of the tissue-specific and niche-specific 

macrophage signature32,262,263. For example CSF1 produced by mesothelial cells 

maintains large peritoneal macrophages in the peritoneal cavity260, neurons maintain 

microglia via IL-34 production26 and lung epithelial cells provide GM-CSF to alveolar 

macrophages264. Further complexity exists at the sub-tissular level as macrophage 

populations depending on different growth factors co-exist, suggesting the existence 

of different niche types within a given tissue. For example in the brain, CSF1 and IL-

34 are produced in a non-overlapping pattern and are responsible for the zone-specific 

maintenance of microglial cells128,265. In the liver, different anatomic niches co-exist 

and they are responsible for imprinting specific gene signatures on monocytes and 

macrophages in health and disease137,155,266. Recently, macrophage subset 

distribution in specific hepatic niches was also extensively described using multi-omics 

approaches and the findings fully support this concept267. Across tissues, 



 42 

macrophages display conserved niche-associated phenotypes. Well described 

examples include neuron-associated macrophages which express CX3CR1 and MHC-

II33,268 and have been linked to tissue innervation268, and blood vasculature-associated 

macrophages which express CD206 and Lyve133 and maintain blood vessel tone269. 

These findings and the niche theory provide an explanation for the macrophage 

heterogeneity that is observed both at the pan-tissue scale, and at the sub-tissular 

scale. 

Macrophage replacement by monocyte-derived cells occurs at steady state and 

is enhanced in inflammation. According to the niche theory, long-term maintenance of 

these monocyte-derived cells necessitates their occupation of a niche that includes 

growth factor-producing cells. Niche availability depends on either the creation of a 

new niche that will accommodate newly-recruited cells, for example when a tissue 

expands, the death of a previous macrophage in the niche, or out-competition of the 

previous occupant. Early studies addressing the replacement of tissue macrophages 

by monocytes used bone marrow transplantation, however this approach has been 

shown to cause tissue damage due to irradiation and induce an overestimation of 

monocyte recruitment. For example, up to 20% of microglial cells were of donor origin 

using this approach while parabiosis showed less than 5% monocyte contribution25. 

More refined approaches are now used such as depletion models using DT-DTR, 

parabiosis or fate-mapping of monocytes using specific cre reporters. As discussed 

earlier, liberating hepatic niches via depletion of Kupffer cells in Clec4fcre x R26DTR mice 

allows reconstitution of the KC pool by monocyte-derived KCs that almost fully acquire 

the KC signature137,140. This was also explored with lung alveolar macrophages (AMs). 

Csf2rb-/- mice lack alveolar macrophages – suggesting the presence of open niches – 

and the alveolar macrophage pool can be restored by transfer of either yolk-sac 

macrophages, fetal liver monocytes or bone marrow monocytes270. Interestingly, upon 

mixed competitive transfer of these three precursors, fetal liver monocytes quickly 

became predominant, showing their competitive advantage270. Alveolar macrophages 

originate from fetal hematopoiesis and seed the lung perinatally at a time when bone 

marrow monocytes are being generated23. The advantage of fetal liver monocytes over 

bone marrow monocytes was attributed to a better responsiveness to GM-CSF 

stimulation, rather than a selection of specific progenitors by the niche. Retrieving and 

sequencing donor-derived AMs revealed that they had adopted a signature similar to 

wild-type AMs, further demonstrating the impact of tissue imprinting. Similarly to what 
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we discussed with Kupffer cells during NASH, AMs are replaced by inflammatory 

monocyte-derived macrophages following influenza infection, further suggesting that 

establishment of monocyte-derived macrophages is facilitated during inflammation271. 

 

C. Homeostatic macrophage replenishment 

Although the studies mentioned above provide inciteful evidence for the validity 

of the niche theory, the capacity of bone marrow monocytes to occupy a tissue niche 

that was not previously actively depleted of macrophages may be different in a steady 

state context. During development, yolk-sac macrophages seed tissues and they are 

quickly replaced by fetal liver monocytes, suggesting competition between different 

progenitors even in the earliest stages of life23,100,107. Moreover, kinetic labeling of fetal 

liver progenitors between E11.5 and E17.5 showed that certain niches open during a 

limited time-window to allow tissue seeding by monocytic progenitors107. For example, 

labeling Kit+ progenitors at E15.5 results in >20% labelling of peritoneal macrophages 

while labeling at E11.5 or E17.5 results in 7% labelling107. Similarly to what was 

demonstrated for GM-CSF responsiveness during niche seeding, capacity to detect 

M-CSF and trigger CSF1R signaling might be a limiting factor for monocytes entering 

tissues. CSF1R expression is tightly regulated and depends on the binding of 

transcription factors on tissue or subset-restricted enhancers184. For example CSF1R 

expression by microglia and peritoneal macrophages relies on the enhancer FIRE185 

(discussed previously) while its expression by Kupffer cells and spleen macrophages 

depends on a distal promoter element (DPE) upstream of the transcription start site272. 

Blood monocytes rely on FIRE for CSF1R expression185 and their expression of 

CSF1R is maintained in tissues independently of the DPE98. Tissue-resident 

macrophages show higher consumption of CSF1 compared to monocytes98. Whether 

upregulating CSF1R expression – possibly through chromatin modifications – 

expression is necessary for monocytes to gain competitive advantage after being 

recruited to tissues remains to be defined. Other cytokines such as GM-CSF and IFNJ 

have been proposed to play a role in monocyte differentiation in inflammatory 

conditions273, and whether they may offer monocytes a competitive advantage to gain 

niche occupancy is ill-defined. 

 The gut is a tissue that displays an important homeostatic macrophage turnover 

from blood monocytes. This observation has been linked to chronic exposure to 

microbial products from the microbiota that generate a low grade inflammation and 
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favor macrophage turnover274,275. Intestinal macrophages maintain gut homeostasis 

notably through their bactericidal activity276, their production of IL-10277 and inherent 

anti-inflammatory phenotype278,279. They were also shown to interact with the local 

blood vasculature, as well as neurons that directly impact macrophage phenotype 

through E2-adrenergic receptor-mediate stimulation261,280-282. Ms4a3cre-driven labeling 

reaches 70% in this tissue63, and this result is consistent with the fact that CCR2-/- mice 

show a two thirds reduction of gut macrophage abundance275. Embryonic 

macrophages are predominant in the gut at birth. Although the majority are quickly 

replaced by macrophages deriving from Ly6Chigh monocytes recruited in a CCR2-

dependent manner275. Part of these embryonic macrophages persist through life and 

they can be identified by their Timd4 expression274,282, while some monocyte-derived 

cells also maintain for a long period in the tissue and are identified by their expression 

of CD4274,282. Importantly, the contribution of monocytes to the macrophage pool is 

subset-specific with a high, low and null contribution to the Timd4- CD4-, Timd4- CD4+ 

and Timd4+ CD4+ populations respectively274. Because of its high monocyte 

recruitment rate at steady state and macrophage diversity, the intestinal 

microenvironment offers opportunities to study mechanisms of macrophage 

replacement by monocyte-derived cells that take over the niche. 

While monocyte recruitment rare mainly appears tissue-specific, recent studies 

have also brought to light the sex-specificity of this mechanism in the peritoneum. 

Peritoneal macrophages consist of two populations : F4/80high large peritoneal 

macrophages (LPMs) and F4/80low small peritoneal macrophages (SPMs). LPMs are 

also identified by their expression of Icam2 and they rely on the transcription factor 

Gata6 for their survival283. SPMs express CD226 and necessitate replenishment from 

blood monocytes that mature into SPMs in a IRF4-dependant manner284. LPMs have 

an embryonic origin and they are maintained by both self-proliferation and 

differentiation of SPMs that adopt the LPM signature and notably Gata6 expression285. 

Importantly, the replenishment rate of male LPMs is higher compared to females, and 

that notably depends on contribution of monocyte-derived cells to the LPM pool285,286. 

This sex-specific monocyte-replenishment rate was imposed on LPMs by the 

microenvironment – the niche – in a sex chromosome-independent manner involving 

the ovaries (i.e. female gonads act against monocyte recruitment in the peritoneal 

cavity), although estradiol was not involved286. Interestingly, sex-specific monocyte 

recruitment rate was also reported in the kidney although the specific mechanism 
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remains unexplored in this tissue285. Analysis of Ms4a3cre-driven labeling fully supports 

these observations63, and so far sex-specific macrophage turnover from monocytes 

has only been reported to be dominant in male peritoneum and kidneys. These results 

bring further evidence for macrophage plasticity and heterogeneity, and emphasize the 

need to address sex-specificity when studying macrophage phenotype and functions. 

 

D. Monocyte-derived macrophages in pathology : cardiovascular diseases. 

The role of monocyte-derived macrophages in driving inflammation is now well-

established. Although this can be beneficial during pathogenic infections, it is largely 

detrimental during sterile inflammation that notably occurs in chronic metabolic 

diseases such as atherosclerosis. Atherosclerosis is characterized by an accumulation 

of immune cells – mainly macrophages – in the intima of blood vessels that is triggered 

by cholesterol-dominated dyslipidemia. The presence of atherosclerotic plaques is a 

risk factor and poor prognosis for the development of cardiovascular complications 

such as myocardial infarctions and strokes that represent the world-leading cause of 

death. Atherosclerotic plaques represent a complex microenvironment in which few 

resident macrophages cohabit with an overwhelming majority of monocyte-derived 

cells that fuel disease progression. Hypercholesterolemia promotes monocyte 

production287, and increased blood monocyte counts represent a risk factor for 

cardiovascular diseases in humans247. In murine atherosclerosis models, invalidation 

of the CCL2-CCR2 axis ablates monocyte recruitment and severely blunts plaque 

progression, highlighting the key role played by these cells in the disease288,289. For 

this reason, atherosclerosis models offer the opportunity to dissect the fundamental 

mechanisms governing monocyte recruitment and their fate in situ. Plaque formation 

is initiated by intima resident macrophages which, during hypercholesterolemia, initiate 

monocyte recruitment towards the intimal wall290. These resident macrophages turn 

into foam cells as they uptake and accumulate lipids290. Foam cells display a specific 

transcriptomic program related to lipid handling291 which could perhaps play a role in 

the resolution of arterial inflammation. On the other hand, monocyte-derived 

macrophages adopt a pro-inflammatory phenotype notably associated with il1β, tnfα 

and ccl2 expression, further amplifying monocyte recruitment and disease 

progression291. Blood monocytes are recruited to the plaque from the luminal side, and 

they quickly lose motility as they differentiate into macrophages in the plaque292. 
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Immotile macrophages that were previously present in the plaque become embedded 

in an inflammatory, hypoxic and possibly metabolically-stale microenvironment that 

promotes macrophage dysfunction and death. The inability of newly-recruited 

macrophages to reach deeper plaque areas leads to an accumulation of debris and 

apoptotic cells that form necrotic cores, which are hallmarks of unstable plaques. The 

overall capacity of plaque macrophages to perform efferocytosis is a strong 

determinant of atherosclerosis progression293,294 and development into further 

cardiovascular complications such as myocardial infarctions in humans.  

Several macrophage populations are present in both murine and human heart, 

and these comprise both embryonic and monocyte-derived cells that can notably be 

identified through differential CCR2 expression95,295,296. CCR2- embryonic cardiac 

macrophages originate in small part from the yolk-sac, but the majority of these cells 

are seeded during fetal liver hematopoiesis89,95. They are long lived tissue-resident 

macrophages and two-thirds of CCR2- macrophages express the embryonic 

macrophage marker Timd4297. Embryonic heart macrophages are maintained through 

self-proliferation at steady state, and this mechanism fades with age and is 

compensated by monocyte recruitment to maintain the cardiac macrophage pool89. 

The CCR2+ subset represents around 10-15% of heart macrophages in adult mice at 

steady state and these cells are constantly replenished by recruited monocytes297. The 

heart represents a good example of a tissue where macrophages with distinct origin 

play different functions, as CCR2- and CCR2+ macrophages play differential roles 

during and following myocardial infarction. The tissue-resident CCR2- subset notably 

participates in heart homeostasis by supporting coronary angiogenesis both in 

development and in heart failure models, and promote tissue healing following 

myocardial infarction297-299. Myocardial infarction rapidly leads to a major loss of CCR2- 

Timd4+ heart macrophages297. In this setting, CCR2+ macrophages trigger 

inflammation by releasing cytokines and chemokines that promote monocyte and 

neutrophil recruitment, while CCR2- macrophages suppress this inflammation295. 

Remaining tissue-resident macrophages increase their proliferation rate to partly 

recover their initial numbers as the tissue heals, while monocytes contribute to 

transitory macrophage expansion by generating CCR2+ macrophages. Importantly, the 

proportion of monocyte-derived CCR2+ cells remains increased in the long run and 

the initial balance of embryonic and monocyte-derived macrophages is lost297,300. 

Efferocytosis of apoptotic cardiomyocytes is essential to cardiac healing301, and Timd4 
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is involved in macrophage efferocytosis mechanisms302. How this change in cardiac 

macrophage content may affect the outcome of successive myocardial infarctions 

remains to be addressed. Whether the disappearance of Timd4+ macrophages 

following myocardial infarction is due to excess local damage signals and apoptosis, 

or the death of niche cells and loss of niche-derived trophic factors remains to be 

established.  
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Chapter 6 – Macrophage functions in tissues 

 

A. Ovary macrophages 

Ovary macrophages were traditionally identified by their expression of the 

lysosome-associated glycoprotein CD68, but they also express MHC-II, CD11b and 

F4/8028. Like in other organs, embryonic and monocyte-derived macrophage coexist 

in ovaries303. These cells acquire their typical MHC-II expression as they mature after 

birth303. The counts and distribution of ovary macrophages correlate with the 

reproductive cycle. When follicles grow before ovulation, macrophages are found 

outside granulosa layers304. Op/op mice suffer from low pregnancy rate and have 

reduced numbers of ovarian macrophages, suggesting that these cells require CSF1 

for their survival305. The cellular source of CSF1 in ovaries is still under debate. For 

instance, granulosa cells have been demonstrated to secrete CSF-1 during follicular 

growth and its concentration in follicular fluid is higher than in the serum306. 

Consequently, during follicular growth, ovary macrophage numbers increase304. Ovary 

macrophages were attributed a trophic role to support follicular growth by secreting 

soluble factors such TNFα307. Ovary macrophages are closely associated to blood 

vessels and secrete cytokines and enzymes such as metalloproteinases (MMP-1, 2, 7 

and 9)308. They also produce ROS (reactive oxygen species which cause oxidative 

stress) which degrade the follicular wall before the ovulation. Finally, after ovulation 

during the luteal phase, MHC-II positive macrophages are the most abundant immune 

cells. They can promote angiogenesis through secretion of factors such as VEGF, EGF 

(Epidermal Growth Factor), and FGF (Fibroblast Growth Factor), and angiogenesis is 

impaired when macrophages are absent. Ovary macrophages participate in the 

clearance of debris, and several studies found that those macrophages play a role in 

the production of progesterone by luteal cells309. Taken together, these data suggest 

multiple roles for macrophages in ovaries : a trophic function to support hormonal 

production and matrix remodeling, and a hypothetic role in efferocytosis of apoptotic 

cells. However, one limitation of this set of literature is the markers used to define ovary 

macrophages. The aforementioned studies used CD11b-DTR or CD11c-DTR mice to 

deplete ovary macrophages. This approach could also trigger DCs and monocyte 

depletion, suggesting that the results cannot be definitely attributed solely to 

macrophage depletion28. A recent report showed, using mass cytometry, that only a 
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part of CD64+ F4/80+ cells in ovaries express MerTK303. Most studies of ovary immune 

cells did not assess MerTK expression and functions attributed to macrophages may 

actually be performed by other immune cells. Therefore, ovary macrophages still need 

to be more thoroughly characterized. One intriguing question is whether some 

populations of ovary macrophages could be involved in the establishment of ovary 

deficiency and premature ovarian failure. 

 

B. Testicular macrophages 

Two tissue-resident macrophage populations are found in testis : CD64high MHC-

IIlow macrophages tightly associated to testosterone-producing Leydig cells in the 

seminiferous tubules interstitium, and CD64low MHC-IIhigh peritubular macrophages 

that are closely associated to seminiferous tubules where spermatogonial stem cells 

are located310. Similar macrophage populations were recently identified in 

epididymis311. Testicular macrophages are also heterogenous in origin. Genetic E9.0 

fate mapping with CX3CR1CreERT2 x R26YFP mice show that around 5.5% of testes 

macrophages have an embryonic origin in adults, and these embryonic macrophages 

are only part of the interstitial CD64high MHC-IIlow population310,312. At birth, monocytes 

arising from definitive hematopoiesis dilute or replace embryonic interstitial 

macrophages and seed peritubular macrophages310 311. Testicular macrophages 

express highly CD115 and Leydig cells were found to secrete CSF1. Importantly, op/op 

mice have low numbers of macrophages in testes. CSF1 supplementation in these 

mice restores testicular macrophage density313. Interestingly, interstitial macrophages 

are MHC-II- in contrast to MHC-II+ peritubular macrophages. Peritubular macrophages 

have high MHC-II expression, which might predispose to antigen-presentation to T-

cells. Both macrophage populations have an anti-inflammatory profile supported by 

high expression levels of IL-10, and TGFβ and low IL-12, IL-1β and TNFD levels314. In 

op/op mice, sperm counts are 60% lower than in control mice with a two times higher 

dead sperm rate313. In addition, testosterone concentration is 86% lower in these mice. 

This observation is supported by a study using CD11bDTR and reporting 50% lower 

testosterone levels315. Interstitial macrophages associated to Leydig cells produce 25-

hydroxicholesterol from cholesterol conversion by the cholesterol 25-hydroxylase 

enzyme. Subsequently, 25-hydroxicholesterol is converted to testosterone by Leydig 

cells. This might explain the lower testosterone blood concentration in op/op mice. 

Additionally, macrophages play a trophic role and stimulate Leydig cells proliferation. 
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Op/op mice have a lower renewal rate of spermatogonial stem cells that could be either 

a direct consequence of the peritubular macrophages lack, enhancing spermatogonia 

proliferation by retinoic acid production315, or, an indirect consequence of insufficient 

Leydig cells testosterone secretion. Macrophages were thus initially proposed to play 

an essential role in spermatogenesis. A recent report showed that depletion of 

macrophages in utero, but not postnatally, impacted spermatogenesis312. This result 

suggests that testis macrophages are rather involved in proper development of the 

organ. Although testes macrophages and functions characterization are more 

advanced than in the ovaries, understanding the precise function of testicular 

macrophages still needs further proteomic and functional analyses. 

 

C. Pancreatic macrophages 

The pancreas is composed of two different areas: the exocrine area secreting 

digestive enzymes, and the endocrine area composed of islets of Langerhans, 

secreting insulin and glucagon. A pioneer study6 established the presence of F4/80+ 

cells, likely macrophages, in the islets. Macrophages in non-diabetic mice account for 

nearly 98% of immune cells in the islets. These cells were further characterized by a 

high expression of CD11c, MHC-II, F4/80, CD11b, CD64, MerTK, lysozyme M, 

CX3CR1, and CD68316. Due to the absence of Zbtb46+ cells, a bona fide DC marker28, 

the authors excluded the possibility of a DC enrichment. A genetic fate-mapping 

analysis established that islet macrophages are derived from definitive hematopoiesis 

while stromal macrophages derive from yolk-sac precursors316. In addition, pancreatic 

macrophages are localized nearby blood vessels and have projections within the islets 

interacting with beta cells, the main insulin producers. This proximity suggests an 

involvement of pancreatic macrophages in immune regulations. Interestingly, islet 

macrophage depletion reduces VEGF-A (Vascular endothelial growth factor-A) 

secretion, leading to altered vascular density and islet remodeling317.  

Considering the pancreatic macrophage localization, one can expect them to also 

play a role in the physiology and architecture of the gland. Indeed, op/op mice show 

decreased macrophage numbers in the pancreas318. Beta cell mass was 30% lower in 

op/op mice compared to control mice318 (large islets are less numerous, leading to a 

decreased insulin volume). Moreover, it was demonstrated that in context of obesity, 

resident islet macrophages expand locally without monocyte recruitment. A parabiosis 

experiment using CD45.1 and CD45.2 congenic mice showed that despite their bone 
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marrow origins, the replenishment of islet macrophages by bone marrow monocytes 

was low, and their renewal was dependent on in-situ proliferation316. Islet macrophages 

induce beta cells proliferation by the engagement of the PDGF/PDGFR pathway319. 

Taken together, these data suggest an important role of tissue resident macrophages 

in pancreatic beta cells homeostasis. 

Interestingly, it was demonstrated that pancreatic beta cells transfer insulin-

containing granules or insulin catabolites to neighboring macrophages320. However, 

the relevance of this observation in the gland physiology is not yet understood. One 

can hypothesize that macrophages protect beta cells from auto-immune destruction by 

T cells during diabetes. Indeed, Unanue and colleagues also showed that insulin 

degradation is a crucial part of tissue homeostasis maintenance. Macrophages play a 

key protective role in this process by capturing and digesting the insulin β chain, 

therefore preventing its uptake by DCs. The degradation of reactive β chain-derivatives 

by islet macrophages prevents T-cells activation and inhibits an eventual deleterious 

auto-immune response320. In contrast, macrophage-depleted NOD mice, which 

spontaneously develop auto-immune diabetes, were protected against the disease 

development, indicating a role in the initiation of autoimmune process321. This might 

be a consequence of the macrophage pro-inflammatory cytokines release, such as 

IFNE, in the very early stages of diabetes initiation preceding DC and T cell recruitment 

to the pancreas.  

The existence of at least two populations of macrophages was suggested in the 

pancreas: the stromal macrophages, derived from embryonic precursors and 

expressing the CD206/CD301 anti-inflammatory markers, and the islet macrophages 

with a pro-inflammatory signature expressing TNFα (tumor necrosis factor-α) and IL-

1β. More recently, single-cell RNA sequencing of murine islets revealed that 5 

macrophage subsets co-exist in the pancreas. These cells possess a unique 

transcriptional signature and functional markers, including inflammatory activation 

markers, regulatory and efferocytosis functions or cell-cycle genes322. These data 

highlight the diversity of pancreatic macrophage subsets that likely supports the 

endocrine functions of the tissue and modulate the induction and development of 

autoimmune disorders. 
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D. White adipose tissue macrophages 

White adipose tissue is the main lipid storage organ where triglycerides 

accumulate in adipocytes inside lipid droplets, and localizes essentially in the visceral 

region in mice (figure 6). White adipose tissue also comprises subcutaneous depots, 

that contains “beige” adipocytes with thermogenic activity. On the opposite, 

mitochondria-rich brown adipose tissue does not play a lipid storage role at steady 

state and instead consumes metabolites such as lipids and glucose to fuel 

thermogenesis.  

White adipose tissue is rich with macrophages that represent the main immune 

population in this organ. The accumulation of macrophages in adipose tissue during 

obesity initially led to the idea that these cells originate from the bone marrow 

compartment323,324. However, more recent reports showed that the majority of these 

cells have an embryonic origin (and associated Timd4 expression) and sustain 

independently of monocyte input325,326. The adipose tissue macrophage (ATM) pool 

was initially considered to contain two populations : anti-inflammatory M2 

macrophages that express CD206 and are present at steady state, and inflammatory 

M1 macrophages identified by CD11c expression and that infiltrate the tissue during 

obesity327. However, recent studies using more resolutive approaches like single cell 

RNA sequencing or multiparametric cytometry revealed a more complex diversity of 

ATMs156,326,328-330. Several subpopulations of ATMs with restricted transcriptomic 

signature and sub-tissular localization are indeed found at steady state, and ATM 

phenotype evolves during disease (notably obesity). These include lipid-associated 

macrophages (LAM) characterized by Trem2 expression156, vasculature-associated 

macrophages (VAM) with high CD206 expression330,331, and CX3CR1+ sympathetic 

neuron associated macrophages (SAM) proposed to recycle norepinephrine332.  

The adipose tissue is exposed to daily fluctuations in activation state. Periods of 

feeding lead to energy storage in the form of triglycerides and thus promote adipose 

tissue expansion. On the contrary, periods of fasting promote lipolysis, the process of 

triglyceride degradation to release free fatty acids in the blood circulation. ATMs thus 

constantly readapt to their fluctuating microenvironment. For instance, fasting induces 

a rapid disappearance of vasculature-associated macrophages and re-feeding allows 

the replenishment of this population330. Treatment with the E3-agonist CL 316,243 to 

induce lipolysis reproduces VAM disappearance but also induces a strong monocyte 

recruitment330.  
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Adapted in part from Jung SM et al.333. 
 

Similarly to what is observed in other tissues, ATM maintain tissue homeostasis 

through their canonical function of efferocytosis. Upon metabolic challenge and notably 

obesity-related hypertrophy, adipocytes may undergo apoptosis. This leads to the 

formation of crown-like structures (CLS), thought to represent macrophages 

surrounding a dying adipocyte to orchestrate its removal and recycling334. Genetically 

triggering adipocyte death leads to recruitment of macrophages with an anti-

inflammatory phenotype that clear the tissue of apoptotic cells and promote return to 

hemeostasis335. Although this is poorly characterized, neutrophils have also been 

observed inside CLSs330. ATMs further display a vast array of functions involved in 

white adipose tissue homeostasis, such as promoting tissue innervation336 through 

Figure 6. Schematic representation of the localization of the main adipose tissue 
depots in mice, and brown adipose tissue in humans.  
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PDGF production337, recycling damaged mitochondria338, and influence adipocyte lipid 

storage156,339.  

Macrophages themselves contain lipid droplets at steady state, and they express 

the enzyme ATGL allowing triglyceride degradation. Lipid storage by macrophages 

was proposed to play a role in obesity-related insulin resistance340 and its key regulator 

is the protein HILPDA (hypoxia inducible lipid droplet associated)341. HILPDA promotes 

lipid storage in macrophages by inhibiting ATGL341 and its expression can be induced 

by adrenergic stimuli342, lipids342 or LPS343. This suggests that macrophage lipid 

storage could be induced both during fasting, when E-adrenergic stimulation is induced 

and lipolysis-derived lipids are abundant, and during obesity with abundance of both 

circulating fatty acids and lipids deriving from dying adipocytes. Although 

HILPDA/ATGL-mediated lipid accumulation and breakdown has been shown to impact 

macrophage activation and inflammatory cytokine secretion, no impact on adipose 

tissue inflammation was observed341,343. Other ATGL-independent lysosomal lipolysis 

plays a role in macrophage activation344 and influences adipose tissue homeostasis345. 

Macrophages preferentially uptake lipids via the scavenger receptor CD36344, but a 

“lipidic” crosstalk also exists between adipocytes and macrophages. Indeed, 

adipocytes were shown to release lipidic vesicles (independently of lipolysis) that can 

readily be taken up by surrounding macrophages, and this process is accentuated 

during obesity346. In this obesity context, a population of lipid-associated macrophages 

expressing TREM2 accumulates in adipose tissue156. These cells promote 

homeostatic lipid storage by adipocytes, and loss of TREM2 worsens obesity-related 

metabolic syndrome156. Macrophages were recently showed to promote adipocyte lipid 

storage via production of platelet-derived growth factor cc (PDGFcc)339. Long-term 

macrophage depletion using either a D-CSF1R monoclonal antibody or PLX5622 

prevents obesity in mice fed a high fat diet and mice with invalidation of PDGFcc in 

macrophages showed the same phenotype. These results thus demonstrate that 

specialized macrophage sub-populations are important regulators of tissue lipid 

homeostasis. Lipid storage can happen in other tissues such as the liver, heart, muscle 

or brown adipose tissue under specific conditions and whether macrophages drive lipid 

content locally in these tissues or instead buffer circulating lipids needs further 

investigation.  
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Results 

 

Project 1: Diversity and functions of brown adipose tissue macrophages. 

 

A. Hypothesis and aims 

In placental mammals, two different adipose tissues have been identified347. 

White adipose tissue (WAT) is the most studied. WAT stores energy in the form of 

triglycerides347. Depending on the nutritional state, white adipocytes accumulate lipids 

(lipogenesis) or mobilize them (lipolysis) to supply the organism’ energetic and 

structural needs. Brown adipose tissue (BAT) plays a key role in thermogenesis347. 

The mitochondrial protein Ucp1 (Uncoupling Protein 1) is essential for heat generation 

and is a hallmark of brown adipocytes348. More recently, beige adipocytes have been 

identified349. These cells reside within WAT and express low Ucp1 levels at steady 

state, but increase its expression, in particular during cold exposure, thus contributing 

to adaptative thermogenesis 349. Importantly, white, brown and beige adipocytes have 

a specific developmental origin and possess a well-defined transcriptomic 

signature347,350. The presence of distinct immune cell types has been documented in 

all adipose tissues and their content vary according to metabolic status and 

environmental conditions. The most abundant immune cells in these depots are 

macrophages . While the diversity and developmental origin of WAT macrophages is 

well documented, little is known about the diversity and functions of BAT 

macrophages326,330,339.  

A pioneering work suggested that CX3CR1+ BAT macrophages are involved in 

thermogenesis268. More recently, it was shown that a subset of CD169+ BAT 

macrophages was involved in damaged mitochondria uptake and recycling, thus 

favouring optimal BAT physiological activity and thermogenesis351. However, the 

interconnections between these two BAT macrophage populations remains to be 

established and the diversity of BAT macrophages is ill-defined. Thus, we decided to 

investigate the diversity and functions of BAT myeloid cells. The data that we obtained 

are presented below. 
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Monocytes are part of the mononuclear phagocytic system. Monocytes play a central role

during inflammatory conditions and a better understanding of their dynamics might open

therapeutic opportunities. In the present study, we focused on the characterization and

impact of monocytes on brown adipose tissue (BAT) functions during tissue remodeling.

Single-cell RNA sequencing analysis of BAT immune cells uncovered a large diversity in

monocyte and macrophage populations. Fate-mapping experiments demonstrated that the

BAT macrophage pool requires constant replenishment from monocytes. Using a genetic

model of BAT expansion, we found that brown fat monocyte numbers were selectively

increased in this scenario. This observation was confirmed using a CCR2-binding radiotracer

and positron emission tomography. Importantly, in line with their tissue recruitment, blood

monocyte counts were decreased while bone marrow hematopoiesis was not affected.

Monocyte depletion prevented brown adipose tissue expansion and altered its architecture.

Podoplanin engagement is strictly required for BAT expansion. Together, these data redefine

the diversity of immune cells in the BAT and emphasize the role of monocyte recruitment for

tissue remodeling.
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M
onocytes are part of the mononuclear phagocytic sys-
tem together with macrophages and dendritic cells
(DCs)1. These cells are generated in the bone marrow

compartment where they originate from hematopoietic stem cells
(HSC) through myelopoiesis, a tightly regulated process2. The
growth factor colony-stimulating factor 1 (CSF1), binds to its
receptor CSF1R (CD115) expressed on monocytes and macro-
phages to promote their survival3. Bone marrow-derived mono-
cytes egress to the blood circulation and this process is under the
control of chemokine−chemokine receptor interactions. For
instance, stromal cell-derived CXCL12 (SDF-1) binds to mono-
cyte CXCR4 and this interaction is required for monocyte
retention within the bone marrow compartment4. By contrast,
CCL2-CCR2 interactions control monocyte egress from bone
marrow to blood and their peripheral tissue recruitment from
the blood circulation5,6. Two major subsets of blood monocytes
have been described according to the expression of the cell surface
marker Ly6C. Ly6Chigh monocytes, also called “classical mono-
cytes”, are recruited to peripheral tissues and can give rise to
macrophages during infection, acute or chronic inflammation, or
cancer and contribute to the control and the resolution of tissue
inflammation7,8. Ly6Clow “non-classical” monocytes patrol the
blood vasculature, cleaning debris and promote healing of
the injured endothelium9. During infection and excessive or
chronic inflammation, monocytes are recruited to peripheral
tissues where they differentiate into macrophages. In every organ,
macrophages have been demonstrated to play a tissue-specific
function. For example, splenic red pulp macrophages control iron
content while testis macrophages have been implicated into
spermatogenesis10–12.

The adipose tissue has long been considered as a simple tri-
glyceride storage organ. Various types of adipose tissue have been
documented including white adipose tissue (WAT), beige adipose
tissue, and brown adipose tissue (BAT). In mice, WAT is typically
localized in the peritoneal cavity and subcutaneously, with its
most studied depot, the perigonadal (epidydimal) adipose tissue
(EAT). BAT is located in the interscapular region and its main
function is thermogenesis orchestrated by the mitochondrial
uncoupling protein 1 (Ucp1). Beige adipose tissue is located
subcutaneously (SCAT) and comprises among others the brachial
and inguinal depots. Adipose tissue depot size is regulated
through variations in adipocyte size and numbers. Triglycerides
(TGs) are stored in lipid droplets inside adipocytes and their
mobilization relies on a process named lipolysis. The first step of
lipolysis is under control of the rate-limiting enzyme ATGL
(adipose triglyceride lipase)13–15 leading to TG degradation into
diacylglycerol (DAG) and a fatty acid. Macrophages have been
identified in BAT where they have been proposed to control
neuron network density and BAT thermogenesis16. Nevertheless,
the diversity of BAT macrophages and the mechanism respon-
sible for their maintenance remain underappreciated. In this
work, we found several populations of macrophages in BAT of
wild-type mice. Additionally, we observed the existence of tissue-
resident monocytes that contributed to BAT macrophage
homeostasis. We used an established mouse model of adipocyte-
selective Atgl-deficiency leading to BAT expansion and evaluated
monocyte numbers in bone marrow and blood, and monocyte
and macrophage numbers and diversity in adipose tissues. Thus,
our data show that monocytes contribute to BAT expansion in a
Podoplanin-dependent mechanism and favor matrix remodeling,
uncovering a new function for this cell type.

Results
BAT macrophage diversity and monocyte contribution to their
maintenance. To investigate the diversity of BAT myeloid cell

populations, we performed single-cell RNA sequencing (scRNA-
seq) analysis of cell-sorted CD45+ cells (Fig. S1A) from C57BL/6
mice housed at room temperature and fed on a normal chow diet.
These data revealed an unprecedented diversity of leukocytes
residing in BAT (Fig. 1A), which can be represented by 13 unique
clusters (Fig. 1A). We detected populations of T cells, B cells, and
NK cells (clusters 10, 11, and 12 respectively) (Fig. 1B, C). Fur-
thermore, among myeloid cells, we identified a population of
neutrophils (cluster 0) and three separate populations of mono-
cytes (clusters 2, 3, and 4). These subsets reflected Ly6Clow,
Ly6Cint, and Ly6Chigh monocytes respectively (Fig. 1C). Of
interest, we were able to identify four different macrophage
populations (clusters 5, 6, 7, and 8) (Fig. 1C). These cells
expressed a specific set of genes, which are represented by gene
set enrichment analysis across all 13 clusters (Fig. 1C). Cluster 6
expressed many canonical alternative macrophage polarization
markers including Mrc1 (CD206) and Clec10a (CD301). Addi-
tionally, this cluster was enriched in genes (C1qa, C1qb, C1qc)
encoding for proteins involved in the complement pathway.
Clusters 7 and 8 highly expressed genes involved in lipid meta-
bolisms such as CD36, Lpl, and Lipa. Finally, cluster 5 was
enriched in genes involved in tissue remodeling (Ecm1, MMP12,
MMP19, Fn1). This BAT macrophage subset diversity might
reflect their involvement in various functions from lipid handling
(Clusters 6, 7, and 8) to tissue remodeling (Cluster 5). Since we
detected many monocytes in our single-cell RNA sequencing data
(Fig. 1A, C), we validated this observation in the BAT using
CCR2GFP/+ mice. In agreement with the transcriptomic data, we
found many GFP+ cell in BAT that were distributed among
monocyte and macrophage populations (Fig. 1D). These data
suggested that monocytes may contribute to BAT macrophage
pool maintenance. To study this hypothesis, we used a pulse-
chase model allowing to label monocytes and follow their dif-
ferentiation into macrophages over a short period of time.
CCR2creERT2 mice were crossed with TdTomato reporter. To
induce CCR2-driven TdTomato expression, mice were adminis-
tered with tamoxifen by oral gavage and analyzed 48 h later. We
observed a large fraction of TdTomato+ cells among BAT
monocytes and macrophages (Fig. 1E). Moreover, BAT Tomato+

monocyte and macrophage counts were decreased in CCR2-
deficient mice, demonstrating the relevance of this axis in BAT
macrophage pool size maintenance (Fig. 1E, F). However, mac-
rophage counts remained similar in CCR2+/– and CCR2–/– mice,
suggesting that even though monocyte recruitment plays a critical
role to maintain BAT macrophage pool, a compensatory
mechanism, likely proliferation, could occur in the absence of
monocyte recruitment to sustain constant BAT macrophage
numbers (Fig. 1G).

BAT expansion is supported by monocyte recruitment and
local macrophage differentiation. To address how BAT mono-
cyte and macrophage populations are affected during tissue
remodeling, we generated a mouse model selectively lacking
ATGL in mature adipocytes (AdipoΔ/Δ). For this purpose,
Pnpla2fl/fl mice were crossed with AdipoQcreERT2 mice in order to
ablate ATGL protein production specifically in mature adipocytes
(Fig. S1B). To validate the efficiency of our system, those mice
were crossed with TdTomatofl/fl reporter mice, in which the
TdTomato expression reflects Cre recombinase activity (Fig. S1B).
Additionally, we crossed these mice with CX3CR1gfp mice to
facilitate analysis of monocyte distribution in tissues by flow
cytometry and microscopy (Fig. S1B). Indeed, fluorescence
microscopy analysis of EAT and BAT tissue sections revealed that
almost all adipocytes expressed the TdTomato protein 3 weeks
following tamoxifen treatment, further validating the efficiency of
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our experimental system (Fig. S1C). Western blotting analysis of
BAT protein extracts showed an almost complete absence of
ATGL protein in AdipoΔ/Δ mice, in comparison to littermate
control animals, further confirming the deletion efficiency
(Fig. S1D). The low remaining ATGL protein levels in AdipoΔ/Δ

mice could originate from adipose tissue immune cells such as

macrophages or neutrophils, previously shown to express this
protein17 but in which the adiponectin promoter is not active. As
expected, serum glycerol concentrations were decreased in Adi-
poΔ/Δ mice compared to control animals (Fig. S1E). Serum lipi-
domic analysis further revealed decreased concentrations of
palmitic acid (C16:0), the most abundant non-esterified fatty
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acids (NEFA) (approximatively 33% of total NEFAs). Myristic
(C14:0), and α-linolenic (C18:3 n-3) acids were also decreased
(Fig. S1F). Interestingly, other types of fatty acids were not
modulated in AdipoΔ/Δ mice when compared to littermate con-
trol animals (Fig. S1G).

In agreement with previous reports using constitutive Atgl
deletion18,19, we found a strikingly increased BAT weight (×2.5
fold) in AdipoΔ/Δ mice in comparison to co-housed littermate
controls after 3 weeks of Cre induction (Fig. 2A). Nevertheless,
EAT had a similar weight in both genotypes (Fig. 2A). Tissue
histology analysis revealed widespread changes in brown
adipocyte morphology with the appearance of larger lipid
droplets, a process named “whitening” of the brown adipose
depot (Fig. 2B)20. We also observed the appearance of CD11b+

cells in the BAT of AdipoΔ/Δ mice, in patterns similar to “crown-
like structures” reported in EAT during obesity (Fig. 2C)20. These
cells were rarely detected in control mice (Fig. 2C).

To further define whether specific immune cell subsets were
enriched in AdipoΔ/Δ mice, we performed a comparative single-
cell RNA-seq analysis between cell-sorted CD45+ cells from
control and adipocyte-Atgl-deficient mice. We noticed a major
and specific enrichment in all macrophage clusters in AdipoΔ/Δ

animals without affecting the populations of B cells, T cells, and
NK cells (Fig. 2D, E). This observation indicated that BAT
expansion induced a macrophage-specific enrichment in the
organ. Moreover, a distinctive fatty acid-centered metabolic
signature was detected in these macrophage subsets (Figs. 2F and
S2A). Using the Slingshot tool, we established a predictive
differentiation model linking monocytes to macrophage clusters
(Fig. 2G). This model suggested that Ly6Chigh monocytes give rise
to two intermediate macrophage populations (clusters 7 and 8).
Two terminally differentiated macrophage clusters (clusters 5 and
6) were identified and corresponded to clusters involved in lipid
metabolism and matrix remodeling (Fig. 2G). In line with our
pathway enrichment analysis, these cells displayed higher
expression of genes involved in lipid handling including Plin2,
CD36, Trem2, and Lpl in AdipoΔ/Δ mice compared to controls
(Fig. 2H). Although Mrc1 expression was found on all
macrophage subsets, higher expression of this marker was
observed on cluster 6 (Fig. S2B). On the other hand, cluster 5
macrophages were found to specifically express CD226 (Fig. S2B).

To phenotypically confirm the data from our scRNAseq analysis,
we performed a flow cytometry analysis of adipose tissues obtained
from control and AdipoΔ/Δ mice. Since tissue expansion did not
occur in the EAT of AdipoΔ/Δ mice, we investigated macrophage and
monocyte phenotypes in both the BAT and EAT of control and
AdipoΔ/Δ mice. We applied an established gating strategy to
separately analyze macrophages and monocytes (Fig. S2C)21,22.
Previous reports demonstrated the presence, at a low frequency, of
monocytes residing in tissues22. In our study, we identified
monocytes as CD45+CD64+MerTK–CD11b+ cells and macrophages
as CD45+CD64+MerTK+ (Fig. S2C). Furthermore, we developed a
gating strategy for the in-vivo identification of cluster 5 and cluster 6
cells, namely CD226high and CD206high macrophages (Fig. S2D).

The proportion of CD206high macrophages was equivalent in BAT
and EAT from AdipoΔ/Δ mice. However, we found that the
population of CD226high macrophages was markedly enriched in
BAT compared to EAT (Fig. S2D). Increased monocyte and
macrophage counts were observed in the BAT of AdipoΔ/Δ mice
(Fig. 2I), but not in their EAT (Fig. S2E). To apprehend whether this
accumulation was triggered solely by the loss of BAT lipolysis or
could be linked to ATGL deficiency in other adipose depots, we
analyzed BAT myeloid cells in Ucp1cre × Pnpla2fl/fl (BATΔ/Δ) mice.
Ucp1 is highly expressed in brown adipocytes and lacking in white
adipocytes. BAT monocytes and macrophages were more numerous
in BATΔ/Δ mice in comparison to controls, suggesting that the
AdipoΔ/Δ BAT phenotype was driven by BAT-mediated cues
(Fig. S2F). Moreover, BAT monocytes in AdipoΔ/Δ mice expressed
higher levels of MHC II, a marker that is upregulated in monocytes
that recently egressed the blood vasculature and entered an organ
(Fig. 2J)22. However, their CD11c expression remained similar
between both genotypes (Fig. 2J). Importantly, MHC II expression
was comparable between EAT monocytes obtained from control and
AdipoΔ/Δ mice (Fig. S2G). As a whole, BAT macrophages from
AdipoΔ/Δ mice, but not EAT macrophages, also displayed altered
expression of the canonical alternative polarization markers CD206
and CD301 (Figs. 2K and S2H). This may be representative of the
increased presence of CD206low CD301low macrophages (mainly in
clusters 7 and 8), as Mrc1 and Clec10a expression did not appear to
be diminished in M2-like macrophages (cluster 6) (Fig. S2I). The
expression of CD11c, a classical M1 activation marker, was not
altered (Fig. 2K). Taken together, this demonstrated that ATGL-
deletion in adipocytes triggers monocyte BAT recruitment and leads
to increased numbers of BAT macrophages with a specific
phenotype.

Local proliferation of tissue-resident macrophages is involved
in their pool maintenance23. To investigate macrophage pro-
liferation rate, we performed Ki67 staining and found a similar
level of proliferation in BAT macrophages from control and
AdipoΔ/Δ mice (Fig. 2L). This observation was also supported by
the analysis of our single-cell RNA sequencing data that revealed
that few BAT macrophages show expression of proliferation-
related genes including Mki67, Ccna2, and Top2a (Fig. S2J).

BAT-selective monocyte recruitment leads to diminished blood
monocyte counts without affecting bone marrow hematopoi-
esis. We next asked whether increased monocyte counts in Adi-
poΔ/Δ mice are specific to BAT or could also be observed in other
peripheral tissues. To monitor monocyte distribution across tis-
sues we took advantage of a CCR2-targeting radiotracer 64Cu-
DOTA-ECL1i for non-invasive positron emission tomography
(PET)/computed tomography (CT) imaging of CCR2+ cells dis-
tribution across multiple tissues without the biases of tissue
digestion. This provides the opportunity to simultaneously
investigate numerous organs, thus limiting the risk to miss an
unexpected tracer accumulation in a specific location24,25.
Representative PET/CT images revealed significantly increased
signal, indicative of CCR2 accumulation, in the BAT of AdipoΔ/Δ

Fig. 1 Monocytes contribute to BAT macrophage pool at a steady state. A Single-cell RNA-Seq analysis of BAT CD45+ cells from 7−8-week-old male

mice. B UMAP representations of genes used to identify cell types among BAT CD45+ cells. C Heatmap showing normalized expression levels of marker

genes helping to identify cell types present in the data. D Flow cytometry plot showing CCR2GFP expression among BAT Ly6C+/– MHCII+/– cells (gated on

CD45+ CD11b+ CD64+ cells). E Flow cytometry plot showing TdTomato expression among BAT Ly6C+/– MHCII+/– cells (gated on CD45+ CD11b+

CD64+ cells) from CCR2creERT2/+ and CCR2creERT2/GFP mice 48 h after tamoxifen gavage. F Quantification of TdTomato+ cells among CD45+ CD64+

CD11b+ cells (p= 0.0002) and macrophages (CD45+ CD64+ CD11b+ Ly6C–) (p < 0.0001) in the BAT of CCR2creERT2/+ (CCR2+/–, n= 12) and

CCR2creERT2/GFP (CCR2–/–, n= 7) mice 48 h after tamoxifen gavage. G Quantification of macrophages in the BAT of CCR2+/– (n= 18) and CCR2–/– (n= 9)

mice, p= 0.8997. Panels D, E, F, and G represent pooled data from two independent experiments. All data are represented in means ± SEM. Two-tailed

Mann−Whitney tests were used to determine statistical significance. ns p > 0.05; *p < 0.05; **p < 0.01. Source data are provided as a Source Data file.
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mice at 16 days, but not at 2 days, post-tamoxifen administration
(Cre+TAM+) (Fig. 3A, B). These data confirm the progressive
monocyte infiltration in BAT after Atgl-deletion. Of note, we
observed a comparable level of BAT CCR2 signal in both
AdipoCre+ animals treated with vehicle (oil) (Cre+TAM−) and
Adipo+/+ mice treated with tamoxifen (Cre−TAM+) (Fig. 3A, B).

To analyze monocyte density, the biodistribution of the tracer was
measured across tissues and we observed that CCR2 signal was
selectively increased in the BAT of AdipoΔ/Δ mice (Fig. 3C).
Despite a detectable signal in several organs, we did not observe a
differential CCR2 distribution in any other tissue (Fig. 3C). Of
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interest, blood CCR2 signal was reduced, even though the differ-
ence was not significant, in AdipoΔ/Δ animals (Fig. 3C). Ex vivo
tissue collections showed an enlarged mass of BAT in AdipoΔ/Δ

animals compared to the other two groups. Moreover, auto-
radiography showed specific tracer uptake in the BAT and not in
the surrounding white adipose tissue, thus supporting PET data
(Fig. S3A). Taken together, this suggests that adipocyte-specific
Atgl deletion leads to BAT-selective monocyte recruitment. Thus,
disruption of BAT homeostasis leads to a very specific monocyte
recruitment without affecting any other peripheral organ.

Because we observed a tendency to decreased CCR2 signal in
blood (Fig. 3C), we next wondered whether BAT monocyte
recruitment could affect the pool of circulating blood monocytes.
Using flow cytometry analysis, we detected a marked decrease in
the numbers of blood monocytes (CD45+CD115+CD11b+ cells)
(Fig. 3D and Fig. S3B). This observation was valid for both Ly6Chi

and Ly6Clo monocyte subsets (Fig. 3E). However, neutrophil
(CD45+Gr1+CD11b+CD115low), B cell (CD45+CD19+) and T
cell (CD45+TCRβ+) numbers were similar in ATGL-sufficient
and deficient mice (Fig. S3C). Likewise, CCL2 and CXCL12 serum
levels were not modulated by the loss of adipose tissue lipolysis,
excluding systemic inflammation as a cause for the decrease in
blood monocyte numbers (Fig. 3F). We thus hypothesized that
reduced blood monocyte numbers in ATGL-deficient mice result
from either an altered hematopoiesis or mature monocyte export
from bone marrow to blood. Flow cytometry analysis revealed no
substantial difference in the number of monocyte precursor cells
including LSK (Lin−Sca1+cKit+) (Fig. S3D). Bone marrow
monocyte counts were also very similar in control and adipocyte
ATGL-deficient mice (Fig. S3D). Thus, blood monocyte number
reduction is unlikely to result from defects in bone marrow
hematopoiesis or stromal niche alteration. Since the pool of bone
marrow monocytes results from the dynamic interaction between
monocyte proliferation, death, and export to peripheral blood, we
analyzed these parameters. Monocyte proliferation was compar-
able in AdipoΔ/Δ and littermate control mice (Fig. S3E). Annexin
V staining on bone marrow monocytes suggested a similar level
of apoptosis in both genotypes, ruling out a role for cell death
(Fig. S3E). To analyze monocyte export from bone marrow to
blood, we i.v. injected mice with BrdU and analyzed the
percentage of BrdU positive monocytes in blood 16 h post-
injection. We found that approximately 70% of blood monocytes
had undergone proliferation by incorporating BrdU (Fig. S3F) in
both control and AdipoΔ/Δ mice. Therefore, we concluded that
the monocyte export rate is not modified during BAT expansion
and could not account for diminished blood monocyte numbers.
To apprehend the mechanisms that could account for increased
brown adipose tissue monocyte numbers, we performed real-time
PCR analysis. We found an increased expression of the

pro-inflammatory gene tnfa and the chemokine ccl2 in the BAT
of AdipoΔ/Δ mice (Fig. 3G). The latest is responsible for monocyte
recruitment to tissues and could explain increased numbers of
BAT monocytes and macrophages. Although ELISA analysis of
BAT homogenates failed to confirm an increase in TNFα levels,
CCL2 protein levels were markedly augmented in the BAT of
AdipoΔ/Δ mice (Fig. 3H). Together, these data suggest the onset of
a very low-grade tissue inflammation with specific CCL2-
mediated monocyte recruitment to the BAT of AdipoΔ/Δ mice.

Monocyte depletion prevents BAT expansion and sustains
tissue browning. To address whether BAT monocyte recruitment
is involved in tissue remodeling and growth, we depleted blood
monocytes via administration of anti-CCR2 antibody (MC-21)26

(Fig. 4A). Mice received tamoxifen treatment and were then
allowed to rest for one week during which BAT started expand-
ing. MC-21 or vehicle treatment were then administered daily for
5 days. Blood and tissues were analyzed 16 h after the last MC-21
injection (Fig. 4A). This procedure led to the complete depletion
of blood monocytes as previously described26 (Fig. S4A). The
spleen monocyte population was also completely depleted in MC-
21-treated mice (Fig. S4A). Flow cytometry analysis demonstrated
a major monocyte depletion in the BAT of MC-21-treated Adi-
poΔ/Δ animals in comparison to vehicle-administered controls
(Fig. 4B). BAT macrophage numbers were slightly, but not sig-
nificantly decreased in MC-21-treated AdipoΔ/Δ mice (Fig. 4C).
Importantly, BAT weight was significantly decreased, by
approximatively 40%, in AdipoΔ/Δ mice treated with anti-CCR2
Ab in comparison to vehicle administered AdipoΔ/Δ animals
(Fig. 4D). We observed that in control mice, in which BAT is not
expanding, CCR2 depletion had no effect on tissue weight
(Fig. 4D). EAT weight remained similar among MC-21-treated
and vehicle-treated animals (Fig. S4B). Tissue histology analysis
revealed that EAT adipocyte size was similar in control and
AdipoΔ/Δ mice (Fig. S4B). BAT histology analysis revealed that
MC-21 administration exacerbated the appearance of CLS
(Fig. S4C). MC-21 treatment had no impact on serum glycerol,
TG and NEFA levels (Fig. S4D). However, we detected numerous
multilocular zones in MC-21-treated animals in comparison to
vehicle-treated AdipoΔ/Δ mice (Fig. 4E), suggesting that mono-
cyte recruitment to BAT modulates tissue morphology and favors
BAT “whitening”. Whether this mechanism is solely responsible
for BAT weight decrease in MC-21-treated mice remains to be
established.

Monocytes regulate BAT expansion via Podoplanin engage-
ment. Previous data demonstrated that myeloid cells could
modulate tissue expansion by interacting with stromal fibroblastic

Fig. 2 Monocytes and macrophages accumulate in the BAT during tissue expansion. A BAT and EAT weight in control (n= 14) and Adipo∆/∆ (n= 18)

mice. p < 0.0001 (left) and p= 0.4582 (right). B Representative images of BAT morphology and analysis using H&E staining in Adipo∆/∆ mice and

controls. C CD11b staining (red) in the BAT of Adipo∆/∆ and control mice. The presence of CLS is highlighted in the magnified box. D Single-cell RNA-Seq

analysis of BAT CD45+ cells from 7−8-week-old control and Adipo∆/∆ male mice. E Proportion of each cluster identified in scRNA-Seq analysis. F Single-

cell RNA-Seq analysis of the “fatty acid metabolism” Hallmark gene set expression. G Differentiation model of BAT myeloid cells generated using the

Slingshot tool. H Violin plots showing RNA-Seq analysis of Plin2, CD36, Trem2, Lpl, Fabp4, and Fabp5 expression by BAT macrophages and monocytes from

Adipo∆/∆ and control mice. I Quantification of BAT monocyte and macrophage numbers in control (n= 12) and Adipo∆/∆ (n= 18) mice using flow

cytometry. p= 0.0346 (left) and p= 0.0143 (right). J Quantification of surface MHC II and CD11c expression by BAT monocytes in control (n= 11) and

Adipo∆/∆ (n= 13) mice using flow cytometry. p= 0.0004 (left) and p= 0.8646 (right). K Quantification of surface CD206, CD301, and CD11c expression

by BAT macrophages in control (n= 11) and Adipo∆/∆ (n= 13) mice using flow cytometry. p= 0.0031 (left), p= 0.0012 (middle), p= 0.3607 (right).

L Proportion of Ki-67-expressing macrophages in the BAT of control (n= 5) and Adipo∆/∆ (n= 5) mice analyzed by flow cytometry. p= 0,6905. Panels

A, I, J, and K represent pooled data from four independent experiments. Panels B, C are representative of two independent experiments. Panel L represents

data from one experiment. All data are represented in means ± SEM. Two-tailed Mann−Whitney tests were used to determine statistical significance.

ns p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Source data are provided as a Source Data file.
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reticular cells (FRCs)27. Thus, we sought to determine whether
monocytes in BAT might interact with fibroblasts to favor tissue
expansion. Using α-SMA staining, we identified the presence of
α-SMA+ cells with a fibroblastic morphology in the BAT of
AdipoΔ/Δ mice, suggesting the existence of activated fibroblasts in
expanding BAT (Fig. S5A). To test whether monocytes could

interact with fibroblasts, we co-cultured mouse embryonic
fibroblasts (MEFs) with primary blood monocytes. Monocyte
addition induced an increase in fibroblast cellular area (Fig. 5A,
B). Importantly, we observed increased numbers of cell protru-
sions in MEFs cultured in the presence of blood monocytes
(Fig. 5A, B). We next investigated whether this interaction
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required a cell-to-cell contact, or alternatively was mediated by
soluble mediators. In a transwell experiment, allowing for phy-
sical separation between fibroblasts and monocytes, we observed
that fibroblast spreading occurred even in the absence of direct
contact with monocytes (Fig. 5A, B). These results indicated that

monocyte interaction with fibroblasts induced changes in their
morphology. Therefore, we investigated whether these morpho-
logical changes were paralleled by modulations of fibroblast
mechanical properties. Using a traction force microscopy
approach, we observed that fibroblasts co-cultured with

Fig. 3 Adipocyte ATGL deletion induces a specific recruitment of blood monocytes to the BAT. A 64Cu-DOTA-ECL1i PET/CT images analyzing tracer

uptake in control and Adipo∆/∆ mice 2 days (left panel) and 16 days (right panel) post-tamoxifen administration (n= 4−6/group). L: liver; B: bladder; K:

kidney. B Quantification of tracer uptake in the BAT of Cre− tamoxifen-treated (Cre− Tam+, n= 4) and Cre+ vehicle-treated (Cre+ Tam−, n= 4)

controls and Adipo∆/∆ animals (Cre+ Tam+, n= 6) 2- and 16-days post-tamoxifen administration. p < 0.0001 for each comparison. C Biodistribution of
64Cu-DOTA-ECL1i in Cre− Tam+ and Cre+ Tam-controls and Adipo∆/∆ animals 16 days post-tamoxifen administration (n= 4/group). p < 0,001 for each

comparison in BAT. D Quantification of blood monocyte counts in control (n= 13) and Adipo∆/∆ (n= 12) mice using flow cytometry. p= 0.0384. E

Proportions of Ly6Chigh and Ly6Clow monocytes among total blood monocytes in control (n= 13) and Adipo∆/∆ (n= 14) mice using flow cytometry.

p= 0.6940 (left) and p= 0.6160 (right). F Analysis of serum CCL2 and CXCL12 in control (n= 14) and Adipo∆/∆ (n= 13) mice by ELISA. p= 0.2388 (left)

and p= 0.3793 (right). G Analysis of BAT CCL2 and TNFα expression in control (n= 4) and Adipo∆/∆ (n= 9 and 10 respectively) mice by qPCR.

p= 0.0028 (left) and p= 0.0539 (right). H Quantification of CCL2 and TNFa protein levels in BAT homogenates from control (n= 8) and Adipo∆/∆

(n= 7) mice by ELISA. p= 0.0003 (left) and p= 0.6126 (right). Panels D, E represent pooled data from four independent experiments. Panels F, G

represent pooled data from two independent experiments. Panel H represents data from one experiment. All data are represented in means ± SEM.

Ordinary one-way ANOVA with Bonferroni post-test were used to determine statistical significance in panels B, C. Two-tailed Mann−Whitney tests were

used to determine statistical significance in panels D−H. ns p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Source data are provided as a

Source Data file.

Fig. 4 Monocyte depletion prevents the expansion of lipolysis-deficient BAT. A Schematic representation of the experimental procedure used for MC-

21-mediated monocyte depletion. B Representative dot plots (left) and quantification (right) of BAT monocytes in MC-21 (n= 12) or vehicle-treated

(n= 16) Adipo∆/∆ mice. p < 0.0001. C Frequency and numbers of BAT macrophages in MC-21 (n= 13) or vehicle-treated (n= 18) Adipo∆/∆ mice.

p= 0.0001 (left) and p= 0.3189 (right). D Brown adipose tissue weight in MC-21 (n= 5) or vehicle-treated (n= 6) control mice, and MC-21 (n= 14) or

vehicle-treated (n= 18) Adipo∆/∆ mice. p < 0.0001 (vehicle-treated control and Adipo∆/∆ mice) and p= 0,0002 (vehicle-treated and MC-21-treated

Adipo∆/∆ mice). E Representative images of H&E-stained BAT and quantification of multilocular areas in MC-21 (n= 14) or vehicle-treated (n= 17)

Adipo∆/∆ mice. Scale bar = 100 μm. p= 0.0053. Data were derived from three pooled independent experiments. All data are represented in means ± SEM.

Two-tailed Mann−Whitney tests were used to determine statistical significance. ns p > 0.05; *p < 0.05; **p < 0,01; ***p < 0.001. Source data are provided

as a Source Data file.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25616-1

8 NATURE COMMUNICATIONS | ����� ���(2021)�12:5255� | https://doi.org/10.1038/s41467-021-25616-1 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


monocytes exerted increased traction forces on their substrate
(Fig. 5C, D). This observation was also repeated when using a
transwell system, confirming that cell-contact between MEFs and
monocytes was not required for modulations of fibroblast acti-
vation (Fig. 5C, D).

Myeloid cells were previously shown to favor tissue expansion
through the CLEC-2-Podoplanin (Pdpn) axis27. CLEC-2 expres-
sion was documented on immune cells, including dendritic
cells28,29. We aimed to investigate whether BAT immune cells
express CLEC-2. Flow cytometry analysis revealed that BAT
macrophages, and to a lesser degree BAT monocytes, express
detectable CLEC-2 levels on their cell-surface (Fig. S5B). We next
decided to inquire whether Pdpn engagement is involved in BAT
expansion. When we included a Pdpn-blocking antibody to our
in vitro co-culture system, we observed that fibroblast spreading
was prevented, demonstrating the role of these factors in our
system (Fig. S5C). In vivo, Pdpn blocking blunted BAT expansion
in AdipoΔ/Δ mice, similarly to MC-21 treatment (Fig. 5E). Flow
cytometry analysis demonstrated that administration of Pdpn
blocking Ab had no effect on monocyte and macrophage

numbers in BAT (Fig. S5D). This observation was not surprising
since Pdpn engagement occurs downstream of monocyte BAT
recruitment. Furthermore, we analyzed serum NEFA, glycerol,
and TG levels in AdipoΔ/Δ animals following Pdpn blockade or
control treatment. We detected a similar concentration of these
metabolites suggesting that blocking Pdpn engagement prevents
BAT expansion without affecting systemic NEFA, glycerol, and
TG levels (Fig. S5F). Taken together, this set of data identified the
Pdpn axis as a central regulator of BAT expansion.

Discussion
Although macrophages were detected in previous single-nuclei
RNA-seq analyses of murine and human whole BAT30,31, their
proportions among total BAT cells were too small to gain detailed
insights into their diversity. Using scRNA-seq analysis of BAT
CD45+ cells, the present study uncovered the co-existence of
several macrophage and monocyte subsets in healthy BAT. We
found that monocytes intensely contribute to BAT macrophage
maintenance. In a genetic model of BAT expansion, we observed

Fig. 5 Monocyte interaction with fibroblasts through the Podoplanin axis is required for BAT expansion. A Quantification of MEF morphological features

after a 18 h co-culture experiment with monocytes placed in the same well or in a transwell insert with 0.4 μm pores. Each dot represents a cell. n= 101

(MEFs), 64 (MEFs+Monocytes) and 103 (MEFs+Monocytes Transwell) cells representative of three independent experiments. *: p= 0.0257, ****: p=

<0.0001 (left). **: p < 0.01, ****: p < 0.0001(right). B Representative images of MEF morphology after a 18 h co-culture experiment with monocytes placed

in the same well or in a transwell insert with 0.4 μm pores. F-actin was revealed using phalloidin staining. Yellow arrows indicate protrusions. Scale bar =

20 μm. Representative heat map (C) and quantification (D) showing contractile forces generate by MEFs plated on 8 kPa hydrogel after a 18 h co-culture

experiment with monocytes placed in the same well or in a transwell insert with 0.4 μm pores. Mean of n= 10 wells per condition. ****: p < 0.0001. E

Brown adipose tissue weight in anti-Podoplanin (n= 8) or isotype control-treated (n= 10) Adipo∆/∆ mice. p= 0.0363. Panels A, B are representative of

three independent experiments. Panel D is representative of two independent experiments. Panel E represents pooled data from two independent

experiments. All data are represented in means ± SEM. Ordinary one-way ANOVA with Bonferroni post-test were used to determine statistical significance

in panels (A, D). A two-tailed Mann−Whitney test was used to determine statistical significance in panel (E). ns p > 0.05; *p < 0.05; **p < 0.01;

***p < 0.001. Source data are provided as a Source Data file.
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a massive monocyte and macrophage recruitment that sustained
changes in tissue morphology. This myeloid cell recruitment was
BAT-specific and did not affect other adipose tissue depots (EAT)
or peripheral tissues. Tissue inflammation remained low as TNFα
levels were unchanged in the expanding BAT. However, CCL2
accumulation was paralleled by increased CCR2 signal, suggesting
a key role for the CCL2-CCR2 axis in BAT monocyte recruit-
ment. CX3CR1−CX3CL1 interactions have been proposed to be
involved in WAT homeostasis. Whether this axis plays a role in
BAT macrophage homeostasis remains to be defined. We did not
observe a systemic inflammation but found a surprising decrease
in blood monocyte counts. Importantly, in this scenario medul-
lary hematopoiesis was not affected. Monocyte depletion com-
promised BAT expansion and modulated BAT architecture, thus
suggesting a key role of monocytes or monocyte-derived mac-
rophages during BAT expansion. Whether a specific population
of BAT monocytes or macrophages is responsible for BAT
expansion remains to be defined.

Monocytes play a key role, beneficial or detrimental, during
many pathological conditions, and controlling their numbers and
functions could improve disease outcome. For example, during
cardiovascular disease development, monocyte counts are an
independent risk factor32,33. Mice living at thermoneutrality
(30 °C) have lower peripheral blood monocytes25. Interestingly, in
this scenario monocytes accumulated inside the bone marrow.
This was paralleled by a lower CCR2 signal in brown fat, sug-
gesting altered monocyte recruitment in this organ25. Impor-
tantly, the recruitment of CCR2+ cells to subcutaneous adipose
tissue, but not to BAT contributes to adaptive thermogenesis
during cold exposure34. Whether monocyte recruitment to BAT
favors thermogenesis and heat dissipation remains to be estab-
lished. In our study, we revealed that monocyte depletion favors a
multilocular phenotype in BAT adipocytes. This parameter might
reflect local thermogenesis. In a mouse model of burn injury,
CCR2+ cells were also shown to contribute to adipose tissue
thermogenesis35. On the other hand, during cold exposure blood
monocyte counts are increased in both mice and humans and this
is mirrored by augmented adipose tissue lipolysis25. Mice with
constitutive AdipoQ-driven ATGL deficiency display reduced
BAT Ucp1 expression36, paralleled by increased CCL2 and TNFα
expression37. We did not detect significant BAT inflammation in
our short-term tamoxifen-induced setup, but rather a very spe-
cific CCL2-mediated monocyte recruitment. The precise cellular
source of BAT-produced CCL2, and its contribution to tissue
architecture remain to be established. Brown fat lipolysis is dis-
pensable for thermogenesis, and Ucp1 levels remain stable in mice
specifically lacking BAT lipolysis18,19. Importantly, accumulation
of BAT macrophages and monocytes still occurred in BATΔ/Δ

animals, suggesting that local, rather than systemic ATGL-dele-
tion, leads to monocyte recruitment.

Monocyte recruitment to BAT allows optimal tissue expend-
ability. Previous work established the involvement of myeloid
cells in the control of tissue contractility and the ability to
expand27,38. The engagement of the Podoplanin-CLEC-2 axis
modulates lymph node fibroblastic reticular cells stiffness and
favors lymph node relaxation. Whether this mechanism occurs in
other tissues, and in BAT, in particular, remains to be defined.
We were able to detect CLEC-2 expression on BAT macrophages
and monocytes. Moreover, we observed that blocking podoplanin
prevented BAT expansion in vivo. Extracellular matrix modula-
tions during diabetes modulate key adipocyte metabolic functions
including lipolysis and glucose handling39. One could expect that
macrophages, and notably CD226high macrophages from cluster
5, are involved in this process and could regulate BAT function.
Establishing genetic or pharmacological models allowing for the

selective depletion of these cells will provide a unique opportunity
to define their precise function.

BAT expansion and whitening are characterized by CLS
appearance and collagen accumulation20. Whether monocytes
participate to BAT CLS formation or, alternatively, locally resi-
dent BAT macrophages are solely involved in this mechanism,
remains to be completely established. Our data show that
depletion of CCR2+ cells, likely monocytes, leads to increased
frequency of CLS in the BAT of AdipoΔ/Δ mice. This might be
due to the accumulation of dead or dying adipocytes in the
absence of monocyte BAT recruitment, suggesting that mono-
cytes play a key role in maintaining BAT homeostasis. Limited
BAT expansion in CCR2-depleted mice could also be due to
affected adipocyte lineage generation. Whether adipocyte gen-
eration is altered in monocyte-depleted animals is an intriguing
question that is beyond the scope of interest of the current
manuscript.

Thus, controlling macrophage numbers in healthy and
inflamed tissues seems critical. Previous work demonstrated the
existence of brown adipose tissue-resident macrophages. These
cells have been shown to control local neuron network density
and the subsequent norepinephrine production and
thermogenesis16. We found here that healthy and inflamed BAT
contains four different macrophage subsets. Further work is
required to establish the precise function of each population
through the generation of specific genetic models or pharmaco-
logical inhibitors.

Methods
Mice
Generation of AdipoΔ/Δ and BATΔ/Δ mice. Pnpla2fl/fl [B6N.129S-Pnpla2tm1Eek/J],
CX3CR1gfp [B6.129P-Cx3cr1tm1Litt/J], and TdTomatofl/fl [B6.Cg-Gt(ROSA)
26Sortm9(CAG-tdTomato)Hze/J] mice were crossed together and then crossed to
AdipoQcreERT2 [C57BL/6-Tg(Adipoq-cre/ERT2)1Soff/J] or Ucp1Cre [B6.FVB-
Tg(Ucp1-cre)1Evdr/J] mice (all mice were purchased from The Jackson Labora-
tory; Ucp1cre mice were kindly provided by Dr. Jean-François Tanti). CCR2creERT2

[C57BL/6NTac-Ccr2tm2982(T2A-Cre7ESR1-T2A-mKate2)] mice were kindly pro-
vided by Dr. Burkhard Becher and crossed to TdTomatofl/fl and CCR2GFP [B6(C)-
Ccr2tm1.1Cln/J] provided by Dr. Marco Colonna40,41. For each experiment, co-
housed littermate controls were used. Animal protocols were approved by the
Institutional Animal Care and Use Committee of the French Ministry of Higher
Education and Research and the Mediterranean Center of Molecular Medicine
(INSERM U1065) and were undertaken in accordance with the European Guide-
lines for Care and Use of Experimental Animals. Animals had free access to food
and water and were housed in a controlled environment with a 12 h light–dark
cycle and constant temperature (20−23 °C).

Induction of the Cre recombinase. At 21 days-old (P21) mice were weaned and co-
housed under a 12 h light/dark cycle. One week later, at P28, AdipoΔ/Δ mice were
injected every two days intra-peritoneally with either 10 mg/ml Tamoxifen (200μL
per mouse in 10% EtoH and sunflower oil) or vehicle, for 1 week. Then, mice were
allowed to rest for 2 weeks. Mice were then sacrificed, and tissues were harvested
for further investigations. BATΔ/Δ mice were analyzed when 6–8-week-old.

Conditional labeling of CCR2+ monocytes. CCR2creERT2 TdTomato reporter
mice were treated with tamoxifen dissolved in corn oil (20 mg/mL) by a single oral
gavage (250 µL/mouse). Forty-eight hours later, animals were sacrificed and
assessed for labeling efficiency in blood and BAT by flow cytometry.

Monocyte depletion protocol. Mice were injected every two days intra-
peritoneally with 10 mg/ml Tamoxifen (200 μL per mouse in 10% EtoH and sun-
flower oil) for 1 week and were then allowed to rest for 1 week. Mice were then
injected intra-peritoneally once a day for 5 days with 20 μg MC-21 (anti-CCR2)
antibody or vehicle (PBS), and were sacrificed 16 h after the last injection for
further investigations.

In vivo Podoplanin blockade. Mice were injected every two days intra-peritoneally
with 10 mg/ml Tamoxifen (200 μL per mouse in 10% EtoH and sunflower oil) for
1 week and were then allowed to rest for 1 week. Mice were then injected intra-
peritoneally with 100 μg anti-Podoplanin or isotype control once every two days for
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6 days (three injections), and were sacrificed 16 h after the last injection for further
investigations.

Genotyping. All primer sequences used for genotyping in this study are indicated
in Supplementary Table 1.

DNA was extracted from tail biopsies by incubation with 50 mM NaOH for
30 min at 95 °C. DNA was amplified by PCR using DreamTaq Green PCR Master
Mix (2X) (Thermo Scientific) and the following primers recognizing the sequences
of the AdipoQ, Pnpla2 (coding for ATGL), TdTomato, or CX3CR1 gene.

PCR products were visualized on a 2% agarose gel.
Control mice present a single band 235 bp for Pnpla2, 410 bp for CX3CR1,

297 bp for TdTomato, and 514 bp for CCR2. Homozygotes mutant mice present a
single band of 390 bp for Pnpla2, 500 bp for CX3CR1, 196 bp for TdTomato, 150 bp
for CCR2(GFP), 341 bp for CCR2(creERT2). Heterozygote mice present each band
of control and mutant genotype for these genes. The presence of the AdipoQcreERT2

allele is indicated by a 272 bp band, with an internal control 175 bp band. Control
mice only present the internal control band.

Metabolite analyses
Glycerol, TG, and NEFA analysis. Glycerol, TG, and NEFA contents were measured
from serum. Free glycerol reagent and standard were used according to the
manufacturer’s protocol. NEFA-HR2 R1+ R2 FUJIFILM were used according to
the manufacturer’s protocol.

Free fatty acids quantitation by NCI-GCMS. Deuterated fatty acids were from
Cayman (Bertin Pharma, Montigny le Bretonneux, France). Chemicals of the
highest grade available were purchased from Sigma Aldrich (Saint-Quentin Fal-
lavier, France). LCMSMS quality grade solvents were purchased from Fischer
Scientific (Illkirch, France). Plasma was spiked with 5 µL of free fatty acids internal
mix containing 635, 326, 95 ng, of linoleic acid d4, arachidonic acid-d8, DHA-d5,
respectively. Plasma was mixed with 1.2 ml of Dole’s reagent (Isopropanol/Hexane/
Phosphoric acid 2M 40/10/1 v/v/v). Free fatty acids were further extracted with
1 ml of Hexane and 1.5 ml of distilled water. Organic phase was collected and
evaporated under vacuum. Fatty acids were analyzed as pentafluorobenzyl esters
(PFB-FAs esters) by GCMS in negative chemical ionization mode. Calibration
curves were obtained using linoleic acid (0.5−18 ng) arachidonic acid (0.3−11 ng)
docosahexaenoic acid (0.1−3.5 ng) and docosapentaenoic acid (0.1−3.5 ng)
extracted by the same method used for plasma. Linear regression was applied for
calculations.

Western blotting. Tissues were harvested with a precellys (Bertin Instruments) in
RIPA buffer. Tissues homogenate was then agitated for 1 h at 4 °C before being
centrifuged at 14000 × g for 10 min at 4 °C. Supernatants were used for SDS-PAGE.
Protein samples were resolved on 10% SDS-PAGE gels and were then transferred
onto polyvinylidene difluoride (PVDF) membrane using a wet transfer system.
Membranes were blocked in 5% (w/v) BSA in Tris-buffered saline-Tween (TBST)
for one hour at room temperature. Membranes were incubated with primary
antibody (HSP90 diluted in 4% BSA or ATGL diluted in 10% nonfat dry milk)
overnight at 4 °C followed by the appropriate horseradish peroxidase-conjugated
secondary antibody for 2 h at room temperature. Proteins were detected by ECL
chemiluminescence (Pierce).

Flow cytometry analysis. All antibodies, supplier names, clones, and catalog
numbers used in this study are provided in Supplementary Table 2. All antibodies
were diluted according to the manufacturer’s instructions.

Blood analysis. Just before the animal sacrifice, few drops of blood were collected by
submandibular bleeding. Lysing buffer was used for red blood cells lysis. Cells were
then centrifuged (400 × g, 5 min at 4 °C) and stained for 25 min protected from
light in FACS buffer (RPMI medium, 0.3 mM EDTA, and 0.06% BSA). Cells were
then washed, centrifuged and data were acquired on BD FACS Canto flow cyt-
ometer. Analysis was performed using FlowJo software (Tree Star).

Tissue analysis. Adipose tissues were harvested, shredded with scissors, and then
incubated for 30 min with PBS containing 1.5 mg/ml collagenase A at 37 °C.
Digested adipose tissue was homogenized using a 1 mL syringe with a 20G needle
and passed through a 100 µm sieve. Spleens were crushed with a piston in PBS
through a 100 µm sieve. The resulting suspension was lysed and processed as
described in the previous paragraph.

Femurs and tibias were harvested and flushed with FACS buffer. Cells were then
centrifuged (400 × g, 5 min at 4 °C), lysed, and stained as previously described.

BrdU protocol. Mice were injected with BrdU 16 h prior experiments. Blood and
tissues were then processed and analyzed by flow cytometry as previously
described.

Histology. Tissues were harvested and fixed in PFA-sucrose 30% 2 h at room
temperature, then overnight at 4 °C. First, a paraffin infiltration was performed to
dehydrated tissues (Myr Spin Tissue Processor STP 120). Then, tissues were
embedded in paraffin (Center d’inclusion EC350-B&PMP). 7 μm sections were
performed using a HM340E microtome (Microm Microtech, Francheville France)
and immuno-stained as follow.

Immunostaining. Paraffin sections were de-paraffinized and H&E stained or
rehydrated by washes in 100% xylene, 100% ethanol, 95% ethanol, 70% ethanol,
and then washed in phosphate-buffered saline (PBS). Heat-induced antigen
retrieval of sections was carried out using IHC Antigen retrieval solution (eBios-
ciences) and then washed in PBS. Sections were then blocked for 1 h in buffer (1%
BSA, 1% Tween, in PBS), then incubated with primary antibodies overnight at 4 °C.
Slides were then stained with DAPI (1 µg/mL) and secondary antibodies for 1 h at
room temperature, and then washed thoroughly. Coverslips were mounted with
ImmunoHistoMount. Following co-culture experiments, cells were fixed and
incubated with PBS containing 1% BSA 1% Tween for 1 h. Cells were stained with
DAPI and Texas Red Phalloidin for 1 h at room temperature, and then washed
thoroughly. Coverslips were then mounted with ImmunoHistoMount. Immunos-
taining and histology data were analyzed using the Fiji-2 software42.

Co-culture experiments. MEFs were cultured in DMEM medium containing 10%
FBS, 4.5 g/L Glucose, 2 mM L-Glutamine, 1 mM Sodium Pyruvate, 50 U/mL
Penicillin, 50 μg/mL Streptomycin. Monocytes were purified from the blood of
C57BL/6 wild-type mice. Blood was collected by submandibular bleeding just
before the animal sacrifice. Lysing buffer was used for red blood cells lysis. White
blood cells were resuspended in FACS Buffer and stained with a depletion cocktail
containing biotin-conjugated anti-CD3, anti-B220, anti-NK1.1, anti-Ly6G, anti-
Ter119, and anti-SiglecF. Cells were then incubated with anti-biotin microbeads
(Miltenyi Biotech) and passed through Miltenyi columns following the supplier’s
instructions. The flowthrough was collected and passed a total of four times on
Miltenyi columns for optimal monocyte enrichment.

3 × 104 MEFs were platted on glass coverslips in 24 well plates and left to adhere
for 8 h before the addition of monocytes and/or anti-podoplanin. 1.5 × 104

monocytes were directly put in contact with MEFs or placed in cell culture inserts
with 0.4 μm pores. Additionally, the podoplanin blockade was realized when
indicated by adding 2 μg/mL anti-podoplanin (8.1.1 clone). Eighteen hours after
addition of monocytes and/or anti-podoplanin, medium was removed, cells were
washed once with PBS and fixed in 4% PFA for 20 min.

Traction force microscopy. Contractile forces exerted by MEF on 8 kPa hydrogels
were assessed by traction force microscopy essentially as described (Liu et al. 2016).
Briefly, polyacrylamide substrates with shear moduli of 8 kPa conjugated with
fluorescent ed latex microspheres (0.5 μm, 505/515 ex/em) were purchased from
Matrigen. MEF were plated on fluorescent bead-conjugated discrete stiffness gels
and grown for 24 h, at which time they were treated with the indicated treatments
for 18 h before traction force measurements. Images of gel surface-conjugated
fluorescent beads were acquired for each cell before and after cell removal using a
Axiovert 200M motorized microscope stand (Zeiss) and a ×32 magnification
objective. Tractions exerted by MEF were estimated by measuring bead displace-
ment fields, computing corresponding traction fields using Fourier transform
traction microscopy, and calculating root-mean-square traction using the PIV
(particle Image velocity) and TFM (Traction force microscopy) package on ImageJ
(Tseng et al. 2012). To measure baseline noise, the same procedure was performed
on a cell-free region.

Positron emission tomographic imaging/computed tomography (PET/CT)

and post-PET biodistribution of 64Cu-DOTA-ECL1i. For PET/CT, 45−60 min
dynamic scan was performed after the injection of 64Cu-DOTA-ECL1i (3.7 MBq in
100 μL saline) via tail vein with Inveon PET/CT system (Siemens, Malvern, PA).
The PET images were reconstructed with the maximum a posteriori algorithm and
analyzed by Inveon Research Workplace. The organ uptake was calculated as the
percent injected dose per gram of tissue in three-dimensional regions of interest
without the correction for partial volume effect. Right after PET/CT, the mice were
euthanized by cervical dislocation. Organs of interest were collected, weighed, and
counted in a Beckman 8000 gamma counter (Beckman, Fullerton, CA). Standards
were prepared and measured along with the samples to calculate the percentage of
the injected dose per gram of tissue.

Autoradiography. After the collection of BATs, the radio activities in the tissues
were detected by autoradiography using a Storm 840 Phosphorimager (GE,
Marlborough, MA).

Single-cell RNA-seq data analysis
Cell preparation. Adipose tissues were harvested, shredded with scissors, and then
incubated for 30min with PBS containing 1.5 mg/ml collagenase A at 37 °C.
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Digested adipose tissues were homogenized using a 1 mL syringe with a 20G needle
and passed through a 100 µm sieve. The resulting suspensions were centrifuged (400
× g, 5 min, 4 °C) and stained with anti-CD45-APC-Cy7 antibody. Cells were washed
and passed again through a 100 µm sieve. Unstained cells were acquired to measure
autofluorescence. Dapi was added to the cell preparation before the acquisition, and
CD45+ Dapi− cells were purified using a BD FACS Aria III cell sorter.

Sequencing. Cells were loaded on a Chromium Controller (10x Genomics) with a
target output of 5000 cells per sample. Reverse transcription, cDNA synthesis/
amplification, and library preparation were performed according to the 10x
Genomics protocol (Chromium™ Single Cell 3′ Reagent Kit, v3.1 Chemistry).
scRNA libraries were sequenced on an Illumina NextSeq 500/550 High Output
flowcell: the forward read had a length of 28 bases that included the cell barcode
and the UMI; the reverse read had a length of 55 bases that contained the cDNA
insert.

Alignment, barcode assignment, and UMI counting with Cell Ranger v4.0.0
were used to perform sample demultiplexing, barcode processing, and single-cell 3ʹ

counting. Cell Ranger’s mkfastq function was used to demultiplex raw base call files
from the HiSeq4000 sequencer into sample-specific FASTQ files.

Barcodes in both samples that were considered to represent noise and low-
quality cells were filtered out using knee-inflection strategy available in
DropletUtils43 package (version 1.4.3). For analysis, Seurat package (version
3.1.0)44 was used, genes which express in less than two cells and cells which have
non-zero counts in less than 200 genes were additionally filtered from both barcode
expression matrices, and the result matrices were used as analysis inputs. The
fraction of mitochondrial genes was calculated for every cell, and cells with a
mitochondrial fraction >2% were filtered out. After all filtering procedures, 2,242
cells were left in the scRNA-seq data of control sample, and 2,139 cells were left in
scRNA-seq of AdipoΔ/Δ sample.

Both samples were normalized using SCTransform function with mitochondrial
percentage as a variable to regress out in a second non-regularized linear
regression. For integration purpose, variable features across the samples were
selected by SelectIntegrationFeatures function with the number of features equal to
2000. Then the object was prepared for integration (PrepSCTIntegration function),
the anchors were found (FindIntegrationAnchors function) and the samples were
integrated into the whole object (IntegrateData function). The dimensionality of
the object was reduced by principal component analysis, and the first 20 principal
components (PCs) were used further to generate uniform manifold approximation
and projection (UMAP) dimensionality reduction by RunUMAP function. Graph-
based clustering was run using FindNeighbors and FindClusters with a resolution of
1.0 and the first 20 PCs as input, and the 17 clusters were identified. In order to
exclude the technical bias across the samples, both the counts slot from
SCTransform assay and the data slot from integrated assay were used as input for
trajectory inference.

For visualization purposes, the custom labels were assigned to several clusters
by merging multiple clusters for simplification (e.g., clusters 5, 6, and 14 were
merged as T cells, clusters 4, 16 were merged as B cells and clusters 3, 15 were
merged as NK cells). Violin plots were drawn using the data slot of SCT assay. To
generate pathway enrichment plots we took the expression of genes from the
pathway from the data slot of SCT counts assay, used standard normalization (z-
score) for these vectors, and then calculated the average vector. The gene signature
heatmap was drawn using the scaled data slot of the integrated assay.

For trajectory analysis, clusters assigned as monocytes and macrophages were
used, and infer_trajectory function from the dyno package (version 0.1.2) was used
with the available slingshot45 singularity container (version 1.0.3). Trajectory
visualization was implemented after dimensionality reduction by UMAP using
dimred_umap function.

Real-time qPCR. All primer sequences used for RT-qPCR are indicated in Sup-
plementary Table 1.

Total RNA was isolated using the RNeasy Plus Mini Kit and quantified using a
Nanodrop. cDNA was prepared using 2,77 ng/μl total RNA by a RT-PCR using a
high-capacity cDNA reverse transcription kit according to the manufacturer’s
instructions. Real-time qPCR was performed on cDNA using SYBR Green and
GAPDH, ß-Actin, CXCL12, CCL2, or TNF-α forward and reverse primers
(Invitrogen). qPCRs were performed on the StepOne device (Applied Biosystem).
Results were normalized on GAPDH or ß-Actin gene expression. All conditions
were performed in triplicates. All fold changes are expressed normalized to the
untreated control.

ELISA assays. BATs were harvested and flash-frozen in liquid nitrogen. At the
time of the experiment, tissues were homogenized in 500 µL sodium acetate
solution (0.2 M, pH 4.5) using Precellys tissue homogenizer and centrifuged at
800 × g for 10 min at room temperature to pellet debris.

Mouse CXCL12 or CCL2 assays were performed on mice serum or tissue
homogenates according to the recommended manufacturer instructions.

Statistical analysis. All the data of this paper are expressed in mean ± SEM.
Mann−Whitney test was performed with GraphPad Prism 8 software to test the
samples significance (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

Reporting summary. Further information on research design is available in the Nature

Research Reporting Summary linked to this article.

Data availability
Gene expression data (scRNA-seq) used in this study have been uploaded to the Gene

Expression Omnibus (GEO) repository for public availability under the accession code

GSE177635 and can be explored here https://artyomovlab.wustl.edu/scn/?token=

GSE177635. All other data supporting the findings of this study are available from the

corresponding author upon reasonable request. Source data are provided with this paper.
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Figure S1. This figure is related to Figure 1. 
(A) (Left) Cell-sorting strategy used for isolation of BAT CD45+ cells before scRNA-Seq and (right) Single Cell 
RNA-Seq analysis of Ptprc expression among BAT CD45+ cells (B) Breeding scheme for generating Adipo∆/∆ 
mice. (C) TdTomato reporter expression (red) in epididymal (EAT) and brown (BAT) adipose tissues by 
fluorescence microscopy. (D) ATGL protein expression in Adipo∆/∆ mice brown adipose tissue (BAT) compared 
to controls (Ctrl) by Western Blot analysis; HSP90 was used as loading control for protein expression. (E) 
Glycerol levels in control (n=18) and Adipo∆/∆ (n=20) mice sera. p= 0,0096. (F) Myristic acid (C14:0), palmitic 

acid (C16:0) and a-linoleic acid (C18:3 n-3) levels in control (n=7) and Adipo∆/∆ (n=9) mice sera. p=0,0003 (left), 
p=0,0115 (middle), p= 0,0418 (right). (G) Lipidomic analysis of serum from control and Adipo∆/∆ mice. Data are 
represented in ratio compared to Ctrl condition ± SEM. Stars indicate a statistically significant difference 
between controls and Adipo∆/∆ mice (p<0,05). 
Panel C is representative of 3 experiments. Panel D represents one experiment. Panel E represents pooled 
data from 5 independent experiments. Panels F and G represent pooled data from 2 independent experiments. 
All data are represented in means ± SEM. Two-tailed Mann Whitney tests were used to determine statistical 
significance in panels E and F. ns p>0,05 ; * p<0,05 ; **<0,01 ; *** p<0,001 ; **** p<0,0001. Source data, and 
notably uncropped blots for panel S1D, are provided as a Source Data file. 
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Figure S2. This figure is related to Figure 2. 
(A) Single Cell RNA-Seq analysis of the PID “lysophospholipid metabolism” pathway, the KEGG “glycerolipid 
metabolism” gene set and the KEGG “glycerophospholipid metabolism” gene set expression. (B) Single Cell 
RNA-Seq analysis of Mrc1 and CD226 expression among BAT monocytes and macrophages. (C) Gating 
strategy used for identification of tissue macrophages, and tissue monocytes in mice lacking the CX3CR1gfp 
reporter. (D) Representative dot plots (left) and proportions (right) of BAT and EAT CD206high and CD226high 
macrophages in Adipo∆/∆ mice (n=11). p=0,0788 (left), p<0,0001 (right). (E) Quantification of EAT macrophage 
and monocyte counts in control (n=11) and Adipo∆/∆ (n=16) mice using flow cytometry. p=0,3607 (left), p=0,1207 
(right). (F) Quantification of BAT monocyte and macrophage numbers in control (n=6) and BAT∆/∆ (n=4) mice 
using flow cytometry. p= 0,0095 (left and right). (G) Quantification of surface MHCII expression on EAT 
monocytes in control (n=14) and Adipo∆/∆ mice (n=15) using flow cytometry. p=0,9095. (H) Quantification of 
surface CD206 and CD301 expression by EAT macrophages in control (n=11) and Adipo∆/∆ (n=16) mice using 
flow cytometry. p=0,6905 (left and right). (I) Single Cell RNA-Seq analysis of Mrc1 (CD206) and Clec10a 
(CD301) expression among BAT myeloid cells. (J) Single Cell RNA-Seq analysis of genes involved in cell 
proliferation. 
Panel D represents pooled data from 2 independent experiments. Panels E, G and H represent pooled data 
from 4 independent experiments. Panel F is representative from 2 independent experiements. All data are 
represented in means ± SEM. Two-tailed Mann Whitney tests were used to determine statistical significance. 
ns p>0,05 ; * p<0,05 ; **<0,01 ; *** p<0,001 ; **** p<0,0001. Source data are provided as a Source Data file. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. This figure is related to Figure 3. 
(A) (Top panel) Representative photos showing the enlarged BAT in Adipo∆/∆ mice compared to control groups 
16 days post-tamoxifen administration. (Bottom panel) Representative autoradiography images showing the 
increased 64Cu-DOTA-ECL1i signals in the BAT of Adipo∆/∆ mice compared to control groups 16 days post-
tamoxifen administration. (B) Representative dot plots of blood monocytes in control and Adipo∆/∆ mice. (C) 
Quantification of blood neutrophil, T cell and B cell counts in control (n=12) and Adipo∆/∆ (n=14) mice using flow 
cytometry. p=0,4428 (left), p=0,5826 (middle), p=0,6848 (right). (D) Quantification of bone marrow LSK (Lin- 
Sca1+ cKit+) and monocytes in control (n=9 and 13 respectively) and Adipo∆/∆ (n=10 and 14 respectively) mice 
using flow cytometry. p=0,4002 (left) and p=0,0850 (right). (E) Bone marrow monocyte proliferation rate and 
survival in control (n=4 and n=5 respectively) and Adipo∆/∆ (n=8 and n=7 respectively) mice by flow cytometry. 
p=0,3144 (left), p=0,0657 (right). (F) Schematic representation of Brdu injection protocol to visualize monocyte 
export from bone marrow to blood (left) and its quantification by flow cytometry in control (n=5) and Adipo∆/∆ 
mice (n=7). p= 0,1490. 
Panels C and D represent pooled data from 4 independent experiments. Panel E (left) represents pooled data 
from 2 independent experiments. Panels E (right) and F are representative of one experiment. All data are 
represented in means ± SEM. Two-tailed Mann Whitney tests were used to determine statistical significance. 
ns p>0,05 ; * p<0,05 ; ** p<0,01 ; *** p<0,001 ; **** p<0,0001. Source data are provided as a Source Data file. 
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Figure S4. This figure is related to Figure 4. 
(A) Representative dot plots (left) and quantification (right) of blood and spleen monocytes in MC-21 (n=13 and 
15 respectively) or vehicle-treated (n=15 and 18 respectively) Adipo∆/∆ mice. p= 0,0002 (left) and p<0,0001 
(right). (B) (Left panel) EAT weight of MC-21 or vehicle-treated control (n=5 and 6 respectively) and Adipo∆/∆ 

(n=15 and 18 respectively) mice and (right panel) EAT adipocyte diameter measurement. p>0,05 (all 
comparisons). (C) Quantification of crown-like structures (CLS) (left) ) and immunofluorescence microscopy 
analysis in BAT of control (n=10) and MC-21-treated (n=9) Adipo∆/∆ mice. CX3CR1+/+ samples were used to 
determine background signal. White stars indicate crown-like structures. Scale bar = 100um. p=0,0364. (D) 
Glycerol, TG and NEFA levels in the serum of control (n=17) and MC-21-treated (n=15) Adipo∆/∆ mice. p= 0,2948 
(left), p= 0,5800 (middle) and p= 0,4474 (right). 
Data were obtained from 3 pooled independent experiments. All data are represented in means ± SEM. Two-
tailed Mann Whitney tests were used to determine statistical significance. ns p>0,05 ; * p<0,05 ; ** p<0,01 ; *** 
p<0,001 ; **** p<0,0001. Source data are provided as a Source Data file. 
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Figure S5. This figure is related to Figure 5. 
(A) a-SMA staining (red) in the BAT of Adipo∆/∆ mice. Autofluorescence signal (green) is used to show tissue 
architecture. Data representative of 2 independent experiments. (B) Histograms showing CLEC-2 and FMO 
stainings among BAT monocytes and macrophages from Adipo∆/∆ mice. Data representative of 2 independent 
experiments. (C) (Left) Quantification of MEF morphological features after a 18hour co-culture experiment with 
monocytes in the presence of anti-Podoplanin blocking antibody. (Right) Representative images of MEF 

morphology at the end of the co-culture experiment. Scale bar = 20µm. p=0,3784 (left) and p=0,9203 (right). 
Data representative of 2 independent experiments. (D) Quantification of BAT macrophage and monocyte 
numbers in anti-Podoplanin (n=8) and isotype control-treated (n=10) Adipo∆/∆ mice using flow cytometry. (E) 
Glycerol, TG and NEFA levels in the serum of isotype control (n=10) and anti-Podoplanin-treated (n=8) Adipo∆/∆ 

mice. Data were obtained from 2 pooled independent experiments. 
Panel C is representative of 2 independent experiments. Panels D and E represent pooled data from 2 pooled 
independent experiments. All data are represented in means ± SEM. Two-tailed Mann Whitney tests were used 
to determine statistical significance. ns p>0,05 ; * p<0,05 ; ** p<0,01 ; *** p<0,001 ; **** p<0,0001. Source data 
are provided as a Source Data file. 
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Supplementary Table 1 
Primers used for genotyping and RT-qPCR. 

 

 
Mouse RT-qPCR Primer sequences 

Gene name Primer Forward (Left) Primer Reverse (Right) 

GAPDH ACCACAGTCCATGCCATCACTGCCA GGCCATCCACAGTCTTCTGC 

ß-Actin GAGACCTTCAACACCCC GTGGTGGTGAAGCTGTAGGC 

CXCL12 CCAAACTCTCCCCTTCAGAT ATTTCGGGTCAATGCACACT 

CCL2 CATCCACGTGTTGGCTCA GATCATCTTGCTGGTGAATGAGT 

TNF-a CACAAGATGCTGGGACAGTGA TCCTTGATGGTGGTGCATGA 

 
 
Supplementary Table 2 
List of reagents, materials, models and software used. 

 
Reagent or resource Source Identifier 

 

Antibodies 
  

CD115 PE (clone AFS98) eBioscience Cat# 12-1152-82 

CD11b Brilliant Violet 510 (cloneM1/70) Biolegend Cat# 101263 

Gr1 PerCP-Cy5.5 (clone RB6-8C5) BD Biosciences Cat# 552093 

Ly6C PerCP-Cy5.5 (clone HK1.4) Biolegend Cat# 128011 

F4/80 PE-Cy7 (clone BM8) Biolegend Cat# 123114 

CD45 APC-Cy7 (clone 30-F11) BD Biosciences Cat# 557659 

CD64 Brillant Violet 421 (clone X54-5/7.1) Biolegend Cat# 139309 

CD19 FITC (clone 6D5) Biolegend Cat# 115506 

CD301 FITC (clone ER-MP23) Bio-Rad Cat# MCA2392 

MerTK PE (clone 2B10C42) Biolegend Cat# 151506 

CD11c PE-Cy7 (clone HL3) BD Biosciences  Cat# 558079 

MHC II IA/IE APC (clone M5/114.15.2) Biolegend Cat# 107618 

CD206 PerCp-Cy5.5 (clone C068C2) Biolegend Cat# 141715 

CD206 AF647 (clone C068C2) Biolegend Cat# 141712 

CD226 PerCp-Cy5.5 (clone10E5) Biolegend Cat# 128813 

Clec2 PE (clone 17D9/CLEC-2) Biolegend Cat# 146103 

TCRb PB (clone H57-597) Biolegend Cat# 109226 

CD3 APC (clone 17A2) Biolegend Cat# 100236 

NK1.1 APC (clone PK136) Biolegend Cat# 108720 

Ter119 APC (clone TER-119) Biolegend Cat# 116212 

B220 APC (clone RA3-6B2) BD Biosciences Cat# 561226 

CD19 APC (clone REA749) Miltenyi Biotec Cat# 130-111-884 

CD150 PE-Cy7 (clone TC15-12F12.2) Biolegend Cat# 115914 

Sca1 PB (clone D7) Biolegend Cat# 108120 

c-Kit APC-Cy7 (clone ACK2) eBioscience Cat# 47-1172-82 

CD48 AF488 (clone HM48-1) Biolegend Cat# 103414 

Mouse Genotyping Primer sequences 

Gene name Primer Forward (Left) Primer Reverse (Right) 

GAPDH ACCACAGTCCATGCCATCACTGCCA GGCCATCCACAGTCTTCTGC 

ß-Actin GAGACCTTCAACACCCC GTGGTGGTGAAGCTGTAGGC 

CXCL12 CCAAACTCTCCCCTTCAGAT ATTTCGGGTCAATGCACACT 

CCL2 CATCCACGTGTTGGCTCA GATCATCTTGCTGGTGAATGAGT 

TNF-a CACAAGATGCTGGGACAGTGA TCCTTGATGGTGGTGCATGA 



CXCR4 APC (clone 2B11) eBioscience Cat# 51-9991-80 

CD11b APC (clone M1/70) Biolegend  Cat# 101218 

MC-21 Dr Mack M.   

Podoplanin (clone 8.1.1) BioXCell Cat# BE0236 

InVivoMAb polyclonal Syrian hamster IgG BioXCell Cat# BE0087 

Ly6G Biotin (clone REA526) Miltenyi biotec Cat# 130-116-512 

CD3 Biotin (clone REA641) Miltenyi biotec Cat# 130-123-861 

B220 Biotin (clone REA755) Miltenyi biotec Cat# 130-110-844 

NK1.1 Biotin (clone REA1162) Miltenyi biotec Cat# 130-120-513 

Ter-119 Biotin (clone Ter-119) Miltenyi biotec Cat# 130-120-828 

SiglecF Biotin (clone REA798) Miltenyi biotec Cat# 130-112-329 

a-SMA Abcam Cat# ab5694 

Goat anti Rabbit Cy3 Jackson ImmunoResearch Cat# 111-165-003 

 
Chemicals 

  

DAPI Sigma Cat# D9542 

Phalloidin Texas Red Invitrogen Cat# T7471 

PFA 4% VWR International Cat# 9713.1000 

Bovine serum Albumin (BSA) Sigma Cat# A7030 

Tamoxifen Sigma Cat# T5648 

RPMI medium Life Technologies Cat# 21875091 

DMEM medium  Life Technologies Cat# 11960044 

Collagenase A Sigma Cat# 11088793001 

IHC Antigen retrieval solution  eBiosciences Cat# 00-4955-58 

ImmunoHistoMount Sigma Cat# I1161 

Thiazolyl blue tetrazolium bromide Sigma Cat# M2128 

Fetal bovine serum  Fisher Scientific Cat# 12350273 

Lysing buffer BD Biosciences Cat# 555899 

L-Glutamine Life Technologies Cat# 25030024 

Penicillin Streptomycin Life Technologies Cat# 15070063 

Sodium Pyruvate Life Technologies Cat# 11360039 

Free glycerol reagent Sigma Cat# F6428 

Power SYBRTM green PCR Master Mix Applied Biosystems Cat# 4367659 

RIPA buffer Cell signaling Cat# 9806 

Anti-Biotin MicroBeads Miltenyi Biotec Cat# 130-090-858 

 
Critical commercial Assays 

  

High-Capacity cDNA reverse transcription 
kit 

Applied Biosystems Cat# 4368814 

CCL2 DuoSet ELISA R&D Systems Cat# DY479-05 

TNF-alpha DuoSet ELISA R&D Systems Cat# DY410-05 

RNeasy Plus Mini Kit (250) QIAGEN Cat# 74136 

Mouse CXCL12/SDF-1 DuoSet ELISA R&D Systems Cat# DY460 

(Stromal Cell Derived Factor 1), Human, 
Elisa Kit 

EUROMEDEX Cat# EH3755 

NEFA-HR2 R1 + R2 FUJFILM WAKO Cat# W1W270-
77000 

Glucose dosage Kit BioSentec Cat# 075 

Triglyceride dosage Kit DiaSys Cat# 
157109910021 

BrdU APC Staining Kit  ThermoFisher Cat# 8817-6600-42 

0.4 µm Cell culture Inserts 24 well format Falcon Cat# 353095 

   



Experimental models: Organisms/Strains 
Mouse: C57BL/6-Tg(Adipoq-
cre/ERT2)1Soff/J 

The Jackson laboratory JaxStock# 025124 

Mouse: B6.FVB-Tg(Ucp1-cre)1Evdr/J The Jackson laboratory JaxStock# 024670 
 

Mouse: B6N.129S-Pnpla2tm1Eek/J The Jackson laboratory JaxStock# 024278 

Mouse: B6.129P-Cx3cr1tm1Litt/J The Jackson laboratory JaxStock# 008451 

Mouse: B6.Cg-Gt(ROSA)26Sortm9(CAG-
tdTomato)Hze/J 

The Jackson laboratory JaxStock# 007909 

Mouse: C57BL/6NTac-Ccr2tm2982(T2A-
Cre7ESR1-T2A-mKate2] 

Dr. Burkhard Becher N/A 

Mouse: CCR2GFP  Dr. Marco Colonna N/A 

Cell line : Mouse Embryonic Fibroblasts 
(MEFs) 

ATCC  CRL-2907 

 
Accessories 

  

StepOne Applied Biosystem N/A 

Thermo Cycler SimpliAmp Applied Biosystem N/A 

Nanodrop OZYME  

MACS Multistand Miltenyi Biotec Cat# 130-042-303 

MACS LS Columns Miltenyi Biotec Cat# 130-042-401 

 
Softwares 

  

Prism6 GraphPad N/A 

FlowJo Tree Star N/A 

Fuji Fiji N/A 

GENEsys Syngene N/A 

StepOne Software v.2.2.2 Applied Biosystem N/A 

Fiji https://imagej.net/software/fiji/ N/A 
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B. Discussion and perspectives  

 

 
 
 

 
 

 
 
 
 
 

 
 

 
 

a. Diversity of BAT myeloid cells 

We discovered the co-existence of several myeloid cell populations in healthy 

BAT. These included neutrophils, dendritic cells, monocytes and macrophages. 

Macrophages were the most abundant immune cells in this organ and their population 

comprised four separate and well-defined subsets. Importantly, slingshot analysis 

predicted two possible differentiation trajectories of monocytes into macrophages : 

“M2-like” macrophages (M2MM) identified by high CD206 expression, or “Matrix” 

macrophages (MaMM) which highly express CD226.  

Since neither of these markers were previously used to identify BAT macrophage 

subsets, we asked how the subsets we identified might relate to previously-reported 

CX3CR1+268 and CD169+351 macrophages. Siglec1 (CD169) expression appeared 

restricted to a part of the M2-like cluster (Figure 8A). Although Cx3cr1 mRNA was 

weakly detected, Cx3cr1+ cells appeared in all four macrophage clusters, likely 

reflecting the monocyte flux that contributes to macrophage maintenance (Figure 8A). 

No macrophage clusters were clearly defined based on Siglec1 and Cx3cr1 

expression, although this could be due to the low detection of Siglec1 and Cx3cr1 

mRNA in BAT macrophages in our scRNA-seq data. Thus, we further used flow 

cytometry to analyzed BAT from CX3CR1GFP mice and define how the CX3CR1+ and 

CD169+ subsets might overlap with the terminally-differentiated macrophage clusters 

CCR2

CCL2

Healthy BAT

CCR2

CCL2

AdipoΔ/ΔBAT

Lipid overload
Recruitment, tissue expansion

Monocyte
BAT Mɸ clusters

CD206high

« M2-Like »

CD226high

« Matrix »

Lplhigh Mɸ

Plin2high Mɸ

Figure 7. Graphical summary of the findings on BAT monocytes and 
macrophages. 
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we identified (CD226+ MaMM and CD206+ M2MM). We used UMAP for dimension 

reduction of our flow cytometry data and first visualized our manually-gated CD206+, 

CD226+ and CD206- CD226- populations on the plot (Figure 8B). CX3CR1GFP 

expression was mostly observed on the CD206- CD226- population, though it also 

partly overlapped with CD206+ and CD226+ subsets (Figure 8C). On the other hand, 

CD169 expression was found almost exclusively among CD206+ macrophages. 

CD169 and CX3CR1 expression appeared exclusive (Figure 8C and 8D). We found 

that CD226+ macrophages did not overlap with CD169+ cells, and were predominantly 

found among the CX3CR1- CD169- population (Figure 8E). On the other hand, nearly 

90% of CD169+ cells were CD206high suggesting a strong overlap between these 

populations. Nevertheless, CD206high cells were also found in significant proportions 

among the CX3CR1- CD169- and CX3CR1+ CD169- populations (Figure 8E). These 

results suggest that CX3CR1 and CD226 expression can identify two clear subsets 

while the CD206+ population is more heterogenous. We found that the CD206+ subset 

contains macrophages expressing CD163, a marker associated with long tissue 

residency, as well as Lyve1+ Timd4+ MHC-II- macrophages reminiscent of the resident 

populations described by Chakarov et al.33 and Dick et al.34 (Figure 8F). Still in 

agreement with these reports, CCR2 expression was mostly found on CD206- cells 

which belong to both the CD226+ and CX3CR1+ subsets. CCR2 expression also 

overlapped with MHC-II and CD11c expression, further supporting the idea that 

CX3CR1+ and CD226+ macrophages might be monocyte-derived cells. Interestingly, 

the CX3CR1+ macrophage population contains both CD11chigh CCR2low and CD11clow 

CCR2high cells, resembling clusters 8 and 7 respectively. Additional markers are still 

required to properly identify these “non-terminal” clusters. Using other approaches 

such as CITE-seq analysis could provide further insights about BAT macrophage 

diversity. 

Because we used single-cell RNA-sequencing, we were able to define BAT 

macrophage diversity with a resolution that goes beyond previous observations of 

CX3CR1+268 and CD169+351 macrophages. This allowed the identification of the 

subset-specific markers CD226 (MaMM) and CD206 (M2MM). Markers allowing the 

clear identification of clusters 7 and 8 are still ill-defined, although our flow cytometry 

analysis suggests these are contained within the CX3CR1+ population. As illustrated 

in Figure 8, more than 4 macrophage populations could be identified using solely 

surface markers. Indeed, only the CD226+ population appears homogenous while the 
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CX3CR1+ and CD206+ populations could be further sub-divided using our flow 

cytometry panel. Although our results clearly reveal an impressive macrophage 

diversity in BAT, they also raise the question of whether sub-dividing them into 4 

clusters gives a good-enough representation of reality, or if we are still under-

estimating their diversity. This is still an open question that should perhaps be 

addressed on a functional point of view.  
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(A) UMAP representation of the four macrophage clusters from our scRNA-seq 
sequencing of BAT immune cells, and their expression of Siglec1 and Cx3cr1. (B) 
UMAP representation of BAT macrophages analyzed by flow cytometry. CD206+, 
CD226+ and CD206- CD226- cells were manually gated and overlayed on the UMAP 
plot. (C) Representation of CX3CR1, CD169, CD206 and CD226 expression by BAT 
macrophages. (D,E) Supervised flow cytometry analysis of BAT macrophage subsets. 
(F) Representation of CD163, TimD4, Lyve1, CD11c, MHC-II and CCR2 expression 
by BAT macrophages. (G) scRNA-seq analysis of Itgax and Ccr2 expression by BAT 
macrophages. 
 

b. Functions of BAT monocytes and macrophages 

The functions of BAT myeloid cells have only recently started to be addressed, 

and they remain poorly explored. A previous study suggested that CX3CR1+ 

macrophages interact with BAT neurons and control the sympathetic neuronal network 

density to regulate thermogenesis268. The interaction of CX3CR1+ macrophages with 

neurons appears to be a conserved feature across organs33. This particular distribution 

likely reflects on a specific set of proteins allowing residence in a specialized niche. 

For example, CX3CR1 expression could be imprinted on macrophages by neurons on 

a microenvironmental scale, and thus reflect tissue localization. Whether BAT neurons 

express the CX3CR1 ligand CX3CL1 is undetermined. However, in CX3CR1GFP/GFP 

mice macrophages remain still in close proximity to neurons, suggesting that this 

chemokine receptor might not be solely responsible for their particular localization. 

BAT macrophages were proposed to interact with nearby neurons in a PlexinA4-

dependent manner268. Curiously, Plxna4 mRNA could only be detected in M2MM and 

MaMM in our scRNA-seq data (Figure 9A), and these subsets contain few CX3CR1+ 

cells. Our data suggest that the CX3CR1+ macrophage population might be 

heterogenous and contain cells identified as clusters 7 and 8 in our scRNA-seq. It is 

possible that macrophages from clusters 7 and 8 express Plxna4 at a level below the 

detection threshold of our scRNA-seq. Indeed, bulk RNA-seq of BAT macrophages 

identified a higher expression of Plxna4 in CX3CR1+ macrophages compared to their 

CX3CR1- counterpart268. However, the fact that we clearly detect Plxna4 mRNA in 

M2MM and MaMM suggests that attributing the role of regulating tissue innervation 

selectively to CX3CR1+ macrophages might have been an oversimplification by Wolf 

et al.. Moreover, this study relies on the use of CX3CR1cre mice which, as they 

Figure 8. Diversity of brown adipose tissue macrophages. 
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demonstrate, labels 90% of BAT macrophages. This is in full adequation with our 

observation that monocytes actively contribute to the BAT macrophage pool. Using 

CX3CR1creERT2/GFP x R26TdTomato double reporter mice, we have also observed the 

presence of GFP- TdTomato+ macrophages after one week of tamoxifen treatment 

(Figure 9B). This result demonstrates that CX3CR1+ macrophages can give rise  to 

CX3CR1- macrophages, as was suggested by our slingshot analysis. The use of 

Cx3cr1-driven cre models therefore appears inappropriate for the study of BAT 

macrophage subsets. Thus, although BAT macrophages seemingly regulate tissue 

innervation, the fact that this function could be strictly restricted to a subset of 

macrophages defined by CX3CR1 expression appears unsure.  

The intra-organ distribution of the BAT macrophage subsets we identified is yet 

to be established. Our preliminary data suggest that CD226+ MaMM are localized near 

cells from the nervous system at steady state (data not shown). The observation that 

MaMM are intimately associated with neurons is rather puzzling since only a small 

proportion of CD226+ cells express CX3CR1. As mentioned before, Plxna4 mRNA is 

detectable in CD226+ macrophages. This result suggests that several macrophage 

subsets might interact with BAT neurons in the very same microenvironment. Whether 

selective BAT macrophage subsets preferentially interact with specific neurons 

remains to be defined. One might hypothesize that interaction of CX3CR1+ MM  and 

MaMM with neurons could trigger different effects on tissue physiology, and the 

functional consequences of this observation remain to be established. Interestingly, 

macrophages from clusters 7 and 8 greatly accumulate in our BAT expansion model 

and we observed CX3CR1+ macrophages forming crown-like structures in this 

condition. On a transcriptomic level, these cells (and especially cluster 8) display a 

phenotype similar to recently-described lipid-associated macrophages156, 

characterized by expression of CD9, CD63 and Trem2 (Figure 9C). Together, these 

results suggest that macrophages that accumulate during lipid overload may be 

specialized in lipid detoxification and removal of damaged adipocytes (especially 

because lipid storage is not the bona fide function of brown adipocytes). Moreover, 

they demonstrate that CX3CR1+ macrophages do not only interact with neurons. 

A more recent study using CD169DTR mice linked CD169+ BAT macrophages to 

recycling of damages mitochondria, a mechanism essential for optimal 

thermogenesis351. Our data demonstrated that CD169+ macrophages are a part of our 
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M2MM cluster and thus suggest that CD169DTR mice represent a good model to 

specifically study this macrophage population (i.e. depletion of CD169+ macrophages 

does not affect other clusters). Interestingly, CD169+ macrophages are scarce in BAT 

at thermoneutrality and they accumulate upon cold exposure351. Whether these cells 

arise from monocytes or represent a maturation state of CD206+ macrophages is 

unknown. Our flow cytometry data show a co-expression of CD169 and Timd4 by a 

subset of M2MM at 22°C. Although this result supports the maturation hypothesis 

(because monocytes do not give rise to Timd4+ macrophages), this remains to be 

addressed using proper fate-mapping tools such as the Mrc1creERT2 mouse151. Our 

preliminary data show a close association of CD206+ cells with blood endothelial cells, 

though the molecular mechanism regulating this interaction remains to be identified. A 

subset of M2MM in BAT expresses Lyve1 which was previously implicated in governing 

macrophage interaction with endothelial cells269. Moreover, CD206+ macrophages are 

able to uptake blood-borne material, while MaMM barely do so (data not shown). 

Whether all CD206+ macrophages or solely the Lyve1+ CD206+ subset survey the 

blood circulation remains to be tested. Our scRNA-seq data suggest that the 

population of BAT M2MM actively metabolizes lipids. Moreover, the lipid content of 

these cells is higher than that of MaMM suggesting a specialized lipid-associated 

function (data not shown). A recent report showed that depletion of macrophages 

altered lipid storage in white adipose tissue and the liver during obesity, and this was 

linked to production of PDGFc by macrophages339. We also observed this phenotype 

in BAT using the same approach (data not shown) and PDGFc is selectively expressed 

by M2MM (Figure 9D), suggesting that the same mechanism might be at play in brown 

adipose tissue. Whether BAT M2MM affect adipocyte lipid storage by other 

mechanisms remains to be tested.  

Using genetic reporters, we observed a robust contribution of monocytes to the 

BAT macrophage pool. This mechanism was CCR2-dependent and we consequently 

observed numerous CCR2-GFP+ BAT macrophages. Importantly, triggering BAT 

expansion by invalidating adipose triglyceride lipase (ATGL) in adipocytes led to 

accelerated monocyte recruitment through the CCL2-CCR2 axis and increased 

macrophage counts. Depleting monocytes chronically using the anti-CCR2 

monoclonal antibody MC-21 after induction of ATGL deletion reduced BAT expansion, 

suggesting that monocytes play a role in tissue remodeling. As a consequence, brown 
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adipocyte lipid droplets retained a multilocular structure, a feature of steady state BAT. 

However, monocyte depletion also led to an increase in CLS, suggesting increased 

adipocyte death. It therefore appears that recruitment of CCR2+ cells is necessary for 

BAT expansion, adaptation to lipid overload and maintenance of homeostasis. 

Interestingly, this mechanism was not necessary for adaptation of white adipose tissue 

during obesity, suggesting the existence of BAT-specific mechanisms339. Although we 

did not observe increased collagen content in monocyte-depleted BAT (data not 

shown), we found increased numbers of D-SMA+ cells that were not located near blood 

vessels, suggesting the presence of activated fibroblasts. We therefore explored the 

hypothesis that monocytes might interact with fibroblasts to affect tissue remodeling. 

Monocytes were able to affect the shape and contractility of mouse embryonic 

fibroblasts (MEFs) ex vivo. Dendritic cells were previously reported to affect the 

expansion of lymph nodes through the Clec2-Podoplanin axis following 

immunization352,353. We therefore tested whether the same mechanisms might be at 

play in our conditions. Adding an anti-Podoplanin (D-Pdpn) monoclonal antibody to our 

co-culture experiments blunted fibroblast activation, and Podoplanin blockade in vivo 

reduced BAT expansion. Curiously, monocyte counts tended to be augmented in D-

Pdpn treated mice, possibly reflecting the induction of monocyte recruitment in 

absence of proper BAT expansion. As an example supporting this concept, Ccl2 

expression was increased in the BAT of MC-21 treated mice (bulk RNA seq data, not 

shown). This also suggests the existence of a dialogue between monocytes and niche 

cells, which in this case would sense the absence of monocytes and react via 

increased CCL2 production to compensate it. Although we were able to detect surface 

Clec2 expression on BAT monocytes and macrophages, we lack evidence that this 

Podoplanin ligand is involved in our experimental setup. Indeed, BAT myeloid cells 

express other Podoplanin ligands such as CD44 and CD9, and further work is required 

to determine the precise mechanisms governing monocyte-fibroblast interactions.  
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Figure 9. Clues on potential BAT macrophage functions. 

(A) scRNA-seq analysis of Plxna4 expression by BAT macrophages. (B) Flow 
cytometry analysis of GFP and TdTomato expression by BAT macrophages from 
CX3CR1creERT2/GFP x R26TdTomato mice which we treated with tamoxifen daily for 5 days, 
and analyzed 48hours after the last injection. (C) scRNA-seq analysis of Cd9, Cd63, 
Trem2 and Pdgfc expression by BAT macrophages. (D) scRNA-seq analysis of Pdgfc 
expression by BAT macrophages. 
 

c. Perspectives 

Brown adipose tissue plays a key role during cold and stress exposure by 

generating heat which dissipates to sustain body temperature. To fulfil efficient 

thermogenesis, BAT burns glucose and triglycerides and stimulating BAT activation is 

emerging as a new treatment strategy in metabolic diseases. In rodents, prolonged 

BAT activation exerts a beneficial effect on the host metabolic status354. Chronic cold 

exposure triggers BAT remodelling and its expansion. The precise regulation of the 

different BAT subsets that we identified during acute and chronic cold exposure 

remains to be defined.  Aging induces BAT remodelling characterized by increased 

number of larger lipid droplets and diminished thermogenic capacity. Whether this is 

correlated with a modulation of BAT macrophage subsets abundance and distribution 

is yet to be investigated. Given the key role of BAT macrophages in tissue innervation 

and the maintenance of the thermogenic program, this could an important direction to 

pursue.  
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During the past decade the presence of active BAT in adult humans was 

documented. BAT mass decreases with aging and following exposure to warm ambient 

temperature, thus limiting BAT contribution to the organism’s energy balance355,356. 

BAT presence in Humans was associated with lower blood glucose and triglyceride 

levels357. Furthermore, in Humans, BAT activity was correlated with lower body mass 

index (BMI)358. Stimulating BAT expansion and activity represents an interesting 

strategy to consider for the prevention of metabolic diseases. Therefore, should we 

identify BAT macrophages as bona fide regulators of tissue activity in preclinical 

models, we will investigate the translational potential of our observations. To obtain 

fresh BAT biopsies is challenging and represents a considerable hurdle to overcome 

in order to investigate BAT immune cell content in healthy and obese Humans.  

In our study, we explored the diversity of brown adipose tissue immune cells at 

steady state and in a model of tissue expansion caused by invalidation of adipose 

lipolysis. Although we provided novel evidence on the diversity and maintenance of 

brown adipose tissue macrophages and monocytes, the canonical function of BAT – 

thermogenesis – is unaltered in our model. It is therefore of great interest to use our 

newly-acquired knowledge on the fundamental identity of BAT-resident myeloid cells 

to develop subset-specific tools and inquire about the precise function of each 

macrophage population in this tissue during thermogenesis. Such models are yet to 

be established but would provide an exciting new direction of research that we would 

like to embrace. A more in-depth analysis of each macrophage subset’s transcriptome 

might provide insights about their precise functions and metabolic requirements. Our 

single-cell RNA-seq data did not reveal the existence of transcription factors specific 

for one macrophage cluster that may allow to selectively deplete a population when 

targeted. Still, we were able to identify some cluster-specific transcripts that may help 

to serve this goal. Future directions for the project include :  

- Targeting MaMM at steady-state and upon BAT activation (i.e. cold exposure) 

using Retnlacre x R26TdTomato/DTR mice. Transcripts specific for MaMM (cluster 5) include 

CD226 and Retnla. Surface expression of CD226 greatly facilitated our identification 

of MaMM by flow cytometry, but genetic tools using the Cd226 promoter are lacking. 

However, Retnlacre mice were recently generated and would allow specific tracking and 

targeting of this population359. 
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- Targeting M2MM at steady-state and upon BAT activation using Mrc1creERT2 x 

R26TdTomato/DTR mice. Although M2MM (cluster 6) comprise several sub-populations that 

could be identified by their expression of CD163, Timd4 or Lyve1 (as discussed 

before), one could argue that these sub-populations are unified by a common 

transcriptome consisting of the “M2 macrophage” signature, therefore suggesting the 

existence of a common function for these cells.  The use of a “broad” system such as 

the recently-published Mrc1creERT2 mouse151 could therefore be ideal to target M2MM 

as a whole. It is tempting to speculate that other markers may rather reflect 

macrophage origin (Timd4 for embryonic macrophages, CD163 for long-term resident 

macrophages) or localization (Lyve1 for vessel-associated macrophages). However, 

as discussed above, targeting only CD169+ M2MM yielded interesting results 

suggesting that sub-populations of M2MM might also play restricted functions. For this 

reason, we could also envision using Lyve1cre 109-111 or CD163cre 360 mice to target 

specific macrophage populations.  

- Targeting lipid-associated macrophages during lipid overload. We identified the 

accumulation of cluster 8 macrophages during brown adipose tissue expansion. This 

population is characterized by its expression of the “lipid-associated macrophage” 

signature which includes CD9, CD63 and Trem2. Recent evidence suggests that these 

cells might exert their function through Trem2156. It would therefore be interesting to 

invalidate Trem2 in macrophages using LyzMcre x Trem2flox mice (available within our 

network) in contexts of obesity, ageing or thermogenesis to study the function of this 

population.  

- Exploring the function of other BAT myeloid cells. We robustly detected the 

presence of neutrophils and dendritic cells in BAT, and the function of these cells 

remains unknown. Whether BAT contains an abundant lymphatic vasculature is also 

unknown. It is tempting to speculate that thermogenic stress might increase the 

generation of immunogenic peptides (deriving from damaged mitochondria for 

example) that could trigger an immune response if taken up by DCs. Exploring BAT 

lymphatic drainage and T cell activation by BAT DCs in a context of thermogenesis or 

obesity could be an exciting perspective.  
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Project 2: Diversity and functions of adrenal gland macrophages. 

 

A. Hypothesis and aims 

The endocrine system is a central rheostat of the mammalian body that allows, 

through the production of different hormones, a systemic coordination of various 

physiological mechanisms. The adrenal glands are located on top of each kidney and 

adopt a zonated organization with a medulla in the center (producing catecholamines) 

and a surrounding cortex (producing predominantly glucocorticoids and 

mineralocorticoids) (figure 8). These hormones trigger behavioral changes, increase 

supply of metabolic fuels and impact cardiovascular performance. A pioneering study 

reported the presence of F4/80+ cells in both the adrenal cortex and medulla6. F4/80 

expression is not restricted to macrophages and the precise diversity and function of 

macrophages in adrenal glands were unknown when we initiated the present study.  

 

 

Figure 10. Schematic representation of adrenal gland organization and 
functions. 

The adrenal gland is “two in one” organ composed of a cortex that originates from the 
mesoderm and encapsulates the medulla, which originates from the neurectoderm. 
The cortex is further subdivided into three zones with restricted functions as depicted 
above. In mice, the zona reticularis is absent and a fetal remnant called the “X-zone” 
is found in its place. Image from lecturio.com.  
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In mice, the adrenal gland is a sexually-dimorphic organ361 (figure 9). Recent 

reports showed sex-specific regulations of macrophage turnover and 

maintenance63,285,286. We therefore hypothesized that the adrenal gland 

microenvironment might also contain elements – possibly specific niches – that would 

drive sex-specific macrophage diversity, providing the opportunity to further 

characterize tissue-resident macrophages in their specific microenvironment. In 

adipose tissue, macrophages are involved in neuron-derived norepinephrine 

clearance332 and, because synthesis of specific hormones (such as aldosterone) are 

restricted to adrenal glands, we hypothesized that adrenal gland macrophages may 

also modulate local and systemic hormone levels. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Although X-zone presence easily allows identification of sex dimorphism in murine adrenal 

glands, the cortical structure is similar between both genders in humans. The murine X-zone 

is highly similar to the human fetal zone, although its regression only appears under the 

influence of androgens at puberty in males or during pregnancy in females. Figure from C-C 

Huang and Y Kang362.  

 

Figure 11. Development and evolution of the murine and human adrenal cortex. 
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SUMMARY

Despite the ubiquitous function ofmacrophages across the body, the diversity, origin, and function of adrenal

gland macrophages remain largely unknown. We define the heterogeneity of adrenal gland immune cells us-

ing single-cell RNA sequencing and use genetic models to explore the developmental mechanisms yielding

macrophage diversity. We define populations of monocyte-derived and embryonically seeded adrenal gland

macrophages and identify a female-specific subset with lowmajor histocompatibility complex (MHC) class II

expression. In adulthood, monocyte recruitment dominates adrenal gland macrophage maintenance in fe-

male mice. Adrenal gland macrophage sub-tissular distribution follows a sex-dimorphic pattern, with MHC

class IIlow macrophages located at the cortico-medullary junction. Macrophage sex dimorphism depends

on the presence of the cortical X-zone. Adrenal gland macrophage depletion results in altered tissue homeo-

stasis, modulated lipid metabolism, and decreased local aldosterone production during stress exposure.

Overall, these data reveal the heterogeneity of adrenal gland macrophages and point toward sex-restricted

distribution and functions of these cells.

INTRODUCTION

Tissue resident macrophages play a key role in health and dis-

ease (Cox et al., 2021). Macrophages are present at diverse fre-

quencies in all tissues, and they are identified by the expression

of the surface receptors CD64 and MerTK (Gautier et al., 2012).

Their functions can be organ specific and are dictated by the

local microenvironment. For example, brown adipose tissue

(BAT) macrophages regulate adipocyte heat production, and

spleen macrophages capture iron (Kohyama et al., 2009; Wolf

et al., 2017). Tissue-resident macrophages originate from em-

bryonic or bone marrow precursors (Epelman et al., 2014). For

instance, microglia at steady state are strictly derived from yolk

sac progenitors, while intestinal lamina propria macrophages

are entirely monocyte derived (Bain et al., 2014; Ginhoux et al.,

2010; Gomez Perdiguero et al., 2015; Schulz et al., 2012). In gen-

eral, populations of embryonically and bone-marrow-derived

cells co-exist in adult peripheral tissues (Ensan et al., 2016). A
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seminal work in heart established that a self-renewing tissue-

residentmacrophage subset possesses tissue-remodeling func-

tions during inflammatory events, whereas monocyte-derived

cells have a pro-inflammatory phenotype (Dick et al., 2019). Dur-

ing aging, monocyte-derived macrophages progressively

replace embryonically derived macrophages (Ginhoux and Guil-

liams, 2016; Molawi et al., 2014). Sex-specific differences in

macrophage maintenance have been documented, suggesting

that macrophage populations might display a sex-dependent di-

versity and function (Bain et al., 2016, 2020). Among other tis-

sues, macrophages have been described in endocrine organs

including pancreas, testis, and ovaries (Calderon et al., 2015;

Ferris et al., 2017; Jokela et al., 2020; Lokka et al., 2020; Mossa-

degh-Keller et al., 2017). Yet, the diversity, phenotype, and func-

tions of endocrine organ macrophages remain to be completely

elucidated.

The adrenal gland is composed of a medulla and a cortex. In

humans, the cortex can be further divided into three zones:

zona glomerulosa, zona fasciculata, and zona reticularis. In

mice, the zona reticularis is called the X zone and displays sex-

dependent regulation. Mouse adrenal glands present sexually

dimorphic organization, size, and functions (Lyraki and Schedl,

2021). Female adrenal glands are heavier than their male coun-

terparts, which are characterized by a slower growth rate (Bielo-

huby et al., 2007). Importantly, adrenal gland pathologies occur

earlier in life andwith higher incidence in women than inmen (Au-

denet et al., 2013; Lacroix et al., 2015). The presence of F4/80+

cells, likely macrophages, was demonstrated in adrenal glands

by a pioneering work (Hume et al., 1984). However, recent re-

ports established that F4/80 expression was shared among

several myeloid cell types, including macrophages, monocytes,

dendritic cells (DCs), and eosinophils (Ginhoux et al., 2009).

Whether the sex-specific regulation of adrenal gland tissue

homeostasis is paralleled by sex dimorphism in macrophage di-

versity and function is not yet documented. Furthermore, adrenal

gland immune cell sex dimorphism could also contribute to ad-

renal pathologies initiation and progression.

RESULTS

Adrenal gland macrophage identification and topology

To evaluate immune cell diversity in adrenal glands, we per-

formed a flow-cytometry analysis of adrenal gland CD45+ cells

from 7-week-old C57BL/6 mice, with a particular focus on

macrophage and monocyte subsets. Macrophages were identi-

fied as CD64+MerTK+ cells and monocytes as CD64+MerTK-

cells (Figure S1A) (Jakubzick et al., 2013). Neutrophils were

scarce in this tissue, suggesting low blood contamination in

our analysis (Figure S1A, bottom panel). The adrenal gland is

composed of a cortex and a medulla responsible for selective

hormone production. Because adrenal glands display a sex-

specific organization in adult mice, we analyzed both female

and male animals. Although macrophage numbers were similar

in both sexes, higher monocyte counts tended to be detected

in females (Figure 1A). DCs, identified as CD64-MerTK-MHC-

II+CD11c+ cells, were also present in low numbers in adrenal

glands without sex-specific differences (Figures 1A and S1A).

Neutrophil, B cell, and T cell counts were similar between female

and male mice (Figure S1B). To further characterize the pheno-

type of adrenal gland immune cells in female and male mice,

we performed spectral flow cytometry (Figure S1C). Unsuper-

vised analysis confirmed the presence of diverse immune cell

clusters in adrenal glands (Figure S1D). These clusters corre-

sponding to populations of macrophages, monocytes, DCs,

neutrophils, B cells, and CD4+ and CD8+ T cells expressed char-

acteristic markers (Figure S1E). Notably, adrenal gland macro-

phages (AGMs) uniformly expressed F4/80 and the integrins

CD11b and CD11c (Figures 1B and S1E).

Next, we investigated macrophage topologic distribution.

F4/80+ cells were observed both in the adrenal gland cortex and

medulla (Figure S1F). To further validate that these cells were

macrophages, we used macrophage reporter strains, including

Lyz2cre x R26TdTomato and CD115creERT2 x R26TdTomatomice. Virtu-

ally 100% of macrophages were labeled in Lyz2cre x R26TdTomato

mice (Figure S1G). In those models, we found that R26TdTomato+

macrophages were present in both the adrenal cortex and the

medulla (Figures 1C and 1D). Using CX3CR1GFP/+ reporter mice,

we found that CX3CR1 was expressed by most AGMs in both fe-

male and male mice (Figures 1E and S1F). The number of

CX3CR1+ macrophages was similar in female and male mice

(Figure 1E). The distribution ofCX3CR1GFP+ cells in adrenal glands

followeda sex-specificpattern,withaquasi-uniformdistribution in

both cortex and medulla in male mice (Figure 1F). By contrast, in

females, CX3CR1GFP+ cells were preferentially located under the

adrenal capsule and at the border between the cortex and the

medulla (Figure 1F). These data revealed a sex-specific pattern

of AGM distribution.

AGM diversity and mechanisms controlling their

homeostatic maintenance

To obtain further insights on the sex-specific myeloid cell diver-

sity in adrenal glands and their specific functions, we performed

single-cell RNA sequencing (scRNA-seq) analysis on cell-sorted

CD45+ cells isolated from 7-week-old C57BL/6 female and male

mice (Figure 2A). Doublet contamination was identified and

removed from the analysis (Figure S2A). Data from female and

male mice were integrated with Seurat and projection maps

made using uniform manifold approximation and projection

(UMAP). Our data revealed a diversity in immune cell populations

residing within the adrenal glands of both sexes (Figures 2A and

S2B). In line with our flow-cytometry data, monocytes, DCs, neu-

trophils, B cells, and T cells were present in adrenal glands (Fig-

ure 2A). Natural killer (NK) cells and a population of innate

lymphoid cells (ILCs) were also identified (Figure 2A). Flow-cy-

tometry analysis confirmed the presence of NK cells and

Klrg1+NK1.1-CD3- ILCs in adrenal glands (Figure S2C). Impor-

tantly, and in agreement with our flow-cytometry observations,

macrophages were the most abundant immune cell type

(Figures 2A and 2B). We observed the presence of 4 separate

and well-defined macrophage clusters (clusters 2–5) in both fe-

male and male mice (Figure 2A). All macrophage clusters ex-

pressed Mertk mRNA (Figure S2D). Our scRNA-seq data re-

vealed that all four macrophage populations also expressed

the canonical macrophage markers Lyz2, CD68, CD11b (Itgam),

CD64 (Fcgr1), and F4/80 (Adgre1) in both sexes (Figures S2B

and S2E). CD11c (Itgax) was also expressed on AGMs
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(Figure S2E). We identified two major macrophage clusters that

were characterized by high or low MHC class II expression

(clusters 2 and 3, respectively). Importantly, the proportion of

macrophage subsets was different between female and male

mice, with a specific enrichment ofMHC class IIlowmacrophages

in females, while MHC class IIhigh macrophages were more

abundant in males (Figure 2B). Two additional macrophage pop-

ulations expressing Lyve1 (cluster 4) or Aldh1a2 (cluster 5) were

present in both female and male mice (Figure 2A). We observed

that myeloid cells presented a highly conserved signature

between females and males, with only a few genes being

differentially expressed between sexes (Table S1). Among those,

A B

C D

E F

Figure 1. Macrophages are the main adrenal gland immune subset and possess a sex-specific localization

(A) Quantification of macrophages, monocytes, and DCs in the adrenal glands of 7-week-old male and female wild-type mice. Macrophages: _ n = 16 and \ n =

15. Monocytes: _ n = 11 and \ n = 10. DCs: _ and \ n = 15. Data pooled from 2 (monocytes) or 3 (macrophages and DCs) independent experiments.

(B) Histograms representing CD11b, CD11c, and F4/80 expression on male and female AGMs. Data are representative of at least 4 independent experiments.

(C and D) Representative images of R26TdTomato expression in adrenal glands from 10- to 12-week-old female Lyz2cre (C) and CD115creERT2 (D) mice 24 h after

TAM administration. Scale bars: 100 mm. Data are from one experiment.

(E) Flow-cytometry analysis of CX3CR1GFP expression in male and female AGMs. _ n = 12 and \ n = 12. Data are pooled from 3 independent experiments.

(F) Microscopy analysis of CX3CR1+ cells localization in 8-week-oldmale and female (nulliparous) CX3CR1GFP/+mice. Scale bar: 100 mm. Data are representative

of at least 4 independent experiments. Two-tailed Mann-Whitney tests were used for statistical analysis.

See also Figure S1 and Table S1.
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Ly6A (Sca1) and ApoC2 mRNAs were highly expressed in

female macrophages compared with their male counterparts

(Figure S2F). Flow-cytometry analysis of surface Sca1 protein

distribution confirmed a higher expression on AGMs isolated

from female mice when compared with males (Figure S2G).

Among the four macrophage clusters, we found a transcriptional

diversity, suggesting a particular developmental origin, localiza-

tion, or function for each cluster (Figure 2C; Data S1 and S2). The

macrophage clusters 2 and 3 expressed Cx3cr1 mRNA, while

clusters 4 and 5 appeared to have lower Cx3cr1 expression

(Figure 2D). Of interest, Lyve1 and Timd4 mRNA expression

were restricted to macrophage cluster 4 (Figure 2D).

Tissue-resident macrophage numbers are regulated bymono-

cyte recruitment from the blood circulation or local self-prolifer-

ation (Ginhoux and Guilliams, 2016). Thus, we next sought to

determine the contribution of monocytes to AGM pool size. For

this purpose, we took advantage of CCR2gfp-reporter mice.

CCR2 is a chemokine receptor highly expressed on monocytes

and involved both in their export from bone marrow to blood

and in their recruitment to tissues. We found that the population

of adrenal gland CD11b+CD64+ cells, containing both mono-

cytes and macrophages, comprised numerous CCR2+ cells in

both sexes (Figure 2E). These cells were detected both in the

monocyte (Ly6Chigh) and the macrophage (Ly6Clow) populations

(Figure 2E). This observation was further supported by our

scRNA-seq data, where Ccr2 mRNA expression was detected

both in monocyte and macrophage clusters (Figure S2H). This

result suggested that monocytes might be constantly recruited

into adrenal glands, in which they differentiate into macro-

phages. To evaluate monocyte contribution to the AGM pool

size, we performed a short-term fate-mapping experiment. For

this purpose, CCR2creERT2 x R26TdTomato mice were adminis-

tered with tamoxifen (TAM), and we analyzed adrenal glands

48 h later. We detected a large fraction of R26TdTomato+ cells in

adrenal glands, demonstrating that monocyte recruitment plays

a central role to maintain macrophage pool homeostasis

(Figure 2F). Importantly, monocyte recruitment was decreased

in CCR2-deficient female mice (Figure 2G). Furthermore, we

found that monocyte recruitment to adrenal glands was more

robust in females when compared with age-matched males

(Figures 2F and 2G). To determine monocyte fate in adrenal

glands, we next performed time course pulse-chase experi-

ments where CCR2creERT2 x R26TdTomatomicewere administered

with TAM and analyzed 2, 7, and 14 days later. Two days post

TAM injection, around 10% of AGMs were R26TdTomato+

(Figures 2H and 2I). At days 7 and 14, the percentage of

R26TdTomato+ macrophages slowly and progressively increased

to nearly 20% of the total macrophage population (Figures 2H

and 2I). To confirm the contribution of monocytes to AGM pool

size, we took advantage of Ms4a3cre x R26TdTomato mice (Liu

et al., 2019). Ms4a3 is specifically and transiently expressed by

monocyte precursors in the bonemarrow and absent from tissue

macrophages. It therefore could cope with potential direct

labeling of tissue macrophages in CCR2 fate mapping. In this

genetic model, monocyte-derived cells are labeled, and their

numbers can be estimated in tissues. The relative abundance

of TdTomato+ macrophages was similar in 8-week-old male

and female mice (Figure 2J). However, in older 16-week-old

animals, the percentage of TdTomato+ macrophages was

significantly increased in female mice compared with in males

(Figure 2J). This result further supports our observation that

monocyte recruitment to adrenal glands is more robust in fe-

males than males. Finally, in order to determine whether mono-

cyte recruitment is mandatory to sustain AGM populations, we

quantified macrophages in CCR2-deficient mice, which have

severely reduced blood monocyte counts (Serbina and Pamer,

2006). We observed that macrophage counts remained similar

in CCR2-sufficient and -deficient mice (Figure 2K). This suggests

that a compensatory mechanism occurs to ensure the mainte-

nance of tissue macrophage density in the absence of optimal

monocyte recruitment. These data suggest that monocyte

recruitment plays an important role in the maintenance of AGM

Figure 2. scRNA-seq analysis reveals adrenal gland leukocyte diversity and monocyte contribution to the macrophage pool

(A) scRNA-seq analysis of adrenal gland CD45+ cells from 7-week-old male and female wild-type mice.

(B) Proportion of each cluster identified in scRNA-seq analysis.

(C) Heatmap showing normalized expression levels of cluster-specific genes.

(D) Violin plots showing Cx3cr1, Timd4, and Lyve1 expression by cells from clusters 1–6.

(E) Flow-cytometry plot showing Ly6C and CCR2GFP expression among adrenal gland CD45+CD11b+CD64+ cells in male and female CCR2GFP/+ mice. Data are

representative of three independent experiments.

(F) Flow-cytometry plot showing Ly6C and TdTomato expression among adrenal gland CD45+CD11b+CD64+ cells from male and female CCR2creERT2 x

R26TdTomato mice 48 h after TAM gavage. Data are representative of two independent experiments.

(G) Quantification of TdTomato+ macrophages in 16- to 20-week-old male and female heterozygous (CCR2+/-, _ n = 6 and \ n = 6) or double knockin (CCR2-/-, _

n = 4 and \ n = 3) CCR2creERT2 x R26TdTomato mice 48 h after TAM gavage. Data are pooled from two independent experiments.

(H) Histograms representing R26TdTomato expression in AGMs from 10-week-old female CCR2creERT2/+ x R26TdTomato mice 2, 7, and 14 days after TAM gavage.

Data are representative of one (days 7 and 14) or two (day 2) experiments.

(I) Proportions of TdTomato+ macrophages from 10-week-old female CCR2creERT2/+ x R26TdTomato mice 2 (n = 8), 7 (n = 4), and 14 (n = 3) days after TAM gavage.

Data from one (days 7 and 14) or two (day 2) experiments.

(J) Proportions of TdTomato+macrophages from 8 (_ n = 2, \ n = 6) or 16 (_ n = 5, \ n = 5)-week-old male and femaleMs4a3cre/+ x R26TdTomatomice. Data are from

one experiment.

(K) Quantification of AGMs in male and female CCR2+/- (_ n = 18, \ n = 21) and CCR2-/- (_ n = 10, \ n = 10) mice. Data are pooled from four independent

experiments.

(L) Proportions of Ki67+ AGMs in male and female CCR2+/- (_ n = 11, \ n = 11) and CCR2-/- (_ n = 6, \ n = 5) mice. Data are pooled from two independent

experiments.

Statistical analysis was performed using two-way ANOVA with Bonferroni’s post-test.

See also Figure S2.
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pool size but also sheds light on the existence of alternative

mechanism(s) that actively contribute to this process. Embryon-

ically seeded macrophages are renewing through self-prolifera-

tion in adults. Our scRNA-seq data indicated that few

macrophages were proliferating in adrenal glands as reflected

by low Mki67, Ccna2, and Top2a mRNA expression (Figure S2I;

data not shown). A recent study reported that peritoneal macro-

phages show a sex-specific proliferation rate (Bain et al., 2020).

Therefore, we assessed the macrophage proliferating rate in

male and female CCR2-sufficient and -deficient mice using intra-

cellular Ki67 staining. Flow-cytometry analysis revealed a similar

proliferation rate betweenmale and female CCR2-sufficient mice

(Figure 2L). However, loss of CCR2 led to increasedmacrophage

proliferation in female mice, while this was not the case in CCR2-

deficient males (Figure 2L). Together, these results show that

both monocyte recruitment and self-proliferation contribute to

the maintenance of AGM pool size in a sex-specific manner.

Embryonic and monocyte-derived AGMs co-exist at

homeostasis

Our flow-cytometry data demonstrated thatmost (around 90%) of

AGMs expressed CX3CR1 (Figure 1E). Macrophage Cx3cr1

expression appeared restricted to clusters 2 and 3 in our scRNA-

seq data (Figure 2D). To address the mechanisms governing

AGM maintenance, we analyzed CCR2creERT2 x R26TdTomato

x CX3CR1GFP mice 48 h post TAM administration. CCR2+ cells

were found to preferentially give rise to CX3CR1+ macrophages

upon their entry into adrenal glands (Figure 3A). Indeed, 48 h

post TAM injection, 80% of R26TdTomato+ macrophages

were CX3CR1GFP positive (Figure 3A). To determine whether

CX3CR1+ monocyte-derived macrophages could give rise to

CX3CR1- macrophages, we took advantage of double reporter

CX3CR1creERT2/GFPR26TdTomato mice, allowing us to assess pre-

sent and past CX3CR1 expression. We found that more than

80%ofAGMswereTdTomato+GFP+2daysafter TAMadministra-

tion (Figure 3B). GFP+R26TdTomato- and GFP!R26TdTomato+ cells

were virtually absent at this time point (Figure 3B). This set of

data indicated that 48 h after TAM administration, CX3CR1+ cells

were not giving rise to CX3CR1low macrophages (Figure 3B).

Furthermore, even 7 days after TAM injection, we still detected

approximately 80% of R26TdTomato+ GFP+ macrophages (Fig-

ure 3C). Yet, a population of newly recruited monocyte-derived

cells (GFP+ R26TdTomato-) was observed (Figure 3C). However,

we did not observe the appearance and accumulation of

GFP-R26TdTomato+ cells (Figure 3C). We therefore concluded that

CX3CR1+ cells are not precursors of CX3CR1- macrophages in

adults. We next characterized the phenotype and origin of

CXC3R1- AGMs. Our scRNA-seq data pointed out that cells

from cluster 4, which are a part of CX3CR1- macrophages, ex-

pressed Timd4 and Lyve1 mRNA (Figure 2D). We confirmed the

presence of Lyve1+Timd4+ macrophages in female and male

mice using flow cytometry, even though these cells represented

aminor subpopulation (Figure S3A). Timd4 expressionwas higher

on Lyve1+ macrophages compared with Lyve1- cells in both fe-

male and male mice (Figure S3B). Moreover, we confirmed that

Timd4+ macrophages were CX3CR1- (Figure 3D). Lyve1 and

Timd4 are markers associated with an embryonic macrophage

origin (Dick et al., 2019). We therefore hypothesized that

embryonic and monocyte-derived macrophages could co-exist

in adrenal glands.

A previous report showed that populations of embryonically

seeded macrophages express CX3CR1 during development

but lose this expression in adulthood (Yona et al., 2013). To

investigate the developmental origin of AGMs, we performed

embryonic pulse-chase experiments. Pregnant CX3CR1creERT2

x R26TdTomato mice were injected with TAM at embryonic day

14.5, and their progeny was analyzed at the adult stage (8 weeks

old) (Figure 3E). Approximatively 15% of AGMs were labeled,

suggesting an embryonic seeding for these cells (Figure 3E).

The percentage of R26TdTomato+ cells was similar in male and fe-

malemice, suggesting that embryonic seeding was not following

a sex-specific pattern (Figure 3E). In a similar set of experiments,

we observed by fluorescence microscopy R26TdTomato+ cells in

adult adrenal glands, further demonstrating the presence of

embryonically seeded macrophages (Figure 3F). Flow-cytome-

try analysis identified the presence of macrophages in embryos,

andmany of these cells were Timd4+ (Figure 3G). These data are

consistent with recent reports demonstrating that Timd4 is a

marker of embryonically derived macrophages (Bain et al.,

2020; Dick et al., 2019; Sakai et al., 2019). Interestingly, Lyve1+

macrophages from cluster 4 showed high expression of Mrc1

(CD206), a marker associated with macrophage alternative po-

larization (Figure S3C). Consistent with our observations using

Timd4 staining, Lyve1+CD206+ cells represented the major

macrophage subset in juvenile animals but only a minor popula-

tion in adults (Figure S3C).We next performed a separate embry-

onic labeling experiment where mice were sacrificed at post-

natal day 7 (P7) following embryonic labeling at embryonic day

14.5 (E14.5) to determinewhether embryonic TdTomato+macro-

phages expressed Lyve1 and Timd4. We observed that >80% of

TdTomato+ cells expressed both Lyve1 and Timd4, confirming

the embryonic origin of cells from cluster 4 (Figure 3H). Impor-

tantly, at this early stage, more than 60% of macrophages

were TdTomato+ (Figure 3H) compared with 15% in 7-week-

old mice, suggesting that embryonically seeded AGMs may be

replaced by monocyte-derived cells over time.

Low MHC class II expression defines a female-specific

AGM subset with restricted sub-tissular distribution

A major difference in macrophage subsets was related to their

expression of genes related to the MHC class II. This allowed

the identification of MHC class IIhigh and class IIlowmacrophages

(clusters 2 and 3, respectively) (Figure 2A). MHC class IIlow mac-

rophageswere characterized by low expression of H2-Aa, CD74,

and Ciita mRNA (Figure 4A). Expression of the KEGG ‘‘Antigen

processing and presentation’’ pathway appeared higher on

MHC class IIhigh macrophages (Figure 4A). The cluster of MHC

class IIlow macrophages was enriched in females when

compared with males (Figure 2A). Flow-cytometry analysis

confirmed that MHC class II expression on AGMs displayed a

well-defined sex-specific pattern. We observed that the MHC

class IIhigh population represented about 90% of AGMs in adult

males but only 70% of macrophages in females (Figure 4B).

While the number of MHC class IIhigh macrophages was compa-

rable between male and female mice, the number of MHC class

IIlow macrophages was about 5-fold higher in females when
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Figure 3. Embryonic and monocyte-derived adrenal gland macrophages are distinct subsets identified through CX3CR1 expression

(A) (Left) Representative plot of macrophage CX3CR1-GFP and R26TdTomato expression and (right) proportions of CX3CR1-GFP+ and CX3CR1-GFP- cells among

R26TdTomato+ AGMs from (n = 3) female CX3CR1GFP/+ CCR2CreERT2/+ R26TdTomato mice 48 h post TAM gavage. Data are from one experiment.

(B) Representative plot of macrophage CX3CR1 and R26TdTomato expression in double reporter CX3CR1creERT2/GFP R26TdTomato mice 48 h post TAM adminis-

tration. Data are from one experiment.

(C) Representative plot of macrophage CX3CR1 and R26TdTomato expression in double reporter CX3CR1creERT2/GFP R26TdTomato mice 7 days post tamoxifen

administration. Data are from one experiment.

(D) Flow-cytometry plot showing Timd4 and CX3CR1 expression by AGMs. Data are representative of at least 4 independent experiments.

(E) Embryonic labeling of CX3CR1creERT2R26TdTomatomicewas performed at E14.5. R26TdTomato+ cells were identified in 8-week-oldmale (n = 4) and female (n = 2)

offspring. Data are representative of 2 independent experiments.

(F) Embryonic labeling of CX3CR1creERT2R26TdTomatomice was performed at E18.5. R26TdTomato+ cells were identified in 10-week-old female offspring. Scale bar:

200 mm. Data are representative of 2 independent experiments.

(G) Flow-cytometry analysis of Timd4 and MHC class II expression in AGMs from E18–E20 embryos and male adult (9-week-old) mice. Data are from one

experiment.

(H) Embryonic labeling of CX3CR1creERT2 R26TdTomato mice was performed at E14.5. R26TdTomato+ cells were identified in 1-week-old male offspring (left panel),

which comprised mainly Tidm4+ Lyve1+ cells (right panel). Data are representative of n = 2 mice. Data are from one experiment. Two-tailed Mann-Whitney tests

were used for statistical analysis.

See also Figure S3.
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compared with age-matched males (Figure 4B). Thus, we next

investigated how MHC class IIhigh and class IIlow macrophages

were related to the CX3CR1+ and CX3CR1- macrophage sub-

sets. CX3CR1+ macrophages were enriched among MHC class

IIhigh macrophages compared with the MHC class IIlow subset

(Figure S3D). Moreover, CX3CR1+ cells were more frequent

among female MHC class IIlow macrophages compared

with their male counterparts (Figure S3D). Timd4 and Lyve1

expressions were higher on MHC class IIlow macrophages, sug-

gesting that this subset may be enriched in embryonically

derived macrophages (Figure S3E). However, MHC class IIlow

macrophages were more numerous in females compared with

males, and this was independently of their Timd4 and Lyve1

expression (Figure S3F). Flow-cytometry analysis revealed that

CD11c expression was higher in MHC class IIhigh macrophages

compared with the MHC class IIlow subset in both males and fe-

males (Figure S3G). Similar to CX3CR1, CD11c expression was

higher in female MHC class IIlow macrophages compared with

their male counterparts, further supporting the sex-dimorphic

nature of the MHC class IIlow subset (Figure S3G). Unsupervised

spectral flow-cytometry analysis confirmed that AGMs display

a sex-specific expression of MHC class II and CX3CR1

(Figures S3H and S3I). Because we observed that the pathway

‘‘Antigen processing and presentation’’ appeared specific for

MHC class IIhigh macrophages (Figure 4A), we measured the

expression of proteins involved in antigen presentation. CD86

expression was higher on MHC class IIhigh macrophages

compared with their MHC class IIlow counterparts, and CD40

expression tended to follow the same pattern (Figure S3J). How-

ever, the markers CD80 and ICOSL appeared highly expressed

in female MHC class IIlow macrophages (Figure S3J). These re-

sults suggest that AGM subsetsmay have a singular antigen pre-

sentation potential. Importantly, sexually dimorphic features

appear restrained to MHC class IIlow macrophages, which stand

out as a female-enriched population.

To determine whether macrophage subsets displayed a sex-

specific distribution across the cortex and medulla, we per-

formed fluorescence microscopy analysis. Pan-macrophage

CD68 staining revealed that most macrophages are nested in

the cortex rather than the medulla both in female and male

mice (Figure 4C). Additionally, we found an enrichment of

CD68+ cells in the cortex of females comparedwith inmales (Fig-

ure 4D). MHC class II staining demonstrated that most cortical

macrophages are MHC class IIhigh in male animals (Figure 4E).

This percentage was significantly lower in female mice, which

had increased proportion of MHC class IIlow cells in their adrenal

gland cortex (Figure 4E). Interestingly, MHC class IIlow CD68+

cells were enriched at the border between the cortex and the

medulla in female mice (Figure 4C). This phenotype was also

observed using F4/80 staining, further indicating that these cells

are macrophages (Figure S3K). Our data did not reveal a sexual

dimorphism in the distribution of MHC class IIhigh and class IIlow

macrophages in the adrenal gland medulla (Figure 4E). Thus, the

sex dimorphism in macrophage MHC class II expression identi-

fied by flow cytometry and fluorescence microscopy appears

restricted to the adrenal gland cortex and, in particular, to a

zone between the cortex and the medulla. Finally, we assessed

themetabolic configuration of adrenal glandMHC class IIhigh and

class IIlow macrophages using the recently described SCENITH

method (Arguello et al., 2020). MHC class IIhighmacrophages ap-

peared to have more active metabolism as illustrated by

increased puromycin integration when compared with MHC

class IIlow macrophages (Figure 4F). The glucose dependence

was similar between both macrophage subsets (Figure 4G).

However, MHC class IIlow macrophages displayed higher mito-

chondrial dependence, while MHC class IIhigh macrophages

were characterized by increased glycolytic capacity (Figure 4G).

Thus, MHC class IIhigh and class IIlow AGMs relied on different

metabolic pathways at steady state.

MHC class IIlow macrophages locate within the X-zone

and are tied to its maintenance

Since MHC class IIlow macrophages appeared to be specifically

located at the border between the cortex and the medulla, we

asked whether this population may be associated with the X-

zone, a cortical zone that regresses along organ maturation in

males (Gannon et al., 2019). To address this question, we

compared young mice, in which the X-zone is intact, and adults

in which the sex-specific organ structure is already established.

Flow-cytometry analysis demonstrated that the majority (around

75%) of AGMs in juvenile 1-week-old mice stained positive for

Lyve1 but not for MHC class II (Figure 5A). MHC class IIhigh

macrophages became the predominant subset in adulthood

(Figure 5A). Importantly, we did not observe sex dimorphism in

1- and 3-week-old animals, while it was clearly established in

7-week-old mice (Figure 5B). These results suggested that sex

Figure 4. MHC class IIlow macrophages are a female-specific subset with restricted localization

(A) scRNA-seq analysis of CD74, H2-Aa, Ciita, and the KEGG pathway ‘‘Antigen processing and presentation’’ expression among myeloid cells.

(B) (Top) Flow-cytometry plots showing F4/80 and MHC class II expression among AGMs from 7-week-old male and female mice. (Bottom) Proportions and

numbers of MHC class IIhigh and class IIlow AGMs from 7-week-old male and female wild-type mice. _ n = 16 and \ n = 15. Data are pooled from 3 independent

experiments.

(C) Fluorescence-microscopy analysis of CD68 and MHC class II expression in adrenal glands from 7-week-old male and female mice. Scale bar: 200 mm. M,

medulla; C, cortex. Data are representative of at least 3 independent experiments.

(D) Distribution of CD68+ cells between cortex and medulla from adrenal glands of 7-week-old male and female mice. Data are represented as proportion of

CD68+ cells from each zone among total cells. _ n = 4 and \ n = 6. Quantification from one experiment.

(E) Proportion of MHC-IIhigh and MHC-IIlow CD68+ cells in the cortex and medulla of adrenal glands from 7-week-old male and female mice. _ n = 4 and \ n = 6.

Quantification from one experiment.

(F) Analysis of macrophage metabolic activity using SCENITH, represented by Puromycin MFI (n = 14). Data pooled from 4 independent experiments.

(G) Measure of glycolytic and mitochondrial metabolism in macrophages using SCENITH (n = 10–11). Data pooled from 3 independent experiments.

Statistical analysis was performed using two-tailed Mann-Whitney tests (panel B, quantifications), two-way ANOVA with Bonferroni’s post-test (proportions in

panel B, panel D and panel E), or paired Wilcoxon t-tests (panels F and G). See also Figure S4.
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dimorphism appears before 7 weeks of age, likely together with

puberty onset and X-zone disappearance inmales. The high pro-

portions of MHC class IIlow macrophages in juvenile mice was

mirrored by very low numbers of MHC class IIhigh macrophages,

while this subset was enriched in 7-week-old mice (Figure 5C).

Concomitantly, wemeasured lower CCL2 levels in adrenal gland

homogenates from 3-week-old mice compared with 6- to

7-week-old mice, while their serumCCL2 levels remained similar

(Figure S4A). This suggests that adrenal gland maturation is

mirrored by increased local CCL2 production, which could

trigger accelerated monocyte recruitment.

A recent report demonstrated that sexual hormones, and

particularly estrogens, affected the phenotype and functions of

peritoneal macrophages (Bain et al., 2020). To determine

whether estrogens were responsible for the accumulation of

MHC class IIlow macrophages, 6-week-old female mice were

ovariectomized or received a control surgery (sham). As ex-

pected, uteri weights were decreased in ovariectomized (OVX)

mice compared with sham-operated animals (Figure S4B). We

analyzed their adrenal glands 6 weeks post-surgery and found

no differences in the numbers of adrenal gland monocytes or

macrophages between sham-operated and OVX mice (Fig-

ure S4C). The numbers of MHC class IIhigh and class IIlow macro-

phages were also unchanged between sham-operated and OVX

animals (Figure S4D). Taken together, these data demonstrated

that ovaries-derived hormones are unlikely regulators of AGM

sex dimorphism.

X-zone regression occurs between P28 and P35 in male mice

(Huang and Kang, 2019). Microscopy analysis revealed that the

X-zonewas present in 4-week-old females but absent inmales in

our experimental conditions (Figure S4E). We observed that the

percentage of MHC class IIlow macrophages was similar in

4-week-old females and males (Figure 5D). Strikingly, in

5-week-old males, the percentage of MHC class IIlow macro-

phages decreased to 5%, while it remained around 20% in

females (Figure 5D). These data suggest that X-zone disappear-

ance precedes macrophage sex-dimorphism establishment and

correlated with the loss of MHC class IIlow macrophages in

males. To further establish a causal link between X-zone pres-

ence andAGMsexdimorphism,maleswere castrated at 3weeks

of age to prevent X-zone degradation. We analyzed their adrenal

glands when the mice were 7-week-old. MHC class II staining

demonstrated an increase in the population of MHC class IIlow

macrophages in castrated mice when compared with sham-

operated animals (Figure 5E). Interestingly, when we analyzed

the localization of AGM, we found that MHC class IIhigh macro-

phages had a very particular distribution at the border with the

X-zone in castrated mice (Figure 5F). In this same location, we

found an increased number of MHC class IIlow macrophages in

castrated mice compared with sham-operated controls (Fig-

ure 5F). These data demonstrated that X-zone maintenance is

sufficient to maintain MHC class IIlow macrophages in castrated

males.

Next, we analyzed adrenal glands from female retired

breeders, in which the X-zone was degraded during pregnancy,

and age-matched nulliparous controls. MHC class IIlow macro-

phage proportions dropped to 10% in retired breeders, similar

to what we observed in males, while it was close to 20% in

age-matched nulliparous mice (Figure 5G). The distribution

pattern of MHC class II+ cells in female retired breeders resem-

bled the pattern observed in males (Figure 5H). No sex dimor-

phism was observed between male and female retired breeders

(Figure S4F). Thus, we concluded that X-zone disappearance

drives the establishment of sex dimorphism in AGM phenotype

and tissue distribution.

We then analyzed themolecular mechanisms controlling MHC

class II expression in AGMs.WhileMHCclass II regulation in DCs

is well established, relatively little is known about the mecha-

nisms occurring in monocytes and macrophages (Unanue

et al., 2016). Interleukin-10 (IL-10) signaling was previously

shown to modulate MHC class II expression in monocyte-

derived cells (Koppelman et al., 1997). Thus, we injected IL-

10R-blocking antibodies (Abs) and analyzed macrophage MHC

class II expression 72 h later. Preventing IL-10 receptor signaling

in females led to increased proportions of MHC class IIlow mac-

rophages (Figure 5I). This result suggests that local IL-10

Figure 5. Adrenal gland macrophage sex-dimorphism is established with organ maturation and depends on X-zone presence

(A) Representative plots showing AGM MHC-II and Lyve1 expression in male 1- or 7-week-old mice. Data representative of 2 independent experiments.

(B) Proportions of MHC-IIlow Lyve1+ macrophages in male and female 1-(_ n = 8, \ n = 8), 3-(_ n = 3, \ n = 3) or 7 to 9-week-old (_ n = 13, \ n = 13) mice. Data

pooled from 2 independent experiments.

(C) Quantification of MHC-IIhigh AGMs in male and female 1- (_ n = 9, \ n = 7) or 7-week-old (_ n = 5, \ n = 5) mice. Data are pooled from 2 independent ex-

periments.

(D) (Left) Representative plots showingMHC class II expression and (right) proportions of MHC class IIlowmacrophages in male and female 4- (_ n = 4, \ n = 3) and

5-week-old (_ n = 7, \ n = 10) wild-type mice. Data are pooled from 2 independent experiments.

(E) (Left) Representative plots showing MHC class II expression and (right) proportions of MHC class IIlow AGMs in 7-week-old castrated (n = 6) and sham-

operated (n = 6) wild-type male mice. Data are pooled from 2 independent experiments.

(F) Confocal-microscopy analysis of MHC class II and CD68 expression in 7-week-old castrated and sham-operated wild-type mice. The X-zone is comprised

between white and orange dots. Scale bar: 200 mm. M, medulla; C, cortex; ZX, X- zone. Data are representative of 2 independent experiments.

(G) (Left) Representative plots showing MHC class II expression and (right) proportions of MHC class IIlow AGMs in female retired breeders (n = 7) and age-

matched nulliparous (n = 6) mice. Data are pooled from 2 independent experiments.

(H) Fluorescence-microscopy analysis of CD68 and MHC class II expression in adrenal glands from 12-week-old female retired breeders and age-matched

nulliparous mice. The X zone is comprised between white and orange dots. Scale bar: 100 mm. M, medulla; C, cortex. Data are representative of 2 independent

experiments.

(I) Proportions of MHC class IIlowmacrophages in female mice treated with anti-IL-10R-blocking antibody or isotype control. Data are pooled from 3 independent

experiments.

Statistical analysis was performed using two-way ANOVA with Bonferroni’s post-test (B–D) or two-tailed Mann-Whitney tests (E, G, and I).

See also Figure S5.
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production may drive the zone-restricted macrophage pheno-

type observed on MHC class II expression. Further investigation

is required to define the precisemechanisms involved in this pro-

cess and whether IL-10 controls MHC class II export, recycling,

or degradation in AGMs.

AGMs impact local lipid homeostasis

Finally, we decided to inquire about the functions of AGMs. We

investigated whether AGMs could sample blood-borne particu-

late material, a function reported in adipose tissue, intestinal,

and lung macrophages (Silva et al., 2019). We injected intrave-

nous (i.v.) tetramethylrhodamine (TRITC)-conjugated dextran

(65–85 kDa) and compared perigonadal white adipose tissue

(WAT) macrophages, used as a positive control, and AGMs

20 min post-injection. As expected, WAT macrophages stained

positive for dextran, confirming their access to blood-derived

particles (Figure S5A). However, AGMs remained negative for

TRITC-dextran, suggesting that these cells did not access

blood-borne particles rapidly (Figure S5A). This was the case

both in female and male mice (Figure S5A). Our data does not

exclude the possibility that AGMs might access blood material

with a slower rate when compared with WAT macrophages. To

gain further insight into AGM morphology in their native environ-

ment, we performed electron-microscopy analysis of adrenal

glands. Macrophage presence in adrenal glands was sparse.

Cells with a macrophage morphology were observed, and their

surrounding cells contained lipid droplets (Figure S5B). Elec-

tron-microscopy analysis of purified macrophages showed

that, compared with peritoneal macrophages, AGMs were en-

riched in structures resembling lipid droplets (Figure S5C, red ar-

rows). This suggests that AGMsmight uptakematerial, likely lipid

derivatives, produced and released by neighboring cells and

possibly dead cells and thus contribute to tissue lipid homeosta-

sis. We next investigated whether AGMsmight be involved in the

control of norepinephrine (NE) release, a hormone produced by

the adrenal gland medulla. Our scRNA-seq data indicated that

AGMs express enzymes involved in NE degradation, namely

monoamine oxidase (Maoa) and Comt (Figure S5D). Maoa

expression was low in adrenal gland immune cells with only

few macrophages possessing detectable Maoa mRNA (Fig-

ure S5D). Comt expression was detected in several populations

of adrenal gland immune cells (Figure S5D). In our dataset, we

did not detect the expression of enzymes involved in NE synthe-

sis in immune cells (Th, Ddc, and Dbh) (data not shown). To

investigate whether AGMs can degrade NE, we sorted

CD64+MerTK+ cells and incubated them overnight in the pres-

ence of NE and clorgyline, a selective Maoa pharmacological in-

hibitor. Clorgyline addition did not impact on the concentration of

NE detected in our experimental setup (Figure S5D). Thus, we

concluded that AGMs, at least ex vivo, have a limited ability to

degrade NE through Maoa (Figure S5D). This might be due to

the sorting of the whole population of AGMs, thus diluting the

population of medulla-resident macrophages for which a

specific marker is yet to be identified and validated.

Next, we decided to investigate the growth-factor depen-

dence of AGMs.Macrophages rely onmacrophage colony-stim-

ulating factor (M-CSF) and/or granulocyte M-CSF (GM-CSF) for

their survival in peripheral tissues (Cecchini et al., 1994; Dai et al.,

2002; Guilliams et al., 2013; Nishinakamura et al., 1996; Pridans

et al., 2018). CSF1 is produced by several cell types including fi-

broblasts and mesothelial cells (Bellomo et al., 2020; Ivanov

et al., 2019). In adrenal glands, CSF1 is thought to derive from

the zona reticularis (Bellomo et al., 2020; Ryan et al., 2001). To

decipher AGM dependence on growth factors, we injected a

CD115 (CSF1R)-blocking Ab. Compared with isotype control-

treatedmice, anti-CD115 Ab administration completely depleted

AGMs (Figure 6A). Fluorescence-microscopy analysis in

CX3CR1GFP+mice, administered with anti-CD115 Ab, confirmed

the complete disappearance of AGMs (Figure 6B). These data

demonstrated that AGMs depend on CSF1R for their survival.

Tissue analysis did not show a major alteration of adrenal gland

morphology in macrophage-depleted mice (Figure S5E). Serum

aldosterone and corticosterone levels remained similar between

macrophage-depleted and control mice, suggesting that macro-

phages are not involved in the systemic control of these hormone

levels at steady state (Figure S5F). Additionally, serum potas-

sium concentration, a surrogate readout for aldosterone

pathway activation, remained similar in control and macro-

phage-depleted mice (Figure S5G).

To further investigate the contribution of AGMs to tissue

homeostasis, we performed RNA-seq analysis of adrenal glands

extracted from female and male mice treated with isotype

control or with anti-CD115 Ab. We identified a well-defined tran-

scriptomic signature associated with macrophage depletion in

both sexes (Figure S6A). Among the top differentially regulated

genes, we observed multiple macrophage-associated genes

(CX3CR1, CSF1R, Lyz2, Adgre1), confirming the depletion effi-

ciency in this experiment (Figure S6B). In agreement with our ob-

servations that AGMs express MHC class II, and in particular in

adult males, macrophage depletion was correlated with

decreased expression of transcripts encoding for proteins

involved in MHC class II synthesis and regulation (Figure S6C).

Macrophage depletion was associated with decreased lipid-

associated metabolism in adrenal glands (Figure S6D). To deter-

mine how this prediction reflected on adrenal gland morphology

and lipid-content distribution, we performed Bodipy staining.

Microscopy analysis found that the number of small-size (up

to 5 mm2) Bodipy+ particles was increased in macrophage-

depleted mice compared with isotype-injected controls

(Figures 6C and 6D). The distribution of larger Bodipy+ particles

was not affected by macrophage removal (Figures 6C and 6D).

The precise nature of lipids modulated in macrophage-depleted

mice remains to be established.

One of themost regulated genes associated with macrophage

depletion in female and male mice was Cybb (Figure S6E). Cybb

encodes for a subunit of Nox2 and subsequently impacts reac-

tive oxygen species (ROS) generation. Nox2 was implicated in

macrophage ROS generation and microbial killing (Bedard and

Krause, 2007). Furthermore, Nox2 is also involved in Cyp11b2-

dependent aldosterone generation by adrenal gland cortical

cells (Rajamohan et al., 2012). Our data revelated that AGM sub-

sets express high Cybb mRNA levels when compared with other

adrenal gland immune cells (Figure S6F). Since macrophage

depletion was correlated with a loss of adrenal Cybb mRNA

expression, we decided to investigate whether local aldosterone

levels were affected in macrophage-depleted adrenal glands.
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For this purpose, we housedmice at 4"C for 12 h. Indeed, cold

exposure has been shown to trigger a stress response and

increased systemic corticosterone concentration (Williams

et al., 2017). To assess whether hormone production was modu-

lated by macrophages in cold-challenged mice, we injected

isotype control or anti-CD115-blocking Ab, and we evaluated

local production and systemic levels of corticosterone and aldo-

sterone. Our data revealed that while corticosterone levels were

not altered in the adrenal glands of macrophage-depleted mice,

aldosterone concentration was lessened in the absence of

A B

C D E

F

Figure 6. Adrenal gland macrophages control tissue lipid metabolism

(A) (Left) Representative plots and (right) quantification of AGMs in 7- to 8-week-old CX3CR1GFP/+ mice after macrophage depletion using a-CD115 (n = 5) or

isotype control (n = 5).

(B) Microscopy analysis of adrenal glands from a-CD115- or isotype-control-treated CX3CR1GFP/+ mice. One microscopy experiment was performed to confirm

depletion efficiency.

(C) Microscopy analysis of adrenal glands from a-CD115- or isotype-control-treated male mice using Bodipy staining. Data are from one experiment.

(D) Quantification of Bodipy+ particles of different sizes in adrenal glands from a-CD115- (n = 3) or isotype-control- (n = 3) treated male mice. Data are from one

experiment.

(E) Aldosterone and corticosterone levels in adrenal gland homogenates from 8-week-old a-CD115- (n = 5) or isotype-control- (n = 5) treated female mice

submitted to a 12 h cold challenge. Data are from one experiment.

(F) Quantification of Bodipy+ particles of different sizes in adrenal glands from 8-week-old a-CD115- (n = 5) or isotype-control- (n = 5) treated female mice

submitted to a 12 h cold challenge.

Statistical analysis was performed using two-way ANOVA with Bonferroni’s post-test (D and F) or two-tailed Mann-Whitney tests (A and E).

See also Figure S6.
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macrophages (Figure 6E). However, this did not translate into

decreased systemic aldosterone levels (Figure S6G). Corticoste-

rone serum concentration was also comparable in both experi-

mental groups (Figure S6G). Importantly, Cyp11b2 mRNA

expression, a key enzyme in the aldosterone synthesis pathway,

was decreased in adrenal glands following macrophage deple-

tion (Figure S6E), further demonstrating macrophage involve-

ment in aldosterone production. Cold challenge further amplified

the difference in lipid-particle content between control and

macrophage-depleted mice (Figure 6F). Mice treated with anti-

CD115 Ab had increased number of Bodipy+ lipid particles

compared with isotype-injected animals (Figure 6F). As

observed at steady state, the small-size particles were the

most affected (Figure 6F). Whether a specific cortical macro-

phage subset is involved in this mechanism remains to be

defined.

DISCUSSION

In the present study, we observed that monocyte recruitment

wasmore important in femalemice compared with age-matched

male animals. The molecular mechanisms governing this differ-

ential monocyte recruitment are yet to be defined. We observed

that CCL2 adrenal gland concentration is similar between

females and males. Nevertheless, whether additional CCR2

ligands, such as CCL7, are expressed in a sex- and age-depen-

dent manner in adrenal glands and could account for the differ-

ential monocyte recruitment remains to be established. Another

important question that the current study rose is whether

monocyte recruitment occurs in specific adrenal cortex sites

and whether these sites differ depending on the sex.

We identified a cluster of embryonically seeded macrophages

co-expressing Timd4 and Lyve1. The presence of Lyve1-ex-

pressingmacrophageswaspreviously documentedaround large

blood vessels (Lim et al., 2018). Perivascular Lyve1+ macro-

phages contribute to vessel function by interactingwith the extra-

cellular matrix (Lim et al., 2018). Lyve1+MHC-IIlow macrophages

have also been identified in lung, adipose tissue, heart, and

dermis (Chakarov et al., 2019). Importantly, Lyve1+ Timd4+mac-

rophages across different tissues have been associated with an

embryonic origin, similar to our conclusions in adrenal glands

(Dick et al., 2022). These cells were frequently located in close

proximity to blood vessels (Chakarov et al., 2019). The tissue

localization and precise function of Lyve1+macrophages in adre-

nal glands require further investigation. These cells were previ-

ously shown to decrease fibrosis development in lung and heart

(Chakarov et al., 2019). Whether they modulate fibrosis progres-

sion during chronic inflammation or tumor development in adre-

nal glands is an exciting question that needs to be addressed.

The presence of MHC class IIlow macrophages was observed

in female mice. These cells depended on X-zone maintenance,

and its disappearance led to the loss of MHC class IIlow macro-

phages. One could speculate that adrenal gland X-zone removal

is associated with the generation of peptides that could be

loaded and presented on macrophage MHC class II. This

could trigger an auto-immune response and generate exacer-

bated and deleterious inflammation. Thus, amajor role of adrenal

gland MHC class IIlow macrophages could be to uptake and

degrade antigens avoiding unnecessary local and systemic

T cell activation.

AGM depletion was characterized by a dysregulation of tissue

lipidmetabolism. During stress induction,macrophage depletion

resulted in lower aldosterone local production. The very same

trend was also observed for corticosterone. Increased aldoste-

rone production leads to hypertension. Thus, controlling adrenal

gland aldosterone production and release are critical to prevent

hypertension. Our data suggest a role for macrophages in adre-

nal gland aldosterone generation. However, the administration of

anti-CD115 Ab leads to macrophage depletion in multiple tis-

sues (Carrero et al., 2017). Therefore, decreased aldosterone

production in adrenal glands might not be a direct consequence

of AGM depletion. To test the causal role of AGMs in the control

of aldosterone production upon stress, one would need to

selectively deplete adrenal macrophages without affecting

macrophage populations in other organs. Such models have

been established for liver and brain macrophages following

extensive analysis of their transcriptome (Buttgereit et al.,

2016; Scott et al., 2016). Nevertheless, genetic or pharmacolog-

ical approaches for selective AGM depletion are yet to be devel-

oped and validated. Aldosterone is produced by a specialized

layer in the adrenal gland cortex: zona glomerulosa (Zennaro

et al., 2020). Among the macrophage subsets present in the

adrenal gland cortex, the population involved in aldosterone

generation remains to be defined.

Together, our observations define the development and

heterogeneity of AGMs in male and female mice. These results

lay the foundation for future studies to address the interplay

between macrophages and endocrine cells in the adrenal gland

and their potential homeostatic or pathological contributions

during disease responses and stress-hormone production.

Limitations of the study

The main limitation of the current study is the lack of genetic

models allowing to selectively target AGMs for depletion or condi-

tional expression studies. Generating such tools will provide the

opportunity to dissect the precise function of AGMs in tissue ho-

meostasis and during stress exposure. Additionally, and due to

the very low number of AGM subsets, the analysis of their meta-

bolic configuration in their nativemicroenvironment is challenging.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Dr. Stoyan

Ivanov (Stoyan.ivanov@unice.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All sequencing datasets in this article are deposited in an international public repository, Gene Expression Omnibus (GEO), under

accession ID GSE203096 for bulk RNA sequencing and GSE203095 for single cell RNA sequencing data. This paper does not

report original code. Any additional information required to reanalyze the data reported in this paper is available from the lead con-

tact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type C57BL/6J mice were purchased from Janvier Labs. CX3CR1gfp (B6.Cg-Ptprca Cx3cr1tm1Litt/LittJ), Lyz2cre (B6.129P2-

Lyz2tm1(cre)Ifo/J), CD115creERT2 (FVB-Tg(Csf1r-cre/Esr1*)1Jwp/J), R26TdTomato (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J)

and CX3CR1creERT2 (B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J) were on B6 background. CCR2cre/ERT2 (C57BL/6NTac-

Ccr2tm2982(T2A!Cre7ESR1-T2A-mKate2)) (Croxford et al., 2015) mice were kindly provided by Dr. Burkhard Becher and crossed

with R26TdTomato and CCR2GFP mice (B6(C)-Ccr2tm1.1Cln/J) provided by Dr. Marco Colonna (Satpathy et al., 2013). Ms4a3cre

(C57BL/6J-Ms4a3em2(cre)Fgnx/J) mice, initially described in (Liu et al., 2019), were kindly provided by Dr. Florent Ginhoux.

When possible, co-housed littermate controls were used. Because age appeared as a relevant parameter, mice of different

ages were used as indicated in each figure legend. Age-matched animals were used for male and female comparisons. All

mice were bred and housed in specific pathogen-free conditions maintained by animal facilities in either the Mediterranean

Center of Molecular Medicine (INSERM U1065, Université Côte d’Azur), the University of Minnesota Medical School Research

Animal Resources, the University of Illinois at Chicago, or the EOPS2 facility, Lille University Hospital Campus. Facilities were

maintained at ambient temperature of #20–23"C, with 12/12-h light/dark cycle and food available ad libitum. Animal protocols

were authorized by the French Ministry of Higher Education and Research upon approval of the local ethical committees, by the

Institutional Animal Care and Use Committee (IACUC) at University of Minnesota Medical School, by the IACUC at University of

Illinois College of Medicine.

METHOD DETAILS

Tamoxifen treatments

CD115creERT2 xR26TdTomato reportermicewere treatedwith tamoxifen dissolved in corn oil (20mg/mL) by oral gavage (200 mL/mouse)

on three consecutive days and were sacrificed 24 h after the last dose was administered.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ki67 Staining Kit PE BD Biosciences Cat# 51-365253

FoxP3 Staining Buffer Set Miltenyi Cat# 130-093-142

RNA extraction kit QIAGEN Cat# 74136

Software and algorithms

Prism 8 GraphPad N/A

Chromeleon software Thermo Scientific N/A

FlowJo Tree Star N/A

Seurat package version 3.1.0 https://satijalab.org/seurat/ N/A

BD FACSDiva BD Biosciences N/A

ImageJ NIH N/A

SpectroFlo Cytek N/A

Phantasus Artyomov Lab N/A
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CCR2creERT2 x R26TdTomato reporter mice were treated with tamoxifen dissolved in corn oil (20 mg/mL) by a single oral gavage

(250 mL/mouse). Animals were sacrificed 2, 7, or 14 days later and assessed for labeling efficiency in blood and adrenal glands by

flow cytometry.

Pregnant CX3CR1creERT2 x R26TdTomatomice were given 4mg of TAM dissolved in corn oil. Mice were treated by oral gavage at the

indicated embryonic day. Pups were obtained by cesarean delivery at E19.5 and taken care of by foster mothers until weaning pe-

riods. Brainmicroglia labeling was >97%and bloodmonocytes labelingwas below 0.3% in all mice that received embryonic labeling.

For pulse-chase experiments in adults, CX3CR1creERT2 x R26TdTomato mice were injected intra-peritoneally with 10 mg/mL TAM

(200 mL per mouse in 10% EtOH and sunflower oil) daily for 5 days. Labelling efficiency was assessed in brain, blood and adrenal

glands for each experiment involving this strain.

Surgery procedures

Castration or control procedure (Sham) were performed on 3-week-old C57BL/6 male mice, which were sacrificed 4 weeks later

for analysis of adrenal glands. Ovariectomy (OVX) and sham surgery were performed on 6-week-old C57BL/6 female mice, in

accordance with the Institutional Ethics Committee on Laboratory Animals (CIEPAL-Azur, Nice Sophia-Antipolis, France). Mice

were sacrificed 6 weeks after surgery.

In vivo macrophage depletion

C57BL/6 mice received an intraperitoneal injection of 500 mg InVivoMAb anti-mouse CSF1R (CD115) antibody (Clone AFS98,

BioXCell cat No. BE0213) or isotype control (Clone 2A3, BioXCell cat No. BE0089). The injection was repeated 2 days later. Mice

were sacrificed 16 h after the second injection. For cold exposure, macrophage depleted, and control mice were housed for 12 h

at 4"C. Mice were single housed with identical light/dark cycle and food available ad libitum.

In vivo IL-10R blockade

5- to 12-week-old C57BL/6 mice received an intraperitoneal injection of 250 mg InVivoMAb anti-mouse IL-10R antibody (clone

1B1.3A, BioXCell cat no. BE0050) or PBS. The injection was repeated 2 days later. Mice were sacrificed 16 h after the second

injection.

Flow cytometry analysis

Tissues were harvested and washed in PBS. Adipose depots surrounding the adrenal glands were carefully removed before shred-

ding the tissue with scissors. Then the samples were incubated for 30 min at 37"C in PBS containing 300 mg/mL Liberase and

100 mg/mL DNAse I. The resulting suspension was homogenized using a syringe and a 20G needle, passed through a 100 mm sieve

and centrifuged at 400g for 5 min. Cells were then resuspended in FACS buffer (PBS containing 0.3 mM EDTA and 0.06% BSA),

stained for 30 min at 4"C in the dark and then washed. A viability stain (DAPI or Live/Dead fixable viability dye) was used whenever

possible. Conventional cytometry data were acquired on a BD FACSCanto II or BD LSRFortessa X-20. Spectral cytometry data were

acquired on a Cytek Aurora cytometer. All analysis, including unsupervised t-SNE analysis, was performed using FlowJo software

(Tree Star).

SCENITH

The method was performed as described in (Arguello et al., 2020). SCENITH reagents kit (inhibitors, puromycin and antibodies) were

obtained from www.scenith.com/try-it and used according to the provided protocol for ex-vivo analysis of myeloid cells. Briefly,

adrenal glands were harvested, added to 50 mL DMEM (4.5g/L glucose) containing either Control, 2-Deoxy-D-Glucose (100mM),

Oligomycin (1mM), 2-Deoxy-D-Glucose + Oligomycin or Harringtonine (2mg/mL), minced and incubated at 37"C for 30 min. Puromy-

cin (10mg/mL), Liberase (300mg/mL) andDNAse I (100mg/mL) were then added to each tube. Adrenal glands were further incubated at

37"C for 30 min, and were then washed with 1mL cold PBS and put on ice. The suspension was homogenized using a syringe and a

20G needle, passed through a 100 mm sieve and centrifuged at 400g for 5 min. Cells were first stained with Live/Dead fixable viability

dye, washed, and incubated with Fc Block (2.4G2, BioXcell) before surface staining. Cells were fixed and permeabilized using Foxp3

fixation/permeabilization buffer (Miltenyi) and then stained with anti-Puromycin (Alexa Fluor 647). Cells that were not incubated with

Puromycin were used as a negative control for anti-Puromycin signal. Cells that received surface staining but no anti-Puromycin

staining (full minus one) were used to measure subset-specific autofluorescence in the AF647 channel, and this background signal

was subtracted. Glucose dependence, Mitochondrial dependence and Glycolytic capacity were calculated as previously described

(Arguello et al., 2020).

Dextran uptake assay

Mice were injected intravenously with 100 mL TRITC-Dextran solution (65–85 kDa, 10 mg/mL diluted in PBS) and sacrificed twenty

minutes later. Adrenal glands and epididymal adipose tissue were then processed and analyzed by flow cytometry. PBS-injected

mice were used as controls to determine autofluorescence.
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Norepinephrine degradation assay

Adrenal glands were processed as previously described. CD45+CD64+MerTK+ cells were sorted using a BD FACSAria II Cell Sorter.

Macrophages were cultured overnight in RPMI medium (10% SVF, 2 mM L-Glutamine, 50 U/mL Penicillin, 50 mg/mL Streptomycin)

containing 50 ng/mL recombinant M-CSF, as well as norepinephrine (NE) (5 mM) and/or clorgyline (100 mM). Supernatants were

collected at the end of the incubation period and macrophage viability was assessed using Live/Dead staining.

ELISA assays

Blood was collected by submandibular bleeding. One adrenal gland was crushed in 200mL PBS using 0.1 mm glass beads and a

precellys homogenizer (Biospec cat No. 11079101). Corticosterone and aldosterone levels were measured in serum and adrenal

gland homogenates as instructed (R&D Systems catalog No.KGE009 and No.KGE016 respectively). Norepinephrine was measured

in AGM culture supernatant using Norepinephrine ELISA Kit (Abnova cat No.KA1891).

Bulk RNA-seq

RNA was extracted from adrenal glands using RNA extraction kit (QIAGEN cat No. 7413). Both adrenals were crushed using 0.1 mm

glass beads in a precellys homogenizer (Biospec cat No. 11079101) containing RLT buffer from the RNA extraction kit. Total RNAs

were extracted in RNase-free water from adrenals and were analyzed in DNBseqTM sequencing plateform using DNBSEQ stranded

mRNA library. Paired RNA-seq reads were aligned to the Ensembl 84 Mus musculus reference genome with hisat2 (version 2.2.1)

(Kim et al., 2019). Count matrixes for each sample were obtained by featureCounts (version 2.0.1) in reversely stranded mode

(Liao et al., 2014). Differential expression analysis was implemented by DESeq2 (version 1.30.1) (Love et al., 2014). Principal compo-

nent analysis (PCA) was performed based on variance stabilized transformation output, and the heatmaps were drawn by Phantasus

based on raw counts under the regularized log transformation (https://genome.ifmo.ru/phantasus, https://artyomovlab.wustl.edu/

phantasus). Analysis of metabolic pathways was performed with Shiny GAM (Sergushichev et al., 2016).

Quantification of serum cation concentration

K+ concentrations in serum was evaluated by ion chromatography analysis. Serum samples and ion standard solutions were previ-

ously diluted (1/100), deproteinized by addition of acetonitrile (dilution 1:1 volume) mixed and centrifuged at 12,000g (10 min at 4"C).

Ion concentrations of the supernatants were determined using an ion chromatography Dionex ICS-5000 plus system (Thermo Sci-

entific). The system included an autosampler, pumps, eluent generator and conductivity detectors. The system is equipped with an

eluent generator cartridge (Dionex EGC500MSA) and a cation column (IonPac AS-11HC, 2mm). Ion concentrations were determined

using Chromeleon software (Thermo Scientific) bymeasuring surface area of the peaks and were compared to the corresponding ion

standard profiles.

Single-cell RNA-seq data analysis

Cells were loaded on a Chromium Controller (103 Genomics) with a target output of 5000 cells per sample. Reverse transcription,

cDNA synthesis/amplification and library preparation were performed according to the 103Genomics protocol (ChromiumTM Single

Cell 30 Reagent Kit, v3.1 Chemistry). scRNA libraries were sequenced on an Illumina NextSeq 500/550 High Output flowcell: the

forward read had a length of 28 bases that included the cell barcode and the UMI; the reverse read had a length of 55 bases that

contained the cDNA insert.

Alignment, barcode assignment and UMI counting with Cell Ranger v4.0.0 was used to perform sample demultiplexing, barcode

processing and single-cell 3ʹ counting. Cell Ranger’s mkfastq function was used to demultiplex raw base call files from the

HiSeq4000 sequencer into sample specific FASTQ files.

Barcodes in both samples that were considered to represent noise and low-quality cells were filtered out using knee-inflection

approach available in DropletUtils package (version 1.4.3). For analysis, Seurat package (version 3.1.0) was used, genes which ex-

press in less than 2 cells and cells which have non-zero counts in less than 200 genes were additionally filtered from both barcode

expression matrices, and the result matrices were used as analysis inputs (Butler et al., 2018). The fraction of mitochondrial genes

was calculated for every cell, and cells with a mitochondrial fraction >1.2%were filtered out. After all filtering procedures, 3,636 cells

were left in the scRNA-seq data of the female sample, and 2,240 cells were left in scRNA-seq of the male sample.

Both samples were normalized using SCTransform function with mitochondrial content as variable to regress out in a second non-

regularized linear regression (Hafemeister and Satija, 2019). For integration purpose, variable features across the samples were

selected by SelectIntegrationFeatures function with the number of features equal to 2000. Then the object was prepared for integra-

tion (PrepSCTIntegration function), the anchors were found (FindIntegrationAnchors function) and the samples were merged into the

whole object (IntegrateData function) (Stuart et al., 2019). The dimensionality of the object was reduced by principal component anal-

ysis (PCA), and the first 20 principal components (PCs) were used further to obtain uniform manifold approximation and projection

(UMAP) dimensionality reduction by RunUMAP function. Graph-based clustering was run using FindNeighbors and FindClusters with

a resolution of 1.0 and the first 20 PCs as input, and the 21 clusters were identified. Differential expression analysis was implemented

using MAST package.

Duringmanual cluster annotation using canonical genemarkers, a cluster corresponding to doublets of NK cells andmacrophages

was identified and excluded from the main figures. We provide this suggestion using DoubletFinder package (version 2.0.3) using
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doubletFinder_v3 function (with parameters PCs = 10, pN = 0.25, pK = 0.005) for each sample separately (Figure S2A) (McGinnis

et al., 2019).

For visualization purposes, the custom labels were assigned to several clusters by merging several clusters for simplification (e.g.,

clusters 1, 6, 20 were merged as T cells, clusters 2, 12 were merged as B cells and clusters 0, 3, 19 were merged as NK cells). The

gene signature heatmap was drawn using the scaled data slot of the integrated assay.

For trajectory analysis, clusters assigned as monocytes and macrophages were used, and infer_trajectory function from the dyno

package (version 0.1.2) was used with the available slingshot singularity container (version 1.0.3) (Saelens et al., 2019; Street et al.,

2018). In order to exclude the technical bias across the samples, the data slot from the integrated assay was used as an input expres-

sion for trajectory inference. Monocytes cluster was used as a root cluster in terms of given priors to slingshot algorithm. Trajectory

visualization was implemented after dimensionality reduction by UMAP using dimred_umap function.

Tissue histology

Adrenal glands were fixed in 4% paraformaldehyde containing 30% sucrose for a minimum of 24 h, and then embedded in OCT.

Sections of 16mm were cut using cryostat CM350 between !20"C and !26"C. Sections were mounted on histological slides

(Thermo, Superfrost Plus) and preserved at !20"C until further analysis. For paraffin histology analysis, adrenal glands were fixed

as aforementioned. Samples were then dehydrated in ethanol using STP120 tissue processor and included in paraffin. Sections

of 8mmwere cut using MicrotomeMicrome HM340E. Sections were mounted on histological slides and preserved at 4"C until further

analysis.

Immunostaining

Sections were blocked for 1 h with 3% BSA and 0.1% Tween 20. Antibodies were diluted in PBS with 3% BSA, 0,1%Tween 20. The

next day, sections were washed 3 times for 10min with PBS andmounted in Antifade mountingmediumwith DAPI. For Bodipy stain-

ing, slides were incubated for 15 min with 400mM of Bodipy and then washed 3 times for 10 min and mounted in Antifade mounting

medium with DAPI.

Immunofluorescence quantification method

IHC analyses and quantifications were performed manually using ImageJ. For counting of DAPI-positive cells, nuclei were automat-

ically counted after setting a threshold and counted using the plugin ‘‘analyze particles’’ with a range of 1–20mm. Bodipy analysis was

performed by croppingmultiple areas in the sample and then setting a threshold. Bodipy-positive cells were counted using the plugin

‘‘analyze particles’’ with a range located between 0 and 300mm.

Fluorescence microscopy

The widefield microscope was a DM5500B upright stand (Leica, Germany). Acquisitions were performed using an Orca-ER camera

(Hamamatsu, Japan). Mosaics were realized using a widefield/TIRF DMI6000 inverted stand microscope (Leica, Germany). Acqui-

sitions were obtained using a DFC360 FX camera (Leica, Germany). The confocal microscope was a Nikon A1R confocal. Image

acquisition was done with Leica AF suite software and analysed with image J.

Electron microscopy

The adrenal glands were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), rinsed with the same buffer and then post-

fixed in osmium tetroxide (1% in cacodylate buffer). After rinsing with water, the specimens were dehydrated with acetone and

embedded in Epon resin. The 80-nm ultrathin sections were contrasted with uranyl acetate and lead citrate for observation on a

JEM 1400 JEOL Transmission Electron Microscope operating at 100 kV and equipped with an SIS Morada camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are represented in means ± SEM. Statistical analysis was performed with GraphPad Prism 8 as indicated in each figure

legend. Details of the specific statistical test used are described in figure legends. The number of replicates used in the experiments

are noted in figures, figure legends, or by graphs represented as dot plots, where n represents number of biological replicates. ns

p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Table S1. 
List of genes differentially expressed among myeloid cells in female and male mice. 
This table is related to figure 2. 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 



Figure S1. Flow cytometry analysis of immune cell diversity in male and female 
adrenal glands. This figure in complementary to figure 1. 
(A) Gating strategy used to identify adrenal gland immune cells. Concatenated data 
from 8 7-week-old female mice. (B) Quantification of neutrophils (♂ n=9 and ♀ n=13), 
B cells (♂ n=12 and ♀ n=13) and T cells (♂ n=8 and ♀ n=8) in male and female adrenal 
glands. Data pooled from one (T cells) or two (neutrophils and B cells) independent 
experiments. (C) Clustering of CD45+ adrenal gland cells from male and female 
CX3CR1GFP mice using unsupervised t-distributed stochastic neighbor embedding 
(tSNE) analysis of flow cytometry data. Panel : CD40 (BUV395) ; CD24 (BUV496) ; 
CD80 (BUV615) ; CD19 (BUV737) ; F4/80 (BV650) ; Ly6G (BV785) ; CX3CR1 (GFP 
reporter) ; MerTK (PE) ; CD64 (PE-Dazzle594) ; CD11b (PE-Cy5) ; CD206 (PerCP-
Cy5.5) ; Timd4 (PerCP-eFluor710) ; CD11c (PE-Cy7) ; Lyve1 (eFluor660) ; CD4 
(AF700) ; CCR2 (APC-Fire750). (D) Identification of adrenal gland immune subsets. 
Cells were gated manually and overlaid on tSNE plot to identify clusters. Macrophages 
: CD45+ CD64+ MerTK+. Monocytes : CD45+ MerTK-  CD11b+ CX3CR1+. Dendritic Cells 
(DCs) : CD45+ MerTK- CD11c+ MHC-II+. Neutrophils : CD45+ CD11b+ Ly6G+. B cells : 
CD45+ MerTK- CD11c- MHC-II+ CD19+. CD4+ T cells : CD45+ MerTK- MHC-II- CD4+. 
CD8+ T cells : CD45+ MerTK- MHC-II- CD8+. (E) tSNE representation of the expression 
levels of CD45, CD11b, F4/80, CD64, MerTK, CD11c, MHC-II, CX3CR1, Ly6G, CD4, 
CD8 and CD19 among adrenal gland CD45+ cells. (F) Microscopy analysis of F4/80 
staining in adrenal glands of CX3CR1GFP/+ mice. Scale bar : 100µm. (G) Flow cytometry 
analysis of TdTomato expression in adrenal gland macrophages from 8-week-old male 
Lyz2cre x R26TdTomato mice. Data from one experiment. All data are represented in 
means ± SEM. Statistical analysis was performed using two-tailed Mann-Whitney 
tests. ns p>0.05 ; * p<0.05 ; ** p<0.01 ; *** p<0.001 ; **** p<0.0001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 



Figure S2. Single cell RNA-seq analysis of adrenal gland immune cell diversity. 
This figure is complementary to figure 2. 
(A) Identification of doublets in scRNA-seq data using the DoubletFinder package. 
Doublets were removed from analysis. (B) scRNA-seq analysis of genes used to 
identify cell types (Lyz2, CD68, CD3e, Nkg7, Klrg1 and CD79a). (C) Flow cytometry 
plots validating the presence of immune cell types corresponding to clusters identified 
in the scRNA-seq analysis. (D) scRNA-seq analysis of Mertk expression among 
adrenal gland myeloid cells. (E) scRNA-seq analysis of myeloid cell canonical markers 
by adrenal gland CD45+ cells from 7-week-old male and female mice. (F) scRNA-seq 
analysis of sex-enriched genes in adrenal gland myeloid cells. (G) Flow cytometry 
analysis of Sca1 expression in female and male mice (n=5 mice per group). Data 
pooled from two independent experiments. (H) scRNA-seq analysis of CCR2 
expression among adrenal gland myeloid cells. (I) scRNA-seq analysis of Mki67 and 
Top2a mRNA expression. All data are represented in means ± SEM. Statistical 
analysis was performed using two-tailed Mann-Whitney tests. ns p>0.05 ; * p<0.05 ; ** 
p<0.01 ; *** p<0.001 ; **** p<0.0001. 



 
 



Figure S3. MHC-II expression identifies two macrophage populations with sex-
specific abundance and distribution. This figure is complementary to figures 3 
and 4. 
(A) Representative plots showing adrenal gland macrophage Timd4 and Lyve1 

expression in male and female mice. Data representative of at least 3 independent 
experiments. (B) Mean Timd4 fluorescence intensity among Lyve1+ and Lyve1- 
macrophage subsets in male and female mice. ♂ n=13 and ♀ n=12. Data pooled from 
2 independent experiments. (C) (Left) scRNA-seq analysis of Mrc1 mRNA expression 
and (Right) representative plot showing adrenal gland macrophage Lyve1 and CD206 
expression in 1- and 9-week-old male mice. Data from one experiment. (D) Proportions 
of CX3CR1+ cells among MHC-IIhigh and MHC-IIlow adrenal gland macrophages from 
male and female CX3CR1GFP mice. ♂ n=11 and ♀ n=12. Data pooled from 2 
independent experiments. (E) Mean Timd4 and Lyve1 fluorescence intensity among 
MHC-IIhigh and MHC-IIlow adrenal gland macrophages from male and female mice. ♂ 
n=12 and ♀ n=13. Data pooled from 2 independent experiments. (F) Quantification of 
MHC-IIlow adrenal gland macrophage subsets according to Lyve1 and Timd4 
expression in 7-week-old male and female mice. Timd4 subsets : ♂ n=11 and ♀ n=11. 
Data pooled from 2 independent experiments. Lyve1 subsets : ♂ n=5 and ♀ n=5. Data 
from one experiment. (G) Mean CD11c fluorescence intensity among MHC-IIhigh and 
MHC-IIlow adrenal gland macrophages from male and female mice. ♂ n=13 and ♀ 
n=17. Data pooled from 3 independent experiments. (H) Clustering of adrenal gland 
macrophages from male and female CX3CR1GFP mice using unsupervised t-distributed 
stochastic neighbor embedding (tSNE) analysis of flow cytometry data. Panel : CD24 
(BUV496) ; CD19 (BUV737) ; MHC-II (VioBlue) ; CD11b (BV510) ; CD45 (BV570) ; 
F4/80 (BV650) ; CX3CR1 (GFP reporter) ; CD86 (PE) ; CD64 (PE-Dazzle594) ; CD11c 
(PE-Cy5) ; CD80 (PerCP-Vio700) ; ICOSL (PE-Vio770) ; Ly6C (APC) ; CD40 (APC-
Vio770). Data representative of 3 independent experiments. (I) tSNE representation of 
MHC-II and CX3CR1 expression levels in adrenal gland macrophages from male and 
female CX3CR1GFP mice. Data representative of 3 independent experiments. (J) tSNE 
representation and quantification of CD86, CD80, CD40 and ICOSL expression levels 
in adrenal gland macrophages from male and female CX3CR1GFP mice. ♂ n=13 and 
♀ n=17. Pooled data from 2 (ICOSL) or 3 (CD86, CD80, CD40) independent 
experiments. (K) Fluorescence microscopy analysis of F4/80 and MHC-II expression 
in adrenal glands from 7-week-old male and female wild-type mice. Scale bar : 200µm. 
M (medulla); C (cortex). Data representative of at least 3 independent experiments. All 
data are represented in means ± SEM. Statistical analysis was performed using two-
way ANOVA with Bonferroni’s post-test (panels B, D, E, F, G and J) or two-tailed Mann-
Whitney tests (panel G). ns p>0.05 ; * p<0.05 ; ** p<0.01 ; *** p<0.001 ; **** p<0.0001. 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Figure S4. Ovariectomy does not affect adrenal gland macrophage content. This 
figure is complementary to figure 5. 
(A) CCL2 levels in adrenal gland homogenates and serum from 3 (♂ n=8 and ♀ n=5) 
or  6 to 7 (♂ n=7 and ♀ n=8) week-old male and female wild-type mice. Data pooled 
from 4 independent experiments. (B) Weight of uteri from sham-operated (n=12) and 
OVX (n=14) mice. Data pooled from 2 independent experiments. (C) Quantification of 
adrenal gland monocytes and macrophages in ovariectomized (n=14) and sham-
operated (n=12) wild-type mice. Data pooled from 2 independent experiments. (D) 
Quantification of adrenal gland MHC-IIlow and MHC-IIhigh macrophages in 
ovariectomized (n=14) and sham-operated (n=12) wild-type mice. Data pooled from 2 
independent experiments. (E) Confocal microscopy analysis of adrenal glands from 
male and female 4-week-old wild-type  mice. Orange dots indicate the border between 
the cortex (C) and the medulla (M). The X-Zone is comprised between white and 
orange dots. Scale bar : 100um. (F) Proportions of MHC-IIlow adrenal gland 
macrophages in male and female retired breeders (♂ n=4 and ♀ n=7). Data pooled 
from 2 independent experiments. All data are represented in means ± SEM. Statistical 
analysis was performed using two-way ANOVA with Bonferroni’s post-test (panel A) or 
two-tailed Mann-Whitney tests (panels B, C, D and F). ns p>0.05 ; * p<0.05 ; ** p<0.01 
; *** p<0.001 ; **** p<0.0001. 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S5. Macrophage depletion does not alter adrenal gland architecture and 
hormone production at steady state. This figure is complementary to figure 6. 
(A) Representative flow cytometry plots (left) and quantification (right) of TRITC-
Dextran uptake by adipose tissue and adrenal gland macrophages 20 minutes after 
intravenous injection of 1mg 65-85kDa TRITC-Dextran. (♂ n=3 and ♀ n=6). Data from 
one experiment. (B) Electron microscopy analysis of adrenal gland macrophages. Blue 
arrows indicate the presence of lipid droplets in stroma. Scale bar : 5µm. (C) Electron 
microscopy analysis of purified peritoneal and adrenal gland macrophages. Red 
arrows indicate the presence of lipid droplets in macrophages. Scale bar : 10µm. Data 
from one experiment. (D) (Left) scRNA-seq analysis of Maoa and Comt mRNA 
expression and (Right) norepinephrine levels after overnight culture of cell-sorted 
adrenal gland macrophages in the presence/absence of norepinephrine and/or 
clorgyline. n=3 (baseline) or 4 (+NE) biological replicates. Data from 3 pooled 
experiments. (E) Microscopy analysis of adrenal gland morphology in isotype control-
treated and a-CD115-treated wild-type mice using H&E staining. Data from one 
experiment. (F) Serum aldosterone and corticosterone levels in isotype control-treated 
(♂ n=15 and ♀ n=7) and a-CD115-treated (♂ n=14 and ♀ n=7-8) male and female 
wild-type mice. (G) Serum K+ levels in isotype control-treated (♂ n=11 and ♀ n=5) and 
a-CD115-treated (♂ n=12 and ♀ n=5) male and female wild-type mice. Pooled data 
from 3 independent experiments. Statistical analysis was performed using two-way 
ANOVA with Bonferroni’s post-test (panels F and G), one-way ANOVA with 
Bonferroni’s post-test (panel D) or two-tailed Mann-Whitney tests (panel A). ns p>0.05 
; * p<0.05 ; ** p<0.01 ; *** p<0.001 ; **** p<0.0001. 
 



 
 
 
 



Figure S6. Macrophage depletion affects adrenal gland lipid metabolism. This 
figure is complementary to figure 6. 
(A) Principal Component Analysis (PCA) of adrenal gland bulk RNA-seq from isotype 
control-treated and a-CD115-treated male and female wild-type mice. (B) RNA-seq 
analysis of myeloid cell-related genes in adrenal glands from isotype control-treated 
and a-CD115-treated male and female wild-type mice. (C) RNA-seq analysis of MHC-
II-related genes in adrenal glands from isotype control-treated and a-CD115-treated 
male and female wild-type mice.  (D) Transcriptional analysis of metabolic pathways 
in adrenal glands from a-CD115 or isotype control treated male and female mice. The 
size of nodes represent the significance of changes in gene expression : bigger size 
of nodes means lower p-values. A high resolution version of this panel is supplied as 
supplementary item 3. (E) RNA-seq analysis of Cyp11b2 and Cybb expression in 
adrenal glands from isotype control-treated and a-CD115-treated wild-type mice. (F) 
scRNA-seq analysis of Cybb mRNA expression. (G) Serum aldosterone and 
corticosterone levels in a-CD115 (n=5) or isotype control-treated (n=5) female wild-
type mice submitted to a 12-hour cold challenge. Data from one experiment.  Statistical 
analysis was performed using two-tailed Mann-Whitney tests (panel G). ns p>0.05. 
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B. Discussion and perspectives 

 
a. Diversity of adrenal gland macrophages 

In this work, we first aimed at providing a detailed characterization of adrenal 

gland macrophages. Indeed, these cells had been observed using F4/80 staining but 

no in-depth analysis had been conducted to define their diversity and gain insights 

about their potential functions. We paid particular attention to potential sex-specific 

phenotypes, since adrenal glands present a sex-specific architecture and turnover 

rate. We observed the presence of four macrophage clusters in adrenal glands from 

female and male mice. These included a cluster of embryonic macrophages, 

commonly found across organs and recently dubbed “TLF” macrophages34 (Timd4+ 

Lyve1+ Folr2+). On the opposite, the most abundant cluster consisted of MHC-IIhigh 

CX3CR1high macrophages. The presence of these two macrophage populations is in 

full adequation with recent reports of their conserved presence across organs33,34. Very 

interestingly, a third cluster consisted of CD226+ Retnla+ macrophages that very 

strongly resembled the MaMM cluster we described in BAT. Finally, a MHC-IIlow 

macrophage stood out as a female-specific macrophage population. Whether such a 

diversity in immune cell, and particularly macrophage content exists in human adrenal 

glands is yet to be explored. Studies on adrenal gland immune cells in humans are 

scarce and the samples studied often were obtained from patients with tumors, further 

raising the question of adrenal gland immune cell pattern in healthy individuals. 

Importantly, the incidence of adrenal gland pathology prevails in women in comparison 

to men363,364. Whether a heterogenous immune cell component is at the origin or 

related to this phenomenon is currently unknown. Immune cell heterogeneity could be 

a consequence of sex hormones action, or a partial X chromosome inactivation due to 

local factors. Those two complementary hypotheses require further investigation. 

Using genetic fate mapping tools, we observed that monocyte recruitment 

contributed to adrenal gland macrophage pool size maintenance. Using CCR2creERT2 

reporter mice, we observed a robust monocyte recruitment in adrenal glands, and this 

necessitated functional CCR2. We confirmed this observation using Ms4a3cre reporter 

mice which notably indicated a steady rise in monocyte-derived macrophage 

proportions across time. Importantly, both of these models brought forward the higher 

monocyte recruitment rate in female mice compared to their male counterparts. CCL2 

levels in adrenal gland homogenates were comparable between male and female 
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mice, suggesting that CCL2 production was not the leading cause for this phenotype. 

The turnover rate of the adrenal gland cortex is higher in females compared to 

males361. This implies a higher proliferation rate of stem cells, located under the 

adrenal capsule, and higher apoptosis of cortical cells which occurs around the X-

zone361. A consequence of this fast turnover of the adrenal cortex would be the 

frequent opening of new short-lived niches that accommodate newly-recruited 

monocytes, while closing of older niches would trigger the death of associated 

macrophages. D-CD115 treatment fully depleted adrenal gland macrophages and a 

CSF-1 transgene was reported to rescue adrenal gland macrophage numbers in op/op 

mice365. Whether IL-34 is also involved in the maintenance of adrenal gland 

macrophages remains unknown. Loss of CCR2 blunted monocyte recruitment but also 

led to an increase in macrophage proliferation rate specifically in female mice, thus 

highlighting the higher turnover rate of female adrenal gland macrophages. 

Importantly, macrophage proliferation was not statistically different between male and 

female CCR2-sufficient mice, suggesting that monocyte recruitment is the dominant 

macrophage maintenance mechanism in adrenal gland. Monocytes might thus have a 

higher tropism towards newly-opened niches compared to proliferating cells. 

Alternatively, monocytes could have a competitive advantage for growth factors 

compared to tissue-resident macrophage, although this hypothesis is discredited by 

reports showing higher CSF1 consumption by tissue-resident macrophages98. The fact 

that loss of CCR2 triggers higher macrophage proliferation rather than longer 

macrophage lifespan supports the idea that adrenal gland niches are short-lived and 

frequently renewed. Adrenal cortical cells are not immotile. Indeed, steroidogenic cells 

follow a centripetal migration pattern starting in the outer cortex and ending near the 

medulla. One would thus expect adrenal gland macrophages to follow the same 

migration pattern to maintain contact with niche cells that are providing growth factors. 

To test such a hypothesis, optogenetic models could be used to selectively label 

subcapsular macrophages and follow their localization in a time-course experiment.  

Whether monocyte recruitment occurs in specific sub-tissular zones is an 

interesting issue to solve. Indeed, this might help to elaborate strategies to efficiently 

control the rate of monocyte entry in tissues and limit or increase the proportion of 

monocyte-derived cells during a selective time lapse. The interconnection between 

MHC-IIhigh and MHC-IIlow adrenal gland macrophages requires further investigation. 

Our data suggested that monocytes can give rise to both populations. The precise 
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kinetics of monocyte MHC-II regulation following their tissue entry and engagement 

into differentiation program are not known in adrenal glands. One might expect that 

following tissue entry, monocytes progressively increase their MHC-II expression as 

usually accepted46. This scenario is not supported by our observations. In our short-

term pulse-chase experiments, we observed a similar rate of monocyte contribution to 

both MHC-IIlow and MHC-IIhigh adrenal gland macrophages subsets. Indeed, the 

proportions of MHC-IIhigh macrophages were similar among newly-recruited cells 

compared to tissue-resident macrophages, suggesting the absence of a preferential 

differentiation pattern (Figure 12A). This result supports the hypothesis that 

microenvironmental cues drive monocyte maturation following entry in the tissue. 

Further analysis is required to determine whether TdTomato+ MHC-IIlow macrophages 

effectively locate within the X-zone, while TdTomato+ MHC-IIhigh macrophages would 

rather locate in other zones of the cortex. Despite a large amount of data addressing 

MHC-II regulation in DCs366, little is known about the mechanisms controlling its 

expression on monocytes. IL-10 signaling was previously shown to impact MHC-II 

recycling and surface expression by monocytes367. We therefore hypothesized that 

locally-produced IL-10 might drive the phenotype we observed on MHC-IIlow 

macrophages. To our surprise, treatment with an anti-IL-10R monoclonal antibody did 

not induce an upregulation of MHC-II as we expected, but rather produced the opposite 

effect. Whether D-IL-10R treatment effectively affected macrophage interactions with 

their niche or regulated MHC-II expression independently of microenvironmental cues 

remains to be determined.  

The MHC-IIlow macrophage population particularly caught our attention since it 

was specifically enriched in female mice. Co-staining for MHC-II and F4/80 or CD68 

showed a distinct localization of MHC-IIlow macrophages that was restricted to the X-

zone, at the border between the medulla and the cortex. We were able to establish a 

link between X-zone presence and maintenance of the MHC-IIlow macrophage subset. 

Indeed, this particular structure disappears in females during pregnancy, and this was 

associated with disappearance of MHC-IIlow macrophages. As an alternative approach, 

we castrated males before puberty to prevent the androgen-induced degradation of 

the X-zone and its forced maintenance allowed the persistence of MHC-IIlow 

macrophages. These results highlight the impact of microenvironment on MHC-II 

expression and the imprinting of a niche-specific macrophage phenotype. Castration 

of adult males was reported to cause the re-appearance of a pseudo X-zone. Although 
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we did not use this approach, it would be interesting to test whether newly-recruited 

macrophages that locate in this zone would adopt the MHC-IIlow phenotype. We also 

observed a different metabolic configuration of MHC-IIlow and MHC-IIhigh macrophages. 

Since these subsets do not locate close to each-other, this result also suggests that 

microenvironment can directly impact macrophage metabolism. Whether metabolite 

availability differs in the X-zone compared to the outer cortex remains to be tested. 

 

 

 

 

 

 

 

 

 

CCR2creERT2/+ x R26TdTomato mice received and oral gavage with tamoxifen and their 
adrenal glands were analyzed 48h later. Macrophages were gated as CD64+ MerTK+ 
and further gated as resident (1) or newly-recruited (2) based on TdTomato 
expression. 
 

b. Functions of adrenal gland macrophages 

The subset-specific localization of adrenal gland macrophages in this well-

structured organ strongly suggests the existence of specialized functions. For 

example, we hypothesize that the low expression of MHC-II by macrophages in the X-

zone, near the apoptotic front of migrating cortex cells, would serve an 

immunoprotective function. Indeed, one could expect an abundance of damage-

associated molecular patterns in this zone, along with numerous cellular debris that 

could serve to generate potentially immunogenic peptides. Absence of MHC-II-

mediated peptide presentation could be protective in this context.  

Interestingly, our observations suggested a key role of adrenal gland 

macrophages in the handling of lipid content. In-depth analysis is still required to 

determine whether a singular macrophage subset is responsible for lipid handling. 

Indeed, we observed in our single-cell RNA-seq data, and by flow cytometry, the 

presence of a macrophage cluster that highly express Trem2 and CD63, closely 

resembling the phenotype of foam cells in atherosclerotic plaques and Trem2high lipid-
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Figure 12. Newly-recruited macrophages contribute to both MHC-IIhigh 
and MHC-IIlow populations. 
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associated macrophages156,291. The localization of these cells in the adrenal gland 

cortex or medulla remains to be established. One might wonder whether Trem2high 

adrenal gland macrophages are specialized in handling cholesterol derivatives locally 

and to contribute to the metabolization of aldosterone and corticosterone. To tackle 

this question, one needs to develop and validate tools targeting selectively this subset 

without affecting the other adrenal gland macrophages.  

To define the role of adrenal gland macrophages during chronic or acute 

environmental stress seems an important task to accomplish. The role of physiological 

stress on the immune response and on hematopoiesis is well-established160,236. 

Although adrenal glands play a role in this process, the contribution of adrenal gland 

macrophages to this mechanism is still not defined. We would like to assess how acute 

and chronic stress modulate adrenal gland macrophage subsets density and 

phenotype. Genetic or pharmacological depletion of adrenal gland macrophages, or if 

possible of particular macrophage subsets using genetic approaches, will shed light 

on the role of these cells during stress. Future directions for the project include :  

- Targeting adrenal gland macrophages during chronic stress. Similarly to the 

experiments we previously conducted, we could deplete macrophages by injecting D-

CD115 antibodies chronically while mice are subjected to chronic stress. Although we 

could analyse adrenal glands in this model and infer potential roles played by adrenal 

gland macrophages locally, this approach retains the disadvantage of systemically 

depleting macrophages. Another approach could be crossing Sf1cre mice to Csf1flox 

mice to test whether a more restricted depletion of macrophages occurs. However, Sf1 

is expressed in the hypothalamus and the pituitary, which are involved in the stress 

response. The complementary use of hypothalamus or pituitary-specific genetic 

models could help dissect any phenotype observed during chronic stress.  

- Targeting CD226+ adrenal gland macrophages at steady-state and during 

chronic stress using Retnlacre x R26TdTomato/DTR mice. Similarly to what we proposed for 

analysis of BAT MaMM, Retnlacre mice would allow tracking and targeting of this 

population. Nevertheless, the frequent observation of Retnla+ macrophages across 

tissues would require a thorough analysis to determine whether any phenotype 

observed is linked to adrenal gland macrophage function. 

- Targeting lipid-associated macrophages during lipid overload. We identified the 

accumulation of cluster 8 macrophages during brown adipose tissue expansion. This 

population is characterized by its expression of the “lipid-associated macrophage” 
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signature which includes CD9, CD63 and Trem2. Recent evidence suggests that these 

cells might exert their function through Trem2156. It would therefore be interesting to 

invalidate Trem2 in macrophages using LyzMcre x Trem2flox mice (available within our 

network) in contexts of obesity, ageing or thermogenesis to study the function of this 

population.  

- Determining the role of Trem2 in adrenal gland macrophages during 

hypercholesterolemia. Our data suggest a link between macrophages, cholesterol, and 

adrenal hormone homeostasis. As mentioned before, Trem2 expression is strongly 

detected among adrenal gland macrophages. It would therefore be interesting to 

invalidate Trem2 in macrophages using LyzMcre x Trem2flox mice in a context of 

hypercholesterolemia, for example in atherosclerosis models, to study the function of 

this population.  

- To define the diversity of human adrenal gland immune cells in healthy and 

pathological scenarios. We aim to investigate the diversity of adrenal gland immune 

cells by scRNAseq and spectral flow cytometry. Whether immune cell diversity could 

be related to biological sex is an intriguing question. 
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Limitations of the study 
 

In this work, we used several approaches to dissect adrenal gland a brown 

adipose tissue macrophage diversity and functions, including single-cell RNA 

sequencing, genetic fate mapping and antibody-mediated depletion strategies. The 

two studies presented here share several models and therefore present similar 

limitations.  

For our scRNA-seq experiments, we chose to analyze cell-sorted CD45+ cells 

in order to improve our resolution of immune cell subsets. This approach revealed an 

important macrophage diversity, while these cells only represent a minor homogenous 

population in most scRNA-seq studies of whole tissues. As discussed previously, the 

question of whether our macrophage clustering is close-enough to reality still remains. 

Additional complementary approaches are needed to determine whether the subsets 

we identified are indeed different sub-populations with specialized functions. 

Our data suggests that monocytes are continuously recruited to both BAT and 

adrenals to contribute to macrophage turnover. This was brought forward by our use 

of CCR2creERT2 x R26TdTomato mice. CCR2GFP mice also showed the presence of CCR2+ 

macrophages in those tissues. Thus, it is sound to expect a labeling of both CCR2+ 

monocytes and CCR2+ tissue-resident macrophages follow tamoxifen administration, 

and in this case labeling would not reflect solely monocyte recruitment. To resolve this 

problem, we compared labeling in CCR2creERT2/+ heterozygous mice which maintain a 

functional CCR2 allele, to CCR2creERT2/GFP double knock-in mice which lack functional 

CCR2. This approach revealed that a significant proportion of labeling depended on 

the presence of functional CCR2, suggesting that we were effectively measuring 

monocyte recruitment. However, whether macrophage diversity is altered (despite 

maintained macrophage numbers) in CCR2-deficient mice remains unclear. Indeed, 

the diminished labeling we observed in CCR2creERT2/GFP mice could also reflect a loss 

of the CCR2+ tissue-resident macrophage subset that would be compensated in 

numbers by CCR2- macrophages. The use of Ms4a3cre x R26TdTomato mice puts a 

definitive answer on this problem, and effectively showed that monocytes were 

continuously recruited to adrenal glands. We did not have access to this model at the 

time of our BAT analysis, and these mice would allow a clear definition of how many 

BAT macrophages effectively derive from monocytes.  
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A similar issue can be raised in relation to our use of the MC-21 antibody. 

Indeed, MC-21 treatment effectively depletes blood and tissue monocytes, but whether 

tissue-resident CCR2+ macrophages are affected is untested. Total BAT macrophage 

numbers remained unchanged in MC-21-treated mice after 5 days of treatment. The 

same observation was made for adrenal glands (data not shown). However, we 

observed the disappearance of CX3CR1+ macrophages in BAT after a 5-day MC-21 

treatment. This was not the case after a single MC-21 injection, while peripheral and 

tissue monocytes were effectively depleted at this early timepoint. Although this result 

suggests that altered monocyte flux is responsible for alterations in BAT macrophage 

diversity, and that monocytes rapidly give rise to CX3CR1+ macrophages, further 

analysis is required to effectively track monocytes in BAT over time.  

We used CSF1R blockade to address the function of adrenal gland 

macrophages. As discussed before, this treatment induces a systemic macrophage 

depletion which might affect our analysis of adrenal glands. Other strategies allowing 

to specifically target adrenal gland or brown adipose tissue macrophages need to be 

identified and generated to avoid this problem.  

 One important limitation of our study is the difficult access to human BAT and 

adrenal gland samples. As discussed above one of our main objectives is to further 

apply our observation to human tissues and try to develop strategies to specifically 

target these cells in a safe manner. 
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Conclusion 
 

This thesis focuses mainly on the heterogeneity of macrophages across organs 

and inside organs, and on the role of monocytes in maintaining tissue homeostasis 

notably by generating specific macrophage subpopulations. We sought to unravel 

macrophage ontogeny and diversity in two organs that were poorly characterized on 

an immune standpoint : the brown adipose tissue and adrenal glands.  

By dissecting macrophage diversity in brown adipose tissue, we uncovered two 

terminally-differentiated macrophage populations resembling in part populations 

observed in other organs. Indeed, “M2MM” highly resemble white adipose tissue 

vasculature-associated macrophages. Surprisingly, the “Matrix MM” population that we 

uncovered does not recall any population previously observed in adipose depots and 

is absent from white adipose tissue. Rather, it resembles small peritoneal and pleural 

cavity macrophages characterized by high expression of CD226. Although it seems 

easy to speculate on the function of the M2MM population, clues on the potential 

function of the MaMM population are scarce and restricted to expression of a cluster of 

genes linked to extracellular matrix remodelling. Importantly, expression of CX3CR1 is 

low in both of these populations suggesting that they are distinct from the previously 

observed nerve-associated CX3CR1+ BAT macrophages. Upon genetically-induced 

BAT lipid overload and expansion, we observed the accumulation of two additional 

monocyte-derived populations characterized by a strong “lipid handling” signature and 

resembling in part foam cells and lipid-associated macrophages. Depletion of 

monocytes during BAT expansion prevented lipid accumulation and reduced BAT 

weight, showing the importance of monocyte recruitment in tissue remodelling. 

Moreover, in vitro experiments showed that monocytes could influence fibroblast 

activation and in vivo blockade of podoplanin resulted in reduced BAT weight. 

However, depletion of CCR2+ cells also led to accumulation of crown-like structures 

suggesting increased adipocyte apoptosis. Monocytes and/or monocyte-derived cells 

generated over this short (5 days) period therefore participate to homeostatic lipid 

storage.  

 

We found that although adrenal gland macrophages were seeded by fetal liver 

progenitors, embryonic macrophages were quickly replaced after birth and monocyte 

recruitment instead became the norm to maintain a homeostatic macrophage pool. A 
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small proportion of embryonic Timd4+ Lyve1+ macrophages was maintained 

independently of monocyte input. Importantly, organ maturation was associated with 

the disappearance of the MHC-IIlow macrophage subset. These cells locate in the X-

zone which is degraded during puberty in males and maintained in females, and we 

identified X-zone maintenance to be necessary for MHC-IIlow macrophage 

maintenance. This result suggests that closure of the niche rather than senescence or 

proliferative exhaustion is responsible for the loss of this population. Importantly, 

monocytes also contributed to the MHC-IIlow macrophage pool suggesting that 

microenvironmental niche-derived factors dictate their phenotype and MHC-II 

expression. The fate of the X-zone is inevitably to be degraded either at puberty or 

during pregnancy. The maintenance of an MHC-IIlow macrophage population in this 

specific localization might therefore prevent presentation of self-antigens derived from 

apoptotic X-zone cells in a context where damage-associated molecular patterns are 

also abundant. MHC-IIlow macrophages are robustly found in endocrine organs and 

might serve a similar purpose on an auto-immune standpoint. The adrenal gland is an 

organ with a fast renewal, which might explain the constant closing and opening of 

niches thus promoting macrophage turnover. Similarly to what we observed in BAT, 

adrenal gland macrophage numbers were unchanged in CCR2-/- mice. Instead, 

proliferation compensated for the lack of monocyte recruitment in a sex-specific 

manner, with females needing a higher macrophage turnover than males. Interestingly, 

CCR2 deficiency does not lead to increased proliferation among large peritoneal 

macrophages despite their important turnover rate286. This existence of this 

compensation mechanism highlights the fact that tissue homeostasis is linked to the 

presence of an optimal macrophage pool which needs to be maintained. We observed 

that adrenal gland macrophages were required for optimal local aldosterone production 

during acute stress. Macrophage depletion led to altered lipid homeostasis which may 

limit availability of molecular precursors necessary for the synthesis of hormones. 

Thus, maintaining a constant and robust adrenal gland macrophage pool during 

lifespan appears necessary to be able to mount a quick and efficient stress response.  
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Macrophages play a central role during infection, inflammation and tissue homeosta-

sis maintenance. Macrophages have been identified in all organs and their core tran-

scriptomic signature and functions differ from one tissue to another. Interestingly,

macrophages have also been identified in the peritoneal cavity and these cells have been

extensively used as a model for phagocytosis, efferocytosis and polarization. Peritoneal

macrophages are involved in B-cell IgA production, control of inflammation and wound

healing following thermal-induced liver surface injury. These cells presumably require

and interact with the omentum, where milky spot stromal cells have been proposed to

secrete CSF1 (colony stimulating factor 1). Peritoneal macrophages depend on CSF1 for

their generation and survival, but the identity of CSF1 producing cells inside the large

peritoneal cavity remains unknown. Here we investigated peritoneal macrophage local-

ization and their interaction with mesothelial cells, the major cell type predicted to secrete

CSF1. Our data revealed that mesothelial cells produce membrane bound and secreted

CSF1 that both sustain peritoneal macrophage growth.

Keywords: CSF1 ! mesothelial cell ! peritoneal macrophage

!
Additional supporting information may be found online in the Supporting Information section

at the end of the article.

Introduction

The peritoneal cavity hosts several myeloid cell populations

including large peritoneal macrophages (LPMs) and small peri-

toneal macrophages (SPMs). These two populations express the

markers CD64 (the high affinity IgG receptor) and MerTK that are

conserved in all tissue resident macrophages [1]. Nevertheless,

LPMs are characterized by a high CD102 (ICAM-2) and F4/80

Correspondence: Dr.Stoyan Ivanov and Rodolphe R. Guinamard
e-mail: stoyan.ivanov@unice.fr; rodolphe.guinamard@unice.fr

expression that distinguish them from SPMs [2]. Large peritoneal

macrophages are arguably the most studied population of tis-

sue resident macrophages. The transcription factor Gata6 controls

their development in a vitamin A-dependent manner [3–5]. How-

ever, little is known about LPMs localization inside the peritoneal

cavity and whether a tissue specific tropism exists. The peritoneal

cavity has an estimated surface area equivalent to skin and repre-

sents the largest serous membrane in the body [6]. A single layer
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of mesothelial cells (MCs) covers the stratum of connective tissue

inside the peritoneal cavity and constantly secretes fluid acting as

lubricate and facilitating inter-organ frictions [6]. LPMs depend

on the growth factor CSF1 for their survival and express high lev-

els of its receptor CSF1R (CD115) on their cell surface [2, 7].

CSF1 is crucial for both monocyte survival and tissue resident

macrophage maintenance [8, 9]. Peritoneal macrophages are com-

pletely absent in osteopetrotic op/op mice, presenting a sponta-

neous mutation in the CSF1 gene and lacking functional protein

[10–12]. Nevertheless, the cellular source of CSF1 inside the peri-

toneal cavity remains currently unknown. Our data revealed that

mesothelial cells produce CSF1 and induce peritoneal macrophage

proliferation likely contributing to their homeostatic maintenance.

Results and discussion

Recently generated publicly available single cell transcriptional

analysis data [13] (Tabula Muris Consortium) revealed that

adipose tissue mesenchymal precursor cells, mammary gland

epithelial cells, bladder cells, non-myeloid brain cells and blood

endothelial cells selectively express CSF1 mRNA in comparison

to other stromal and immune cells (Fig. 1A and B). Since adipose

tissue blood endothelial cells are not directly connected with the

peritoneal cavity, this suggests that adipose tissue mesenchymal

cells, including cells with mesothelial markers such as mesothelin

and WT1, are likely the major cell type producing CSF1 inside

the peritoneal cavity. Another candidate is neutrophil-derived

CSF1 as those cells were shown to stimulate macrophage prolif-

eration [14]. This is rather unlikely to occur inside the peritoneal

cavity since neutrophils are barely present at steady state in this

location (65% LPMs against 0.4% neutrophils among CD45+

cells in our colony, data not shown). We analyzed whether LPMs

are present at the outer surface of an intraperitoneal organ, the

epididymal adipose tissue (eAT). To document cell topology, we

injected i.p. labelled antibodies directed against hematopoietic

cells (anti-CD45) and mesothelial cells (anti-podoplanin (Pdpn))

and analyzed mice 5 min post-antibody administration. eAT

was excised and submitted to a brief surface trypsin digestion,

a process known to liberate mesothelial cells, and then fully

digested with collagenase A (Fig. 1C). Trypsin digestion resulted

in a large fraction of CD45−CD31−CD90+ cells that was accessible

to the i.p. injected anti-Pdpn, and its surface location and phe-

notype is reminiscent of mesothelial cells. Trypsin failed to digest

endothelial cells as revealed by the small CD45−CD31+CD90−

fraction (Fig. 1D). By contrast, collagenase A liberated a large

endothelial cell fraction that were not stained by the i.p. injected

anti-Pdpn. Among CD45+ cells, surface trypsin digestion liberated

preferentially a population of CD45+CD11bbrightF4/80bright cells

that stained positive for ICAM-2 and was accessible to the i.p.

injected anti-CD45 and very few to none CD45+CD11bhiF4/80int

cells (Fig. 1D). The latter population was recovered preferentially

after a full enzymatic digestion and stained negative for ICAM-2

and the injected anti-CD45. Altogether, this suggests that the

ICAM-2+ population resides inside the peritoneal cavity and

represents a fraction of the LPM pool (Fig. 1D). We sought to

determine whether those LPMs are tightly associated to adipose

tissue mesothelial cells. We collected both eAT pads, washed one

and compared it to the non-washed control pad. Flow cytometry

analysis revealed that the peritoneal macrophage population

(CD64+F4/80+ICAM-2+) at the outer surface of eAT was lost

following PBS wash, suggesting that the interaction, if any,

between LPMs and mesothelial cells was rather loose (Fig. 1E and

F). By contrast, omentum residing LPMs were not removed fol-

lowing the washing procedure (Fig. 1E and F). The population of

adipose tissue macrophages (non-LPMs in eAT) was not affected

by the lavage confirming that these cells reside inside the organ

(Fig. 1F).

To better apprehend the mesothelial cells-LPMs dialogue, we

developed a co-culture system between these two cell types.

Mesothelial cell identity was confirmed using microscopy that

revealed the typical pavementous morphology of these cells and

Pdpn staining (Fig. 2A and not shown). Total cells were extracted

from the peritoneal cavity of Lyz2cre × TdTomatofl/fl mice and

macrophages were followed by counting Tomato+ cells using

Incucyte live imaging system. Over a period of 8 days, LPMs expo-

nentially increased in the presence of mesothelial cells while they

were lost when grown among their co-inhabitants of the peritoneal

cavity (Fig. 2A and B). We confirmed cell identities in the co-

culture using CD90/Pdpn staining for mesothelial cells and Lyz2

reporter together with CD11b, F4/80, CD64 and MerTK for LPMs

(Fig. 2C and not shown). These data confirmed LPM expansion

(100% Tomato+ are F4/80+CD64+CD11b+ MerTK+ cells, Fig. 2C

and 2H) in the presence of mesothelial cells that likely produced a

growth factor supporting their proliferation. Such dynamic inter-

action between two cell types was recently reported between

fibroblasts and macrophages [15]. CSF1 protein was secreted by

mesothelial cells as revealed by ELISA test (Fig. 2D). Both adi-

pose tissue and liver-derived mesothelial cells produced CSF1 and

its concentration strongly decreased when LPMs were added to

the culture, suggesting that the latter ones are consuming large

amounts of CSF1 (Fig. 2D). Of interest, the addition of CSF1R-

neutralizing antibody completely prevented LPMs proliferation,

demonstrating the dominance of the CSF1-CSF1R axis in our sys-

tem (Fig. 2E). This was paralleled by increased CSF1 concentration

in the co-culture supernatants when CSF1R-neutralizing antibody

was added (Fig. 2F). Bone marrow contains a large monocyte

fraction expressing CSF1R and known to respond to CSF1 stimu-

lation [9]. To test the prediction that mesothelial cell would pro-

mote their expansion, we added bone marrow cells (BMs) on top

of adipose tissue mesothelial cells and we observed an impressive

expansion of Tomato+ BM cell (Fig. 2G). This dataset suggests

that mesothelial cells can, by mean of CSF1 production, stimulate

the proliferation of any CSF1R-expressing cells with no particular

specificity for LPMs. Further analysis of mesothelial cell/peritoneal

cell co-cultures revealed that all TdTomato+ cells stained positive

for F4/80 and CD11b but were CX3CR1low, suggesting that after

8 days of co-culture LPMs kept their typical phenotypic mark-

ers (Fig. 2H). Interestingly, when BM cells were co-cultured with

mesothelial cells, all TdTomato+ cells were F4/80+ and CD11b+

C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
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Figure 1. Transcriptional analysis of CSF1 mRNA across tissues and potential role for LPMs maintenance. (A) Clusters corresponding to major
cell types expressing CSF1 are boxed as Ep (Epithelial cells), FB (Fibroblast), EC (Endothelial cell) and MP (Mesenchymal Precursor cells). Color code
refers to organ of origin according to the presented list (left panel). (B) Focus on adipose tissue, with major cell type clusters highlighted. My:
myeloid cell; EC; NK: Natural Killer cell; B: B cell; T: T cell and MP. (C) Experimental design includes 5-min intra-peritoneal injection of 1 µg of
PE-(Phycoerythrin) labelled anti-CD45 antibody together with 1 µg of APC-Cy7 labelled anti-Pdpn, surface tryptic digestion of full tissue (surface
digestion) followed by mincing and collagenase A digestion (2nd digestion). (D) Dot plot representing CD90 versus CD31 staining of CD45− cells and
staining by the i.p. injected anti-Pdpn of the CD45−CD90+CD31− gated populations and dot plot of F4/80 and CD11b staining of CD45+ cells with
further staining for ICAM-2 and injected i.p. anti-CD45 of the gated populations. (red boxed F4/80brightCD11bbright cells from tryptic digestion and
blue boxed F4/80intCD11bhi cells from collagenase A digestion), the experiment presented compares two injected mice and is one representative
experiment of three (2–6 mice per experiment with similar results). (E) Experimental design and gating strategies. Epidydimal adipose tissue (eAT),
omentum (OM) and subcutaneous adipose tissue (scAT) were either digested in collagenase A directly or after 4 PBS washes. Dot plot representing
gating strategy that includes CD64+F4/80+ macrophages and further ICAM-2 staining, allowing the separation of LPMs (ICAM-2+) and (non-LPM)
(ICAM-2−). (F) LPM and non-LPM quantification per organ is presented, each symbol representing one organ (black symbols = not washed, grey
symbols = washed) (F was performed using 5 mice and repeated once with 6 mice and similar results; ns = non-significant, ** = p < 0.005 with two
tailed non-parametric t-test followed by Mann–Whitney test).
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Figure 2. Mesothelial cells promote CSF1 dependent myeloid cell proliferation. 200 000 mesothelial cells (MC) were plated at day 0 and overlayed
with 100 000 peritoneal cells (PCs) isolated from Lyz2cre × TdTomatofl/fl /CX3CR1GFP mice. Macrophage growth with or without MC was documented
in real time by counting Tomato+ fluorescent cells; (A) Representative pictures of red fluorescence (TdTomato+ cells) at indicated times; top panel,
exemplifies MC morphology. (Scale bar = 100 µm) (B) Real time quantification of macrophage growth (TdTomato+ cells per well of a 24-well plate);
(C) Dot plot showing CD90 versus TdTomato staining of live cells at the end of the co-culture (Day 8). (D) CSF1 quantification by ELISA test during
96 h of PCs, MCs and PCs+MCs co-cultures. (E) As described in 2A/B/C with the addition of blocking anti-CSF1R monoclonal antibody (10 µg/mL)
or isotype control at day 1 of culture. (F) PCs + MCs co-cultures were first established for 4 days before medium was exchanged and replaced by
medium with or without anti-CSF1R or isotype control, and supernatants were taken 3 days later and analyzed for CSF1 by ELISA. (G) As described
in 2B, except that total bone marrow was used. (H) Staining of day 8 MCs + PCs or BMs co-cultures, CD90 vs TdTomato dot plot of live cells is
presented as well as F4/80, CD11b and CX3CR1GFP staining of the CD90− TdTomato+ population. (I) MCs were generated by organ surface trypsin
digestion from epididymal adipose tissue (eAT), omentum (OM), mesenteric adipose tissue (MES), liver (LIV) and kidney (Ki). Cell-sorted LPMs
obtained from Lyz2cre × TdTomatofl/fl mice (1 × 104 cells) were then added. One representative experiment is presented out of four for LPM growth
and out of two for ELISA tests and blocking anti-CSF1R assay. All experiments were done at least three times except for 2I that was done twice.
Two tailed non-parametric t-test followed by Mann–Whitney test was performed with GraphPad Prism 6 software to test the samples statistical
significance (*p < 0.05; **p < 0.01).
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Figure 3. Cell-contact and secretion control CSF1 dependent myeloid cell proliferation. (A) 10 000 mesothelial cells (MC) or MTE4.14 (MTE) thymic
stromal cells were plated at day 0 and overlayed 24 h later with 5000 BMDMs. At day 7, cells were stained for F4/80 and CD45 and the number of
CD45+F4/80+ cells was counted. (B) CSF1 was measured in the supernatant of eAT MC and MTE cells cultured for 3 days. (C) eAT MC co-culture
supernatant (MC SN) was collected, cells washed 3x with PBS and either lysed directly in RIPA buffer (MC lysate) or following a 5-min surface
trypsin digestion. Data shown are from quadruplicates of one representative of two experiments. (D) 400 000 eAT MCs were plated at day 0 in
6-well plates. 48 h later, 100 000 violet proliferation dye stained BM cells were either co-cultured in the same well or placed on 0.4 µM transwell
inserts (Greiner). In half of the co-culture wells culture supernatant was removed completely and replaced with fresh medium every 12 h. After 6
days, the number of live F4/80+ was counted and violet staining of F4/80+ cells in different conditions was plotted (values are of triplicates, with
2 experiments performed). Two tailed non-parametric t-test followed by Mann–Whitney test was performed with GraphPad Prism 6 software to
test the samples statistical significance (*p < 0.05; **p < 0.01; ***p < 0,001).

but a fraction was CX3CR1gfp+ as well, suggesting a diversity in

these cells (Fig. 2H). Given that both liver and adipose tissue

mesothelial cells were able to sustain CSF1 dependent growth,

we hypothesized that this might represent a conserved function

of all peritoneal organ mesothelial cells. We found that all peri-

toneal mesothelial cells that we tested were capable of sustaining

LPMs growth. This ubiquitous ability to grow myeloid cells was not

shared by a thymic stromal cell line or by culturing large amount

of bone marrow, blood or peritoneal cells that contains numer-

ous diverse cell types (Fig. 3A and not shown). Thymic stromal

cells produced few CSF1 in comparison to mesothelial cells (Fig.

3B). CSF1 is produced in 3 different biologically active isoforms

including a membrane-spanning glycoprotein, a secreted proteo-

glycan and a secreted glycoprotein [16]. We tested for the pres-

ence of a membrane bound isoform by dosing CSF1 in mesothelial

cell lysates. We detected a trypsin sensitive cell-associated CSF1

in lysates (!20 pg/mL), even thought the amount was lower

in comparison to the secreted form found in cell-culture super-

natants (!450 pg/mL) (Fig. 3C). Finally, we tested whether LPM

proliferation requires cell–contact interaction or, alternatively, is

mediated by secreted CSF1. We performed Transwell assay in

which mesothelial cells were seeded in the bottom and BM cells

added to the upper well (Fig. 3D). Surprisingly, and despite the

large amount of CSF1 detected in the culture supernatant, BM

cell proliferation was largely blunted when physically separated

from mesothelial cells (Fig. 3D). Also, to test for the importance

of the soluble form, culture supernatant was replaced every 12 h

with fresh medium, a similar strong decrease in myeloid cell pro-

liferation was measured. Our data suggest that both membrane

and secreted factors including CSF1 are present and secreted by

mesothelial cells that can induce macrophage proliferation (Fig.

3C and D). Mice expressing only one CSF1 isoform have been pre-

viously generated [17, 18] but how this affects LPMs proliferation

remains currently unknown.

Taken together, we defined peritoneal mesothelial cells

as a major source of CSF1 and critical contributor to peri-

toneal macrophage homeostasis. Currently, there is an urgent

need to generate mouse genetic model to validate our find-

ing that mesothelial cells-derived CSF1 contributes to peritoneal

macrophage survival. Indeed, we are not aware of mesothelial

cell specific Cre mouse model that can be crossed to CSF1 floxed

mice [19] and validate our findings in vivo. Mesothelin-driven Cre

expression in mice is not exclusively restricted to mesothelial cells

but also affects, among others, hepatic portal fibroblasts [20, 21].

Nevertheless, we believe that our study reveals a new role for

mesothelial cells. By CSF1 production, these cells potentially con-

tribute to peritoneal macrophage pool maintenance.

Concluding remarks

In the present study we described an unprecedently attributed

function of peritoneal mesothelial cells. By secreting CSF1 they

sustain peritoneal macrophage proliferation. This interaction is

completely CSF1R dependent as illustrated by the addition of neu-

tralizing antibody. Both cell contact between mesothelial cells and

LPMs and CSF1 secretion are required for optimal macrophage

proliferation. This might explain differential myeloid cell turn-over

upon steady versus injury conditions that promote adhesion [22].
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Materials and methods

Lyz2Cre mice (B6.129P2-Lyz2tm1(cre)Ifo/J, The Jackson Labo-

ratory) have been crossed to TdTomato reporter mice (B6.Cg-

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, The Jackson Labora-

tory) and CX3CR1gfp mice (B6.129P-Cx3cr1tm1Litt/J, The Jackson

Laboratory). Animal protocols were approved by the Institutional

Animal Care and Use Committee of the French Ministry of Higher

Education and Research and the Mediterranean Center of Molecu-

lar Medicine (Inserm U1065) and were undertaken in accordance

with the European Guidelines for Care and Use of Experimental

Animals. Animals had free access to food and water and were

housed in a controlled environment with a 12-h light– dark cycle

and constant room temperature (22°C).

Flow cytometry

Tissues were collected, and surface digested or not with Trypsin

before shredding and then incubating for 30 min at 37°C with

RPMI medium containing 2 mg/mL collagenase A (Roche Diag-

nostics). Following red blood cells were lysed (BD Pharmlyse),

cells were centrifuged (400 g, 5 min at 4°C) and stained for

25 min on ice. Stained cells were acquired on a BDFACSCanto flow

cytometer. Analysis was performed using FlowJo software (Tree

Star). The authors adhered and followed the guidelines described

in ‘Guidelines for the use of flow cytometry and cell sorting in

immunological studies’.

Antibodies and reagents

The following list of reagents and antibodies was used: rCSF1

(Miltenyi); ICAM-2-APC conjugated (clone 3C4(mIC2/4), BioLe-

gend); CD11b-APC-Cy7 conjugated (clone M1/70, BioLegend);

F4/80-Pe-Cy7 conjugated (clone BM8, BioLegend); Podoplanin-

FITC or APC-Cy7 -conjugated (clone 8.1.1, BioLegend); CD90.2-

BrilliantViolet510 conjugated (clone 53-2.1, BioLegend);

CD31-PerCP-Cy5.5 conjugated (clone 390, Biolegend); CD45-PE

conjugated (clone 30-F11, BioLegend); CD64-BrilliantViolet421

conjugated (clone X54-5/7.1, BioLegend); CSF1R-neutralizing

antibody (BioXcell); rat IgG2b isotype control (BioXcell); Mouse

M-CSF Quantikine ELISA Kit (R&D Systems). LIVE/DEAD R©

Fixable Aqua Dead Cell Stain Kit and CellTrace Violet Cell

Proliferation Kit were purchased from ThermoScientific and used

according to the manufacturer’s instruction.

Peritoneal macrophage generation

Peritoneal lavage was performed with 5 mL of FACS Buffer (RPMI

medium, 0.3 mM EDTA and 0.06% BSA). Cells were centrifuged

for 5 min at 1500 rpm at 4°C, counted and used in various

experiments.

Incucyte

Adipose tissue and liver were collected, washed in PBS 1x and

the surface was digested with Trypsin-EDTA 0,05% (Gibco) for

10 min at 37°C. Cells were cultured as previously described [23].

Cells were counted and plated at 2*105 cells per well in 24-well

tissue culture plates for 24 h. Macrophages and BM cells (1*105

cells) were then added. Photomicrographs were taken every hour

using an Incucyte live cell imager (Essen Biosciences) for 8 days

and tomato positive cells number were counted using Incucyte

software (Essen Biosciences).

Statistical analyses

Statistical analyses were generated with GraphPad Prism software

using statistical tests indicated for each experiment.
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ABSTRACT 

Myeloid  cells  are  key  contributors  to  tissue,  immune  and  metabolic 

homeostasis  and  their  alteration  fuels  inflammation  and  associated 

disorders such as atherosclerosis. Conversely, in a classical chicken­and­

egg  situation,  systemic  and  local  metabolism,  together  with  receptor­

mediated  activation,  regulate  intracellular  metabolism  and  reprogram 

myeloid  cell  functions.  Those  regulatory  loops  are  notable  during  the 

development  of  atherosclerotic  lesions.  Therefore,  understanding  the 

intricate metabolic mechanisms regulating myeloid cell biology could lead 

to innovative approaches to prevent and treat cardiovascular diseases. In 

this review, we will attempt to summarize the different metabolic factors 

regulating myeloid cell homeostasis and contribution to atherosclerosis, 

the most frequent cardiovascular disease.  

KEYWORDS:  macrophage;  monocyte;  dendritic  cell;  metabolism; 

atherosclerosis 

INTRODUCTION  

Atherosclerosis is a major vascular disease that continuously spreads 

worldwide. Atherosclerosis  contributes  to  cardiovascular disease  (CVD)­

related deaths, estimated to account for more than 17 million deaths per 

year  worldwide,  making  this  pathology  a  major  public  health  issue. 

Atherosclerosis  is  described  as  a  metabolic  disease  associated  with  a 

chronic low­grade inflammation linked to lipid accumulation in the intima 

of large and medium­sized arteries, which favors plaque formation [1,2]. 

Since  the  1950’s,  mounting  evidence  linked  cholesterol  metabolism  to 

atherosclerosis  development.  Atherosclerotic  patients  not  only  showed 

increased  serum  cholesterol  levels,  and  more  specifically  cholesterol 

present  in  the  low­density  lipoproteins  fraction  (LDL),  but  also 

accumulation  of  cholesterol  in  macrophage  foam  cells  pointing  out  to 

cholesterol  as  a  culprit  of  immunometabolic  perturbations  in  the 

establishment and development of atherosclerosis. LDL­cholesterol levels 

are  now  considered  as  an  independent  risk  factor  for  CVDs  [3,4]. 
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Interestingly, LDL accumulation  into  the arterial wall  is associated with 

inflammatory signals which trigger the attraction of myeloid cells such as 

dendritic  cells  (DC),  neutrophils,  macrophages  and  monocytes  [5]. 

Advanced  atherosclerotic  plaques  are  complex  structures  containing 

lipids,  necrotic  cores,  calcification  zones  and  immune  cells  [6].  Plaque 

growth increases arterial stiffness and could be responsible for disturbed 

blood flow, while their rupture can lead to ischaemic strokes and transient 

cerebral ischaemic attacks [7]. 

During  the  past  two  decades,  tremendous  progress  has  been  made 

highlighting the involvement of immune cells at all stages of the disease 

including  plaque  initiation,  development  and  rupture.  Particularly,  the 

accumulation of myeloid cells in human atheromatous plaques is a strong 

marker of plaque instability and predictor of negative outcome [8,9]. The 

respective role of the different myeloid cell types in the establishment and 

progression of  the disease has  since been  thoroughly  investigated using 

pre­clinical mouse models. Monocytes, which enter atheromatous plaques 

from  the  blood  circulation  and  differentiate  into macrophages,  are  the 

main  culprits  of  atherosclerosis  development.  Further  mechanistic 

complexity  came  later  with  the  realization  of  the  involvement  of 

neutrophils  and  DCs  in  the  disease,  the  latter  driving  and  bringing 

adaptative immunity in the picture.  

Myeloid  cell  precursors  have  diverse  origins:  some  emerge  from 

hematopoiesis  in  the  bone  marrow,  while  others  arise  from  primitive 

embryonic  structures  [10].  Their  functional  diversity  is  thought  to  be 

acquired via the action of tissue­specific cues but little is known on how 

this local developmental imprinting of myeloid cells takes place [11]. This 

observation  particularly  stands  regarding  myeloid  cell 

immunometabolism,  as  microenvironmental  signals  can  trigger  rapid 

metabolic adaptations to adjust the immune response. In atherosclerosis, 

myeloid  cell  metabolism  influences  plaque  development  [12].  For 

example, under inflammatory conditions, macrophages display increased 

glycolytic metabolism and Glut1 expression, the main myeloid cell glucose 

transporter  [13].  Monocytes  and  macrophages  from  atherosclerotic 

patients  show  increased mitochondrial oxygen consumption rate  (OCR). 

Together  these  findings  suggest  a  global  change  in metabolic  activation 

state [14].  

A metabolomics­based analysis  of human carotid plaques  revealed a 

correlation  between  plaque  metabolic  signatures,  namely  elevated 

glycolysis  and  low  fatty­acid  oxidation,  and  the  presence  of  plaque 

instability  features  [15].  This  observation  strongly  suggests  that  intra­

plaque metabolic cues may determine the outcome of the disease. A better 

understanding  of  how metabolites  affect  in  situ myeloid  cell  activation 

would help for the design of new therapeutic approaches to prevent and 

treat atherosclerosis. In this review, we will address how metabolic signals 

impact  on  myeloid  cell  diversity  and  function  in  the  context  of 

atherosclerosis. 
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IMMUNE CELL DIVERSITY IN PLAQUES 

Pioneering studies  revealed  that human plaques contain a variety of 

immune  cells.  These  observations  were  repeated  in  mouse  pre­clinical 

models of atherosclerosis development, namely Ldlr−/− and ApoE−/− mice. 

Although  wild­type  mice  are  protected  against  the  disease,  high 

cholesterol  diet  feeding  of  Ldlr−/−  and  ApoE−/−  mice  promotes 

hypercholesterolemia  and  atherosclerosis  development.  Descriptions  of 

plaque  immune  cells  were  initially  based  on  immunochemistry  and 

demonstrated the presence of macrophages, B and T cells in plaque lesions 

[16]. Nevertheless,  the  limited number of parameters available was not 

adapted to grasp the full spectrum of immune cells residing in advanced 

plaques.  With  the  improvement  of  flow  cytometry,  the  number  of 

parameters  simultaneously  analyzed  progressively  increased  and  a 

further  complexity  in plaque  immune cell populations  emerged  [17,18]. 

Single­cell RNA­Seq and Cytometry by Time of Flight (CyTOF) technologies 

further  extended  our  ability  to  discover  and  characterize  new  tissue­

resident  immune  populations  and  their  activation  states.  This 

technological leap offered a new perspective to decipher in greater depth 

immune  cell  diversity  in  atherosclerotic  plaques  [19].  In  the  past  two 

years, multiple studies applied single­cell RNA­Seq techniques to human 

plaque  samples  from  endarterectomy  patients  [20],  and  to  aortic  cells 

extracted  from  wild­type  and  atherosclerotic  mice  [18,21–25].  This 

generated  an  extensive  characterization  of  the  blood  vessel­residing 

immune landscape in health and disease (Tables 1 and 2). Interestingly, 

only  a  small  number  of  myeloid  cells  (of  which  around  70%  were 

monocytes) were observed at steady state in the aortic wall of wild­type 

mice  [25].  It  seems  reasonable  that monocytes  crawling  on  endothelial 

cells were the main population of immune cells detected in those studies. 

Leukocyte  diversity  was  shown  to  greatly  increase  in  the  aorta  during 

atherosclerosis development, as neutrophils, T cells, B cells and NK cells 

were also identified in Ldlr−/−and ApoE−/− mice fed a chow or a high fat diet 

[21,22,24]. This diversity was also observed in human samples [20,22].  

Table 1. Recent single­cell based studies assessing plaque composition. 

References  Samples 

Kim K et al., 2018 [23]  LdlR−/− mice; 12 weeks HFD; aortic CD45+ cells 

Cochain C et al., 2018 [21]  LdlR−/− mice; 12 weeks HFD; aortic CD45+ cells 

Winkels H et al., 2018 [22]  LdlR−/− mice; 12 weeks CD or HFD; aortic CD45+ cells 

Transcriptomic  data;  126  samples  from  the  biobank  of 

Karolinska Endarterectomies 

Fernandez DM et al., 2019 [20]  Endarterectomy plaque samples 

Cole JE et al., 2018 [24]  ApoE−/− mice; CD or HFD 12 weeks; aortic CD45+ cells 

Kalluri AS et al., 2019 [25]  WT digested aorta 

 

   

Immunometabolism. 2020;2(4):e200028. https://doi.org/10.20900/immunometab20200028 

https://doi.org/10.20900/immunometab20200028


 

Immunometabolism  4 of 42 

Table 2. Summary of the reported plaque leukocyte proportions across the reports mentioned in Table 1.  

Refs  Samples  Method  Macrophages  Monocytes  Dendritic cells  Neutrophils  T cells  B cells  NK 

cells pDC  cDC1  cDC2  CD4+   CD8+  

[23]  Male LdlR−/−  

HFD 12 weeks 

Single cell  

RNA­Seq 

83.9%*  ND  ND  2.2%*  6.9%*  ND  3%*  ND  ND 

[21]  Male LdlR−/−  

HFD 11 weeks 

Single cell  

RNA­Seq 

28.9%  12.3%  14.9%  2%  8.7%  19.6%  2%  4% 

Male LdlR−/−  

HFD 20 weeks 

49.6%  ND  14.2%  ND  8.5%  16.8%  2.1%*  2.4%* 

[22]  Male LdlR−/−  

CD 

Single cell  

RNA­Seq 

13.6%  Myeloid cells: 6.2%  54.1%  24.4%  1.7% 

Male LdlR−/−  

HFD 12 weeks 

27%  Myeloid cells: 21.1%  45.8%  4%  2.1% 

Female ApoE−/−  

CD 

4.9%  Myeloid cells: 10.3%  60.6%  21.9%  2.4% 

Female ApoE−/−  

HFD 12 weeks 

9.6%  Myeloid cells: 12.6%  49%  27.2%  1.6% 

Human  Bulk RNA­Seq 

deconvolution 

50%*  12%  ND  ND  20%*  10%*  5% 

[20]  Human  CyTOF  10.6%  2.5%  0.4%  0.1%  ND  0.1%  31.6%  31.1%  2.6%  4.1% 

Human  CITE­Seq  16%  ND  6%*  1.5%*  ND  ND  20%*  26%*  8% *  11%* 

[24]  ApoE−/−  

sex unspecified 

CD  

CyTOF  60%  2.5%  0.25%  1.6%  8.5%  2.5%  3%  3%  8%  1% 

ApoE−/− 

 sex unspecified 

HFD 12 weeks  

57%  7%  1%  1.8%  6.5%  4%  3%  3%  5%  0.75% 

[25]  Female WT  

CD 

Single cell 

RNA­Seq 

23%*  73.4%*  3.3%*  ND  ND  ND  ND 

When possible, we reported the proportion of each cell type among total leukocytes as indicated by the authors. Stars 

(*) indicate missing information that was estimated and completed using the Single­Cell Explorer software (Artyomov 

Lab, Washington University St Louis). WT = Wild­Type. CD = Chow Diet. HFD = High Fat Diet. ND = Not Determined. 
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A  B 

Figure  1.  Single­Cell  approaches  highlight  plaque  immune  cell  diversity.  (A)  Single­Cell  RNA­Seq  of 

aortic CD45+ cells from Ldlr−/− mice fed a HFD for 12 weeks. Data from Kim et al. [23] (GSM3215435) were 

analyzed using the Single­Cell Explorer software. List of markers used: CD206+ Macrophages: Fcgr1, Itgam, 

Mafb, Mrc1.  Inflammatory macrophages: Fcgr1,  Itgam, Mafb, NLRP3,  IL1b, Nfkbia. Lyve1+ macrophages: 

Fcgr1, Itgam, Mafb, Lyve1. TREM2high macrophages: Fcgr1, Itgam, Mafb, TREM2, ABCG1, Lpl, Lipa. CD206+ 

Inflammatory macrophages: Fcgr1, Itgam, Mafb, Mrc1, NLRP3, IL1b (low), Nfkbia, TNF. CD8 T cells: Lck, CD3, 

CD8.  cDC2:  Zbtb46,  Itgax,  Flt3,  Itgam  (+),  Itgae  (−).  cDC1:  Zbtb46,  Itgax,  Flt3,  Itgam  (−),  Itgae,  IRF8.  Non 

leukocyte: Ptprpc (−). (B) Expression pattern of genes used for targeted Cre expression in myeloid cells.  

However, the relative proportion of each cell type reported by different 

single­cell  studies  shows  significant  fluctuations.  In mice, macrophages 

were reported to represent from 9 to 80% of the aortic leukocyte pool and, 

inversely,  T  cells  represented  from  3  to  60%  of  leukocytes.  The  same 

variations were observed in human samples (Table 2). These differences 

could be explained by multiple factors, and notably differences in tissue 

digestion technique, leukocyte purification method, and the markers and 

transcripts used for cell  type  identification. The entry of atherosclerosis 

research  in  the  single  cell  RNA­Seq  era  could  therefore  benefit  from  a 

universal experimental pipeline that would facilitate comparison between 

studies.  A  first  step  toward  this  direction  could  consist  in  generating  a 

meta­analysis  of  the  data  from  the  studies  summarized  in  Table  1  to 

characterize  plaque  composition.  A  meta­analysis  study  was  recently 

published  and  evidenced  the  immune  cell  diversity  in  plaque  and  the 

markers allowing to define each population [26]. 

These  studies  illustrate  that  single­cell  approaches  are  amongst  the 

most  powerful  tools  to  precisely  identify  cell  subsets  as  well  as  their 

respective  metabolic  demands.  Myeloid  cells  were  broadly  shown  to 

represent a significant part (up to 90%) of immune cells in atherosclerotic 

lesions [23]. Here, we will briefly discuss the identity and origin of plaque 

resident myeloid cells. 
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Monocytes 

Monocytes are short­lived mononuclear phagocytes that are generated 

in  the  bone  marrow  (BM)  during  hematopoiesis  [27,28].  They  rely  on 

CSF1R  (Colony  Stimulating  Factor  1  Receptor)  signaling  for  their 

development  and  survival  [29,30].  Among  leukocytes, which  have  been 

positively  correlated  with  cardiovascular  events  in  humans  [31–33], 

monocytes  play  a  pivotal  role  in  atherosclerosis  development. 

Hypercholesterolemia,  a  key  component  of  atherosclerosis,  has  been 

associated with increased circulating monocyte numbers (monocytosis) in 

mice, rabbits, swines and humans [34–36]. 

Circulating monocytes are identified as CD11b+ CD115+ cells, and exist 

as  two  functionally  distinct  subsets  in  both mice  and humans:  classical 

monocytes, identified as Ly6Chigh in mice and CD14high CD16low in humans, 

and  non­classical monocytes,  identified  as  Ly6Clow  and  CD14low CD16high 

[37]. An additional human population of CD14+CD16+ monocytes has also 

been documented. Developmentally, Ly6Clow monocytes were proposed to 

arise  from  Ly6Chigh  monocytes  [38,39].  Ly6Clow  monocytes  require  the 

transcription  factor  Nr4a1  (Nur77)  for  their  maturation  [40],  they  are 

commonly  referred  to  as  “patrolling  monocytes”,  as  they  are  closely 

associated to the endothelium which they survey in order to remove dead 

endothelial cells [41,42]. 

Ly6Chigh monocytes are also called “inflammatory” monocytes, as they 

accumulate during infections and are preferentially recruited to inflamed 

tissues  [38].  They  display  a  high  expression  of  CCR2  [43,44],  the  main 

chemokine  receptor  governing  monocyte  recruitment  to  inflammatory 

sites [45] as well as into atherosclerotic plaques. Plaque initiation is driven 

by Ly6Chigh monocyte recruitment to the intima of the endothelial wall [46–

50].  Their  inflammatory  nature  seems  to  be  supported  by  the  fact  that 

osteopetrotic mice, which lack functional CSF1 (Colony Stimulating Factor 

1)  and  therefore  monocytes  [51],  are  protected  against 

hypercholesterolemia­induced  atherosclerosis  [52–54].  In  1998,  two 

independent  studies  documented  the  key  role  played  by  monocyte 

recruitment to atheromatous lesions through the CCL2­CCR2 chemotactic 

axis, as mice deficient for CCR2 [55] or its ligand CCL2 [56] also displayed 

reduced atherosclerotic  lesions. Monocyte chemotaxis  in atherosclerosis 

was  further  characterized  in  2007,  as  Tacke  and  colleagues  provided 

evidence  of  the  relative  contribution  of  CCR2,  CCR5  and  CX3CR1  for 

monocyte  recruitment  into plaques  [47].  CX3CR1  is highly  expressed on 

Ly6Clow monocytes and remains detectable on Ly6Chigh monocyte  subset 

[57].  In  contrast,  CCR2  is  predominantly  expressed  by  the  Ly6Chigh 

population [57].  

Understanding the roles played by metabolism in monocyte biology is 

of key importance considering the limitations of current therapies. Indeed, 

limiting monocyte  recruitment  to  the  plaque  seems  to  be  a  reasonable 

strategy  for  reducing  the  development  of  atherosclerotic  lesions. 

Complementarily,  new  anti­inflammatory  approaches  have  recently 
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gained  great  interest.  Indeed,  lowering  the  inflammatory  response  has 

emerged as a novel therapeutic target to decrease CVDs related death and 

comorbidities.  Interleukine­6  (IL­6)  and  IL­1β  are  two  well­established 

pro­inflammatory  mediators  and  their  levels  are  increased  during 

atherosclerosis progression [58]. Among those two, the pro­inflammatory 

cytokine  IL­1β emerged as a major  mediator  of  atherosclerosis 

development [59–61]. Surprisingly, IL­1β  signaling was also shown to be 

an  important  component  of  plaque  remodeling  and  stability  [62].  The 

Canakinumab Anti­inflammatory  Thrombosis Outcome  Study  (CANTOS) 

trial  showed  that  patients  treated  with  the  IL­1β­targeting  monoclonal 

antibody  Canakinumab  had  a  lowered  cardiovascular­event­related 

mortality  rate.  However,  Canakinumab  treatment  induced  various  side 

effects  and  increased  susceptibility  to  infections,  resulting  in no overall 

survival benefits and underlining  the urgent need for other  therapeutic 

approaches [63,64]. 

Macrophages 

Macrophages are highly phagocytic cells that can be identified through 

their  co­expression  of  CD64  and  MerTK  [11].  Macrophages  are 

ubiquitously present across organs and play key roles both in health and 

disease [11]. A key function of tissue­resident macrophage is the removal 

of dead cells, a process named efferocytosis [65]. Every day around 0.4% 

of the total estimated number of 3.7 × 1013 cells dye in the adult human 

body  [66].  Although  all macrophage  populations  perform  efferocytosis, 

they also display tissue­specific functions such as heme detoxification and 

iron  handling  in  the  spleen,  surfactant  clearing  in  the  lungs  or 

thermogenesis regulation in brown adipose tissue [67,68]. This functional 

heterogeneity  can  partly  be  explained  by  the  developmental  origin  of 

macrophages. Microglia,  the  population  of  brain  resident macrophages, 

arise  from  yolk  sac  precursors  present  at  early  developmental  stages 

[69,70].  Alveolar  pulmonary  macrophages  originate  from  foetal  liver 

progenitors  [71] while  the population of  gut macrophages derives  from 

bone  marrow  precursors  [72].  Consequently,  embryonically­derived 

macrophages and monocyte­derived macrophages often coexist  in adult 

tissues  [73,74].  Like  monocytes,  tissue­resident  macrophages  rely  on 

CSF1R  signalling,  which  can  bind  either  IL­34  or  CSF1,  for  their 

maintenance. Interestingly, a tissue specificity for either ligand has been 

observed among tissue­resident macrophages, as microglia rely on IL­34 

while  large  peritoneal  macrophages  rely  exclusively  on  CSF1  [75,76]. 

Furthermore,  macrophage  heterogeneity  can  be  attributed  to  local 

environmental  features,  even  between  subsets  that  share  a  common 

developmental origin [11]. 

Atheromatous  plaque  macrophages  are  monocyte­derived 

macrophages  with  the  ability  to  proliferate  in  situ  following  their 

recruitment  and  differentiation.  The  understanding  of  macrophage 

diversity in metabolic disorders and inflammatory diseases is of particular 

Immunometabolism. 2020;2(4):e200028. https://doi.org/10.20900/immunometab20200028 

https://doi.org/10.20900/immunometab20200028


 

Immunometabolism  8 of 42 

interest  during  atherosclerosis,  as  multiple  macrophage  subsets  with 

specific  immune  profiles  and  functions  have  been  observed within  the 

plaque  [18,21–23]  (Figure  1A).  Our  knowledge  on  plaque  macrophage 

diversity  was  previously  restricted  to  pro­inflammatory  “M1” 

macrophages,  anti­inflammatory  “M2”  macrophages,  and  foam  cells 

which were considered inflammatory cells [5]. The in situ identification of 

these  subsets  was  based  on  immunohistochemistry  approaches,  while 

their functions were explored using in vitro models. However, new single 

cell  methods  have  now  revealed  more  layers  of  complexity  in  plaque 

macrophage  subsets  [18,21–23]. Notably,  the  single­cell RNA­Seq dataset 

from  Kim  and  colleagues  [23],  which  displays  the  greater  myeloid  cell 

enrichment,  shows  the  existence  of  several  distinct  populations  of 

inflammatory and anti­inflammatory subsets. Surprisingly, expression of 

the  archetypical  anti­inflammatory  macrophage  marker  CD206  also 

appears  on  populations  expressing  inflammatory  markers  (Figure  1A). 

Two macrophage populations  expressed high  levels  of  Lyve1,  a marker 

associated  with  tissue­resident  macrophages  [77]  which  were  also 

identified  by  Cochain  et  al.  [21]  (Figure  1A).  This  new  technology  also 

allowed  a  detailed  in  vivo  characterization  of  foam  cells,  identified  as 

Trem2high macrophages [23,78,79].  

Single  cell  studies  now  pave  the  way  to  understanding  plaque 

macrophage  biology.  Further  investigation  is  needed  to  determine  how 

these  different  subsets  participate  to  inflammation  or  its  resolution  via 

efferocytosis and plaque remodelling [19]. To establish the developmental 

connection between plaque macrophage populations and their particular 

localization  and  metabolic  demands  is  of  crucial  significance  to 

understand  the  pathological  mechanisms  occurring  during 

atherosclerosis progression. 

Dendritic Cells 

DCs  are  professional  antigen  presenting  cells  (APC).  Two major  DCs 

populations have been identified in mice and humans: the conventional 

(cDCs) and the plasmacytoid dendritic cells (pDCs). Both human and mouse 

cDCs highly and selectively express the transcription factor Zbtb46 (Zinc 

finger and BTB domain containing 46) [80,81]. Zbtb46 is not expressed by 

other myeloid  cells  such  as macrophages, monocytes  or neutrophils.  In 

mice, cDCs populations highly express CD11c and MHC II and two main 

subsets  have  been  identified  in  lymphoid  and  non­lymphoid  tissues.  In 

lymphoid  tissues,  cDC1s  express  CD8,  CD24  and  XCR1  while  cDC2s  are 

characterized  by  CD4  and  Sirpα  expression  [82].  In  the  majority  of 

nonlymphoid tissues, cDC1s are described as CD103+ XCR1+ and cDC2s as 

CD11b+  Sirpα+.  cDC1  and  cDC2  require  specific  transcription  factors  for 

their  development.  cDC1  depend  on  BATF3  (Basic  Leucine  Zipper 

activating  transcription factor–like  transcription factor 3) and IRF8 (IFN 

regulatory  factor  8)  while  cDC2  rely  on  IRF4  and  Notch2  for  their 

development  and maintenance  [82]. A  key  feature  of  cDCs  is  their  high 
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capacity  to  capture  antigens  in  peripheral  tissues  and  subsequently 

migrate  to  local  draining  lymph nodes  to  initiate  the  adaptive  immune 

response.  Another  major  function  of  cDCs  is  the  production  of  pro­

inflammatory cytokine such as IL­6, TNFα and IL­1 following activation of 

innate immunity receptors. This cytokine production leads to immune cell 

recruitment and mobilization and allows for specific and efficient immune 

responses. On the other hand, pDCs essentially release  type 1  interferons 

(IFN­I),  both  IFNα  and  IFNβ,  in  response  to  virus  infections  [83].  Their 
potential  implication  in atherosclerosis  is suggested by  the fact  that IFN­I 

decreases macrophage  phagocytic  abilities  [84]  and  that  IFNAR­deficient 

animals have decreased plaque area and macrophage content [85]. 

In  the  context  of  atherosclerosis,  cDCs  contribute  to  chronic 

inflammation by attracting and activating T cells [86]. The production of 

CCL17 by mature cDCs contributes to CD4+ T cells and regulatory T cells 

(Tregs) migration and recruitment  to plaques. CCL17 deletion  leads  to a 

slower  atherosclerosis  progression  and  a  decreased  number  of 

macrophages and T cells in plaques [87]. The presence of CD4+ T cells with 

a phenotype of antigen activated (CD44+) cells was documented in mouse 

atherosclerotic models  [17].  CD4+  T  cells  stimulation  requires  a  peptide 

loading  on  major  histocompatibility  complex  (MHC  II),  selectively 

expressed  by  antigen  presenting  cells.  The  cDC  antigen  presentation 

function seems to play a pivotal role in the progression of atherosclerosis. 

Nevertheless, and despite  recent progress  in  the  field,  the nature of  the 

antigen  (peptide  or  lipid)  remains  to  be  fully  understood.  For  instance, 

ApoB (the core protein in LDL) reactive CD4+ T cells were identified in pre­

clinical  atherosclerotic  models  [17]  and  humans  [88].  Immunization 

strategies were developed using ApoB epitopes and  those demonstrated 

atheroprotective  effect,  illustrated  by  reduced  plaque  area,  when 

conjugated  to  appropriate  adjuvants  [89,90].  This  protection  was 

associated  with  increased  IL­10  production,  an  anti­inflammatory 

cytokine mainly secreted by regulatory T cells (Tregs). In atherosclerotic 

patients, an oligoclonal T cell repertoire was observed in comparison to 

healthy patients [91,92]. This observation further supports the relevance 

of  antigen  presentation  during  disease  development.  Recently,  the 

generation  of  MHC  II  tetramers  loaded  with  ApoB­derived  peptide 

revealed  that  the  majority  of  ApoB­recognizing  T  cells  are  T  regs  [88]. 

Moreover,  the deletion of  two  important costimulatory molecules: CD80 

and CD86  in mice DCs decreased T­cell activation/infiltration  in plaques 

[93]  demonstrating  that  cDCs  play  a  crucial  role  during  disease 

development. 

In  advanced  plaques,  apoptotic  cell  accumulation  due  to  defective 

efferocytosis  leads  to  DNGR­1  activation  (dendritic  cell  NK  lectin  group 

receptor­1)  on  CD8a+  cDC1s,  which  blunts  IL­10  production,  therefore 

contributing  to  atherosclerosis  aggravation  [94].  However,  the 

mechanisms  underlying  the  defective  efferocytosis  in  DCs  are  still 

unknown and need to be deciphered. In conclusion, DCs, as pivotal players 
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linking innate and adaptive immunity, offer new insights that may lead to 

new therapeutic targets and notably vaccination strategies. 

Neutrophils 

Neutrophils are associated with the early inflammatory response [95]. 

Neutrophils  have  been  shown  to  either  be  able  to  directly  affect 

atherogenesis  [96], or contribute  to pathology onset by driving  immune 

cell entry in atherosclerotic lesions [97] and by promoting plaque rupture 

[98]  respectively.  This  suggests  an  important  crosstalk  between 

neutrophils and other immune and stromal cells. 

Growing evidence suggests that neutrophils play a pivotal role in the 

initiation of atherosclerosis. Neutrophil adhesion to the endothelial wall 

through  CCL3  and  CCL5  binding  on  CCR1,  CCR3  or  CCR5  triggers 

neutrophils  extravasation  and  their  entry  into  plaques  [99].  There, 

activated  neutrophils  release  granule  proteins  containing  chemotactic 

“alarmins”, such as cathelicidin/LL­37 in Human (CRAMP in mice), Human 

α­defensins (human neutrophil peptides, HNPs), azurocidin (HBP, CAP37) 

and serprocidins (elastase, cathepsin G, proteinase­3), inducing leukocytes 

attraction  and  recruitment  to  the  site  of  inflammation  (for  review  see 

[100]). In addition, S100A8/A9, a cytoplasmic protein, reduces neutrophils 

rolling on the endothelial wall and activates β2 integrin to facilitate 
leukocyte  extravasation  and  entry  to  the  site  of  inflammation  [101]. 

Interestingly,  alarmins  have  also  been  reported  to  contribute  to  the 

activation of inflammasomes such as NLRP3 [102]. NLRP3 activation leads 

to IL­1β and IL­18 production and to the HMGB1 alarmin (High­mobility 

group box 1 protein) release, creating a loop that amplifies innate immune 

responses  [103].  NLRP3  inflammasome  activation  then  increases 

neutrophil recruitment to inflammatory sites leading to the activation of 

neutrophil  extracellular  traps  (NETs)  [104].  NETs  are  web­like  fiber 

structures released by neutrophils and made of extracellular chromatin, 

nuclear  proteins,  and  serine  proteases.  NETs  are  known  to  increase 

monocyte  recruitment  to  inflamed  sites  and  trigger  reactive  oxygen 

species  (ROS)  and  proinflammatory  cytokines  release  by  macrophages 

[105,106].  In  this  context,  NETs  may  promote  type  I  interferon  (IFN­I) 

release  from pDCs contributing  therefore  to atherosclerosis progression 

and suggesting an essential crosstalk between neutrophils and pDCs [107]. 

Neutrophils have been found at sites of plaque rupture in patients with 

acute coronary syndrome [108]. Interestingly, neutrophils are essentially 

located in the unstable layers of human atherosclerotic lesions with a high 

inflammatory  activity  and  also  correlated  to  the  elevated  numbers  of 

monocytes found in these regions [99]. In addition, NETs are thought to be 

involved  in  plaque  destabilization  through  the  induction  of  endothelial 

cell  wall  cytotoxicity  in  humans  [109,110].  Neutrophils  are  the  main 

producer  of  myeloperoxidase  (MPO)  [111].  MPO  is  a  heme­containing 

peroxidase  that  catalyzes  the  formation  of  reactive  oxygen  species 

intermediates  [112]  that  induce  macrophage  cholesterylester 
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accumulation  and  foam  cell  formation,  leading  to  atherosclerosis 

aggravation  [113].  Recent  studies  have  highlighted  that  neutrophils 

undergo transcriptional regulations under inflammatory conditions and 

NETosis  [114,115].  The  significance  of  NETs  during  atherosclerosis  was 

extensively described in a recent manuscript [115].  

Mouse Models 

Mouse Cre­Lox systems have extensively been used to explore the role 

of  myeloid  cell  functions  in  atherosclerosis.  Lyz2Cre,  CX3CR1Cre  and 

CD11cCre mice were the most commonly used to study macrophages and 

neutrophils, monocytes,  and dendritic  cells  respectively. Although  these 

genes are dominantly expressed by the aforementioned cell  types, some 

well­documented overlaps in their expression exist between myeloid cell 

types.  Single­cell  sequencing  approaches  have  now brought  to  light  the 

subset­specific expression pattern of these genes within the plaque (Figure 

1B), which may allow more specific  targeting of myeloid  subsets within 

plaques and reinterpretation of previously generated data.  

As  expected,  Lyz2Cre  appears  to  be  virtually  ubiquitously  expressed 

across plaque resident myeloid cells. Although CX3CR1 expression is only 

restricted to certain myeloid subsets within the plaque, most macrophages 

are monocyte­derived cells which therefore expressed CX3CR1­driven Cre 

at  an  earlier  differentiation  stage.  However,  the  use  of  inducible 

CX3CR1CreERT2 models gives more flexibility to the model. As an example, 

Lin and colleagues recently used Cx3cr1CreERT2­IRES­YFP/+Rosa26fl­tdTomato/+ mice 

in a fate­mapping and single­cell approach [18]. The authors induced Cre 

expression when plaques were established,  immediately prior to plaque 

regression  induction  in  order  to  differentially  characterize  CX3CR1+ 

plaque cells and cells derived from CX3CR1+ precursors [18]. CD11cCre mice 

were extensively used to characterize DCs functions in health and disease. 

However, CD11c was also  shown  to be expressed by Ly6Clow monocytes 

[57]  which  can,  to  a  lower  extent  than  Ly6Chigh  monocytes,  infiltrate 

atheromatous  lesions  [47]. As  shown  in Figure 1B, plaque expression of 

CD11c  is  not  restricted  to  DCs,  but  also  concerns  certain  macrophage 

subsets including the now well identified TREM2high foam cells [23,78,79]. 

CD11cCre  mice  could  therefore  be  a  valuable  model  to  study  foam  cell 

metabolism during atherosclerosis.  

METABOLIC PHENOTYPE OF PLAQUE IMMUNE CELLS 

Atherosclerosis  progression  is  accompanied  by  a  modulation  of 

systemic  and  plaque  metabolites.  Recently,  non­invasive  imaging 

techniques,  commonly  used  in  oncology,  were  deployed  to  predict 

rupture­prone  plaques.  Positron  emission  tomography  (PET)  is 

traditionally  employed  to  investigate  myocardial  reperfusion.  PET/CT 

studies  revealed  an  accumulation  of  the  glucose  analog  18F­fluoro­2­

deoxy­d­glucose (18F­FDG) in atherosclerotic lesions in humans [116]. This 

suggested  increased  glucose  avidity  and  potentially  metabolization  in 
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plaque residing cells. A metabolomic analysis performed on iliac­femoral 

arteries  extracted  from  control  and  atherogenic  rabbits  revealed  an 

increased abundance of glycolysis and pentose phosphate pathway (PPP) 

metabolites  in plaque­enriched vessels [117]. Whether these metabolites 

accumulate  in  specific  immune  or  stromal  cell­type  remains  to  be 

established. In the following section we will discuss the impact of myeloid 

cell glucose metabolism on plaque development.  

Lipid Handling 

Monocytes 

Hypercholesterolemia,  the  predominant  metabolic  feature  of 

cardiovascular diseases, is known to influence hematopoiesis and induce 

a  differentiation  bias  of  hematopoietic  stem  cells  (HSCs)  towards  the 

myeloid  lineage.  Indeed,  HSCs  obtained  from  ABCA1−/−  ABCG1−/−  mice, 

lacking  transporters  involved  in  cholesterol  efflux,  display  increased 

proliferation  and  myelopoiesis  switch  [118].  This  phenomenon  is 

amplified in ApoE−/− mice, one of the most commonly used murine models 

of  hypercholesterolemia­induced  atherosclerosis  [119].  Taken  together, 

recent data on cholesterol­related myelopoiesis exacerbation suggest that 

an increase in cellular cholesterol content promotes membrane lipid raft 

formation  in  HSCs,  thus  promoting  the  stabilization  of  chemokine  and 

cytokine receptors at the cell surface and signal HSCs to quit quiescence 

[118,120–122]. 

Emerging  immunometabolism­centered  studies  have mainly  focused 

on  macrophages,  while  only  a  few  studies  investigated  monocyte 

metabolic  requirements.  This  may  partly  be  explained  by  technical 

difficulty of using undifferentiated monocytes in in vitro cultures. Recent 

studies  pointed  towards  lipid  metabolism  as  an  important  factor  of 

monocyte  homeostasis.  Using  a  BM  transplant  approach,  Babaev  and 

colleagues  reported  a  decreased  CCR2  expression  on  blood  monocytes 

from Ldlr−/− mice with FABP5−/− (Fatty­acid binding protein) hematopoietic 

compartment, suggesting a chemotaxis­dependent proatherogenic role of 

myeloid FABP5 expression [123]. FABPs regulate intracellular lipid traffic 

and control their access to specific organelles. By contrast, FABP4 deletion 

in immune cells had no impact on plaque development [123]. ApoE−/− mice 

with  myeloid­specific  deletion  of  lipoprotein  lipase  (Lpl)  displayed 

decreased plaque development [124]. Lpl hydrolyzes circulating TGs and 

control their levels. Impaired monocyte generation and differentiation to 

macrophages were observed in a mouse model of Lpl deficiency and were 

attributed  to  Lpl­dependent  regulation  of  CSF1R  signaling  [125]. 

Interestingly, FABP5 and Lpl mRNA were highly and selectively expressed 

in  Trem2+  foam  cells  (Figure  2A,B).  This  could  suggest  that  the 

atheroprotective effects of myeloid­specific deletion of Lpl might not be 

caused solely by monocytes but could additionally be the consequence of 

foam cell dysfunction. 
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Figure 2. Single­Cell analysis of plaque immune cell lipid metabolism. (A,B) Single­Cell RNA­Seq of aortic 

CD45+ cells from Ldlr−/− mice fed a HFD for (left) 11 weeks or (right) 12 weeks. Data from (left) Cochain et al. 

[21]  (GSE97310)  and  (right)  Kim  et  al.  [23]  (GSM3215435)  were  analyzed  using  the  Single­Cell  Explorer 

software  (Artyomov  lab).  (A)  Leukocyte  clusters  and  corresponding  KEGG Metabolic  Pathway  analysis. 

Fatty­Acid metabolism: KEGG mmu01212. Fatty­Acid degradation: KEGG mmu00071. List of markers used 

in Cochain et al.: Macrophages (mixed subsets): Itgam, Fcgr1, MerTK. Mixed NK and CD8 T cells: CD3, CD8, 

Klrb1c, Ncr1, Gzmb. Dendritic  Cells  (mixed  subsets):  Itgax,  Ciita,  Zbtb46. Monocytes:  Itgam,  Fcgr1,  Ly6C, 

CCR2. B cells: Ciita, CD19, CD79α/β. Mixed T cells: Lck, CD3, CD4, CD8, Rag1. Immature T cells: Lck (−), CD3(+), 
Rag1 (−), CD4 (−), CD8 (−). Mast cells: Furin, Il1rl1. CD8 T cells: Lck, CD3, CD8. Markers used in Kim et al. 

are in the legend for Figure 1A. (B) Expression pattern of genes involved in lipid metabolism (Kim et al. 

[23] (GSM3215435)).  
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The  importance  of  monocyte  lipid  metabolism  was  challenged  by 

recent data. Jordan and colleagues observed a decrease in blood monocyte 

numbers during fasting in humans. This effect could not be reverted by fat 

supplementation  in  mice,  while  carbohydrate  and  protein 

supplementation  both  restored  blood monocyte  counts  [126].  However, 

this modulation of monocyte counts was attributed to modulations of CCL2 

production  through  a  liver­BM  axis,  and  not  to  monocyte  cell­intrinsic 

mechanisms.  Nevertheless,  monocytes  from  fasted  mice  were  in  a 

pronounced  quiescent  metabolic  state  in  comparison  to  controls,  as 

extracellular flux analysis of these cells showed reduction in both oxygen 

consumption rate and extracellular acidification rate. This was associated 

with up­regulation of  inositol  triphosphate metabolism and suppression 

of serine and glutathione metabolism. Overall, this metabolic adaptation 

of monocytes to fasting was associated with improved outcomes in models 

of chronic inflammatory diseases [126].  

As  atherosclerosis  is  associated  with  numerous  systemic  metabolic 

alterations, these exciting results support the urgent need to identify the 

dietary­related  metabolic  mechanisms  controlling  monocyte 

inflammatory  and  migratory  potentials  in  this  disease.  Indeed,  both 

qualitative and quantitative diet modulations could then be envisioned as 

non­invasive prophylactic therapies for patients presenting monocytosis 

and metabolic syndrome.  

Macrophages 

Lipid­laden macrophages were first described inside of atherosclerotic 

lesions in the late 1970s [127]. These macrophages, called foam cells, take 

up  excessive  cholesterol  and  oxidized  LDL  (oxLDL)  particles  via  their 

scavenger  receptors, which  leads  to  the  intracellular  formation  of  lipid 

droplets [128–131]. The presence of these cells is considered as a hallmark 

of  atherosclerosis,  and  foamy macrophages  have  historically  been  held 

culprit for plaque progression.  

Intracellular accumulation of cholesterol has been linked to foam cell 

formation,  cytokine  production  and  atherosclerosis  progression  in  a 

mouse  model  of  defective  cholesterol  efflux  [132].  Atherosclerosis 

progression has been associated with the formation of cholesterol crystals, 

which results from reduced esterification of free cholesterol [133]. These 

crystals  can  trigger  inflammation  through  the  activation  of  the  NLRP3 

inflammasome and subsequent IL­1β maturation, which have lately been 

a major  focus of  atherosclerosis  research  [134].  These  results  support  a 

beneficial role for cholesterol efflux, which is mediated through the liver 

X  receptor  (LXR)­regulated  transcriptional  control  of  among  others  the 

cholesterol transporters ABCA1 and ABCG1. Mice deficient for LXRα and 
LXRβ display the formation of atheromatous lesions containing foam cells 

even  in  the  absence  of  diet­induced  hypercholesterolemia  [135]. 

Subsequently,  attempts  have  been  made  to  decrease  intracellular 

cholesterol accumulation and foam cell formation by the use of synthetic 
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LXR agonists which have proven to be beneficial in pre­clinical models of 

atherosclerosis  [136–138].  Consistently,  myeloid­specific  deletion  of  the 

LXR­regulated  ABCA1/G1  cholesterol  transporters  was  shown  to 

exacerbate  atherosclerosis  development  [139].  Alternatively  activated 

(M2)  human  monocytes  and  macrophages  were  reported  to  be  less 

responsive  to  LXR  agonists  [140].  Interestingly,  they  also  displayed  less 

foam cell traits despite decreased ABCA1 expression. This was countered 

by an improved cholesterol esterification capacity (an anti­inflammatory 

mechanism)  [141],  suggesting  that efficient cholesterol handling may be 

more valuable than cholesterol efflux [140]. PPARα stimulation positively 

regulates  ABCA1  expression  [142].  Additionally,  PPARγ  activation  also 
increases  ABCA1  expression  via  LXR  [143].  PPARα  prevents  foam  cell 

formation  and  decreases  plaque  development  [144,145].  PPARγ  agonist 
also decreased foam cell formation [144]. The role of PPARs in macrophage 

biology and atherosclerosis is extensively reviewed in [146,147]. However, 

whether and how precisely PPARs affect specifically different myeloid cell 

populations  in plaque remains  to be defined. We recently reported that 

lysosomal  acid  lipase  (LIPA)­dependent  cholesterol  hydrolysis  promotes 

macrophage  efferocytic  capacity  [148].  LIPA  is  expressed  by  all  plaque 

macrophage subsets and is particularly enriched in foam cells (Figure 2B). 

The relevance of our observations linking LIPA activity and efferocytosis 

to  atherosclerosis  needs  to  be  further  investigated,  as  multiple  studies 

reported a correlation between LIPA variants and coronary artery disease 

[149,150]. 

Macrophage  foam  cell  formation  is  regulated  by  natural  antibodies 

recognizing  modified  LDL  particles  and  apolipoproteins.  Indeed,  the 

inhibition of oxLDL uptake by oxLDL­specific natural IgMs, which mask 

oxidized  epitopes,  decreases  foam  cell  formation,  inflammation  and 

atherosclerosis development [151–153]. The production of oxLDL­specific 

antibodies,  both  of  the  IgM  and  IgG  isotype,  occurs  during  the 

development of atherosclerosis [154]. IgG­containing immune complexes 

are  recognized  by  FcγR  receptors,  and  ApoE−/−  mice  deficient  for 

FcγRIIb/CD32b, a low affinity inhibitory receptor, showed reduced plaque 

lipid  content  suggesting  lower  foam  cell  formation  [155].  This  was 

associated  with  an  overall  increase  in  plaque  stability,  as  well  as  in 

circulating levels of oxLDL and IgG­ApoB immune complexes, suggesting 

a  lower  uptake  of  these  particles  by  macrophages  [155].  Foam  cell 

formation was also reported to be induced by ApoA1­specific IgG in vitro 

[156]. Although atherosclerosis­associated IgMs and IgGs display different 

roles in foam cell formation, only the former are robustly associated with 

a (protective) role in the development of the disease [157].  

In macrophages, a consequence of foam cell formation could be lipid 

overload­induced toxicity, which may hypothetically be a determinant of 

plaque necrosis. Both fatty acid metabolism and degradation pathways are 

enriched in plaque macrophages (Figure 2A). The hypoxia­inducible lipid­

droplet­associated  (Hilpda) protein has emerged as a key player  in  lipid 
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droplet handling. Its role as a lipid­sensor and inhibitor of ATGL (the rate 

limiting enzyme of adipose tissue lipolysis) promotes lipid accumulation 

into lipid droplets and foam cell formation [158]. In plaques, Hilpda mRNA 

was preferentially expressed  in  inflammatory macrophages  (Figure 2B). 

This Hilpda­mediated lipid storage was reported to be necessary for the 

maintenance  of macrophage  viability  upon  lipid  overload,  suggesting  a 

beneficial  role  for  lipid  storage  in  terms of  survival  [159]. Nevertheless, 

Hilpda  deficiency  was  shown  to  decrease  atherosclerosis  development 

and plaque lipid content, without affecting plaque macrophage apoptosis 

[159].  The  authors  attributed  this  phenotype  to  the  Hilpda­dependent 

macrophage  lipid  accumulation  and  production  of  prostaglandin  E2, 

which promotes vascular inflammation [160].  

Overall, previous reports point towards a proatherogenic role for foam 

cells. However, the emergence of omics approaches led recent studies to 

challenge this view. Foamy peritoneal macrophages extracted from Ldlr−/− 

mice  fed  a  high  cholesterol  diet  surprisingly  showed  a  LXR­mediated 

down­regulation  of  genes  associated  with  inflammatory  responses  and 

chemotaxis  [161]. A  turning point  in  foam cell research was reached by 

Kim and colleagues, who developed a strategy to isolate and characterize 

plaque  foam  cells  using  a  lipid  probe­based  strategy  [23].  Surprisingly, 

their results showed that foam cells only represent around 10% of aortic 

macrophages in atherosclerotic mice, although this proportion may vary 

depending  on  isolation  efficiency.  Moreover,  both  bulk  and  single  cell 

RNA­Seq  approaches  showed  that  foamy  macrophages  are  rather  anti­

inflammatory  in  comparison  to  non­foamy  plaque  macrophages.  As 

discussed earlier, this is of particular interest in the context of the recent 

CANTOS  trial,  as NLRP3  and  IL­1β expression were clearly a feature of 
non­foamy macrophages [23]. While previous studies relied greatly on in 

vitro  models  to  analyze  macrophage  lipid  metabolism  and  foam  cell 

formation, this innovative approach may have supplied the methodology 

to further characterize foam cells in vivo. As discussed earlier,  studying 

macrophages  in  the  context  of  their micro­environment  has  repeatedly 

proven to be the key to understanding their biology.  

In vitro studies revealed that IL­4 induces a specific metabolic profile 

in  macrophages.  These  cells  are  named  alternatively  activated  (M2) 

macrophages and rely on  fatty acid oxidation for  their metabolic needs 

[162]. Seminal studies demonstrated that fatty acid oxidation inhibition in 

macrophages  prevents  their  M2  phenotype.  This  concept  was  recently 

challenged by the demonstration that etomoxir, a specific Cpt1a inhibitor, 

has “off­target” effects even at fairly low concentrations [163,164]. Genetic 

Cpt2­deletion failed to affect macrophage alternative polarization, further 

challenging the previously established dogma [165]. Cpt1 and Cpt2 mRNA 

were detected  in plaque­resident myeloid cells without a subset­specific 

signature (Figure 2B). Whether plaque resident macrophages rely on fatty 

oxidation and Cpt1 remains currently unknown. Importantly, macrophage 

alternative  activation  depends  on  CD36,  a membrane  receptor  for  long 
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chain fatty acids [162]. Single­cell RNA­Seq analysis revealed that CD36 is 

highly expressed in Lyve1+ plaque resident macrophages (Figure 2B). Of 

interest, Lyve1 is a canonical M2 activation marker which, together with 

CD36  expression,  might  help  identifying  the  real  in  vivo  alternatively 

activated  macrophage  relying  on  fatty  acid  oxidation  (at  least  in  the 

context  of  the  plaque).  CD36  is  involved  in  non­classical  monocyte 

patrolling  during  atherosclerosis  induction  [166].  Previous  reports 

demonstrated  that  CD36  plays  a  crucial  role  during  atherosclerosis 

development but  it  remains unclear how CD36 governs plaque myeloid 

cell metabolism [167–170]. For instance, CD36 signaling is involved in ROS 

generation and controls macrophage cytoskeleton organization [171].   

Dendritic cells 

One  of  the  major  proofs  of  DCs  implication  in  atherosclerosis 

development  is  their  impact  on  cholesterol  homeostasis.  Indeed,  DC 

depletion  in  hyperlipidemic  CD11c­DTR ApoE−/− mice  leads  to  increased 

hypercholesterolemia but no change in atherosclerosis due to lower DC­

driven  T­cell  activation,  suggesting  that  there  is  a  close  relationship 

between DCs and cholesterol homeostasis. CD11c expression in plaque is 

not  restricted  to  DCs,  and  this  function  might  be  shared  with  CD11c­

expressing  macrophages  (Figure  1B).  Increasing  DC  survival  by 

overexpressing  Bcl2  leads  to  decreased  cholesterol  plasma  levels  [172]. 

However, long term DC depletion led to a progressive myeloproliferative 

syndrome, highlighting an  indirect  impact on  the hematopoietic  system 

[173]. Additionally,  in Ldlr­deficient mice, DCs  in atherosclerotic  lesions 

have been shown to capture oxLDL contributing  to  foam cell  formation 

and therefore to atherosclerosis progression [174].  

Despite the fact that pDCs are present in a relatively low frequency in 

human and mouse atherosclerotic plaques, this cell type also plays a role 

in atherosclerosis development. pDCs numbers are increased in aortas of 

ApoE−/− and Ldlr−/− mice fed a high­fat diet [24,175].  Intriguingly, ApoE−/− 

mice depleted in pDCs display decreased lipid­containing area, lower T cell 

activation  and  lower macrophage  accumulation  in  the  plaque  [176].  In 

addition,  when  treated  with  oxLDL,  pDCs  show  increased  phagocytic 

capacity  as  well  as  a  stimulated  antigen­specific  T  cell  response  [177]. 

Genetic pDC depletion, following diptheria toxin administraton in BDCA2­

DTR atherogenic mice, led to increased lesion area [175]. Moreover, TLR­

induced  IFN­I  production  by  pDCs  is  triggered  by  neutrophils  NETs  in 

human atherosclerotic plaque [178]. All together, these data suggest that 

pDCs  might  be  interesting  targets  in  controlling  the  evolution  of 

atherosclerosis. However, pDCs role in atherosclerosis is still under debate 

due to  the opposite effects  the antibody used against pDC bone marrow 

stromal  cell  antigen­2/PDCA1  has  on  Ldlr−/−  and  ApoE−/−  mouse 

[176,177,179]. 
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Neutrophils 

Cholesterol  metabolism  appears  to  play  a  key  role  in  neutrophil 

biology,  as  both  Ldlr−/−  and  ApoE−/−  mice  fed  a  high  fat  diet  display 

increased  blood  neutrophil  numbers  [119].  Cholesterol  efflux  receptors 

such  as  ABCA1/ABCG1  notably  regulate  neutrophil  adhesion  and 

activation  [180].  Moreover,  neutrophil  accumulation  and  NETosis  have 

also been found in the context of defective cholesterol efflux induced by 

ABCA1  and ABCG1  deficiency  [181]  (for  review  see  [182]).  Additionally, 

inhibition  of  cholesterol  efflux  in myeloid  progenitors  led  to  increased 

neutrophil production while a disruption in the chemotactic axis CXCL12­

CXCR4  in  the  BM  led  to  neutrophilia  and  therefore  amplified  lesion 

formation  [97].  Moreover,  mice  fed  a  high­fat  diet  show  significant 

increase in circulating neutrophil numbers [183]. However, surprisingly, 

epidemiological  studies  in  humans  have  shown  a  positive  correlation 

between elevated numbers of circulating neutrophils and cardiovascular 

events,  independently  from  serum  cholesterol  levels  [184].  In  addition, 

fatty  acids  have  also  been  proposed  to  be  involved  in  neutrophils 

metabolic demands. Indeed, fatty acid receptors including free fatty acid 

receptor­1 (FFAR1/GPR40), free fatty acid receptor 2 (FFAR2/GPR43), and 

GPR84 are expressed on neutrophils [185]. However, short term fasting in 

humans  had  no  effect  on  circulating  neutrophil  levels  [126].  Cell­

autonomous  effects  of  lipids  on  neutrophils  and  their  relevance  in 

atherosclerosis require further investigations.  

Glucose Metabolism in Myeloid Cells 

Monocytes 

Unlike tissue­resident immune cells, monocytes need to quickly adapt 

to their new environment after blood vessel extravasation and entry into 

peripheral tissues. This seems critical in atherogenic conditions, as recent 

evidence  suggests  that  monocytes  might  contribute  to  the  onset  of  the 

disease due  to  their sensitivity  to  the plaque micro­environment, rather 

than  to  a  preexisting  inflammatory  phenotype.  Notably,  Williams  and 

colleagues  showed  that newly­recruited monocytes  lose motility as  they 

differentiate  into  macrophages  within  the  plaque,  thus  reducing  their 

capacity  to  reach  apoptotic  cells  located  deeper  within  the  plaque  and 

perform efferocytosis  [186]. This  rapid adaptation probably requires an 

adjustment of metabolic pathways to the locally available substrates.  

In  humans,  glucose  metabolism  disorders  such  as  diabetes  mellitus 

have been associated with cardiovascular diseases, though the underlying 

cellular  mechanisms  remain  unclear  [187,188].  The  use  of  the  glucose 

analog  18F­FDG  in  PET­CT  imaging  has  brought  to  light  a  correlation 

between  acute  coronary  syndrome  and  18F­FDG  accumulation 

(representative of glucose avidity) in the bone marrow and the spleen (the 

later  probably  reflecting  extramedullary  hematopoiesis)  in  at  least  two 

independent cohorts [189]. Interestingly, Oburoglu and colleagues showed 
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that  in  vitro  (human  CD34+  cells)  and  in  vivo  (newborn  mice), 

administration of 2­deoxyglucose, a partially non metabolizable glucose 

analog used to inhibit glycolysis, restricted myeloid differentiation while 

promoting  erythroid  differentiation  of  HSCs  [190].  Consistently,  using 

chimeric  pre­clinical  models  of  atherosclerosis,  our  group  previously 

reported a decrease in myelopoiesis and plaque development in mice with 

partial  deficiency  for  Glut1,  the  main  glucose  transporter  in  the 

hematopoietic  compartment  [191].  Increased  glucose  levels  in  diabetic 

mice  drive  myelopoiesis,  further  supporting  the  evidence  that  glucose 

metabolism  favors  myeloid  cells  generation  [192].  Interestingly,  Jordan 

and  colleagues  reported  a  direct  relation  between  food  intake  and 

systemic  CCL2  levels, which  allows  for monocyte  egress  from  the  bone 

marrow  compartment  to  the  blood  circulation  [126].  This  effect  was 

mainly  attributed  to  glucose  metabolism,  as  the  authors  observed  a 

positive correlation between blood monocyte counts and the quantity of 

gavage­administered glucose. Furthermore, monocyte mobilization could 

be inhibited by gavage with 2­deoxyglucose [126]. As discussed earlier, the 

CCL2­CCR2  chemotactic  axis  governs  monocyte  recruitment  to 

atherosclerotic plaques and progression of the diseases [47]. Importantly, 

monocyte  CCR2  expression  strongly  associates  with  vascular  wall 

inflammation in patients with CVD risk [193]. However, whether glucose 

affects chemokine receptor expression on monocytes and facilitates their 

entry  into  inflamed  plaques  remains  to  be  explored.  In  a  pre­clinical 

plaque  regression  model,  it  was  demonstrated  that  lowering  plasma 

glucose concentration prevents monocyte entry into the inflamed plaque 

and  improves pathology resolution [192]. Nevertheless, whether glucose 

lowering therapies affect monocyte CCR2 expression and their ability to 

enter  into  plaques  and  differentiate  into  macrophages  also  requires 

further investigations. 

Macrophages 

Macrophages  rely  on  the  membrane  transporter  Glut1,  encoded  by 

Slc2a1, for glucose entry. Slc2a1 is ubiquitously expressed among plaque 

myeloid cells (Figure 3A,B). However, transcriptomic analysis revealed an 

enrichment  in  transcripts  related  to  glycolysis  and  PPP  pathways  in 

macrophages and DCs (Figure 3A,B). Glut1 is solely responsible for glucose 

entry into macrophages, as its ablation using genetic models demonstrated 

that  other members  of  this  family  of  transporters  cannot  substitute  its 

absence  [194].  Thus,  Lyz2cre  ×  Slc2a1fl/fl  animals  have  minimal  glucose 

entry associated with decreased levels of many glycolysis and PPP­related 

metabolites  [194].  Compensatory  mechanisms  led  to  increased 

tricarboxylic acid cycle (TCA) metabolites in Glut1­deficent macrophages 

in comparison to controls [194]. Interestingly, when crossed to atherogenic 

Ldlr−/− mice, Lyz2cre × Slc2a1fl/fl × Ldlr−/− animals had similar plaque size as 

control mice [194]. Macrophage content, quantified by MOMA2 staining, 

remained  similar  as  well.  However,  mice  with  Glut1­deficient  myeloid 
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cells had an elevated  frequency of necrotic  core per plaque  that paired 

with  a  partial  deficiency  in  efferocytosis  [194].  This  observation  was 

confirmed in another study using the same genetic model [195].  Indeed, 

efferocytosis triggers a specific metabolic reprogramming of macrophages 

that relies mainly on glycolysis [195] and lowering glucose concentration, 

or  pharmacological  or  genetic  Glut1­inhibition  all  efficiently  alter 

macrophage  efferocytosis  [195]. Glut1  expression  is  increased  following 

macrophage TLR4  stimulation with LPS  to  facilitate glucose entry  [196], 

though  the  relevance  of  this  observation  for  plaque  formation  or 

maintenance requires further investigation. LPS also leads to accelerated 

glucose flux and increased glycolysis and PPP activation. This is supported 

by  the  transcriptional  regulation  of  key  enzymes  involved  in  the 

aforementioned  pathways.  Thus,  LPS  increases  the  expression  of  two 

critical  enzymes  (HK3  and  PFKFB3)  involved  in  glycolysis,  and  this  is 

paralleled  by  increased  pro­inflammatory  cytokine  production  [13].  In 

plaques,  HK3  is  found mainly  in  a  population  of  Trem2+  macrophages, 

while PFKFB3 expression is higher in inflammatory macrophages (Figure 

3B).  Four HK  (hexokinase)  isoforms  have  been  identified.  Interestingly, 

HK1 was not enriched in a specific plaque immune subset, while HK2 is 

highly  expressed  in  inflammatory macrophages  (Figure  3B).  Again,  the 

biological significance of this observation needs further work. However, 

macrophage­specific  Glut1  overexpression,  despite  increasing  glucose 

entry  and  metabolization,  failed  to  generate  an  increased  pro­

inflammatory cytokine production [13]. Plaque size, macrophage content 

and  necrotic  core  area were  similar  between  control  and macrophage­

Glut1  overexpressing  animals  [13].  This  observation  is  surprising  since 

increased glucose levels in mice have been associated with a macrophage 

pro­inflammatory phenotype and disease severity. Taken together, these 

observations  suggest  that  glucose  flux  through  Glut1  contributes  to 

myeloid cells activation during atherosclerosis, but this is not sufficient to 

fully  explain  the  pro­inflammatory  phenotype  of  plaque  macrophages. 

Macrophage  alternative  polarization  also  requires  efficient  glucose 

metabolism [197]. Blocking pyruvate mitochondrial entry and subsequent 

TCA  incorporation  leads  to  decreased  ATP  production  [197].  This  is 

consistent  with  the  role  of  glucose  in  TCA  cycle  activation  and  ATP 

generation. Inhibition of the enzyme Acly, playing a key role in Acetyl­CoA 

generation,  prevents  macrophage  alternative  polarization  in  murine 

macrophages  [198].  The  human  relevance  of  this  observation  was 

challenged in a recent report using pharmacological inhibitors and genetic 

approaches  [199]. However, whether  those pathways affect particularly 

the metabolic rewiring of a specific subset of plaque resident myeloid cells 

remains to be defined.  
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Figure 3. Single­Cell analysis of plaque immune cell glucose metabolism. (A,B) Single­Cell RNA­Seq of 

aortic CD45+ cells from Ldlr−/− mice fed a HFD for (left) 11 weeks or (right) 12 weeks. Data from (left) Cochain 

et al. [21] (GSE97310) and (right) Kim et al. [23] (GSM3215435) were analyzed using the Single­Cell Explorer 

software  (Artyomov  lab).  (A)  Leukocyte  clusters  and  corresponding  KEGG Metabolic  Pathway  analysis. 

Glycolysis: KEGG mmu00010. Pentose Phosphate Pathway: KEGG mmu00030. The lists of markers used to 

identify subsets are in the legend of Figures 1 and 2.  (B) Expression pattern of genes involved in glucose 

metabolism (Kim et al. [23] (GSM3215435)).  

Interestingly, Folco and colleagues reported no modulations in glucose 

uptake  when  stimulating  human  primary  macrophages  with  pro­

inflammatory cytokines [200]. However, glucose uptake was increased in 

hypoxic  conditions,  along  with  increased  HK2  expression,  while  HK1 
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expression  remained  unchanged.  Immuno­histochemical  analysis  of 

human atherosclerotic  lesions  showed  a  colocalization  of HK2 with  the 

transcription  factor  HIF­1α (Hypoxia­inducible  factor­1),  a  well­

established  regulator  of  glycolysis  [200].  Hif­1α  mRNA  is  ubiquitously 

expressed  among  plaque  resident  immune  cells,  most  of  which  also 

express HK2 but not HK1, thus supporting these observations (Figure 3B). 

Advanced plaques contain hypoxic regions due to restricted blood supply 

and Hif­1a expression was detected  in mouse and human plaques  [201–

204].  Conditional  deletion  of  Hif­1α  in myeloid  cells  (Lyz2cre  ×  Hif­1αfl/fl 

mice) didn’t impact plaque size [205]. However, when Hif­1α was deleted 

in  CD11c­expressing  cells,  an  increased  plaque  area  was  documented, 

suggesting that this transcription factor mainly operates in CD11c­positive 

cells  that  could  be  DCs  or  a  subset  of  macrophages  (Figure  1B)  [205]. 

CD11ccre × Hif­1αfl/fl mice displayed increased necrotic core area that might 

result from defective glucose­driven efferocytosis [205]. However, a recent 

report demonstrated that Lyz2cre × Hif­1αfl/fl mice have less plaque lesions 

when compared to control mice [206]. Surprisingly, Hif­1α deficient mice 

displayed less apoptotic cells and blunted glucose uptake [206].  

LPS  also  regulates  glucose  flux  into  the  PPP.  LPS  decreased  the 

expression  of  the  enzyme  Shpk  (CARKL)  involved  in  the  non­oxidative 

branch  of  the  PPP  [207].  Conversely,  IL­4  induced  CARKL  expression  is 

required for optimal macrophage alternative polarization. CARKL genetic 

deficiency forces glucose flux into the glycolysis pathway at a level similar 

to the one seen upon LPS challenge [207]. Shpk expression is not restricted 

to a selective myeloid cell population in plaques (Figure 3B). In advanced 

plaque, macrophage local proliferation contributes to plaque growth [208] 

and  one  would  expect  that  the  PPP  pathway,  involved  in  nucleotide 

generation,  is  highly  activated.  This  was  not  yet  documented  to  our 

knowledge.  Interestingly,  a  recent  report  demonstrated  that 

hypercholesterolemia suppressed the PPP in macrophages [209]. Whether 

this  mechanism  occurs  in  plaque  during  atherosclerosis  development 

remains to be tested.  

Dendritic cells 

Several  populations  of  DCs  have  been  identified  in  plaques,  both  in 

mice and humans (Table 2 and Figure 1). However, little is known about 

the  metabolic  configuration  of  plaque  resident  DCs.  Following  TLR4 

activation  with  LPS,  DCs  rapidly  undergo  a  metabolic  switch  towards 

glycolysis [210,211]. LPS exposure increases glucose consumption rate and 

increases Glut1 expression in DCs [210]. This is paralleled by augmented 

nitric  oxide  (NO)  production  that  subsequently  decreases  oxidative 

phosphorylation (OXPHOS) activity, ATP levels and mitochondrial activity. 

Consistently,  activated  DCs  show  less  oxygen  consumption  rate  than 

resting  DCs  [210].  Thus,  NO  seems  to  play  a  pivotal  role  in  metabolic 

regulation  [211].  In  DCs,  endogenous  nitric  oxide  production  inhibits 

OXPHOS  and  commit  those  cells  to  glucose  metabolism  and  aerobic 
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glycolysis  similar  to  the Warburg  effect  described  in  tumor  cells  [211]. 

Additionally,  LPS­induced  NO  production  contributes  to  DCs  induced 

death  following  activation  [211].  This  glycolytic  reprogramming  that 

happens  within  minutes  after  TLR  stimulation  is  called  the  “glycolytic 

burst” and leads to de novo fatty acid synthesis needed for inflammatory 

cytokine  production  [212].  In  addition,  glucose  restriction  decreases 

activated­DC maturation, life span and cytokine secretion.  

As compared to the rapid increase in glucose flux, Glut1 upregulation 

in  DCs  takes  hours  to  build  up  following  TLR  stimulation.  Therefore, 

exogenous  glucose  internalization  seems  unlikely  to  be  the  source 

required during early DC activation. This lag was recently solved by Thwe 

and colleagues who showed that intracellular glycogen reserves fuel DCs 

metabolic  demands  during  early  DC  activation  and  that  glycogen 

metabolism is required by these cells to initiate proper immune effector 

responses [213]. Of note, high glucose concentration increased the oxLDL­

uptake capacity of DCs and augmented their IL­6 and IL­12 secretion while 

decreasing their IL­10 production [214]. 

Neutrophils 

Unlike macrophages and monocytes,  little  is known about neutrophil 

metabolic configuration in health and disease. This might be explained by 

the difficulty to analyze these cells ex vivo. Moreover, single­cell RNA­Seq 

analysis  on  neutrophils  is  rather  difficult  because  these  cells  typically 

possess  lower  number  of  transcripts  when  compared  to  T  cells  and 

macrophages.  Neutrophils  have  long  been  thought  to  mainly  rely  on 

glycolytic  metabolism  [215],  but  neutrophils  are  able  to  switch  from 

glycolysis  to  different  metabolic  pathways  such  as  OXPHOS  [216,217]. 

Increased  glycemia  favors  granulopoiesis  and  neutrophil  release  in  the 

blood  circulation  [191,192].  How  modulation  of  plasma  glucose  levels 

impacts on neutrophil chemotaxis, especially their recruitment, retention 

and survival in the atherosclerotic plaque, is another exciting question.  

Amino Acids 

In addition to glucose and lipids, amino acids are a source of energy for 

immune cells. Amino acids are essential metabolites for protein synthesis 

that act as  intermediates  in metabolic pathways. Amino acids modulate 

immune  cell  functions  such  as  activation,  differentiation,  proliferation, 

gene expression, redox status or cytokine production. However, the role of 

amino  acids  on  immune  cell  functions  during  atherosclerosis  remains 

poorly understood.  

In vitro studies have demonstrated the impact of glutamine metabolism 

on  macrophage  polarization  [218,219].  More  recently,  Tavakoli  et  al. 

highlighted  increased  glutamine  accumulation  in  aortas  obtained  from 

Ldlr−/− mice. In this study, the autoradiography shows a non­homogenous 

glutamine accumulation that diverges according to macrophage activation 

profile. The combination of 2­deoxyglucose and glutamine accumulation 
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within  the  aorta  could  predict  the  dominant  macrophage  polarization 

profile within  the  plaque.  Indeed,  a  greater  accumulation  of  glutamine 

than 2­deoxyglucose supposes a dominant anti­inflammatory population 

while  the  opposite  indicates  a  higher  content  of  pro­inflammatory 

macrophages. This study is one of the first to suggest a role for glutamine 

on plaque macrophage functions [220]. 

Besides  glutamine,  arginine  is  a  key metabolite  in  vascular  function 

and  tone  due  to  its  role  in  the  production  of  nitric  oxide  (NO).  Indeed, 

arginine  is  metabolized  both  by  arginase  1  (Arg1)  and  inducible  nitric 

oxide synthase (iNOS) to produce ornithine and urea or NO respectively. 

As those two enzymes compete for the same substrate, the use of arginine 

by Arg1 limits NO production, a macrophage pro­atherogenic factor [221]. 

In Ldlr−/− mice, microarray analysis showed an increase Arg1 expression 

in  carotid  artery  during  early  atherosclerotic  lesions.  Moreover,  Arg1 

deficiency promoted NO synthesis upon lipid loading. Hematopoietic Arg1 

deletion  induced  increase  foam  cell  formation  in  the  peritoneum. 

However, after 10 weeks of western diet, Arg1 deficiency in Ldlr−/− mice 

had  no  effect  on  the  plaque  size  nor  on  the  plaque  composition  [222]. 

Similarly,  in Ldlr−/− mice deficient  for Arg1  specifically  in myeloid  cells, 

Yurdagul  et  al.  did  not  observe  any  phenotypic  difference  within  the 

plaque.  However,  in  a  regression  model,  the  authors  demonstrated 

defective efferocytosis within the plaque leading to impaired regression, 

increased  necrotic  core  area  and  decreased  cap  thickness.  In  addition, 

ornithine  produced  by  Arg1  can  be  subsequently  metabolized  to 

putrescine  by  ODC  (ornithine  decarboxylase)  [223,224].  Putrescine 

supplementation  improves  plaque  macrophage  efferocytosis  leading  to 

reduced  lesion  and  necrotic  core  size,  as  well  as  cap  thickness  [225]. 

Conversely,  ApoE−/−  mice  deficient  for  iNOS  in  the  bone  marrow 

compartment have reduced atheromatous lesions showing that leukocyte 

mediates the pro­atherogenic effect of iNOS in mice [226]. 

CONCLUSIONS AND FUTURE DIRECTIONS 

The  field  of  immunometabolism  is  a  rapidly  expanding  one  that 

provides new insights on the role of specific metabolites in immune cells 

during health and disease. Atherosclerosis  is characterized by increased 

plasma  glucose  and  cholesterol  concentrations,  and  we  only  recently 

started  to  appreciate  how  precisely  these  two  metabolites  impact  on 

plaque resident myeloid cell functions and on their generation from bone 

marrow­derived precursors. The precise circuits incorporating glucose in 

macrophages,  monocytes,  DCs  and  neutrophils  remain  to  be  fully 

understood.  Eventually  this  might  help  to  apprehend  how metabolism 

supports  key  functions  specific  for  each  population.  For  example, 

understanding how metabolism guides monocyte recruitment to plaques 

as  well  as  their  retention  or  eventual  egress  will  be  of  significant 

importance for the field. Regarding macrophages, we recently learned that 

glucose metabolism  sustains  one  of  their  key  functions:  the  removal  of 
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apoptotic cells [194,195]. Whether glucose modulates macrophage motility 

in plaque or their interaction with the extracellular matrix remains to be 

elucidated. Recent reports demonstrated that DCs cytokine production is 

tightly  regulated  by  their  metabolic  configuration  [227].  Glucose 

metabolism regulates DCs migration via regulation of the key chemokine 

receptor CCR7 [228,229]. Of note, the role of CCR7 during atherosclerosis 

remains debated with studies reporting that CCR7­deficient mice display 

smaller  [230],  similar  [231] and  increased  [232] plaque area. One might 

wonder whether  this mechanism occurs  during  atherosclerosis  as well. 

Specific metabolic  configuration might be  required  for  efficient peptide 

presentation to conventional T cells via MHC II or lipids to NKT (Natural 

Killer T)  cells via CD1d. Another crucial question  is whether  the way of 

metabolite  incorporation  in  myeloid  cells  affects  their  intracellular 

distribution.  Apoptotic  cell  ingestion  by  myeloid  cells  leads  to 

internalization of metabolites contained in the dying cell [225]. Thus, the 

efferocytes need to either incorporate these metabolites into their circuits, 

store them in specialized compartments or expulse them in the interstitial 

space where they could be used by neighbor cells.  

Single­Cell  RNA­Seq  moved  the  field  forward  toward  a  better 

understanding of  the  immune diversity and functions  in atherosclerotic 

plaque. Nevertheless, the predictions generated via this technique need in 

detail  in  situ validation. Recently, an elegant approach was validated  to 

investigate  single­cell metabolism  in  local  environment  [233].  This  new 

technical advance will be helpful to investigate whether different myeloid 

cell  populations  residing  in  plaque  possess  a  unique  enzymatic  profile. 

These  analyses  could  also  reveal  a  zonation  in  plaque  enzyme  and 

metabolite distribution. The  field will  benefit  from our  future ability  to 

dose locally metabolites at the scale of the milieu surrounding a cell as well 

as cellular micro­compartmentalization. This, together with our ability to 

measure enzymatic activities and at the same scale will certainly make our 

task of making sense of metabolism an easier one. Our computing ability 

to  integrate  all  those  parameters  will  also  facilitate  the  large­scale 

understanding of deciphering how access and competition for nutrients 

shape immunity and to what extent this can be used as new therapeutic 

handles. 
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Abstract

Lymphatic collecting vessels and lymph nodes are inevitably embedded in adipose

tissue. The physiological significance of this observation remains still not elucidated.

However, obesity is characterized by impaired lymphatic function and increased vessel

permeability. Inversely, lymphatic dysfunction induces obesity in mice, suggesting a

significant interplay between lymphatic vessels and the adipose tissue. Therefore,

understanding factors leading to lymphatic dysfunction might open new therapeutic

windows to prevent obesity and associated comorbidities. The first step in this process

requires a precise and detailed visualization of the lymphatic network in healthy

and inflamed adipose tissue. Here, we describe a rapid, inexpensive, and efficient

method that allows to label and analyze lymphatic and blood vessels. This approach

takes advantage of the skin-draining brachial lymph node localization within the

subcutaneous adipose tissue. The lymphatic arborization of this tissue can be revealed

by injecting fluorochrome-conjugated lectins subcutaneously. Moreover, the in vivo

labeling approach provides a way to evaluate lymphatic vessel density and functions.

Coupled to blood vessel, adipocyte and immune cell staining, the protocol allows for

high-resolution mapping of the subcutaneous adipose tissue by 3D imaging.

Introduction

The lymphatic circulatory system plays a crucial role in the

maintenance of tissue homeostasis and the induction of

efficient immune responses. Lymphatic vessels run parallel

to blood vessels and carry interstitial fluid, metabolites,

and immune cells to the local draining lymph node (LN)

and finally towards the venous circulation1 . Dysfunctional

lymphatic drainage has been observed during infection,

inflammation and metabolic diseases2,3 ,4 ,5 . The lymphatic

vasculature is composed of small size vessels named

lymphatic capillaries. Lymphatic capillaries are formed by

a single layer of thin lymphatic endothelial cells (LECs)

characterized by open junctions (“button-like” junctions)

facilitating interstitial fluid, metabolites, and immune cells,

mainly dendritic cells (DCs) and T cells, entry into the
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lymphatic capillary lumen5 . Lymphatic capillaries merge into

larger vessels named lymphatic collecting vessels. Lymphatic

collectors are characterized by a layer of LECs surrounded by

a muscle layer providing autonomous contractile tonus and

maintaining fluid flow5 . Moreover, collecting vessels possess

valves assuring a unidirectional lymph flow.

The LECs of collectors and capillaries express a specific set

of markers that distinguish them from blood endothelial cells

(BECs). Among those factors, Prox1 is a transcription factor

guiding LECs generation and is highly expressed in LECs

while absent in BECs. The critical involvement of Prox1 in

LECs biology was illustrated by the generation and analysis

of Prox1-deficient mice6 . Prox1 heterozygous mice have a

defective lymphatic vasculature development characterized

by reduced lymphatic vessel density and increased vascular

permeability6 . LECs highly express VEGFR3, Podoplanin

and CCL215 . Those markers are not found on BECs and

allow to separately analyze the network of lymphatic and

blood vessels. Lyve1 is selectively expressed by lymphatic

capillaries while absent on collecting vessels5 .

Three types of adipose tissue have been described based

on their mitochondrial content and subsequent color.

Mitochondria-rich thermogenic brown adipose tissue plays

a key role during cold exposure and is located in the

interscapular region in mice7,8 . White and beige adipocytes

have lower mitochondrial density and are mainly involved in

energy storing in the form of lipid droplets. White and beige

adipocytes are located in visceral and subcutaneous depots9 .

Clinical observations established a link between obesity

and lymphatic dysfunction10 . Obesity induces morphological

changes of adipose tissue lymphatic vasculature and leads

to an impaired lymph transport11 . Data obtained in pre-

clinical models revealed that High Fat Diet (HFD) induces

a lymphatic remodeling and obese mice have smaller

lymph nodes and fewer number of lymphatic vessels12 .

Nevertheless, the precise molecular mechanisms governing

this phenotype remain to be elucidated. LECs involvement

during obesity is further supported by observations in

genetic models with impaired lymphatic vessel development.

As discussed earlier, Prox1 heterozygous mice (Prox1+/-)

present an ill-functioning lymphatic system, and coincidently

develop excessive visceral adipose tissue accumulation

in comparison to Prox1 sufficient animals6 . Interestingly,

this adipose tissue phenotype is rescued by restoration of

lymphatic function13 . Together, these results have brought to

light strong inter-connections between lymphatic vessels and

the adipose tissue, which need further investigation.

In the context of inflammation, a hallmark of obesity, the

altered expression of LEC and BEC markers compromises

the analysis of these cells via classical antibody staining14,15 .

Genetic models to label specifically LECs and BECs have

been developed and allow to palliate this problem16,17 ,18 ,19 .

However, the usage of genetic reporter lines requires

multiple steps of breeding and considerably increases the

length and cost of a project. Thus, we propose to use

fluorochrome-conjugated lectin injections to investigate blood

and lymphatic circulatory systems in the subcutaneous

adipose tissue, a simple and relatively non-expensive

approach. Lectin conjugated to various fluorochromes are

commercially available and can be injected intravenously to

label blood vessels, or subcutaneously to label the skin-

draining lymphatic vessels embedded in the subcutaneous

adipose tissue. This approach relies on the use of separate

fluorochrome-lectin conjugates for each injection and allows

the distinct labeling of each vasculature. This method is

also compatible with the use of genetic models to label

the lymphatic or blood vasculature network. Importantly, it

https://www.jove.com
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provides multiple readouts to analyze the overall health

status of the subcutaneous adipose tissue and the blood and

lymphatics vasculatures perfusing it. This procedure could be

easily applied to analyze the lymphatic and blood vasculature

networks during acute and chronic skin diseases including

psoriasis and infections.

Protocol

All animal experimentation was performed in accordance with

local ethical committees.

NOTE: Prox1-cre-ERT2 (Prox1tm3(cre/ERT2)Gco/J,

Jax #022075) and Rosa26-LSL-tdTomato (B6.Cg-

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, Ai9, Jax

#007914) were obtained from The Jackson Laboratory and

crossed to obtain the inducible lymphatic reporter mouse

line Prox1-cre-ERT2::tdTomato. Mice were backcrossed

to C57BL/6 background for 10 generations. Six-week-old

Prox1-cre-ERT2::tdTomato male mice received tamoxifen

diet for 3 weeks. Tamoxifen diet from Envigo Teklad (diet

no. TD.130857; 500 mg/kg) was used. Experiments were

performed in 12-14-week-old mice. This protocol is applicable

to mice of any age, sex or strain.

1. Material preparation

1. Sterilize scissors, forceps and dissecting pins using 70%

ethanol.

2. Prepare two 1 mL syringes with 25 to 27 gauge needles.

For subcutaneous injection we recommend using a micro-

syringe to inject 10 μL in the upper footpad.

3. In a plastic 1.5 mL tube, prepare 200 µL of DyLight

488-conjugated lectin diluted in sterile PBS at a final

concentration of 100 μg/mL.

4. In another plastic, 1.5 mL tube prepare 100 µL of DyLight

649-conjugated lectin diluted in sterile PBS at a final

concentration of 100 μg/mL.

5. Prepare a 6-well plate containing PBS and keep it on ice.

6. Prepare a solution of 4% paraformaldehyde and 30%

sucrose.

2. Labeling of subcutaneous adipose tissue blood
and lymphatic vessels.

1. Anesthetize the mouse by inhalation of 5% isoflurane.

Assess anesthesia depth by firmly pinching the animal’s

paw to ensure that the animal is not harmed during the

procedure. Anesthesia should be maintained until the end

of the lectin injection steps or until euthanasia.

2. Inject 100 µL of DyLight 488-conjugated lectin

intravenously in the tail vein to label the blood vasculature.

Wait 15 minutes before proceeding to tissue harvesting.

3. Using a different syringe, inject 10 µL of DyLight 649-

conjugated lectin subcutaneously on the upper footpad of

the animal to label the draining lymphatic vessels. Wait

15 minutes before proceeding to tissue harvesting.

4. Euthanize the mouse by cervical dislocation or exposure

to CO2 15 minutes post-injection.

3. Harvesting of subcutaneous adipose tissue

1. Lay the mouse on its back on a dissection board.

2. Sterilize the fur of the mouse using 70% ethanol.

3. Lift the skin of the flank using forceps and make a

transversal incision to expose the brachial fat pad.

4. Gently pull on the skin to dissociate it from the

brachial adipose tissue depot, thus revealing the entire

https://www.jove.com
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subcutaneous brachial adipose tissue containing the

lymph node and the lymphatic collector vessel.

5. Using forceps and scissors, gently remove subcutaneous

fat depots and transfer them to a dish containing cold

PBS. For best results, we recommend removing the fat

depots as one single piece.

6. From here on out, protect the tissue from light.

4. Tissue fixation

1. Submerge the harvested tissue in a solution containing

4% paraformaldehyde and 30% sucrose.

2. Incubate the tissue in this solution at least overnight

before preparing it for imaging.

5. Staining and imaging

1. For optimal results, perform tissue clearing and 3D

confocal acquisition as described by Gilleron and

colleagues20 . We recommend using a light sheet

microscope for analysis of large tissues. Additional

staining can be performed during the clearing process.

2. To achieve best tissue mapping, use of the following

antibodies:

For adipocytes: Perilipin

For macrophages: CD68 and CD11b staining.

For dendritic cells: MHC II and CD11b.

For B cells: B220 (CD45R) staining.

For T cells: CD3 staining.

NOTE: This method is compatible with the use of genetic

models to label immune cells.

3. For the analysis of the lymphatic collector vessel

by intravital 2-photon microscopy, inject the lectin

subcutaneously in the lower footpad and visualizing the

popliteal lymphatic collecting vessel.

Representative Results

To perform topological analysis of brachial adipose tissue

blood and lymphatic vessel networks, we subcutaneously

injected Alexa Fluor 649-conjugated lectin, and intravenously

injected Alexa Fluor 488-conjugated lectin. The brachial

adipose tissue was carefully excised, fixed, submitted to

clearing protocol, and analyzed by whole-mount staining.

A schematic representation of the procedure is included

in Figure 1A. Blood vessels are labeled in green and

lymphatics are in red. The brachial adipose tissue contains

a single lymphatic collector vessel that enters the brachial

lymph node. We previously published the results obtained

via this method16 . Furthermore, we obtained similar data

using genetic lymphatic labeling (Prox1creERT2  x TdTomatofl/

fl  mice)16  (Figure 1B). The blood vasculature was efficiently

labelled (in blue) following i.v. lectin injection. Of interest,

subcutaneous lectin injection labelled the lymphatic collector

vessel (in red) (Figure 1B). To ensure that lymphatic and

blood vessels were labelled specifically, we took advantage

of Prox1creERT2  x TdTomatofl/fl  mice. Subcutaneous lectin

administration specifically labelled only the lymphatic vessels,

as illustrated by the co-localization with the Prox1-reporter

(Figure 1B). We also detected a second lymphatic collector

vessel that stained positive for Prox1 but not for lectin

injected subcutaneously (Figure 1B). This might be the

efferent collector vessel leaving the brachial lymph node. The

absence of lectin staining could be explained by: 1) a kinetic

issue, assuming that 15 minutes are not sufficient for the

lectin to exit from the draining lymph node; 2) insufficient

amount of lectin injected, providing only a labelling in the first

afferent collector and the brachial lymph node. Those points

require further investigation and might be used to optimize

the current protocol described in this manuscript. MHC II

https://www.jove.com
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staining (in green) revealed the presence of many antigen-

presenting cells, likely dendritic cells, in the subcutaneous

brachial adipose tissue (Figure 1C). The same observation

was made in Prox1-reporter mice crossed to CD11cYFP-

reporter mice (Figure 1D).

To further confirm that the lectin labeling method specifically

stains lymphatic vessels, we performed podoplanin staining

in the brachial adipose tissue extracted from CD11c-YFP

reporter mice. Podoplanin staining efficiently labels lymphatic

endothelial cells. Again, we obtained similar results to our

lectin-injection method (Figure 1E). Thus, we believe that the

protocol is well-suited for the analysis of lymphatic and blood

vessels structure in healthy and inflamed adipose tissue. This

procedure is highly and easily reproducible.

Figure 1: Labeling of blood and lymphatic vasculatures in the subcutaneous adipose tissue. (A) Schematic

representation of brachial subcutaneous adipose tissue containing the brachial lymph node. DyLight 649–conjugated lectin

(red) was injected subcutaneously (s.c) to visualize the draining lymphatic vasculature, and DyLight 488–conjugated lectin

was administered intravenously (i.v) in order to map the blood vasculature. (B) Representative image illustrating blood (in

blue) and lymphatic (red and green) labelling using the protocol described in panel A. Prox1-TdTomato (in green) mice were

used in this experiment to ensure that lectins separately bound to blood and lymphatic endothelial cells. (C) Identification of

the lymphatic collecting vessel in brachial subcutaneous adipose tissue using lectin administration. Antigen-presenting cells

were labeled using MHC-II staining (green). (D,E) Identification of lymphatic vessels in the brachial subcutaneous adipose

tissue of CD11cYFP  reporter mice crossed to Prox1cre  x TdTomatofl/fl  mice (D) or stained for podoplanin (Pdpn) (E). Please

click here to view a larger version of this figure.

Discussion

This approach provides efficient and robust labeling of

the blood and lymphatic vasculatures of the subcutaneous

adipose tissue. The separate analysis of blood and lymphatic

endothelial networks might unravel pathological mechanisms

affecting one or both of the circulatory systems during obesity

https://www.jove.com
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or other pathological conditions. This protocol aims to analyze

the architecture of the vascular systems, their interaction with

stromal and immune cells, and their functionality during health

and disease.

The method is facilitated by the presence of the brachial skin-

draining lymph node, which is embedded in subcutaneous

adipose tissue. As shown in Figure 1, the method provides

similar results to genetic reporter labeling or antibody staining,

while also being exempt of the caveats we discussed earlier.

It not only provides a practical way of separately labeling

blood and lymphatic vasculatures, but also provides multiple

readouts on the functionality of the latter and on the overall

health of the tissue. Notably, the appearance of the dye

in the interstitial tissue space could indicate an increased

vascular permeability. Moreover, the presence of the dye in

the draining lymph node may be analyzed in a time-course

fashion as a relative measure of the lymph flow rate.

Another parameter to take into account is the association of

leukocytes with blood and lymphatic vessels. Immune cells,

and particularly macrophages, dendritic cells and B cells, are

known to play a key role in obesity21 . Notably, we previously

reported on the role played by dendritic cells in the control

of lymphatic permeability16 . We therefore highly suggest

coupling labeling of blood and lymphatic vasculatures with

labeling of subcutaneous adipose tissue immune cells to

determine their localization relative to both vasculatures. Cell-

type specific labeling can be achieved by traditional antibody

staining or by the use of reporter mice (e.g., CD11cYFP ,

CX3CR1GFP , Zbtb46GFP , LysMCre  x tdTomatofl/fl) in which

case the fluorochromes used for lectin labeling must be

adapted. Changes in adipocyte number or morphology can

be appreciated using perilipin staining, which also provides a

great way of mapping the tissue structure.

Lastly, although the methodology is described here to fit a 3D

confocal imaging approach, we have previously adapted this

protocol for intravital imaging16 . This alternative approach

has the benefit of providing additional information on immune

cell motility within and around lymphatic collecting vessels,

as well as vessel contractility. We therefore suggest lectin

labeling of blood and lymphatic vasculatures as a versatile

approach to study adipose tissue biology in health and

disease.
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U
ropathogenic E. coli is the leading causative agent of bacte-
raemia1. It is therefore fundamental to decipher the mecha-
nisms that determine the fate of this pathogen in the blood. 

The innate immune sensing of E. coli is mediated by pattern rec-
ognition receptors (PRRs), mainly by Toll-like receptor-4 (TLR4), 
which detects bacterial lipopolysaccharides (LPS). LPS are the prin-
cipal component of the external membrane of both pathogenic and 
non-pathogenic E. coli and, therefore, pattern-triggered immunity 
does not seem to be sufficient to gauge the pathogenic potential of 
microorganisms. As TLR4 is activated by both live and dead bacte-
ria, pattern-triggered immunity is certainly important for monitor-
ing the quantity of bacteria, but is not sufficient to determine their 
quality2. One strategy to determine microbial pathogenicity is the 
detection of virulence factor activities that are specific to pathogens3. 
Virulence factors of uropathogenic E. coli include CNF1, which is 
a Rho-GTPase-targeting toxin. The CNF1 toxin bears enzymatic 
activity that is responsible for the post-translational deamidation  

of a specific glutamine residue on a subset of Rho GTPases, namely 
Rac, Cdc42 and RhoA4–6. This modification destroys the intrin-
sic and GTPase-activating-protein- (GAP)-regulated ability of 
these Rho GTPases to hydrolyse GTP, conferring dominant posi-
tive mutant characteristics to Rho proteins4–6. This modification 
increases GTP-bound activated Rho proteins and the activation 
of their downstream signalling pathways6. By modulating the host 
cytoskeleton, these virulence factors confer to bacteria invasion 
properties and the ability to modulate inflammatory responses7–10. 
Among the virulence factors, there are more than 30 that target Rho 
GTPases. They are either activators or inhibitors of Rho GTPases, 
both of which activate caspase-1 (refs. 11,12).

Inflammasomes are signalling platforms that are assembled by 
cytosolic PRRs that activate caspase-1. NLRP3 oligomerizes on 
infection or cellular damage, and recruits ASC, Nek7 and caspase-1 
to form the NLRP3 inflammasome. This assembly results in ASC 
speck formation, cleavage of pro-caspase-1 into active caspase-1 and 

Escherichia coli Rho GTPase-activating toxin CNF1 
mediates NLRP3 inflammasome activation via 
p21-activated kinases-1/2 during bacteraemia  
in mice
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Inflammasomes are signalling platforms that are assembled in response to infection or sterile inflammation by cytosolic 
pattern recognition receptors. The consequent inflammasome-triggered caspase-1 activation is critical for the host defence 
against pathogens. During infection, NLRP3, which is a pattern recognition receptor that is also known as cryopyrin, triggers 
the assembly of the inflammasome-activating caspase-1 through the recruitment of ASC and Nek7. The activation of the NLRP3 
inflammasome is tightly controlled both transcriptionally and post-translationally. Despite the importance of the NLRP3 inflam-
masome regulation in autoinflammatory and infectious diseases, little is known about the mechanism controlling the activation 
of NLRP3 and the upstream signalling that regulates the NLRP3 inflammasome assembly. We have previously shown that the 
Rho-GTPase-activating toxin from Escherichia coli cytotoxic necrotizing factor-1 (CNF1) activates caspase-1, but the upstream 
mechanism is unclear. Here, we provide evidence of the role of the NLRP3 inflammasome in sensing the activity of bacterial 
toxins and virulence factors that activate host Rho GTPases. We demonstrate that this activation relies on the monitoring of 
the toxin’s activity on the Rho GTPase Rac2. We also show that the NLRP3 inflammasome is activated by a signalling cascade 
that involves the p21-activated kinases 1 and 2 (Pak1/2) and the Pak1-mediated phosphorylation of Thr 659 of NLRP3, which 
is necessary for the NLRP3–Nek7 interaction, inflammasome activation and IL-1β cytokine maturation. Furthermore, inhibition 
of the Pak–NLRP3 axis decreases the bacterial clearance of CNF1-expressing UTI89 E. coli during bacteraemia in mice. Taken 
together, our results establish that Pak1 and Pak2 are critical regulators of the NLRP3 inflammasome and reveal the role of the 
Pak–NLRP3 signalling axis in vivo during bacteraemia in mice.
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the maturation of pro-IL-1β into IL-1β. The NLRP3 inflammasome 
assembly is controlled by both the priming by TLR ligands and acti-
vation signals. Furthermore, the NLRP3 inflammasome assembly is 
regulated by phosphorylation and ubiquitination events13,14. Despite 
a variety of identified NLRP3 activators, the upstream signalling 
pathways that control NLRP3 post-translational modifications and 
activation mechanisms remain unclear14. Interestingly, toxins that 
inactivate Rho GTPases activate the Pyrin inflammasome through 
the modification of its phosphorylation status by the PKN1/2 
kinases. The Pyrin inflammasome has been shown to detect tox-
ins that inhibit Rho GTPases, but information about the sensing of 
toxins that activate Rho GTPases through inflammasomes is lack-
ing15,16. In this Article, we used the CNF1 toxin as a model of the 
Rho-GTPase-activating virulence factor to demonstrate the role of 
the Pak–NLRP3 axis in sensing CNF1 activity and controlling the 
clearance of bacteria during bacteraemia.

Results
CNF1-triggered immunity requires NLRP3. We set up an 
assay to monitor the CNF1-triggered activation of caspase-1 
using a FAM-YVAD-FMK (FAM-FLICA) probe. Primary 
bone-marrow-derived macrophages (BMDMs) isolated from 
BALB/c mice were treated with CNF1 and analysed using confocal 
microscopy. Cells with dots of FAM-FLICA staining correspond-
ing to ASC specks were counted (Extended Data Fig. 1a). This 
unbiased screen revealed that NLRP3 is the major NLR involved in 
CNF1-triggered caspase-1 activation (Fig. 1a). The role of NLRP3 
in this pathway was confirmed in BMDMs isolated from C57BL/6J 
mice bearing ASC–citrine knockin using flow cytometry (Extended 
Data Fig. 1b,c). In this assay, we quantified the percentage of cells 
with ASC specks as previously described17,18. These data revealed 
the conserved role of NLRP3 in the response to CNF1 in macro-
phages isolated from both BALB/c and C57BL/6J background.

Next, we investigated the role of NLRP3 in CNF1-triggered immu-
nity. Co-treatment of BMDMs isolated from wild-type (WT) mice 
with the CNF1 toxin together with the NLRP3 inhibitor MCC950 
was sufficient to block caspase-1 activity, demonstrating that the 
CNF1 toxin is an NLRP3 activator (Fig. 1b,c). Importantly, the num-
ber of FAM-FLICA+ cells was substantially reduced in BMDMs that 
were treated with catalytically inactive mutant CNF1C866S. This result 
provided evidence that CNF1 toxin activity is monitored by NLRP3, 
rather than the pattern of the toxin3. Furthermore, CNF1-triggered 
maturation and secretion of IL-1β and activation of caspase-1 was 
impaired in NLRP3-knockout BMDMs (Fig. 1d and Supplementary 
Fig. 1). By contrast, CNF1 treatment did not affect the secretion of 
IL-6 or TNF-α, two cytokines that are not regulated by inflamma-
somes (Fig. 1d and Supplementary Fig. 1). Activation of the NLRP3 
inflammasome is often associated with pyroptosis19. To investigate 
whether CNF1 triggered pyroptosis, we measured propidium iodide 
incorporation (Extended Data Fig. 2a), lactate dehydrogenase 
(LDH) release (Extended Data Fig. 2b) and gasdermin D (GSDMD) 
cleavage (Extended Data Fig. 2c). In contrast to nigericin, we did 
not observe any of these pyroptosis markers after CNF1 treatment 
and we observed a similar level of CNF1-triggered caspase-1 activa-
tion and IL-1β maturation/secretion in WT and GSDMD-knockout 
macrophages (Extended Data Fig. 2d,e). We subsequently tested the 
role of the NLRP3 inflammasome regulator Nek7 in CNF1-triggered 
immunity. Transfection of Nlrp3 or Nek7 short interfering RNA 
(siRNA) in BMDMs inhibited CNF1-triggered IL-1β maturation 
(Extended Data Fig. 3a,b). K+ efflux is an upstream event for NLRP3 
inflammasome activation and Nek7 requires K+ efflux for NLRP3 
inflammasome assembly14,20. We observed that KCl treatment was 
sufficient to inhibit CNF1-triggered caspase-1 cleavage (Extended 
Data Fig. 3c). Importantly, we confirmed that the KCl treatment 
did not inhibit CNF1 toxin activity towards Rho GTPase activation 
using a glutathione S-transferase (GST)–Pak-Rac-binding domain 

(RBD) pull-down assay (Extended Data Fig. 3d). We next investi-
gated whether other toxins that target Rho GTPases have the ability 
to activate the NLRP3 inflammasome. Dermonecrotic toxin (DNT) 
from Bordetella has transglutaminase activity towards Rho GTPases 
that enables the constitutive activation of Rho GTPases6,10. We 
observed that purified recombinant DNT triggered the activation of 
caspase-1 in WT macrophages, but not in NLRP3-knockout macro-
phages (Extended Data Fig. 4a). We next tested whether the NLRP3 
activation was triggered specifically by virulence factors activat-
ing Rho GTPases using NLRP3 inflammasome reconstitution in 
HEK293T cells21. Cells were transfected with plasmids encoding 
the DNT toxin or the injected bacterial virulence factors YopE from 
Yersinia containing a GAP domain that enables inactivation of the 
Rho GTPases6. We observed NLRP3-dependent IL-1β maturation 
when cells were transfected with the Rho-GTPase-activating toxin 
DNT, but not when cells were transfected with the Rho GTPase 
inhibitor YopE (Extended Data Fig. 4b). The expression of the viru-
lence factor SopE from Salmonella containing a guanine nucleotide 
exchange factor (GEF) domain activating Rac and Cdc42 (refs. 6,22) 
or the expression of the GEF domain of the Dbl exchange factor 
(Dbl495–826)23 were sufficient to trigger NLRP3-dependent IL-1β 
maturation (Extended Data Fig. 4b,c). Taken together, we showed 
that the activation of Rho GTPases by toxins and virulence factors 
triggered the activation of the NLRP3 inflammasome and that Rac 
has a major role in this pathway.

Activation of the NLRP3 inflammasome by CNF1 relies on Rac2 
and the Pak serine–threonine kinases. Although the CNF1 toxin 
is a Rho GTPases activator and Rac2 is a haematopoietic-specific 
Rho GTPase that is involved in the innate immune response to the 
CNF1 toxin24, the contribution of Rac1 and Rac2 in this process is 
still unknown. To investigate the role of Rac in the CNF1-triggered 
NLRP3 inflammasome activation, we knocked down Rac1 and/
or Rac2 using siRNA in BMDMs. Interestingly, Rac1 knock-
down resulted in an increase in the level of CNF1-triggered IL-1β 
maturation whereas Rac2 knockdown was sufficient to block it  
(Fig. 2a). We tested whether activated GTP-bound Rac2 levels would 
increase when Rac1 was targeted by siRNA. The GST–Pak-RBD 
pull-down analysis showed an increase in activated Rac2 when 
Rac1 was knocked-down using siRNA (Fig. 2b). These data demon-
strate the critical role of Rac2 in CNF1-triggered IL-1β maturation  
(Fig. 2a,b). To determine the molecular mechanism of the caspase-1 
activation, we used a system of NLRP3 inflammasome reconstitu-
tion in HEK293T cells. This analysis showed that CNF1 is sufficient 
for the NLRP3 inflammasome activation-triggered caspase-1 cleav-
age and that the co-treatment of CNF1 with MCC950 inhibited this 
caspase-1 activation (Fig. 2c). The transfection of Rac2 GTPase or 
activated mutant forms of Rac2 (including Q61E mimicking the 
CNF1 modification or Q61L and G12V) were sufficient to activate 
caspase-1, in contrast to the inactive mutant Rac2T17N (Fig. 2d). 
Interestingly, the strength of caspase-1 activation observed using 
the activated forms of Rac2 GTPase was correlated with the amount 
of Rho GTPases that were bound to GST–Pak-RBD (Fig. 2e). These 
data indicate that NLRP3 senses the activation level of the Rho 
GTPase Rac2 proportionally to the strength of activation rather 
than by detecting the structural modification made by the toxin as 
it would be predicted for a classical PRR.

The correlation between caspase-1 activation and the amount 
of Rac2 bound to GST–Pak-RBD suggested a potential role of Pak 
kinases in CNF1-triggered NLRP3 inflammasome activation. We 
therefore knocked-down Pak1 and/or Pak2 in BMDMs by transfect-
ing siRNA (Pak3 is predominantly expressed in the brain25,26). We 
observed a major decrease in caspase-1 cleavage in cells treated with 
Pak1 siRNA but a moderate impact when using siRNA targeting  
Pak2, indicating that Pak1 has a main role (Fig. 3a). However, 
we could not exclude the possibility that the total inhibition of 
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caspase-1 cleavage observed with the Pak1 siRNA treatment might 
be due to a limit in the detection level of cleaved caspase-1, or to 
Pak1 siRNA that may affect Pak2, suggesting that there is a par-
tial Pak1/2 redundancy. The treatment with Pak1 inhibitors (IPA-3 
or FRAX597) was sufficient to block the CNF1-triggered IL-1β 
maturation that was observed in macrophages treated with LPS, 

and was also sufficient to block caspase-1 activation (Fig. 3b,c). 
The inhibition of the caspase-1 cleavage after IPA-3 treatment was 
similarly observed in macrophages treated with DNT (Extended 
Data Fig. 4d). Interestingly, IPA-3 was shown to inhibit the  
binding of activated forms of Rac and Cdc42 to Pak1, thereby inhib-
iting the autophosphorylation of Thr 423, whereas the FRAX597 
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Fig. 1 | CNF1-triggered caspase-1 activation and IL-1β maturation requires NLRP3. a, BMDMs isolated from BALB/c mice were transfected with the 

indicated siRNA for 72 h before treatment for 6 h with CNF1 (500 ng ml−1). Active caspase-1 was detected using the FAM-FLICA probe. Cells harbouring 

FAM-FLICA dots were counted as positive using Fiji. The red horizontal line indicates the mean percentage of FAM-FLICA+ cells in the untreated control. 

Each dot represents 200 cells. n = 1,800 cells. Data are mean ± s.e.m. b,c, BMDMs extracted from WT or NLRP3-knockout C57BL/6J mice were or 

were not pretreated for 45 min with MCC950 (1 μM) before treatment for 6 h with CNF1 (500 ng ml−1), or the CNF1 catalytic inactive mutant CNF1C866S 

(500 ng ml−1) or nigericin (5 μM). b, Cells were analysed using immunofluorescence and confocal imaging. Active caspase-1 (FAM-FLICA) is shown in 

green, NLRP3 in red and nuclei in blue. Scale bars, 20 μm. c, Quantification of FAM-FLICA+ cells in WT (blue) or NLRP3-knockout BMDMs (red). Each 

dot represents 100 cells. n = 600 cells. Data are mean ± s.e.m. Statistical analyses were performed using two-tailed unpaired Student’s t-tests. d, WT or 

NLRP3-knockout BMDMs were treated with CNF1 (500 ng ml−1) and/or LPS (100 ng ml−1) for 8 h before the supernatants (Sup) and cell lysates (Lys) were 

collected and analysed using immunoblotting. Experiments were repeated at least three times, and representative data are shown.
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using immunoblotting. b, Immortalized BMDMs (iBMDMs) were transfected with the indicated siRNA for 72 h before being treated or not treated with 
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GTP. Experiments were repeated at least three times, and representative data are shown.
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Fig. 3 | Rac2–NLRP3 signalling is dependent on Pak1 kinase. a, BMDMs isolated from BALB/c mice were transfected for 72 h with siRNA targeting Nlrp3, Nek7, 

Pak1 or Pak2 as indicated; non-targeting siRNA was used as a control. Cells were treated with CNF1 (500 ng ml−1) and LPS (100 ng ml−1) for 8 h, as indicated. 

Supernatants and cell lysates were analysed using immunoblotting. b, BMDMs isolated from BALB/c mice were transfected with Pak1- and Pak2-targeting 

siRNA or with non-targeting siRNA for 72 h, and treated with 5 μM IPA-3, 1 μM FRAX597 or vehicle for 45 min before treatment with CNF1 (500 ng ml−1) and 

LPS (100 ng ml−1) for 8 h. Supernatants and cell lysates were analysed using immunoblotting. c, BMDMs isolated from BALB/c mice were treated with vehicle 

(control), or treated either with 1 μM MCC950, 5 μM IPA-3 or 1 μM FRAX597 for 45 min before treatment with CNF1 (500 ng ml−1) for 6 h. Active caspase-1 

was stained with FAM-FLICA, analysed using microscopy and FAM-FLICA+ cells were counted. Each dot represents 100 cells. n = 800 cells. Data are 

mean ± s.e.m. Statistical analyses were performed using two-tailed unpaired Student’s t-tests. d, HEK293T cells were transfected as indicated with plasmids 

encoding components of the NLRP3 inflammasome (Myc–NLRP3, ASC–GFP, mouse caspase-1) and pro-IL-1β–Flag together with Myc–Pak1T423E, and pro-IL-1β–

Flag cleavage was analysed using immunoblotting. e, HEK293T cells were transfected with plasmids encoding GFP–NLRP3, Myc–Pak1T423E and HA–Rac2Q61E. 

Cell lysates were processed for anti-Myc immunoprecipitation (IP). f, BMDMs isolated from WT or Pak1-knockout C57BL/6J mice were transfected 72 h with 

non-targeting or Pak2-targeting siRNA before treatment with CNF1 (500 ng ml−1) for 8 h. Supernatants and cell lysates were analysed using immunoblotting. 

CT, control. g, BMDMs isolated from WT or Pak1-knockout C57BL/6J mice were transfected for 72 h with non-targeting or Pak2-targeting siRNA before 

treatment with CNF1 (500 ng ml−1) and LPS (100 ng ml−1) for 8 h. Supernatants were analysed using enzyme-linked immunosorbent assay (ELISA) for IL-1β 

(n = 4 biologically independent samples) and TNF-α (n = 3 biologically independent samples). Data are mean ± s.e.m. Statistical analyses were performed 

using two-tailed unpaired Student’s t-tests. Experiments were repeated at least three times, and representative data are shown.
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is an ATP-competitive inhibitor27. In the inflammasome recon-
stitution system in HEK293T, we expressed the activated form of 
Pak1 (T423E) together with caspase-1, ASC and pro-IL-1β, and 
we observed no IL-1β maturation. By contrast, when NLRP3 was 
transfected together with ASC and caspase-1, the expression of the 
activated form of Pak1 was sufficient to trigger maturation of IL-1β 
(Fig. 3d). Furthermore, phosphorylated forms of Pak colocalized in 
dot-like structures with NLRP3 and active caspase-1 (Supplementary 
Fig. 2). We next investigated whether Rac2, Pak1 and NLRP3 pro-
teins formed a complex. We found NLRP3 interacting with acti-
vated Rac2 when activated Pak1 was expressed (Fig. 3e). We next 
investigated whether Pak1 was involved in the nigericin-triggered 
activation of the NLRP3 inflammasome and observed that IPA-3 
treatment was sufficient to inhibit both caspase-1 cleavage and the 
release of LDH (Extended Data Fig. 5a,b). Furthermore, siRNA tar-
geting of Pak1 was found to decrease nigericin-triggered caspase-1 
maturation (Extended Data Fig. 5c).

To genetically prove the involvement of Pak1 in NLRP3 
inflammasome activation, we used Pak1-knockout mice. We 
observed a reduction in caspase-1 cleavage triggered by CNF1 in 
Pak1-knockout macrophages and a reduction in IL-1β secretion 
(Fig. 3f,g). By contrast, the secretion of TNF-α was unaffected  
(Fig. 3g). Both caspase-1 cleavage and IL-1β secretion triggered by 
CNF1 were substantially reduced when the Pak1-knockout macro-
phages were treated with the Pak2 siRNA, suggesting that there is 
a partial compensation in Pak1-knockout macrophages (Fig. 3f,g).

Pak1 phosphorylates NLRP3 and triggers inflammasome activa-
tion. To further investigate whether NLRP3 is a substrate for the 
Pak1 serine–threonine kinase, we set-up an in vitro kinase assay. 
When both Pak1 and NLRP3 proteins were incubated with ATPγ32P, 
we observed a band at the size of NLRP3, indicating that NLRP3 
is directly phosphorylated by Pak1 in vitro (Fig. 4a). The in vitro 
kinase assay was then used to identify the phosphorylated sites 
of NLRP3 by analysing the band corresponding to NLRP3 using 
mass spectrometry. The analysis revealed that Pak1 phosphory-
lates NLRP3 at three independent positions that correspond to 
Ser 163, Ser 198 and Thr 659 in the human NLRP3 (Extended Data 
Fig. 6a,c and Supplementary Table 1). Interestingly, the Ser 163 and 
Ser 198 residues were previously reported to be phosphorylated, 
and Ser 198 was reported to be important for NLRP3 priming28. 
NLRP3 Thr 659 was not reported to be phosphorylated and, inter-
estingly, the identified peptide appears to be conserved between 
humans and mice (Extended Data Fig. 6d). Reinforcing the poten-
tial conservation of the Pak–NLRP3 axis, CNF1-triggered caspase-1 
activation was observed in primary human macrophages and was 
inhibited by treatment with NLRP3 inhibitor or Pak1 inhibitor 
(Extended Data Fig. 7a,b). In the inflammasome reconstitution 
system, we next expressed the activated Pak1T423E and compared 
the effect of the expression of NLRP3 WT with the triple-mutant 
NLRP3S163A S198A T659A or single mutants NLRP3S163A, NLRP3S198A and 

NLRP3T659A in which the phosphorylated residues were replaced 
with alanine residues, which are not sensitive to phosphorylation. 
The results show that the triple-mutant NLRP3S163A S198A T659A and 
the single mutant NLRP3T659A is impaired in IL-1β maturation trig-
gered by the activated Pak1T423E, indicating that the NLRP3 Thr 659 
residue has an important role in Pak1-triggered NLRP3 inflam-
masome activation (Fig. 4b). Furthermore, we generated a T659D 
phosphomimetic NLRP3 mutant and observed that, compared with 
NLRP3T659A, the NLRP3T659D mutant had an increased ability to trig-
ger pro-IL-1β maturation (Fig. 4c). Importantly, similar results were 
obtained when the Rho-GTPase-activating virulence factor SopE 
was transfected to activate the pathway, highlighting the involve-
ment of this NLRP3 post-translational regulation for the sensing 
of other virulence factors activating Rho GTPases (Extended Data 
Fig. 8a). We next stably reconstituted immortalized macrophages 
knocked-out for NLRP3 with plasmids encoding either NLRP3 
or NLRP3T659A. Confirming our results, we observed impaired 
CNF1-triggered IL-1β maturation/secretion in macrophages 
expressing NLRP3T659A compared with macrophages expressing 
WT NLRP3 (Fig. 4d,e). By contrast, TNF-α was similarly secreted 
by macrophages expressing either NLRP3 or NLRP3T659A (Fig. 4e). 
After treatment with the DNT toxin, we also observed an impair-
ment in CNF1-triggered IL-1β maturation in macrophages express-
ing the NLRP3T659A mutant compared with macrophages expressing 
WT NLRP3 (Extended Data Fig. 8b). Reinforcing the importance 
of this NLRP3 phosphorylation site in the inflammasome activa-
tion process, nigericin-triggered IL-1β maturation and secretion 
were reduced in macrophages expressing the NLRP3T659A compared 
with the macrophages expressing NLRP3, whereas TNF-α secretion 
was unaffected (Extended Data Fig. 9). Taken together, these results 
show that phosphorylation of NLRP3 at Thr 659 has a functional 
role, and that Pak1 is a regulator of the NLRP3 inflammasome. 
Structural analysis of the NLRP3–Nek7 interaction revealed a puta-
tive interaction domain at the level of the Thr 659 of NLRP3 (ref. 29). 
Using co-immunoprecipitation experiments, we tested whether the 
NLRP3S163A S198A T659A triple mutant or NLRP3S163A, NLRP3S198A and 
NLRP3T659A single mutants affected the interaction with endogenous 
Nek7. The interaction between NLRP3 and Nek7 was impaired in 
the NLRP3S163A S198A T659A triple mutant and in the NLRP3T659A mutant, 
indicating that Thr 659 is a critical site for NLRP3–Nek7 interac-
tion and suggesting that the phosphorylation of NLRP3 at Thr 659 is 
important for the NLRP3–Nek7 interaction (Fig. 4f). This observa-
tion was confirmed using anti-Nek7 immunoprecipitation in mac-
rophages in which we found a decrease in NLRP3T659A binding to 
Nek7 compared with WT NLRP3 (Fig. 4g).

Clearance of CNF1-expressing E. coli during bacteraemia 
requires the Pak–NLRP3 signalling axis. We next addressed the 
relevance of the CNF1-triggered Pak–NLRP3 signalling axis during 
infection. We observed an increase in caspase-1 maturation when 
macrophages were infected with CNF1-expressing E. coli compared 

Fig. 4 | Pak1 phosphorylates NLRP3 to promote inflammasome activation. a, In vitro [γ-32P]ATP kinase assay using human recombinant NLRP3 

(arrows) and human recombinant Pak1 (arrowheads) analysed using autoradiography and Coomassie brilliant blue (CBB) staining. b, HEK293T cells 

were transfected with plasmids encoding components of the NLRP3 inflammasome (ASC–GFP, mouse caspase-1), pro-IL-1β−Flag, Myc–Pak1T423E, with 

Myc–NLRP3, Myc–NLRP3S163A, Myc–NLRP3S198A, Myc–NLRP3T659A or Myc–NLRP3S163A S198A T659A, and IL-1β maturation was analysed using immunoblotting. 

c, HEK293T cells were transfected with plasmids encoding components of the NLRP3 inflammasome (ASC–GFP, mouse caspase-1) and Myc–Pak1T423E, 

with Myc–NLRP3, Myc–NLRP3T659A or Myc–NLRP3T659D, and IL-1β maturation was analysed using immunoblotting. d,e, NLRP3-knockout iBMDMs that 

were reconstituted with either NLRP3 or NLRP3T659A were treated with vehicle or LPS (100 ng ml−1) and CNF1 (500 ng ml−1) for 8 h. d, Supernatants and 

cell lysates were analysed using immunoblotting. e, Supernatants were analysed using ELISA for IL-1β (n = 4 biologically independent samples) and 

TNF-α (n = 3 biologically independent samples). Data are mean ± s.e.m. Statistical analyses were performed using two-tailed unpaired Student’s t-tests. 

f, HEK293T cells were transfected with plasmids encoding Myc–NLRP3, Myc–NLRP3S163A, Myc–NLRP3S198A, Myc–NLRP3T659A or Myc–NLRP3S163A S198A T659A. 

Cell lysates were processed for anti-Myc immunoprecipitation and endogenous Nek7 was revealed using anti-Nek7 antibodies. g, NLRP3-knockout 

iBMDMs that were reconstituted with either NLRP3 or NLRP3T659A were treated with CNF1 (500 ng ml−1) for 6 h. Cell lysates were analysed using 

immunoprecipitation with anti-Nek7 antibodies or isotypic IgG. Experiments were repeated at least three times, and representative data are shown.
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with the isogenic E. coli CNF1-knockout strain, and treatment with 
NLRP3 or Pak1 inhibitors decreased the caspase-1 cleavage trig-
gered by the E. coli expressing CNF1 (Fig. 5a). Furthermore, IL-1β 
secretion triggered by the CNF1-expressing E. coli was reduced when 

bacteria were added to NLRP3-knockout macrophages (Fig. 5b). 
Furthermore, the secretion of IL-1β triggered by CNF1-expressing 
E. coli in macrophages complemented with the NLRP3T659A mutant 
was decreased compared with control macrophages expressing 
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NLRP3 (Fig. 5c). TNF-α secretion measured during infection with 
CNF1-expressing E. coli was not affected in macrophages that were 
isolated from NLRP3-knockout mice or macrophages expressing the 
NLRP3T659A mutant (Fig. 5b,c). We previously demonstrated that the 
CNF1 toxin expressed by E. coli triggered both an immune response 
in vivo and bacterial clearance during bacteraemia11. To investigate 
the role of Pak1 during CNF1-expressing E. coli bacteraemia, we 
used the Pak1 inhibitor AZ13711265, which blocks CNF1-triggered 
IL-1β maturation (Supplementary Fig. 3) and is associated with 
good in vivo pharmacokinetic properties27. We monitored the bac-
terial burden during bacteraemia in control mice or mice injected 
with AZ13711265. Mice bacteraemia was measured for each mouse 
at 4 h, 24 h and 48 h after infection (Fig. 5d). The bacterial clearance 
of CNF1-expressing E. coli was observed; no bacteria were detect-
able at 48 h in all of the control animals (Fig. 5d). We measured a 
statistically significant higher bacterial load at 48 h and 77% of the 
animals were found to be positive for bacteraemia in the mice that 
were injected with the Pak1 inhibitor, indicating that in vivo the 
inhibition of Pak1 is sufficient to inhibit the CNF1-expressing E. 
coli clearance (Fig. 5d). We next used an NLRP3 inhibitor, MCC950, 
which has been shown to be efficient in vivo30. We monitored bacte-
raemia in mice injected with MCC950 compared with the controls. 
The bacterial clearance of CNF1-expressing E. coli in mice injected 
with the NLRP3 inhibitor was significantly higher at 48 h, and 70% 
of the animals were found to be positive for bacteraemia (Fig. 5d). 
Consistent with our model, we observed no significant effect of 
both AZ13711265 and MCC950 towards the bacterial clearance 
when we infected mice with the isogenic E. coli CNF1-knockout 
strain (Extended Data Fig. 10a). To genetically prove this point, we 
infected WT mice, NLRP3-knockout mice or Pak1-knockout mice, 
and compared the CNF1-expressing E. coli burden. Consistent with 
the results obtained with the NLRP3 and Pak1 inhibitors, we did not 
detect any bacteria in the blood of infected WT mice at 48 h, whereas 
we measured a mean of 1.5 × 104 and 2.5 × 102 bacteria per mouse 
in the blood of NLRP3-knockout and Pak1-knockout mice, respec-
tively (Fig. 5e,f). The smaller effect observed in Pak1-knockout 
mice compared with NLRP3-knockout mice could be explained 
by the redundancy observed between Pak1 and Pak2 at the cellu-
lar level. The difference in the clearance of CNF1-expressing E. coli 
measured at 48 h between WT and NLRP3-knockout mice was still 
observable at later time points and was not observed when mice were 
infected with the isogenic E. coli CNF1-knockout strain, indicating 
the specificity of the CNF1 response towards the NLRP3 pathway 
in vivo (Extended Data Fig. 10b,c). Furthermore, we measured a 
similar trend in the clearance of the CNF1-expressing E. coli strain 
in WT and GSDMD-knockout mice (Extended Data Fig. 10d). We 
next monitored the bacterial burden in mice that were infected with 
CNF1-expressing E. coli and treated with AZ13711265, MCC950 or 
both. We observed no differences in the bacterial clearance between 
the three groups (Fig. 5d). NLRP3-knockout mice that were injected 
with vehicle or with AZ13711265 demonstrated no differences in 
bacterial clearance, suggesting that Pak1 and NLRP3 act within the 

same signalling pathway during bacteraemia (Fig. 5g). Together, 
these results unravel the critical role of Pak1 and NLRP3 in the 
clearance of CNF1-expressing bacteria and their importance in the 
innate immune response during bacteraemia.

Discussion
Our results shed light on a regulatory mechanism for NLRP3 after 
the activation of Rac2 by the bacterial toxin CNF1. The level of 
NLRP3 inflammasome activation is correlated with the strength of 
the interaction between activated Rac2 and Pak1-RBD, indicating 
that the innate immune system can adapt its response to the level 
of Rac2 activity. This seems to be an elegant strategy to deliver a 
commensurate response to the level of CNF1 toxin activity. Notably, 
the phosphorylated peptide containing Thr 659 of human NLRP3 
isolated by mass spectrometry is highly conserved between species, 
and the Pak–NLRP3 axis is conserved in human macrophages and 
is involved in the nigericin-triggered NLRP3 inflammasome acti-
vation. Complementary studies will be necessary to determine the 
precise molecular mechanism in other species or in other contexts 
as well as to determine whether the phosphorylation of NLRP3 at 
Thr 659 is a consensus site used by other kinases. Nevertheless, our 
results show that phosphorylation of NLRP3 at Thr 659 is important 
for NLRP3 inflammasome activation and suggest that it is impli-
cated in NLRP3-related inflammatory disorders or susceptibility  
to infection.

Our results suggest that there is redundancy between Pak1 and 
Pak2, as shown by a partial compensation by Pak2 in Pak1-knockout 
macrophages and mice. Further studies are required to clarify the 
importance of each of the group-1 Pak proteins in the activation 
of the NLRP3 inflammasome. Unfortunately, the Pak2-knockout 
mutations in mice are embryonically lethal (at embryonic day 8.0) 
and these studies would require the generation of conditional trans-
genic mice31.

We unravelled a CNF1-triggered secretion of IL-1β that is not 
linked to an increase in cell death and is independent of GSDMD. 
Studies of NLRP3 inflammasome canonical triggers have demon-
strated different IL-1β secretion scenarios. In the conventional sce-
nario, caspase-1 cleaves the inflammasome-related cytokines and 
GSDMD to generate active N-GSDMD32,33. N-GSDMD relocates in 
the plasma membrane to form pores, enabling IL-1β secretion32,33. 
GSDMD pores are associated with pyroptosis in the case of classical 
inflammasome activation or are controlled during inflammasome 
hyperactivation, leading to secretion without pyroptosis34–36. The 
CNF1-triggered IL-1β secretion seems to fall into another category, 
independent of both GSDMD cleavage and cell death, that may 
share similarities with the unconventional IL-1β secretion37. This 
unconventional secretion relies on the affinity of IL-1β to the plasma 
membrane ruffles that are characteristic of the CNF1-triggered 
Rac GTPase activation. The mechanism explaining how CNF1  
triggered caspase-1 activation without GSDMD cleavage remains to 
be elucidated and may be unique to toxins activating Rho GTPases. 
One hypothesis is that the activation of Rac2, in parallel to the 

Fig. 5 | Pak1 and NLRP3 control the burden of CNF1-expressing E. coli during bacteraemia. a, BMDMs isolated from C57BL/6 mice were pretreated for 

45 min with 1 μM MCC950 or 5 μM IPA-3 and were infected or not (multiplicity of infection (m.o.i.) = 5) with either E. coliCNF1+ or isogenic CNF1-deleted 

mutant E. coliCNF1−. Supernatants and cell lysates were analysed using immunoblotting. b,c, BMDMs isolated from C57BL/6 or C57BL/6 NLRP3-knockout 

mice (b) or iBMDMs expressing NLRP3 or NLRP3T659A (c) were infected (m.o.i. = 5) with E. coliCNF1+. The supernatants were analysed using ELISA. n = 4 

biologically independent samples per group. Data are mean ± s.e.m. Statistical analyses were performed using two-tailed unpaired Student’s t-tests. 

d–g, Mice were intravenously infected with 107 colony-forming units (c.f.u.) of E. coliCNF1+, before collecting peripheral blood at 4 h, 24 h and 48 h for 

the measurement of bacteraemia. d, C57BL/6J mice were injected intraperitoneally with vehicle, or with 50 mg kg−1 MCC950 (n = 10 mice), 10 mg kg−1 

AZ13711265 (n = 10 mice) or both once a day (n = 9 mice). **P < 0.01 (each individual inhibitor-treated group compared with the group injected with 

vehicle). e, WT (n = 7 mice) or NLRP3-knockout C57BL/6J mice (n = 6 mice) were analysed. ***P < 0.001. f, WT (n = 4 mice) or Pak1-knockout C57BL/6J 

mice were analysed (n = 4 mice). *P < 0.05. g, NLRP3-knockout C57BL/6J mice were injected intraperitoneally with 10 mg kg−1 AZ13711265 (n = 7 mice) or 

vehicle (n = 9 mice) once each day. Experiments were repeated at least two times, and representative data are shown. Data are the geometric mean ± 95% 

confidence interval. Statistical analyses were performed using two-tailed nonparametric Mann–Whitney U-tests. *P < 0.05, **P < 0.01, ***P < 0.001.

NATURE MICROBIOLOGY | VOL 6 | MARCH 2021 | 401–412 | www.nature.com/naturemicrobiology408

http://www.nature.com/naturemicrobiology


ARTICLESNATURE MICROBIOLOGY

Pak1–NLRP3 pathway activation, inhibits the cleavage of GSDMD. 
Similar to Toxoplasma gondii, the NF-κB activation triggered by 
Rac2 might be another mechanism explaining the IL-1β secretion 
independent of cell death and GSDMD38. Rac2 signalling may also 
regulate a potassium channel explaining the inhibition by KCl of 
the CNF1-triggered IL-1β secretion. Favouring this hypothesis,  
Rac GTPases have been found to modulate Kir2.1, a Kir-family 
potassium channel39.

Our study shows that NLRP3 is a major sensor of toxins that acti-
vate Rho GTPases, whereas previous research has shown the sensing 
of Rho-GTPase-inactivating toxins by Pyrin12. These studies high-
light that the mammalian innate immune system has evolved strate-
gies that share similarities with the effector-triggered immunity to 
detect abnormal activation of Rho GTPases3,40,41. Interestingly, both 
inactivation of RhoA and activation of Rac2 by bacterial toxins 
are monitored by Pyrin and NLRP3, respectively. More precisely, 
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here we show that Rac GTPases that activate bacterial factors are 
sensed by NLRP3 independently of the type of modification made. 
Similarly, bacterial factors that inactivate RhoA activate Pyrin inde-
pendently of the type of modifications12,42,43. These results suggest 
that the host guarding of Rho GTPase signalling integrity relies 
on two sensors that monitor the abnormal Rho GTPase cycling 
rather than toxin-triggered post-translational modifications of 
host proteins or virulence factor enzymatic activities. Interestingly, 
both Pyrin and NLRP3 require regulation by the serine–threonine 
kinases PKN1/2 and Pak1/2, respectively. The fact that two different 
inflammasomes have been evolutionarily selected to detect bacterial 
toxins that modify Rho GTPases highlights the importance of Rho 
GTPases in innate immunity.

Further studies are necessary to determine the in vivo conser-
vation of the Pak–NLRP3 axis and whether the sensing of other 
Rho-GTPase-activating virulence factors by the NLRP3 inflamma-
some impacts the bacterial burden during infection. Similarly, we 
expect that further studies will determine the importance of other 
inflammasomes in detecting bacterial virulence factors that are 
endowed with enzymatic activities.

Our results reveal the importance of Pak1 and NLRP3 in con-
trolling the bacterial burden during bacteraemia in mice. Even 
though further studies will be required to determine the role of the 
Pak–NLRP3 signalling axis in patients with bacteraemia, our results 
showing an increase in bacterial burden in MCC950-treated mice 
suggest that caution will be necessary for the use of NLRP3 inhibi-
tors in the clinical setting. This is consistent with clinical data show-
ing that there is an increased risk of infections associated with IL-1 
signalling inhibition44,45. One option would be to consider com-
bining inflammasome inhibitors with antibiotherapies or with an 
enhanced surveillance for a potential for bacteraemia risk.

Methods
Ethics statement. !is study was carried out in strict accordance with the 
guidelines of the Council of the European Union (Directive 86/609/EEC) regarding 
the protection of animals used for experimental and other scientific purposes. !e 
protocol was approved by the Institutional Animal Care and Use Committee on the 
Ethics of Animal Experiments of Nice, France (APAFIS#18322-20181218099427035 
v2 and APAFIS#24906-2020031614223228 v2).

Bacterial strains and toxins. The E. coli UTI89 clinical isolate was originally 
obtained from a patient with cystitis46 and the isogenic UTI89 CNF1+ (E. coliCNF1+) 
or UTI89 CNF1− (E. coliCNF1−) streptomycin-resistant strain generation and culture 
conditions were previously described11. For the infections, a 1/100 dilution of an 
overnight culture was inoculated and grown up to an optical density at 600 nm 
of 1.2 using a Luria–Bertani (LB) medium supplemented with streptomycin 
(200 μg ml−1). Bacteria were collected by centrifugation and washed twice in 
PBS before dilution in PBS to obtain the desired bacterial concentrations for 
the mouse infection experiments. Recombinant WT CNF1 and its catalytically 
inactive form (CNF1C866S) were produced and purified as previously reported47,48. 
The recombinant DNT toxin was purified from pQEDNTwt using the same 
protocol49. The recombinant proteins were passed through a polymyxin B column 
(Affinity Detoxi-Gel, Pierce). The removal of endotoxin was verified using a 
colorimetric limulus amebocyte lysate (LAL) assay (LAL QCL-1000, Cambrex). 
Each stock of the CNF1 preparation (2 mg ml−1) was shown to contain less than 0.5 
endotoxin units per ml. Plasmid expressing the virulence factor pCMV-SopE-HA 
was previously reported22 and SopE expression was stabilized by adding MG132 
(10 μM) to the cells to block its proteasomal degradation as previously described50. 
Plasmids expressing the pRK5-Myc-DNT were obtained by PCR amplification 
of pQEDNTwt, and pCMV-HA-YopE was obtained by PCR amplification and 
subcloning from pACY184-YopE-GSK (gift from I. Brodsky). All of the plasmids 
were verified by sequencing (Eurofins).

Cell culture, transfection and inhibitors. HEK293T cells were obtained from 
ATCC (CRL-3216) and maintained according to the ATCC instructions. BMDMs 
were extracted from the femurs of BALB/c, C57BL/6J, C57BL/6J knockin or 
C57BL/6J knockout mice (aged 6–10 weeks) as indicated in the legends and 
were cultured in RPMI GlutaMax medium (Life Technologies) supplemented 
with 100 ng ml−1 M-CSF (premium grade, Miltenyi Biotec), 10% heat-inactivated 
FBS (Biowest) and 50 μg ml−1 gentamycin (Life Technologies) at 37 °C in an 
atmosphere containing 5% CO2. The cells were seeded at a concentration of 106 
cells per well in a six-well plate. After 6 d of differentiation, BMDMs were used for 

experiments. HEK293T cells were transfected with plasmids using Lipofectamine 
2000 (Life Technologies) according to the manufacturer’s instructions. siRNAs 
were transfected in BMDMs for 72 h using Lipofectamine RNAiMAX Reagent 
(Thermo Fisher Scientific) according to the manufacturer’s instructions. Cells 
were transfected as indicated in the figure legends with siRNAs (Dharmacon) 
targeting Nlrp3 (L-053455-00), Rac1 (L-041170-00), Rac2 (L-041171-01), Nek7 
(J-063266-09), Pak1 (L-048101-00), Pak2 (L-040615-00) or non-targeting control 
siRNA (D-001810-10). For the siRNA screen, the BMDMs were transfected with 
siRNA (Dharmacon) targeting Nod1 (L-055182-00), Nod2 (L-052735-00), Nlrc3 
(L-052823-01), Nlrc4 (L-055000-00), Nlrc5 (L-067620-01), Nlrx1 (L-057712-01), 
Ciita (L-043166-02), Naip1 (L-047682-00), Naip2 (L-044151-01), Naip5 (L-044142-
01), Naip6 (L-044145-01), Naip7 (L-065757-00), Nlrp1a (L-066229-00), Nlrp1b 
(L-161107-01), Nlrp2 (L-053528-01), Nlrp3 (L-053455-01), Nlrp4a (L-052395-01), 
Nlrp4b (L-058181-01), Nlrp4c (L-049416-01), Nlrp4d (L-067051-01), Nlrp4e (L-
068064-01), Nlrp4f (L-052668-01), Nlrp4g (L-066364-01), Nlrp5 (L-045315-01), 
Nlrp6 (L-066157-01), Nlrp9a (L-058269-01), Nlrp9b (L-066417-01), Nlrp9c (L-
057344-01), Nlrp10 (L-056559-01), Nlrp12 (L-060234-01), Nlrp14 (L-066093-01), 
Pycard (L-051439-01), Mefv (L-048693-01) and Aim2 (L-044968-01). BMDMs 
were pretreated with the following inhibitors for 45 min: 1 μM CP-456773 or 
MCC950 (Sigma-Aldrich), 5 μM IPA-3 (Tocris), 1 μM FRAX597 (Tocris) or the 
indicated concentration of AZ13711265 (AGV Discovery) in 2% FBS containing 
RPMI followed by the addition of CNF1 500 ng ml−1 and/or ultrapure LPS 
100 ng ml−1 (Invivogen) as indicated in the figure legends. Cells treated with 
nigericin 5 μM (Invivogen) or ATP 5 mM (Invivogen) for 30 min were used as 
positive control for NLRP3 inflammasome activation. For K+-efflux-preventing 
experiments, BMDMs were treated with 10 mM, 20 mM or 40 mM KCl. Primary 
macrophages were infected with E. coliCNF1+ or the isogenic E. coliCNF1− (m.o.i. = 5) 
for 16 h. Immortalized NLRP3-knockout BMDMs were stably complemented with 
pINDUCER21 plasmids encoding human NLPR3 WT or NLRP3T659A under a 
doxycycline-inducible promoter as previously described51. NLRP3 expression was 
induced by adding 2 μg ml−1 doxycycline for 16 h (Takara Bio). All of the cell lines 
were authenticated using PCR assays with species-specific primers. Mycoplasma 
testing was negative.

Mouse model of infection. Female C57BL/6J mice (aged 7 weeks; Charles River 
Laboratory) were injected intraperitoneally with MCC950 (Sigma-Aldrich) at 
50 mg kg−1 every 24 h or AZ13711265 (AGV Discovery) at 10 mg kg−1 every 24 h 
or both. NLRP3-knockout mice were provided by V. Petrilli and were described 
previously52. The Pak1-knockout, GSDMD-knockout and ASC–citrine-knockin 
mice used in this study were reported previously17,32,53. Female NLRP3-knockout or 
Pak1-knockout and female congenic WT C57BL/6J littermate mice were injected 
intravenously with 107 colony-forming units of E. coli and the determination of 
bacteraemia was monitored as previously described11. Mice were housed with 
their littermates and kept under a regular 12 h–12 h light–dark cycle at room 
temperature (20–25 °C) and a relative humidity of 50–70%. Food and water were 
available ad libitum. Experiments were performed under pathogen-free conditions 
with randomly chosen animals (same sex, matched by age and body weight). 
Investigators were blinded for in vivo experiments. Sample size was determined on 
the basis of our previous research11 and using G*Power software.

Reconstituted NLRP3 inflammasome in HEK293T cells. HEK293T cells were 
transfected with plasmids encoding the NLRP3 inflammasome components as 
previously described21,28. HEK293T cells were transfected with plasmids encoding 
Myc–NLRP3 or NLRP3 mutants, ASC–GFP, mpro-caspase1 and pro-IL-1β–Flag. 
Where indicated in the legend, cells were cotransfected with HA–Rac2, the 
constitutively active mutant of Rac2 mimicking CNF1-induced deamidation 
Rac2Q61E, Rac2Q61L, Rac2G12V or Rac2T17N, a dominant negative mutant of Rac2 
for 16 h. The monitoring of caspase-1 or IL-1β cleavage was performed using 
supernatant immunoblotting.

Immunoprecipitation. HEK293T cells were transfected with plasmids encoding 
Myc–NLRP3, Myc–NLRP3S163A S198A T659A, Myc–NLRP3S163A and Myc–NLRP3T659A, 
GFP–NLRP3, Myc–Pak1T423E and HA–Rac2Q61E, or NLRP3 expression was induced 
by adding 2 μg ml−1 doxycycline for 16 h to iBMDMs stably expressing NLPR3 or 
NLRP3T659A. Cells were lysed and processed for immunoprecipitation using 2 μg 
of anti-Myc or 3 μg of anti-Nek7 antibodies according to previously described 
conditions54. The expression of NLRP3 and endogenous levels of Nek7 were 
monitored in the cell lysate as well as in the immunoprecipitated fraction.

LDH release. The supernatant of stimulated macrophages was collected and 
centrifuged at 300g for 5 min to remove cellular debris. LDH measurement was 
performed using the LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) 
according to the manufacturer’s instructions, in samples diluted 1:5 in PBS. Data 
were plotted as the percentage of LDH release considering a Triton X-100 treated 
well as 100%.

Cell permeabilization kinetics. BMDMs were plated and stimulated in a 
96-well plate in medium containing propidium iodide (0.1 µg ml−1) and data 
were acquired with a ×10 objective using the IncuCyte Zoom system v.6.2.9200.0 
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(Essen BioScience) under a CO2- and temperature-controlled environment. 
Each condition was run in quadruplicate. The number of fluorescent objects was 
counted using Incucyte Zoom (Essen BioScience).

In vitro kinase assay. Recombinant purified Pak1 (500 ng) was incubated with 1 µg of 
recombinant human NLRP3 protein (Abcam, ab165022), and with 50 μM ATP and 
4 μCi of [γ 32 P]ATP in kinase buffer (50 mM HEPES pH 7.3, 50 mM NaCl, 0.05% 
Triton X-100, 10 mM β-glycerophosphate, 5 mM NaF, 10 mM MgCl2 and 0.2 mM 
MnCl2) at 30 °C for 30 min in a final volume of 39 μl. The reaction was stopped by 
adding 15 μl of LDS (Thermo Fisher Scientific) and 6 μl of dithiothreitol 500 mM. 
Samples were analysed by electrophoresis using Bolt 4–12% Bis-Tris Plus gels 
(Thermo Fisher Scientific) followed by Coomassie blue staining and autoradiography.

Immunofluorescence staining, antibodies and ELISA assays. Caspase-1 activation  
was detected using the fluorescent probe FAM-FLICA (ImmunoChemistry 
Technologies) after 6 h of treatment, according to the manufacturer’s instructions. 
After labelling, cells were fixed in 4% paraformaldehyde for 15 min, PFA was 
neutralized with 50 mM NH4Cl for 15 min, cells were permeabilized with 0.5%  
Triton X-100 for 5 min and blocked with 2% TBS-BSA. Cells were incubated  
with mouse anti-NLRP3 (clone Cryo-2, Adipogen) and/or rabbit anti-ASC  
(AG-25B-0006, Adipogen) or rabbit anti-phosphorylated-Pak (ab40795, Abcam) 
antibodies for 1 h followed by incubation with the secondary antibodies TexasRed 
anti-mouse IgG (TI-2000, Vector Laboratories) or Cy5 anti-mouse IgG (715-175-151,  
Jackson Immunoresearch) and/or TexasRed anti-rabbit IgG (711-075-152, Jackson 
Immunoresearch) and/or phalloidin Alexa Fluor 647 (ab176759, Abcam) and 
Hoechst 33342 (H1399, Thermo Fisher Scientific) for 30 min. Cells were imaged 
using a Nikon A1R confocal microscope. The following antibodies were used  
in this study: rabbit anti-IL-1β (GTX74034, Genetex), mouse anti-caspase-1  
(clone Casper-1, Adipogen), mouse anti-Rac (clone 102/Rac1, BD Biosciences), 
goat anti-Rac2 (ab2244, Abcam), mouse anti-NLRP3 (clone Cryo-2, Adipogen), 
rabbit anti-Nek7 (ab133514, Abcam), rabbit anti-Pak1 (2602, CST), rabbit anti-Pak2 
(2608, CST), rabbit monoclonal anti-GSDMD (ab209845), mouse anti-β-actin 
(AC-74, Sigma-Aldrich), mouse anti-Myc (9E10, Roche), mouse anti-HA (16B12, 
Covance), mouse anti-Flag (clone M2, Sigma-Aldrich), mouse anti-GFP (clone 
7.1, 13.1, Roche). Cytokine secretion was determined by ELISA using the mouse 
Quantikine ELISA kits for mouse IL-6, IL-18, TNF-α and IL-1β (R&D Systems) 
according to the manufacturer’s instructions.

Flow cytometry analysis. BMDMs isolated from C57BL/6J mice constitutively 
expressing ASC–citrine fusion protein (R26-CAG-ASC-citrine) were treated 
with LPS (100 ng ml−1) for 16 h before 6 h of treatment with vehicle or CNF1 
(500 ng ml−1) or 30 min with nigericin (5 µM). Cells were collected and analysed by 
flow cytometry using a BD FACSCanto II cytometer (BD Biosciences). Cytometry 
data were analysed using FlowJo v.10.6.2. Doublets were excluded using a side 
scatter (SSC)-A (area) and SSC-H (height) plot; cells with a high expression of 
ASC–citrine were gated and then analysed for ASC–citrine signal area (ASC–
citrine-A) and ASC–citrine signal height (ASC–citrine-H). Cells with ASC specks 
were defined with a higher ASC-H:ASC-A ratio.

Statistical analyses. Statistical analyses were performed using GraphPad 
Prism v.8.2.1. Comparisons of the bacterial load of mice were performed using 
nonparametric Mann–Whitney U-tests. Statistical analyses of FAM-FLICA+ cells, 
cytokine secretion and LDH release were performed using unpaired two-tailed 
Student’s t-tests.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the Article and 
its Supplementary Information or from the corresponding author on reasonable 
request. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | CNF1 triggers Caspase-1 activation and ASC specks formation. a, BMDMs isolated from BALB/c mice were either treated with 

vehicle (control) or CNF1 (500 ng ml–1), inactive catalytic mutant CNF1 C866S (500 ng/mL) for 6 h, or Nigericin (5 μM) for 30 min. Active Caspase-1 was 

revealed with FAM-FLICA (green), ASC was stained using an anti-ASC antibody (Texas Red), nuclei and actin filament were stained with Hoechst and 

phalloidin-Alexa 647 respectively. Cells were analyzed by confocal microscopy. Arrows indicates FAM-FLICA dots that colocalize with the ASC staining. 

Scale bar: 10μm. b, BMDM isolated from C57BL/6 J mice constitutively expressing ASC-citrine fusion protein (R26-CAG-ASC-citrine) were transfected 

with the indicated siRNA for 72 h prior to 6 h of CNF1 treatment (500 ng/mL) or treated with vehicle (control). Percent of cells with ASC specks. Data 

are expressed as the mean ± SEM. Each dot represents 105 cells (n = 2 biologically independent samples). c, BMDM isolated from C57BL/6 J mice 

constitutively expressing ASC-citrine fusion protein (R26-CAG-ASC-citrine) were treated 6 h with CNF1 (500 ng/mL) or Nigericin (5 μM) for 30 min or 

vehicle (control). Cells were analyzed for ASC speck formation by flow cytometry as indicated, doublets were excluded using SSC-A and SSC-H plot, cells 

with a high expression of ASC-citrine were gated and then analyzed for ASC-citrine area (ASC-citrine-A) and ASC-citrine height (ASC-citrine-H). Cells 

with ASC specks are defined with a higher ASC-H:ASC-A ratio. Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | NLRP3 inflammasome activation by CNF1 does not induce pyroptosis. a, BMDMs isolated from C57BL/6 J mice were treated 

with vehicle (control), Nigericin (5 μM) or CNF1 (500 ng/mL or 5 μg/mL) with or without LPS (100 ng/mL). Propidium iodide (PI) uptake was monitored 

over time (red object count) by real time imaging. Data are expressed as mean ± SD. 104 cells were analyzed for each replicate (n = 4 independent 

wells). b, BMDMs isolated from C57BL/6 J mice were treated with vehicle (control, n = 6 independent experiments), LPS (100 ng/mL, n = 4 independent 

experiments), LPS and CNF1 (500 ng/mL, n = 6 independent experiments) or LPS and Nigericin (5 μM, n = 4 independent experiments), and LDH  

release was assessed. Data are expressed as the mean ± SEM. Statistical analyses were performed using a two-tailed nonparametric Mann Whitney test. 

c, BMDMs isolated from C57BL/6 J mice were treated either with Nigericin (5 μM) for 30 min or CNF1 (0.5, 1 or 5 μg/mL) for 8 h and GSDMD cleavage 

in cell lysates is shown. d, BMDMs isolated from C57BL/6 J wild-type or CASP1, CASP11, PYCARD (coding for ASC) or GSDMD knock-out mice were 

untreated or treated with CNF1 (500 ng/mL) for 6 h and were analyzed for Caspase-1 activation using the FAM-FLICA probe. Data are expressed as the 

mean ± SEM. Statistical analyses were performed using a two-tailed unpaired Student’s t-test. Each dot represents 100 cells (n = 700 cells). e, BMDMs 

isolated from wild-type or GSDMD knock-out mice were treated with CNF1 (500 ng/mL) and LPS (100 ng/mL) for 8 h as indicated. Supernatants and cell 

lysates were analyzed by immunoblot. The numbers on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least 

three times, and representative data are shown.
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Extended Data Fig. 3 | CNF1-triggered inflammasome activation depends on NLRP3, Nek7 and K+ efflux. a,b, BMDMs isolated from C57BL/6 J mice were 

transfected with siRNA-targeting NLRP3 (a), siRNA-targeting Nek7 (b), or control non-targeting siRNA for 72 h before treatment with CNF1 (500 ng/mL) 

and/or LPS (100 ng/mL) for 8 h. Supernatants and cell lysates were analyzed by immunoblot. c,d, BMDMs isolated from C57BL/6 J mice (c) or iBMDMs 

(d) were treated with the indicated KCl concentration and CNF1 (500 ng/mL) for 8 h. c, Supernatants and cell lysates were analyzed by immunoblot, or (d) 

cell lysates were analyzed using a GST–Pak-RBD pull-down assay. The Rac associated with the GST-Pak-RBD beads is indicated as Rac-GTP. The numbers 

on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 4 | Toxins mediated Rho GTPases activation but not inhibition trigger the NLRP3 inflammasome. a, BMDMs isolated from 

wild-type or NLRP3 knock out C57BL/6 J mice were treated with DNT (1 µg/mL) for 8 h. Supernatants and cell lysates were analyzed by immunoblot. 

b-c, HEK293T cells were transfected as indicated with plasmids encoding NLRP3 inflammasome components (myc-NLRP3, ASC-GFP, mCaspase-1) and 

pro-IL-1β-Flag together with (b) myc-DNT, HA-YopE or myc-Dbl495–826 or (c) transfected with SopE-HA and treated with MG132 to block SopE degradation 

(10 μM). Supernatants and cell lysates were analyzed by immunoblot. d, BMDMs isolated from C57BL/6 J mice were treated with IPA-3 (5 μM) or 

MCC950 (1 μM) for 45 min prior to 8 h of DNT treatment (1 μg/mL). Supernatants and cell lysates were analyzed by immunoblot. The numbers on the side 

of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 5 | Inhibition of Pak1 diminishes NLRP3 activation by Nigericin. a,b, BMDMs isolated from C57BL/6 J mice were treated with 

MCC950 (1 μM) or IPA-3 (5 μM) for 45 min prior to Nigericin (5 μM) treatment for 30 min. Supernatants and cell lysates were analyzed by (a) 

immunoblot and (b) supernatants were analyzed for LDH release (n = 3 biologically independent experiments). Statistical analyses were performed using 

a two-tailed nonparametric Mann Whitney test. n = 3 biologically independent samples were analyzed. c, BMDMs isolated from C57BL/6 J mice were 

treated for 72 h with non-targeting (CT) or Pak1-targeting siRNA before treatment with Nigericin (5 μM) for 30 min. Supernatants and cell lysates were 

analyzed by immunoblot. The numbers on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, 

and representative data are shown. Data are expressed as the mean ± SEM.
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Extended Data Fig. 6 | Mass spectrometry analysis of Pak1 triggered NLRP3 phosphorylation. a-c, Fragmentation spectra of human NLRP3 peptides 

showing phosphorylation of Ser-163, Ser-198 and Thr-659. d, Representation of NLRP3 domain structure and sequence alignment of NLRP3 ortholog 

peptides surrounding phosphorylated residues identified by mass spectrometry. The phosphorylated residues are in bold red.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Conservation of the Pak-NLRP3 axis in Human monocyte-derived macrophages. a-b, Human monocyte-derived macrophages 

(hMDMs) were pretreated with vehicle, MCC950 (1 μM) or IPA-3 (5 μM) for 45 min before CNF1 (500 ng/mL) treatment for 6 h. Active Caspase-1 

was stained with FAM-FLICA (green), NLRP3 (red) and nuclei (blue) were stained for immunofluorescence and confocal microscopy imaging. Arrows 

indicates FAM-FLICA dots that colocalize with NLRP3. Scale bar: 20 μm. b, quantification of FAM-FLICA positive cells. Data are expressed as the mean ± 

SEM. Statistical analyses were performed using a two-tailed unpaired Student’s t-test. Each dot represents 100 cells (n = 1800 cells). Experiments were 

repeated at least three times, and representative data are shown.
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Extended Data Fig. 8 | The NLRP3 T659A mutant inhibit the IL-1β maturation triggered by SopE and DNT. a, HEK293T cells were transfected with 

plasmids encoding NLRP3 inflammasome components (ASC-GFP, mCaspase-1) and pro-IL-1β-Flag and either myc-NLRP3 (WT) or myc-NLRP3 T659A 

together with SopE-HA and treated with MG132 (10 μM) to block SopE degradation. Supernatants and cell lysates were analyzed by immunoblot.  

b, NLRP3 knock-out iBMDMs reconstituted either with NLRP3 or NLRP3 T659A were treated with vehicle or LPS (100 ng/mL) and DNT (1 μg/mL) for 8 h. 

The numbers on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, and representative data 

are shown.
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Extended Data Fig. 9 | Macrophages expressing the NLRP3 T659A mutant have an impaired Nigericin- triggered IL-1β maturation. a-b, iBMDMs stably 

expressing either NLRP3 or NLRP3 T659A were treated with Nigericin (5 μM) for 30 min. Supernatants and cell lysates were analyzed by immunoblot and 

by ELISA for IL-1β (n = 4 biologically independent samples) and TNF-α (n = 3 biologically independent samples). Data are expressed as the mean ± SEM. 

Statistical analyses were performed using a two-tailed unpaired Student’s t-test. The numbers on the side of the immunoblots indicate molecular weight 

(kDa). Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | E. coli CNF1− clearing is not affected by Pak1 or NLRP3 inhibition and E. coli CNF1+ clearing does not rely on GSDMD. a-d, Wild-type 

or knock-out mice were infected intravenously with isogenic CNF1-deleted E. coli (E. coli CNF1−) or CNF1 expressing E. coli (E. coli CNF1+). a, Wild-type mice 

were injected intraperitoneally with 10 mg/kg AZ13711265 or 50 mg/kg MCC950 or vehicle once a day and were infected intravenously with isogenic 

CNF1-deleted E. coli (E. coli CNF1−) prior to the collection of peripheral blood at 4 h, 24 h and 48 h for measurement of bacteraemia (n = 5 mice per group). 

b, Wild-type or NLRP3 knock-out C57BL/6 J mice were infected intravenously with CNF1 expressing E. coli (E. coli CNF1+) prior to the collection of peripheral 

blood at 4 h, 24 h, 48 h, 72 h and 96 h for measurement of bacteraemia (n = 6 per group). c, Wild-type (n = 6 mice) or NLRP3 knock-out C57BL/6 J mice 

(n = 4 mice) were infected intravenously with isogenic CNF1-deleted E. coli (E. coli CNF1−) prior to the collection of peripheral blood at 4 h, 24 h and 48 h for 

measurement of bacteraemia (n = 6 per group). d, Wild-type (n = 6 mice) or GSDMD knock-out C57BL/6 J mice (n = 6 mice) were infected intravenously 

with E. coli CNF1+ prior to the collection of peripheral blood at 4 h, 24 h and 48 h for measurement of bacteraemia. Experiments were repeated two times and 

representative data are shown. Data are expressed as the geometric mean ± 95 CI.
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ABSTRACT Along with respiratory tract disease per se, viral respiratory infections

can also cause extrapulmonary complications with a potentially critical impact on

health. In the present study, we used an experimental model of influenza A virus

(IAV) infection to investigate the nature and outcome of the associated gut disor-

ders. In IAV-infected mice, the signs of intestinal injury and inflammation, altered

gene expression, and compromised intestinal barrier functions peaked on day 7

postinfection. As a likely result of bacterial component translocation, gene expres-

sion of inflammatory markers was upregulated in the liver. These changes occurred

concomitantly with an alteration of the composition of the gut microbiota and with

a decreased production of the fermentative, gut microbiota-derived products short-

chain fatty acids (SCFAs). Gut inflammation and barrier dysfunction during influenza

were not attributed to reduced food consumption, which caused in part gut dysbio-

sis. Treatment of IAV-infected mice with SCFAs was associated with an enhancement

of intestinal barrier properties, as assessed by a reduction in the translocation of dex-

tran and a decrease in inflammatory gene expression in the liver. Lastly, SCFA sup-

plementation during influenza tended to reduce the translocation of the enteric

pathogen Salmonella enterica serovar Typhimurium and to enhance the survival of

doubly infected animals. Collectively, influenza virus infection can remotely impair

the gut’s barrier properties and trigger secondary enteric infections. The latter phe-

nomenon can be partially countered by SCFA supplementation.

KEYWORDS bacterial translocation, gut microbial dysbiosis, short-chain fatty acids,

enteric infection, influenza

Even though vaccines and antiviral drugs are available, influenza still constitutes a seri-

ous health problem and a key economic issue. Although influenza virus infection gen-

erally causes mild-to-moderate disease, it can sometimes, depending on the strain’s viru-

lence and the host’s health status, trigger severe disease. Seasonal influenza leads to
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;300,000 deaths a year worldwide (1). Most of these influenza-related deaths are due to

acute respiratory distress symptoms, compromised pulmonary functions, multiorgan dys-

function, and secondary bacterial infections (2, 3). Along with lung disease per se, influ-

enza is frequently associated with extrapulmonary complications, including intestinal dis-

orders (4). Indeed, the results of preclinical and clinical studies indicate that influenza can

lead to nausea, vomiting, and/or diarrhea (4–8). The causes, nature, and consequences of

these associated intestinal disorders have yet to be fully characterized.

We and others have shown that influenza alters the composition and function of the

gut microbiota (6–10). The consequences of this dysbiosis on the disease’s outcome

remain to be fully defined (11). Wang and colleagues (6) were the first to report a link

between gut dysbiosis and intestinal inflammation. An impact of gut dysbiosis on sec-

ondary bacterial infection in the intestine has also been suggested (7, 8). Lastly, our

recent findings indicate that by reducing the production of short-chain fatty acids

(SCFAs; the main metabolites of the gut microbiota), influenza favors secondary bacterial

infection of the lungs (10). With regard to the role of SCFAs in gut homeostasis (12–17),

we hypothesize herein that the influenza virus infection’s impairment of SCFA production

weakens the gut’s barrier function and thus favors secondary enteric infections.

Short-chain fatty acids represent the end products of dietary fiber fermentation (for

reviews, see references 18 and 19). The SCFAs supply energy to colonocytes and are

critical for intestinal homeostasis, gut functions, and gut metabolism. Although the

SCFAs’ role in the control of gut inflammation appears to be a function of the disease

state, these compounds tend to reinforce the gut barrier, a critical property for control-

ling the dissemination of gut commensals, opportunistic pathogens, and microbial

components. Moreover, SCFAs display antimicrobial activity by favoring the synthesis

of antimicrobial components (including antimicrobial peptides) in the intestine

(17–20). In the present study, we sought to specify the nature of gut disorders (includ-

ing disruption of barrier functions) during an experimental influenza A virus (IAV) infec-

tion. We found that (i) decreased SCFA production is important for these effects and

(ii) SCFA supplementation during IAV infection partially protects animals from second-

ary infection with the enteric pathogen Salmonella enterica serovar Typhimurium.

Taken as a whole, our data emphasize that viral respiratory infections can remotely

impact gut homeostasis and intestinal barrier functions and thereby favor secondary

bacterial infections. Reduced production of gut microbiota-derived fermentative prod-

ucts (SCFAs) might have a critical role in these alterations.

RESULTS

Influenza virus infection is associated with intestinal inflammation and

disorders. Influenza virus infection can be accompanied by intestinal symptoms, lead-

ing to intestinal inflammation and immune injury (5, 6). We first characterized the na-

ture of these intestinal disorders in a mouse model of sublethal influenza virus infec-

tion (see Fig. S1A in the supplemental material). In line with a previous study (6), no

IAV genomic RNA was detected in the intestine over the course of the infection (Fig.

S1B). Relative to that in mock-infected mice, significant but transient colon shortening

(a marker of inflammation) was observed at 7 days postinfection (dpi) in IAV-infected

animals (Fig. 1A). The use of NF-κB–luciferase reporter mice also indicated an increase

in intestinal NF-κB activity, a marker of stress and inflammation, at 7 dpi (Fig. 1B and

Fig. S1C). The expression of NF-κB was most obvious in the cecum and colon but was

also observed in the small intestine (Fig. 1B and Fig. S1D). In contrast (but in line with

other published studies [7, 9]), the intestine had a normal histological appearance at

7 dpi, with no difference (i.e., no remodeling) in crypt depth in the colon and the crypt/

villus length in the duodenum (Fig. 1C and Fig. S1E). Influenza virus infection was also

associated with a low blood concentration of citrulline (a marker of the functional

enterocyte mass and metabolic activity [21]) at 7 dpi (Fig. 1D). Overall, a sublethal influ-

enza virus infection was associated with colon shortening, NF-κB activation, and a rela-

tive decrease in intestinal metabolic function but not major structural remodeling of

the epithelium.
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Influenza leads to alterations in intestinal gene expression and impairment of

the gut barrier. We next analyzed gene expression in the colons of the IAV-infected

mice. The expression of a large number of genes (1,433 genes with a fold change of

.2; adjusted P value,,0.05) was modulated at 7 dpi (Fig. S2A). An ontological analysis

highlighted the upregulation of several families of genes with immune and

FIG 1 Intestinal inflammation and disorders during IAV infection. Mice were infected or not (mock) with IAV

(H3N2). (A) The colon length was measured at 4, 7, and 14 dpi (n= 6 to 13). For the mock control, colons were

collected at day 7. (B) Ex vivo bioluminescence imaging was performed on guts collected from naive and IAV-

infected (7 dpi) NF-κB–luciferase transgenic mice. Arrows indicate higher NK-κB expression. The scale indicates

the average radiance. One representative image of at least 10 mice is shown. (C) Histological analysis of

intestinal (colon and duodenum) sections in mock-treated mice and IAV-infected mice (7 dpi). Crypt depths and

villus lengths were determined after hematoxylin and eosin coloration (n= 9 to 10/group). (D) Citrulline

concentrations in the blood collected from mock-treated mice and IAV-infected mice (7 dpi) (n= 14). Results

represent two pooled experiments. Significant differences were determined using the Mann-Whitney U test (C

and D) and the Kruskal-Wallis ANOVA test (A). (*, P, 0.05).

Gut Disorders during Influenza Virus Infection Infection and Immunity

September 2021 Volume 89 Issue 9 e00734-20 iai.asm.org 3

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
jo

u
rn

al
s.

as
m

.o
rg

/j
o
u
rn

al
/i

ai
 o

n
 0

7
 S

ep
te

m
b
er

 2
0
2
2
 b

y
 1

9
3
.5

4
.1

1
0
.6

1
.

https://iai.asm.org


inflammatory functions (Fig. S2B). Large numbers of interferon-stimulated genes (ISGs)

and, to a lesser extent, NF-κB-dependent inflammatory genes were upregulated during

influenza (Fig. 2A and B). A reverse transcription-quantitative PCR (RT-qPCR) analysis

confirmed the transient alteration in gene expression in the colon (Fig. S2C). Many of

the downregulated genes had cell functions (e.g., transport) and metabolic functions

(e.g., O-linked glycosylation) (Fig. S2D). IAV infection was also associated with the

altered expression of genes involved in mucin type O glycan biosynthesis (Fig. S2E).

Transcripts of genes involved in barrier functions were also downregulated, albeit

more moderately; these included the gap junction component Gja3, cadherin/catenin

family members, collagens, and fibroblast growth factors (Fig. 2C and Fig. S2C).

The barrier function is one of the gut’s most important features. Under normal con-

ditions, an intact gut barrier prevents the excessive spreading of microbial components

into the blood and peripheral tissues. Disease conditions can disrupt the barrier func-

tion and thus lead to bacterial translocation, systemic inflammation, and septic shock.

IAV’s impact on the gut’s barrier property has not been characterized in detail and so

warranted investigation. To this end, we orally administered fluorescein isothiocyanate

(FITC)-dextran to IAV-infected mice and then assayed its concentration in plasma.

Relative to the translocation of FITC-dextran from the gut lumen to the plasma in the

control, enhanced translocation was observed at 7 dpi in infected mice (Fig. 2D).

Accordingly, the blood concentration of intestinal fatty acid-binding protein (a sys-

temic marker associated with altered intestinal permeability) was significantly elevated

at 7 dpi (Fig. 2E). Disturbances in the intestinal barrier can result in the increased portal

influx of bacteria or their products into the liver, where they can cause inflammation

FIG 2 Altered colonic gene expression and increased gut permeability during IAV infection. (A to C) Transcriptomic analysis of colon samples from mock-

treated and IAV-infected mice (7 dpi). Shown are heat maps representing ISGs (A), NF-κB-dependent inflammatory genes (B), and transcriptional expression

of components involved in barrier functions and epithelial integrity (GJC, gap junction components) (C) (n= 4/group). (D) Fluorescence intensity quantified

in the blood of mice 4 h after FITC-dextran oral administration (n=8). (E) Intestinal fatty acid-binding protein (iFABP) concentration in the blood (n= 21 to

28). (F) Analysis of gene expression in liver by RT-qPCR (n= 5). (G) LPS-binding protein (LBP) concentration in the blood (n= 11 to 15). (D to G) Results are

from two to three pooled experiments (7 dpi). Significant differences were determined using the Mann-Whitney U test (D, E, and G) and the Kruskal-Wallis

ANOVA test (F) (*, P, 0.05; **, P, 0.01; ***, P, 0.001).
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and acute injury. A quantitative RT-PCR analysis highlighted the upregulated expres-

sion of inflammatory genes in the liver, including acute-phase proteins (i.e., C-reactive

protein, lipocalin-2), cytokines, chemokines, and antimicrobial peptides (Fig. 2F and

data not shown). Lastly, the serum concentration of lipopolysaccharide (LPS)-binding

protein (which is produced primarily as an acute-phase protein in the liver) was ele-

vated at 7 dpi (Fig. 2G). Overall, influenza virus infection strongly modified gene

expression in the gut and altered the intestinal epithelium’s barrier properties.

A restricted food intake mimicking influenza disease does not recapitulate

intestinal inflammation and barrier dysfunction. We and others have shown that

reduced food intake and associated weight loss due to acute viral respiratory infection

trigger an alteration of the composition of the gut microbiota (10, 22). As dysbiotic

microbiotas can lead to gut inflammation and altered barrier properties, we investi-

gated whether rapid reduction of food consumption, as observed during IAV infection,

may lead to intestinal inflammation and gut disorders. To this end, we designed a pair-

feeding experiment exactly as described previously (10). Pair-fed mice were sacrificed

when weight loss attained 15% of the initial weight. As depicted in Fig. 3A, the colon

length of pair-fed mice was significantly reduced, as is the case during an IAV infection.

However, the intestinal barrier, as measured by FITC-dextran, intestinal fatty acid-bind-

ing protein, and LPS-binding protein in blood, was unchanged (Fig. 3B). Transcriptomic

analysis of colons collected from pair-fed mice and IAV-infected mice revealed a global

resemblance, as assessed by gene set enrichment analysis (GSEA) (Fig. 3C). However,

among the major differences between the two signatures was the absence of ISG

expression in pair-fed mice (Fig. S3A). Expression of genes belonging to the NF-κB

pathway was also specifically altered in IAV-infected mice. In line with Fig. 3B, the

expression of transcripts of genes involved in barrier functions were not decreased in

the colons of pair-fed mice, unlike with IAV-infected mice (Fig. S3B). An ontological

analysis highlighted the upregulation of several families of genes involved in metabo-

lism, signaling, and transport in the colons of pair-fed mice (Fig. 3D). In particular, path-

ways involved in lipid (fatty acid) metabolism and the transport of small molecules

were induced in pair-fed mice and IAV-infected mice (Fig. 3E). Families of genes found

to be downregulated in pair-fed mice and in part in IAV-infected mice included genes

involved in cell cycle and mitosis (Fig. 3F and Fig. S3C). Collectively, inappetence and

rapid weight loss do not appear to play major roles in gut inflammation and an altered

intestinal barrier during influenza virus infection.

SCFA supplementation partially reverses intestinal barrier disruption. We have

previously reported that influenza virus infection leads to gut dysbiosis and strongly

reduces the production of the fermentative products SCFAs (10). In the IAV-infected

mouse model studied here, we confirmed that cecal concentrations of acetate (the

most abundant SCFA), propionate, and butyrate were abnormally low at 7 dpi (Fig. 4A).

Although SCFAs are important for intestinal homeostasis and function, their role in gut

inflammation is more context dependent (12, 15–17). We hypothesized that the drop

in SCFA production during influenza virus infection might influence intestinal disor-

ders. To this end, the mice’s drinking water was supplemented with acetate, propio-

nate, and butyrate starting 2 days after IAV infection. Treatment with SCFAs moder-

ately but significantly rescued the decrease in colon length in these animals and thus

indicated that the inflammation was less intense (Fig. 4B). The translocation of FITC-

dextran from the gut lumen to the plasma was reduced in SCFA-treated animals rela-

tive to that in controls (Fig. 4C). This finding indicates that SCFA treatment partially

restored the intestine’s physical barrier. We then looked at whether the restoration of

barrier function translated into less inflammation in the liver. As shown in Fig. 4D, the

expression of inflammatory genes in the liver was significantly lower in mice fed SCFA-

supplemented drinking water than in nonsupplemented mice. SCFA treatment may

indirectly exert these effects by modulating the composition of the gut microbiota. To

investigate this possibility, the feces from SCFA-treated and untreated mice, previously

infected or not infected with IAV, were collected, and 16S rRNA sequencing was per-

formed. An analysis of the beta diversity by principal-coordinate analysis (PCoA) clearly
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showed that, whatever the condition (mock or IAV infection), the bacterial populations

from SCFA-treated mice and untreated mice did not differ (Fig. 4E). On the other hand,

in line with the results in references 7, 8, and 10 and relative to mock-infected animals,

PCoA clearly indicated an intergroup difference in the fecal microbiota at 7 dpi. A taxo-

nomic analysis did not reveal any major changes at the phylum and lower taxonomic

levels between SCFA-treated and untreated mice (Fig. S4A and S4B and data not

shown). This indicates that SCFA treatment does not reverse intestinal barrier

FIG 3 Analysis of gut disorders in pair-fed mice. The food access was restricted in order to mimic the weight loss of IAV-infected mice (7 dpi, ;15% of

body mass). (A) The colon lengths of pair-fed mice and normally nourished mice were measured. (B) FITC-dextran, intestinal fatty acid-binding protein

(iFABP), and LPS-binding protein (LBP) concentrations in the blood. (C and D) Analysis of gene expression in the colons of pair-fed mice and IAV-infected

mice. (C) GSEA plot showing enrichment of pair-feeding (PF)-induced (top) and pair-feeding-repressed (bottom) genes in mock-treated and IAV-infected

mice. Black rectangles indicate statistically significant differences in the mock-versus-IAV comparison. Global IAV and pair-feeding signatures appear

statistically correlated. (D) Gene set enrichment analysis was run on pair-feeding (PF)-induced genes in a comparison with those in the mock condition

(fold change, .2; adjusted P value, 0.05) using the Reactome database. (E, left) Heatmap showing significantly modulated genes (fold change, .2;

adjusted P value, 0.05) related to lipid metabolism from the Reactome database’s “Metabolism of lipids,” “Fatty acid metabolism,” and “Mitochondrial

Fatty Acid Beta-Oxidation” pathways. (E, right) Heatmap representing the expression of genes from the Reactome database’s “Transport of small molecules”

pathway. (F) Heatmap representing the expression of genes from the Reactome database’s “Cell Cycle” pathway. (A and B) Significant differences were

determined using the Kruskal-Wallis ANOVA test and the Mann-Whitney U test (FITC dextran) (n= 6 to 12) (*, P, 0.05; **, P, 0.01; ***, P, 0.001).
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disruption by modulating the composition of the gut microbiota. Taken as a whole,

the reduced production of SCFAs by the gut microbiota influences barrier leakage dur-

ing influenza virus infection.

SCFA supplementation during influenza attenuates bacterial enteric infections.

Recent research indicates that gut alterations during an influenza virus infection may

favor the local colonization and systemic dissemination of the foodborne pathogen

Salmonella enterica serovar Typhimurium (7, 8). The underlying mechanism has yet to

be defined. We postulated that the influenza-associated drop in intestinal SCFA pro-

duction and epithelial permeability are causally related to these secondary enteric

infections. To test this hypothesis, we developed a model of secondary enteric

FIG 4 Effect of SCFA supplementation during IAV infection on gut disorders. (A) Cecal concentrations of total

and individual SCFAs in mock-treated and IAV-infected mice (7 dpi) (n= 7, one experiment out of at least six

performed). (B to D) Mice were infected with IAV. Two days after infection, mice were treated with acetate,

propionate, and butyrate (150mM, 50mM, 20mM, respectively, in drinking water) or with vehicle (Vh). (B) The

colon length was measured at 7 dpi (n= 6 to 9; one representative experiment out of two). (C) Fluorescence

intensity quantified in the blood of mice 4 h after FITC-dextran oral administration (n= 14; two pooled

experiments). (D) Gene expression in total liver was analyzed by RT-qPCR (n= 6; one representative experiment

out of two). (E) Analysis of the gut microbiota’s composition was performed on feces collected from uninfected

mice treated (bright blue) or not (dark blue) with SCFAs for 5 days and from mice infected 7 days earlier with

IAV and treated (pink) or not (red) with SCFAs at 2 dpi (n= 4 to 5). Bacterial communities were clustered using

PCoA of weighted UniFrac distance matrices (beta diversity). The first three principal coordinates (PC1, PC2, and

PC3) are plotted for each sample, and the percentage variation in the plotted principal coordinates is indicated

on the axes. Each spot represents one sample, and each group of mice is denoted by a different color. The

distance between dots represents the extent of compositional difference. D0 and D7, days 0 and 7. Significant

differences were determined using the Mann-Whitney U test (A to C) and the Kruskal-Wallis ANOVA test (D) (*,

P , 0.05; **, P , 0.01, ***, P , 0.001).
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bacterial infection (Fig. S5A). Mice previously infected with IAV were orally exposed to

S. Typhimurium. Unlike in other studies (7, 8), we deliberately did not treat the mice

with antibiotics prior to S. Typhimurium infection. After preliminary dose-response

experiments, a sublethal dose was inoculated into IAV-infected mice by gavage (7 dpi).

We measured weight loss and the mortality index in doubly infected mice. In contrast

to naive mice infected with S. Typhimurium or IAV alone, IAV-infected mice lost weight

6 to 7 days after S. Typhimurium infection (Fig. 5A and Fig. S5B). Lastly, IAV-infected

mice succumbed to secondary enteric infection, while mice infected with S.

Typhimurium or IAV alone did not (Fig. 5B). Of note, in contrast to IAV-infected mice

and the control mice, pair-fed mice were not susceptible to secondary Salmonella

infection (Fig. S5C).

To investigate whether the local drop in SCFA levels during IAV infection was

involved in secondary S. Typhimurium infection, the mice’s drinking water was supple-

mented with SCFAs from day 2 after influenza virus infection onwards (Fig. S5A). In

oral infection models in mice, S. Typhimurium colonizes sites in the distal intestine,

such as the cecum, before spreading to systemic tissues and shedding via the feces

into the environment (23). SCFA treatment failed to lower the bacterial load in the ce-

cum, indicating that SCFAs did not have a local impact on bacterial growth (Fig. 5C).

Supplementation of SCFAs also failed to reduce the number of Salmonella organisms

in the feces (not shown). This suggested that SCFA supplementation has no role in the

local control of Salmonella infection. In line with this, SCFA supplementation failed to

enhance the intestinal transcription of factors known to participate in the host defense

against Salmonella (7), including cytokines and antimicrobial peptides (Fig. S5D). In

contrast, SCFA supplementation reduced the translocation of bacteria, as revealed by

the lower bacterial count in the liver (Fig. 5D). Lastly, the body weight loss due to sec-

ondary enteric infection and the mortality rate were lower in SCFA-supplemented

mice, although the difference from controls was not statistically significant (Fig. 5E and

F). We conclude that SCFA treatment during the course of influenza tended to reduce

secondary enteric infection and mitigate the latter’s systemic consequences.

DISCUSSION

Our data support the hypothesis that viral respiratory infection can remotely trigger

intestinal disorders (namely, mild inflammation and altered barrier functions) and thus

have a major impact on secondary enteric infections. Furthermore, our data show that

SCFA supplementation during an influenza virus infection ameliorated gut disorders

and reduced secondary Salmonella infection. Given that gut dysfunction has been

described in many critical illnesses, these relationships might have clinical relevance.

Several studies have highlighted the impact of influenza virus infection on gut ho-

meostasis, with dysbiosis and inflammation (6–10, 22). In line with other researchers (7,

9), we did not observe major intestinal architecture remodeling at 7 dpi (i.e., when gut

disorders peak). However, a shorter colon and altered intestinal metabolic functions (as

revealed by systemic citrulline levels) indicated the presence of intestinal dysfunction

in our mouse model. Furthermore, the present study is the first to have shown that

influenza virus infection is associated with disruption of the intestine’s barrier func-

tions. In line with the results of Deriu and colleagues (7), our overall transcript analysis

indicated that the expression of a large panel of inflammatory (NF-κB-dependent)

genes and immune genes (in particular, ISGs) was modulated in the intestine during

an IAV infection. ISG expression probably reflects the increased systemic interferon lev-

els during infection, since a quantitative PCR did not detect any genomic IAV RNA in

the intestine (6, 10). Although speculative at this stage, a change in the enteric virome

during influenza (exposure to virus-associated signals) might also influence local ISG

expression (24). Influenza virus infection is also associated with a low expression of

genes involved in the maintenance of barrier functions and with elevated paracellular

permeability, as assessed by enhanced passage of FITC-dextran into the blood. This

alteration in barrier function was combined with enhanced inflammatory gene
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expression in the liver, perhaps as a result of the portal translocation of bacterial com-

ponents from the gut. Pair-feeding experiments indicated that reduced food consump-

tion during influenza is not involved in gut inflammation and barrier disruption (and

secondary Salmonella infection). There are probably many causes of intestinal barrier

leakage. One can reasonably hypothesize that microbiota dysbiosis, altered micro-

biota-host interactions, and inflammation during influenza are causally linked to the

alterations in barrier properties (25, 26). Hence, the loss of beneficial members of the

microbial community (Lachnospiraceae and Lactobacillus), the overgrowth of pathos-

ymbionts (Alphaproteobacteria, Gammaproteobacteria, and the Escherichia genus) and/

or a shift in metabolism (such as altered fermentation) may accentuate the gut’s leaki-

ness (10). Enhanced production of toxic metabolites may also be involved in barrier

FIG 5 Effect of SCFA supplementation during IAV infection on secondary Salmonella Typhimurium (S.t)

infection. (A and B) Mice were infected or not (mock) with IAV (H3N2). At 7 dpi, mice were (super)infected or

not with S. Typhimurium. (A) Body weight evolution (percentages of initial body weights). (B) The survival of

singly infected and doubly infected animals was monitored. (A and B) Results from two pooled experiments are

shown (n=16). (C to E) The same operation was repeated for IAV-infected mice treated or not with acetate,

propionate, and butyrate (150mM, 50mM, and 20mM, respectively, in drinking water) at 2 dpi. (C and D) The

numbers of bacteria in the cecum (C) and liver (D) were determined 7 days after the bacterial challenge (n= 8;

a representative experiment out of two). The body weight (E) and survival rate (F) of superinfected animals

were monitored (n= 24; results from three pooled experiments are shown). (C and D) Significant differences

were determined using the Mann-Whitney U test. (B, F) Rates of mouse survival were compared using Kaplan-

Meier analysis and the log rank test (*, P, 0.05).
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disruption. For instance, the excessive production of phenolic and sulfur-containing

compounds by dysbiotic microbiota can alter tight junctions between cells and disrupt

barrier functions (27, 28). Counts of mucin-degrading bacteria like Ruminococcus

increase during influenza (10). These bacteria erode the colonic mucosa and favor

interactions between luminal bacteria and the intestinal epithelium, which in turn may

lead to inflammation and the impairment of barrier function (29).

The question of the impact of gut dysbiosis and intestinal disorders on influenza

outcomes then arises. Increased leakiness of the gut barrier and dissemination of com-

mensal bacteria and/or their components might lead to extraintestinal complications,

such as acute liver injury, acute respiratory distress syndrome, bacterial respiratory

tract coinfections, and systemic symptoms (e.g., a cytokine storm, circulatory collapse,

sepsis, and multiorgan dysfunction) (11). These complications are observed in critically

ill patients and constitute key causes of mortality (30–32). However, the extent to

which gut perturbations cause extraintestinal disorders remains to be determined. Gut

barrier dysfunction is a well-known feature of aging and chronic metabolic diseases,

like obesity (25, 33–36). It would be interesting to look at whether these alterations

amplify secondary extraintestinal complications in obese and older individuals, who

are particularly at risk of developing critical illnesses during influenza (31). The dissemi-

nation of microbial components through the gut wall might affect not only inflamma-

tion and organ functions but also host metabolism (such as glucose homeostasis) and

other outcomes (37–39). Our present data highlighted the altered expression of many

inflammatory genes and metabolic genes (data not shown) in the liver. We also

recently showed that the homeostasis of adipose tissue is dramatically altered during

experimental influenza, with inflammation and metabolic perturbations (40). The

impact of compromised gut barrier function on hepatic and adipose inflammation and

metabolism warrants investigation.

Influenza virus infection is associated with a drop in the production of SCFAs; this

phenomenon is due, at least in part, to reduced food (fiber) consumption by the dis-

eased host (10). This drop may limit the energy supply to colonocytes, accentuate mu-

cosal inflammation, and alter the intestine’s barrier functions. SCFAs are currently con-

sidered to be a promising adjunct treatment for active inflammatory bowel disease

and diversion colitis (for a review, see reference 20). Various approaches (including

enemas of butyrate and mixtures of acetate, propionate, and butyrate) have given dif-

fering clinical outcomes (41–43). In the present study, we observed a beneficial effect

of SCFA supplementation on gut barrier functions, as measured by greater gut imper-

meability and diminished inflammatory gene expression in the liver. This effect was

not associated with major changes in the composition of the gut microbiota. In con-

trast, we did not find a marked effect on local inflammatory gene expression (data not

shown), even though SCFA supplementation rescued the colon shortening typically

observed in a setting of inflammation. This is in line with suggestions that the SCFAs’

functional activities depend on the disease context and severity. Recent research indi-

cates that gut disorders during influenza virus infection may favor the local coloniza-

tion and systemic dissemination of the intestinal pathogenic bacterium Salmonella (7,

8), a leading cause of acute gastroenteritis and inflammatory diarrhea. Our data con-

firm these findings, although the underlying mechanism has yet to be defined.

However, we postulated that the influenza-associated drop in intestinal SCFA produc-

tion might cause, at least in part, secondary enteric infections. Acetate can protect

against E. coli (13), while propionate and butyrate can protect against S. Typhimurium

(44) and Citrobacter rodentium (45, 46). In these settings, SCFAs inhibited pathogen

growth directly or (through host signaling) indirectly, leading to the production of

cytokines and antimicrobial compounds (13, 45, 47, 48) and to increased bactericidal

activity by macrophages (46). SCFAs can also prevent the abnormal expansion of anti-

biotic-resistant strains of Enterobacteriaceae, in part by increasing intracellular acidifica-

tion (49). SCFAs (including propionate) have also been shown to regulate (favor) the

growth and virulence of enteric pathogens, such as enterohemorrhagic and adherent-
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invasive E. coli (50, 51). In our experimental model, mice fed SCFAs before an S.

Typhimurium infection did not show a lower degree of local bacterial colonization,

indicating a lack of a direct effect on bacterial growth. In contrast, SCFA supplementa-

tion limited systemic bacterial dissemination, probably by reinforcing intestinal barrier

properties, as our data show. Interestingly, SCFA supplementation tended to lower the

degree of morbidity (i.e., improved weight loss recovery) and to increase the survival

rate of doubly infected animals. Mechanisms through which SCFAs reduced Salmonella

dissemination in our setting are still elusive. They might include a direct role in viru-

lence factors involved in bacterial invasion and translocation (52) and/or an indirect

role in host signaling pathways. Among them, activation of the G protein-coupled

receptors free fatty acid receptor 3 and/or 2 (receptors for acetate and/or propionate)

and/or inhibition of histone deacetylase (butyrate and, to a lower extent, propionate)

are probable. Together with the fact that acetate protected against postinfluenza

pneumococcal infection in the lungs (10), our finding highlights the potential benefit

of using SCFAs to lower secondary influenza outcomes. In this context, the restoration

of mucosa homeostasis might be achieved by stimulating SCFA production via prebiot-

ics (e.g., high-fiber diets) or probiotics (i.e., SCFA producers themselves). The clinical ef-

ficacy of this adjunct treatment remains to be determined.

MATERIALS ANDMETHODS

Mice and ethics statement. Specific-pathogen-free C57BL/6J mice (7 weeks old, male) were pur-

chased from Janvier (Le Genest-St.-Isle, France). Mice were maintained in a biosafety level 2 facility in the

Animal Resource Center at the Lille Pasteur Institute for at least 2 weeks prior to usage to allow appropriate

acclimation. Unless specified, mice were fed a standard rodent chow (SAFE A04; SAFE, Augy, France) and

had access to water ad libitum. This diet contains ;11.8% fiber, including ;10% water-insoluble fiber

(3.6% cellulose) and 1.8% water-soluble fiber. All experiments complied with current national and institu-

tional regulations and ethical guidelines (Institut Pasteur de Lille/B59-350009). The protocols were

approved by the institutional ethical committee (Comité d’Ethique en Experimentation Animale [CEEA] 75),

Nord Pas-de-Calais. All experiments were approved by the Education, Research and Innovation Ministry,

France, under registration number APAFIS 13743-2018022211144403. Transgenic mice expressing the fire-

fly luciferase gene under the control of a nuclear factor κB (NF-κB) promoter (NF-κB–luciferase reporter)

have been previously described (53). NF-κB–luciferase transgenic BALB/c mice express the luciferase gene

driven by two NF-κB sites from the κ light chain enhancer in front of a minimal fos promoter. They were

obtained by backcrossing NF-κB–luciferase transgenic B10.A mice (a kind gift of Richard Flavell, Howard

Hughes Medical Institute) with BALB/c mice to ensure the production of transgenic mice with white fur to

avoid absorption of the light by the dark skin and fur of the B10.A mice.

Viruses and bacteria. The mouse-adapted H3N2 IAV strain Scotland/20/1974 and the Salmonella

enterica serovar Typhimurium strain C5 are described in references 54 and 55, respectively.

Infections and assessment of bacterial loads. For infection with IAV alone, mice were anesthetized

by intramuscular injection of 1.25mg of ketamine plus 0.25mg of xylazine in 100ml of phosphate-buf-

fered saline (PBS) and then intranasally (i.n.) infected with 50ml of PBS containing (or not, in a mock sam-

ple) 30 PFU of IAV (54, 56). For infection with S. Typhimurium alone, gradual doses were used (oral ga-

vage, 200ml). For secondary infection, IAV-infected mice were intragastrically challenged at 7 dpi with S.

Typhimurium (1! 104 CFU, 200ml). This dose is sufficient to allow bacterial outgrowth, dissemination,

and death in mice previously infected with IAV. In doubly infected mice, bacteria in the cecum and liver

were counted 7 days after the bacterial challenge by plating serial 10-fold dilutions of cecum or liver ho-

mogenates onto Hektoen agar plates. The plates were incubated at 37°C with 5% CO2 overnight, and

viable bacteria were counted 24 h later. Survival and body weight were monitored daily after IAV infec-

tion, and mice were euthanized when they lost in excess of 20% of their initial body weight.

Measurement of NF-κB activity. Bioluminescence measurements of the NF-κB-luciferase transgenic

mice were measured using the IVIS 200 imaging system (PerkinElmer, Waltham, MA). Mice were anaesthe-

tized, and luminescence was measured 7 days after IAV infection as described previously (53). Briefly, after

anesthesia, luciferin was i.n. instilled (0.75mg · kg of body weight–1). Living Image software (version 4.0;

PerkinElmer) was used to measure the luciferase activities. Bioluminescence images were acquired for

1min with the f-stopequal to1 and binning equal to8. A digital false-color photon emission image of the

mouse was generated, and photons were counted within the whole-body area. Photon emission was

measured as radiance, which corresponds to the sum of the photons per second from each pixel inside the

region of interest (ROI) per number of pixels (photons per second per square centimeter per steradian).

Transcriptomic analysis. Colon transcriptional profiling was performed using Agilent’s SurePrint G3

mouse GE 8!60K kit (G4852A). Minimum information about the microarray experiment (MIAME) was de-

posited in ArrayExpress at EMBL (http://www.ebi.ac.uk/microarray-as/ae; accession numbers E-MTAB

-6707 [IAV] and E-MTAB-10036 [pair-feeding]). Arrays were hybridized according to the manufacturer's

instructions and as previously described (57). Differentially expressed genes were identified using a

moderated t test. A Benjamini-Hochberg false-discovery rate (FDR) was then used as a multiple-testing

correction method, and a corrected P value cutoff of 5% was applied. A fold change cutoff of .2 was
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then added to select the differentially expressed genes between the mock and infected conditions. For

functional analysis, data files were uploaded into the Ingenuity Pathways Analysis (IPA) software

(Ingenuity Systems, Redwood City, CA). Pathway enrichment analysis was performed using the GSEA

software (https://www.gsea-msigdb.org/gsea/index.jsp).

Measurement of SCFA concentrations and treatment with SCFAs. Concentrations of SCFAs in the

cecal content were determined after extraction with diethyl ether using GC-2014 gas chromatography

with a model AOC-20i auto-injector (Shimadzu, Hertogenbosch, The Netherlands) as described previ-

ously (58). Results are expressed as micromoles per gram of cecal content. To assess the effects of SCFAs

on intestinal permeability and defense against secondary enteric bacterial infection, mice infected with

IAV were treated (drinking water) with a combination of acetate, propionate, and butyrate (200mM,

50mM, and 5mM, respectively) after 2 days of IAV infection. Treatment was continued after secondary

bacterial infection until animal sacrifice.

Assessment of gene expression and quantification of viral loads by quantitative RT-PCR. Total

RNA from colon tissues was extracted with the NucleoSpin RNA kit (Macherey-Nagel, Hoerdt, Germany).

RNA was reverse transcribed with the high-capacity cDNA Archive kit (Life Technologies, USA). The

resulting cDNA was amplified using SYBR green-based real-time PCR and the QuantStudio 12K Flex real-

time PCR systems (Applied Biosystems, USA) according to the manufacturer’s protocol. Relative quantifi-

cation was performed using the gene coding for glyceraldehyde 3-phosphate dehydrogenase (Gapdh).

Specific primers were designed using Primer Express software (Applied Biosystems, Villebon sur Yvette,

France). Relative mRNA levels (2–DCt, where Ct is the cycle threshold) were determined by comparing (a)

the PCR Ct for the gene of interest and the housekeeping gene Gadph (DCt) and (b) DCt values for

treated and control groups (DCt). Data are expressed as a fold change over the mean gene expression

level in mock-treated mice. Quantification of viral RNA was performed as described in reference 10. Viral

load is expressed as viral RNA normalized to the Gapdh expression level. Data were normalized to

expression of the Gapdh gene and were expressed as Cts. The sequences of the oligonucleotides used in

this study are shown in Table 1.

Measurement of intestinal permeability. To measure the perturbation of intestinal permeability

following influenza virus infection or pair-feeding, fluorescein isothiocyanate (FITC)-dextran (dextran

size, 4,000 kDa) dissolved in sterile saline was administered by oral gavage (200ml, 60mg/ml). After 4 h,

TABLE 1 Oligonucleotides used in this study

Oligonucleotide Sequence

Gapdh Forward, 59-GCAAAGTGGAGATTGTTGCCA-39

Reverse, 59-GCCTTGACTGTGCCGTTGA-39

Iav m1 Forward, 59-AAGAACAATCCTGTCACCTCTGA-39

Reverse, 59-CAAAGCGTCTACGCTGCAGTCC-39

Crp Forward, 59-GTGCGCAGCTTCAGTGTCTTC-39

Reverse, 59-AGCACCACCCACTCCAAAAGCA-39

Lcn2 Forward, 59-GCCCAGGACTCAACTCAGAACTT-39

Reverse, 59-GCTCATAGATGGTGCTGTACATCG-39

Ifng Forward, 59-CAACAGCAAGGCGAAAAAG-39

Reverse, 59-GTGGACCACTCGGATGAGCT-39

Il18bp Forward, 59-ACTGAGCCCCACCCTACGAA-39

Reverse, 59-GGAGCTGTCTTCAACCCATCC-39

Cxcl1 Forward, 59-GCGCCTATCGCCAATGAGC-39

Reverse, 59-GCAAGCCTCGCGACCATTC-39

S100a8 Forward, 59-CACCATGCCCTCTACAAGAATG-39

Reverse, 59-CACCATCGCAAGGAACTCC-39

Cxcl10 Forward, 59-ACCCAAGTGCTGCCGTCAT-39

Reverse, 59-CATTCTCACTGGCCCGTCAT-39

Ifi44 Forward, 59-GGCCATGAGAACTCGTTTGACA-39

Reverse, 59-ACTTCTGCACACTCGCCTTGTA-39

Gbp4 Forward, 59-CACAAATGGCTCCCATTTGTC-39

Reverse, 59-GGACCATCCAACAATAGCCACT-39

Foxj1 Forward, 59-CCACCAAGATCACTCTGTCGG-39

Reverse, 59-AGGACAGGTTGTGGCGGAT-39

Muc2 Forward, 59-TGCTGACGAGTGGTTGGTGA-39

Reverse, 59-TTAAGCGAAAGCCCTGGTGT-39

Il1b Forward, 59-TCGTGCTGTCGGACCCATA-39

Reverse, 59-GTCGTTGCTTGGTTCTCCTTGT-39

Il6 Forward, 59-CAACCACGGCCTTCCCTACT-39

Reverse, 59-CCACGATTTCCCAGAGAACATG-39

S100a9 Forward, 59-GACACCCTGACACCCTGA-39

Reverse, 59-GCCATCAGCATCATACACTCCTC-39
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mock-infected, IAV-infected mice and pair-fed mice were euthanized and their blood was collected by

cardiac puncture. FITC-dextran in plasma was quantified using a Tecan (Männedorf, Switzerland) plate

reader (excitation, 485 nm; emission, 528 nm). Serum citrulline, intestinal fatty acid-binding protein, and

lipopolysaccharide (LPS)-binding protein were quantified by enzyme-linked immunosorbent assay

(ELISA) (MyBioSource, CA).

Histological examination of gut sections. Histological examination of the duodenum and proximal

colon was performed on 4-mm-thick sections stained with hematoxylin, eosin, and saffron. Thirty crypts

per mouse were analyzed to determine the average crypt depth and villus length. Slides were scanned

using Panoramic Scan (3DHistech), and CaseViewer software (3DHistech) was used to measure crypt

depth and villus length.

Sample collection, genomic DNA extraction and sequencing, and gut microbiota analysis. To

study the potential impact of SCFA treatment on the gut microbiota’s composition, feces were collected

from uninfected mice treated or not treated with SCFAs for 5 days and from mice infected 7 days earlier

with IAV and treated or not with SCFAs at 2 days postinfection. Extraction of microbial DNA and determi-

nation of microbial diversity and composition by 16S rRNA gene pyrosequencing (V3 and V4 hypervari-

able regions) were determined exactly as described previously (10). Taxonomic and diversity analyses

were performed with the Metabiote Online v2.0 pipeline (GenoScreen, Lille, France), which is partially

based on the software QIIME v1.9.1. Beta diversity (between samples) was used to examine changes in

microbial community structure between mouse fecal group samples. Principal-component analyses

(PCoA) of the Bray-Curtis distance index were performed to assess beta diversity. Differences in the rela-

tive abundances of individual taxa, between mouse cecal group samples, were assessed for significance

using the Mann-Whitney U test, controlling for the false-discovery rate implemented within the software

package QIIME.

Pair-feeding experiments. To provide the pair-fed group with only as much food daily as is con-

sumed by IAV-infected mice, intake was restricted during the last 3 days by 15% (day 4), 35% (day 5),

and 85% (day 6) of mice (sacrifice at day 7) (10). Mice were anesthetized at day 0. Food was supplied

twice a day to pair-fed animals, and water was available at all times. The ad libitum (normally nourished)

group mice were allowed unrestricted access to food and water. At the sacrifice, pair-fed mice lost

;15% of their body mass.

Statistical analysis. Results are expressed as means 6 standard deviations (SD) unless otherwise

stated. All statistical analysis was performed using GraphPad Prism v6 software. A Mann-Whitney U test

was used to compare two groups unless otherwise stated. Comparisons of more than two groups with

each other were analyzed with the one-way analysis of variance (ANOVA) Kruskal-Wallis test (nonpara-

metric), followed by Dunn’s posttest. The rates of survival of mice were compared using Kaplan-Meier

analysis and the log rank test (*, P, 0.05; **, P, 0.01; ***, P, 0.001).

Data availability. MIAME was deposited in ArrayExpress at EMBL under accession numbers E-MTAB

-6707 (IAV) and E-MTAB-10036 (pair-feeding). For the gut microbiota analysis, raw sequence data are ac-

cessible in the National Center for Biotechnology Information (project number PRJNA675027), biosample

accession numbers SAMN16686871 to SAMN16686906.
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A B S T R A C T   

Metabolism plays a key role in controlling immune cell functions. In this review, we will discuss the diversity of 
plaque resident myeloid cells and will focus on their metabolic demands that could reflect on their particular 
intraplaque localization. Defining the metabolic configuration of plaque resident myeloid cells according to their 
topologic distribution could provide answers to key questions regarding their functions and contribution to 
disease development.   

1. Introduction 

Atherosclerosis is a chronic inflammatory disease characterized by 
the accumulation of lipids and immune cells in the intima of blood 
vessels. Atherosclerosis is the underlying cause of cardiovascular events 
such as myocardial infarctions and strokes, that together are responsible 
for 17.9 million deaths per year worldwide (World Health Organiza-
tion). Atherosclerotic plaque progression is favored in conditions of 
hypercholesterolemia and dyslipidemia. Its development initiates when 
intima-resident macrophages uptake excess lipids and form foam cells 
[1]. Subsequent plaque progression is dependent on a constant influx of 
monocytes from the blood circulation that fuels plaque macrophage 
accumulation [1]. In the last two decades, advances in the field of 
atherosclerosis have identified myelopoiesis, plaque macrophage pro-
liferation and efferocytosis as key elements defining both atherosclerosis 
development and regression. More recently, it became clear that these 
parameters are influenced by immune cell metabolism. The athero-
sclerotic lesion forms a complex micro-environment defined, at least in 
part, by its developmental pattern. Newly recruited monocytes are 
highly motile cells, located close to the lumen. On the other hand, 
macrophages are sessile and situated deeper within the plaque [2], 
where specific nutrients could hypothetically be scarce, and where 
necrotic cores develop. Metabolite availability therefore appears as an 
additional potential regulator of plaque myeloid cell metabolism and 

functions, depending on the cell’s intra-plaque localization. Here, we 
discuss the metabolic regulation of macrophage functions and inflam-
matory properties within the plaque. 

1.1. Immune cell diversity in atherosclerotic plaque 

Pioneering studies performed in pre-clinical models and human 
subjects detected the presence of immune cells in atherosclerotic lesions. 
Multiple immune cells including T cells, both CD4+ and CD8+, B cells, 
macrophages, monocytes and dendritic cells (DC) were present in pla-
ques [3–7]. These early reports used immunostaining and microscopy to 
determine the cellular composition of the plaque. The main limitation of 
this technology is the limited number of markers that could be simul-
taneously used to accurately define the precise nature of plaque-residing 
cells. More recently, flow cytometry analysis, providing the possibility 
to greatly extend the number of membrane markers simultaneously 
investigated, demonstrated that plaque cellular composition was more 
complex than initially described. The presence of tertiary lymphoid 
organs, structures enriched in T cells that develop in the vessel adven-
titia adjacent to plaques [8], could also contribute to plaque immune cell 
contamination in flow cytometry analyses. Indeed, this approach does 
not provide insights about the precise intra-plaque localization of the 
diverse immune cells. Intra-tissue localization is important since it could 
have an impact on oxygen and metabolites supply and therefore on 
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immune cell metabolism and activation state within the plaque. 
Single-cell RNA sequencing (scRNA seq) analyses further enriched 

our knowledge about the phenotypic diversity of mouse and human 
plaque-residing immune cells [1,9–13]. These studies revealed that 
plaque cellular composition was impressively complex and contained 
many diverse myeloid and lymphoid cells. Macrophages were the most 
abundant cells in the plaque. Several distinct macrophage and monocyte 
subsets were identified in the plaque of atherogenic (LdlR-/- and ApoE-/-) 
mice and patients. Initially described as a key feature of advanced le-
sions, foamy macrophages, a population of lipid-laden cells, were 
attributed a pro-inflammatory role mediated by the release of cytokines 
and chemokines [14,15]. This dogma was challenged when scRNA seq 
analysis demonstrated that monocytes and inflammatory macrophages, 
rather than foamy cells, were enriched in mRNA encoding for 
pro-inflammatory mediators including il1β, il12, tnfα, ccl2 and cxcl2 
[10]. 

Two main mechanisms account for lesion growth depending on the 
plaque stage development. Early lesions are mainly sustained through 
monocyte recruitment from the blood circulation and their local reten-
tion [16–18]. In contrast, in advanced plaques, in situ macrophage 
proliferation favors plaque progression [19]. Whether these two pro-
cesses require a specific metabolic rewiring and rely on different 
metabolic pathways remains to be established. Macrophage intraplaque 
proliferation correlates with plasma lipoprotein levels [20]. Lowering 
plasma lipid levels and genetic ablation of lipoprotein uptake receptors 
in macrophages (Msr1 and CD36) decreased plaque macrophage pro-
liferation rate [20]. However, the underlying molecular and metabolic 
mechanisms remain unknown. A recent study using multi-isotope im-
aging mass spectrometry found that plaque proliferating cells used 
preferentially glucose in comparison to neighboring non-proliferating 
cells [21]. Surprisingly, foamy cells were highly glucose consuming 
and this was correlated with increased proliferation [21]. This obser-
vation is rather surprising because foamy cells are characterized by 
massive lipid accumulation, and they highly express genes associated 
with lipid metabolism. Whether glucose or lipids serve as the main en-
ergy source for foamy cells remains to be defined. To better apprehend 
the metabolic configuration of plaque resident myeloid cells and foamy 
cells in particular, this set of data could be complemented using a new 
flow cytometry-based strategy named SCENITH that has recently been 
described [22]. This approach provides insights into cellular metabolic 
status with a single-cell resolution, allowing the comparison of multiple 
cell types contained in a given sample. Although this method requires 
relatively low numbers of cells, the analysis of quiescent or 
overly-stressed aortic cells after tissue digestion could be challenging. 

1.2. Heterogeneity and metabolic control of macrophages and monocytes 
during atherosclerosis 

Metabolism emerged as a central regulator of macrophage and 
monocyte functions. Indeed, metabolic adaptations modulate key 
macrophage functions including cytokine production, efferocytosis and 
phagocytosis (for review [23–25]). In vitro studies, using either 
interleukine-4 (IL-4) or lipopolysaccharide (LPS)/interferon (IFN) γ 

stimulation led to mimicry of particular macrophage activation states 
(M1 and M2). These simple models were broadly used to define 
macrophage metabolic adaptation to external stimuli. 
Anti-inflammatory (M2-like) macrophages exhibit a mitochondrial 
oxidative metabolism while pro-inflammatory (M1-like) macrophages 
are characterized by a glycolytic metabolism. More than just another 
polarization marker, metabolic rewiring is a key player in those differ-
entiations, and interfering with glucose flux or mitochondrial fitness 
prohibits M1 and M2 polarization respectively. Nevertheless, while such 
in vitro polarization models have fruitfully brought forward the impor-
tance of metabolism in immune cell decision processes, their translation 
to cell decisions inside complex environmental conditions is not 
straightforward. 

In atheromatous plaque, recently generated scRNA-seq datasets [9, 
10] highlighted the co-existence of several distinct populations of 
pro-inflammatory and anti-inflammatory macrophages and the expres-
sion of canonical M1 or M2 macrophages was shared by one or the other 
population (Fig. 1). Canonical M2 markers (mrc1, clec10a, mgl2) pre-
vailed in plaque resident macrophages in comparison to M1 (cd11c, il1β, 
ccl2) markers (Fig. 1). Surprisingly, M2-like macrophages, supposed to 
have an anti-inflammatory function, displayed a pro-inflammatory 
transcriptomic signature. These cells highly expressed the mRNAs 
encoding for pro-inflammatory cytokines (il1β, tnfα) and chemokines 
(ccl2, cxcl2 and cxcl1). The clinical significance of inflammation, and 
namely IL-1β, during cardiovascular diseases was perfectly illustrated by 
the CANTOS trial [26]. The abundance of M2-like macrophages in pla-
que is surprising because local presence of IL-4 and IL-13 is limited. 
IL-13 levels in plaques are below the detection limit, while IL-4 con-
centration is also low [27]. Similarly, the impact of IFNγ on plaque 
macrophage phenotype appears minimal, as myeloid-specific IFNγ re-
ceptor deficiency did not alter atherosclerosis development in LdlR-/- 

mice [28]. Attempts have been made to explore metabolite impact on 
macrophage activation in vitro. Kratz and colleagues reported that 
macrophages stimulated with a combination of insulin, glucose and 
palmitate show an activated phenotype with traits of both M1 and M2 
polarization [29]. These cells were named “metabolically activated 
macrophages” and showed enhanced expression of the inflammatory 
cytokines TNFα, IL-1β and IL-6. On the other hand, M2 markers were 
globally unaffected while M2-associated lipid metabolism-related genes 
were induced in metabolically activated macrophages [29]. 

Thus, one might consider that locally available metabolites, in 
combination with metabolic reprogramming induced by M1/M2- 
polarizing cytokines, could contribute to a specific and spatially 
defined metabolism and activation state of macrophages during plaque 
initiation and progression. 

1.3. Metabolites and associated pathways mediating macrophage 
activation 

1.3.1. Glucose and cellular carbohydrate metabolism 
Glucose metabolism plays a central role in macrophage functional 

adaptation. Pioneering work revealed M1- and M2-like macrophage 
specific glucose fluxes into the two major pathways of cellular carbo-
hydrate metabolism, namely glycolysis and the pentose phosphate 
pathway (PPP) [30]. Glucose utilization by glycolysis generates energy 
in form of ATP and crucial intermediates, which can act as substrates for 
other metabolic pathways. This includes pyruvate, which can be further 
converted to lactate or Acetyl-CoA, two major metabolites important for 
macrophage metabolic adaptations. Another example is 
glycolysis-derived serine generation to sustain cellular one-carbon 
metabolism, which is regulating epigenetic reprogramming during 
macrophage activation [31]. Glucose utilization by the PPP is crucial for 
generating the required redox power by the formation of NADPH, in 
order to sustain macrophage functions such as ROS handling and 
anti-oxidative protection by the generation of reduced glutathione. 
NADPH is also a critical co-factor for lipid metabolism and other 
metabolic branches as it acts similar to ATP as a universal energy carrier, 
which is used by many different enzymes throughout the metabolic 
networks of cells. Also, redox-sensitive protein signaling during 
macrophage activation is dependent on PPP activity. Another hallmark 
of the PPP is to provide pentose molecules, which can serve as precursors 
for nucleotide metabolism or become reconverted to glycolytic in-
termediates in the non-oxidative branch of the PPP. We recently 
comprehensively discussed the function and distribution of key enzymes 
involved in those two pathways to atherosclerosis development [32]. 
One critical factor for this metabolic system in macrophages, and in 
immune cells in general, is glucose uptake mediated by the membrane 
transporter Glut1 (slc2a1) and subsequent phosphorylation by carbo-
hydrate kinases (Fig. 2). Even though macrophages have been suggested 
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to express several Glut-family members, the functional significance of 
Glut1-mediated glucose uptake was illustrated by the selective Glut1 
ablation leading to compromised glucose entry [33]. Under inflamma-
tory conditions, more particularly in a context of atherosclerosis, mac-
rophages display increased glucose metabolism and Glut1 expression 
[34,35]. Macrophage-specific Glut1-deficiency greatly affected glycol-
ysis and the PPP, resulting in decreased metabolite content [33]. 
Interestingly, Glut1-deficiency also led to an increase in the level of 
some of the metabolites in the aforementioned pathways, including 2- 
and 3-phosphoglycerate, when compared to control cells [33]. This 
observation suggests that compensatory pathways were able to restore, 
at least partially, the absence of glucose entry in macrophages and 
generate metabolic blocks in glycolysis and the PPP independently of 
extracellular glucose. However, Glut1-macrophage deletion translated 
into defective efferocytosis and increased plaque necrotic core area [33, 
36]. Whether myeloid-cell specific Glut1 deletion also affects monocyte 
plaque recruitment and local proliferation, on top of efferocytosis, re-
mains to be documented. It is currently unknown if CCR2 expression, the 
key chemokine receptor allowing for monocyte recruitment into the 
growing plaque, is modulated by glucose metabolism. This information 
will provide a better understating on how Glut1-mediated glucose flux 

contributes or prevents disease progression. Glucose metabolism was 
further demonstrated to increase bone marrow hematopoiesis and 
monocyte generation, thus leading to augmented blood monocyte 
counts [37–39]. Monocytosis, high circulating monocyte numbers, is an 
independent risk factor during atherosclerosis development and man-
aging normal blood monocyte levels is a therapeutic avenue. However, 
interfering with cellular glucose metabolism of macrophages may also 
adversely alter efferocytosis efficiency and necrotic core development. 

Another key aspect of glucose utilization for macrophage functions is 
the balance of glycolysis and the PPP, which appears to adapt in the 
course of immune activation to sustain specific metabolic demands of 
the cells in a timely manner [40]. These two pathways are highly 
interconnected by sharing crucial intermediates and their interfaces 
appear as highly regulated in macrophages. M1 activated macrophages 
specifically express isoform 3 of 6-phosphofructo-2-kinase B (PFKFB3) 
resulting in increased glycolytic flux [41]. Deficiency of PFKFB3 reduces 
glycolysis and shifts glucose utilization towards the PPP. Regulations of 
enzyme activities forming the oxidative branch of the PPP are critical for 
inflammatory activation of macrophages, as independently shown for 
G6PD or for PDG during hypercholesterolemia [42]. 
Glyceraldehyde-3-phosphate (G3P) is a key intermediate of glucose 

Fig. 1. Single-cell analysis of plaque immune cell activation markers. 
Single-Cell RNA-Seq of aortic CD45+ cells from LdlR−/− mice fed a HFD for (left) 11 weeks or (right) 12 weeks. Data from (left) Kim et al. (GSM3215435) and (right) 
Cochain et al. (GSE97310) were analyzed using the Single-Cell Explorer software (Artyomov lab). Expression of M1 and M2 markers in both datasets is shown in tSne 
plots. Markers used in Kim et al.: CD206+ Macrophages: Fcgr1, Itgam, Mafb,Mrc1. Inflammatory macrophages: Fcgr1, Itgam, Mafb, NLRP3, IL1b, Nfkbia. Lyve1+
macrophages: Fcgr1, Itgam, Mafb, Lyve1. TREM2high macrophages: Fcgr1, Itgam, Mafb, TREM2, ABCG1, Lpl, Lipa. CD206+ Inflammatory macrophages: Fcgr1, 
Itgam, Mafb, Mrc1,NLRP3, IL1b (low), Nfkbia, TNF. CD8 T cells: Lck, CD3, CD8. cDC2: Zbtb46, Itgax, Flt3, Itgam (+), Itgae (−). cDC1: Zbtb46, Itgax, Flt3,Itgam (−), 
Itgae, IRF8. Non leukocyte: Ptprpc (−). Markers used in Cochain et al.: Macrophages (mixed subsets): Itgam, Fcgr1, MerTK. Mixed NK and CD8 T cells: CD3, CD8, 
Klrb1c, Ncr1, Gzmb. Dendritic cells (mixed subsets): Itgax, Ciita, Zbtb46. Monocytes: Itgam, Fcgr1, Ly6C, CCR2. B cells: Ciita, CD19, CD79α/β. Mixed T cells: Lck, 
CD3, CD4, CD8, Rag1. Immature T cells: Lck (−), CD3(+), Rag1 (−), CD4 (−), CD8 (−). Mast cells: Furin, Il1rl1. CD8 T cells: Lck, CD3, CD8. 
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metabolism and is formed in glycolysis and the non-oxidative PPP. Both 
pathways seem to share this molecule to allow reflux and cycling of 
carbohydrates within these pathways. This mechanism allows cells to 
selectively set metabolism to respective needs, which may differ be-
tween macrophages or monocytes undergoing oxidative bursts, prolif-
eration or even both at the same time. In M1-like activated macrophages 
expression of Carkl (now known as Shpk), a heptose-specific kinase of 
the PPP forming sedoheptulose-7-P (S7P), is reprimanded [30]. 
CARKL-derived S7P acts as co-substrate to incorporate 
glycolytic-derived G3P into the PPP and its bioavailability appears 
rate-limiting for this process. Carkl regulation shapes macrophage 
activation-specific effector functions and sets cellular redox-states [30]. 
An independent study reported increased S7P levels as metabolic feature 
of efferocytotic macrophages [43]. Taken together these observations 
suggest that fine-tuning of glucose flux into glycolysis and the PPP is a 
tightly regulated process and linked to specific macrophage phenotypes. 
Thus, considering approaches to modulate glucose intracellular utiliza-
tion in macrophages could provide an efficient way to influence 
macrophage inflammatory status and the subsequent cytokine release. 
High Fat Diet (HFD) feeding deflected glucose flux into the PPP in 
macrophages, and this might be part of the metabolic reprogramming in 
plaque [42]. To validate whether this process occurs in vivo during 

plaque development will require further investigation. 
Whether monocytes, pro-inflammatory macrophages and foamy cells 

within the atherosclerotic plaque rely on specific and exclusive glucose- 
dependent pathways remains to be established. It will be of importance 
to determine whether metabolic rewiring of macrophage glucose 
metabolism occurs at a specific stage of disease progression, in a specific 
localization, and in a specific cell type. The emergence of new single-cell 
technologies providing the unique opportunity to define the metabolic 
configuration of cells in their native environment and locally available 
metabolites, could offer solutions to solve the aforementioned questions 
[44]. 

1.4. Lipids, lipogenesis, lipolysis and lipid oxidation 

Recent reports showed that pathways involved in lipid synthesis are 
modulated in classically activated macrophages. For instance, LPS- 
stimulated macrophages display an increased phosphorylation of ATP 
citrate lyase (Acly), the enzyme that converts TCA-derived citrate into 
acetyl-CoA and oxaloacetate (Fig. 2) [45]. Acetyl-CoA can in turn favor 
cholesterol and lipid biosynthesis. Acly-deficient macrophages showed 
increased expression of genes involved in fatty acid and cholesterol 
biosynthesis. However, this did not translate into intracellular lipid 

Fig. 2. Schematic representation of macrophage metabolic pathways discussed in the manuscript.  
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accumulation, suggesting that Acly-dependent lipid synthesis is not 
involved in lipid droplet formation [45]. Acly-deficient macrophages 
showed an increased inflammatory response to LPS and impaired 
alternative polarization in response to IL-4. Surprisingly, transplantation 
of Lyz2cre x Aclyfl/fl bone marrow into LdlR-/- mice did not affect plaque 
size, but rather promoted a more stable, collagenous phenotype [45]. 
Another recent report demonstrated that in vitro macrophage stimula-
tion with LPS and IFNγ favors lipid droplet formation [46]. Triglyceride 
(TG) generation in macrophages relies on two key enzymes that catalyze 
the addition of a fatty acyl chain to diacylglycerol. These two enzymes 
are named acyl-CoA diacylglycerol acyltransferases 1 and 2 (DGAT1 and 
DGAT2) (Fig. 2). LPS and IFNγ treatment increased the expression of 
DGAT1 and 2 in macrophages and this was paralleled by increased 
intracellular lipid content [46]. In agreement with a role for these en-
zymes as drivers of lipid droplet formation, the genetic and pharmaco-
logical DGAT inhibition decreased macrophage lipid content [46]. This 
is consistent with the observation that plaque lipid-laden cells express 
CD11c. Nevertheless, this inhibition led to decreased production of 
pro-inflammatory cytokines (IL-1β and IL-6). Thus, one could speculate 
that the generation of foamy cells in the plaque is a biphasic process 
where the early accumulation of TGs is associated with a 
pro-inflammatory program which is later replaced by anti-inflammatory 
signature in “terminally-differentiated” foamy cells. Such mechanism 
could resemble CD8+ T cells exhaustion, a process where cells lose 
effector ability including cytokine secretion, during persistent high an-
tigen stimulation. Interestingly, the observed metabolic dysfunction 
precedes the development of exhaustion itself and does not simply 
reflect secondary changes in metabolism. Exhaustion is suggestive of 
glucose deprivation, with suppression of both glycolysis and OXPHOS 
and altered levels of the glycolytic metabolite phosphoenolpyruvate in 
exhausted cells that contribute to effector dysfunction [47]. It will be 
interesting to follow metabolic perturbations in lipid-accumulating 
macrophages over time to investigate whether similar mechanisms are 
at play. 

Several studies demonstrated that alternatively activated (M2) 
macrophages exhibit a preference towards fatty acid oxidation meta-
bolism [48]. Nevertheless, the causal link between lipid oxidation and 
alternative activation was challenged by a recent study using 
Cpt2-deficient macrophages [49]. Cpt2 is a mitochondrial enzyme 
involved in fatty acid mitochondrial metabolism. Cpt2-deficient mac-
rophages have compromised fatty acid oxidation, but their IL-4 response 
is intact [49]. Early reports suggested that Cpt1 pharmacological inhi-
bition with Etomoxir, using a high inhibitor concentration, prevents 
alternative macrophage activation [48,50]. However, lowering Eto-
moxir concentration demonstrated no effect on the expression of ca-
nonical M2 markers upon IL-4 stimulation while preserving Cpt1 
inhibition [51–53]. The use of genetic models allowing for 
macrophage-selective Cpt1 and Cpt2 ablation (Lyz2cre x Cpt1fl/fl and 
Lyz2cre x Cpt2fl/fl mice) revealed that high Etomoxir concentration 
decrease macrophage M2-polarization independently from long chain 
fatty acid mitochondrial entry and oxidation [51]. Thus, how precisely 
fatty acids modulate macrophage activation state is still to be elucidated. 
Whether Cpt1 and Cpt2 play a role in plaque macrophage and blood 
monocyte metabolism and activation is yet to be established. Modu-
lating macrophage lipid metabolism could have an impact on plaque 
myeloid cell content and therefore on its stability. A recent study, using a 
Bodipy staining, allowed to separately analyze plaque foamy macro-
phages [10]. The authors were able to define a clear transcriptomic 
signature associated with foamy cells. Those cells were enriched for 
genes encoding for proteins involved in lipid metabolism including Lipa, 
Fabp4, Fabp5, CD36 and Abca1 among others [10]. The relative con-
tributions of these genes to atherosclerosis development were investi-
gated in previous studies [54–60], but how precisely they affect foamy 
macrophages formation remains to be defined. Bodipy staining revealed 
that foamy cells were present in plaques after 4 weeks of Western Diet in 
both LdlR-/- and ApoE-/- mice [10]. What precisely leads to foamy cells 

formation and expansion remains to be determined. Surprisingly, 
non-foamy macrophages displayed a pro-inflammatory phenotype in 
comparison to foamy cells [10]. Thus, one might expect that newly 
recruited plaque monocytes and monocyte-derived macrophages adopt 
a pro-inflammatory phenotype and that they contribute to inflammation 
amplification by secreting inflammatory cytokines and chemokines. A 
recent study investigating monocyte and macrophage dynamics in pla-
que development, demonstrated that monocytes progress in deeper 
plaque layers during atherosclerosis progression [2]. Over a long period 
of time, these cells can uptake locally available lipids and might become 
foamy cells. During this process their inflammatory phenotype pro-
gressively diminishes. The critical checkpoints leading to foamy mac-
rophages establishment are yet to be validated. 

1.5. Prostaglandin and sterol metabolism 

In addition to cytokines like IL-4 or IL-13, metabolites also have been 
shown to induce alternative activation. This is the case of inflammation- 
resolving lipid mediators such as prostaglandin E2 (PGE2). PGE2 inde-
pendently induced a fraction of the IL-4 induced transcripts in macro-
phages, and broadly modified the effects of IL-4. This subtle PGE2 effect 
was recently demonstrated to play a crucial role in macrophage alter-
native polarization. This reprogramming was associated with a profound 
effect on alternatively activated macrophage phenotype [61]. On its 
own, PGE2 treatment enhanced the expression of canonical M2 markers 
(CD301, Arg1). The precise function of CD301 (encoded by clec10a) 
during atherosclerosis development remains to be established and 
recent data suggested that CD301 could be involved in macrophage 
fusion and the formation of multinucleated cells [62]. Arginase 1 (Arg1) 
converts arginine to ornithine. A recent study investigated the role of 
hematopoietic cell Arg1 (Tie2cre x Arg1flox/flox) during atherosclerosis 
progression [62]. Tie2cre x Arg1flox/flox mice had similar plaque size in 
comparison to control animals. However, Arg1-deletion in macrophages 
favored foamy cell generation [62]. Additionally, arginine promotes 
continual efferocytosis and this mechanism is crucial to eliminate 
apoptotic cells from the plaque [63]. PGE2 further potentiated the 
expression of these markers in the presence of IL-4, but also dampened 
the IL-4-driven activation of mitochondrial metabolism, without 
affecting lactate production [61]. These results suggest that surface 
markers alone cannot predict the cellular metabolic state. PGE2 treat-
ment also inhibited macrophage proliferation, one of the mechanisms 
leading to plaque development [61]. Production of PGE2 was shown to 
occur in LPS-treated BMDMs [64], and plaque macrophages selectively 
express its receptor EP4. In plaque, PGE2 is mainly synthetized by 
endothelial and smooth muscle cells [65]. Whether locally produced 
PGE2 plays a role in macrophage metabolic reprogramming during 
atherosclerosis remains to be defined. 

Further distancing from to the classical/non classical bipolar acti-
vation state is the case of the integrin CD11c in atherosclerotic plaques. 
CD11c expression appears higher in the population of Trem2hi foamy 
cells (Fig. 1). This observation is puzzling because plaque foamy cells 
have an anti-inflammatory phenotype, the contrary of in vitro induced 
classically activated macrophages that display high CD11c expression. A 
previous study demonstrated that foamy cells are characterized by an 
anti-inflammatory gene signature [66]. Using peritoneal foamy cells, the 
authors demonstrated that these cells have decreased mRNA expression 
of il1β, cxcl9 and cxcl10 [66]. The anti-inflammatory effects were 
mediated by desmosterol accumulation. Indeed, desmosterol was the 
most abundant sterol detected in foamy peritoneal macrophages [66]. 
The accumulation of lanosterol, the first sterol in the cholesterol 
biosynthetic pathway, also triggers anti-inflammatory response in 
macrophages [67]. Whether the aforementioned mechanisms contribute 
to the formation of anti-inflammatory foamy cells in plaque remains to 
be demonstrated. 25-hydroxycholesterol also plays an 
anti-inflammatory role as demonstrated using genetic ablation of 
Ch25h, the enzyme converting cholesterol to 25-hydroxycholesterol 
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(Fig. 2) [68]. 25-hydroxycholesterol addition to peritoneal macrophages 
isolated from Ch25h-defficient mice decreased their production of 
pro-inflammatory cytokines (IL-6, IL-1β, TNFα) while promoting 
anti-inflammatory cytokine generation (IL-10). Ch25h-/-ApoE-/- mice 
developed increased atherosclerotic lesions compared to 
Ch25h+/+ApoE-/- control animals, further validating the 
anti-atherogenic role of 25-hydroxycholesterol [68]. In peritoneal and 
bone marrow-derived macrophages, TLR activation induced Ch25h 
mRNA expression and subsequent 25-hydroxycholesterol synthesis 
[69–71]. The transcription factor ATF3 was demonstrated to regulate 
Ch25h expression in macrophages [72]. Of interest, ATF3−/−ApoE−/−

mice developed increased plaque lesions and accumulated 25-hydroxy-
cholesterol in the aorta in comparison to control animals [72]. In-
terferons (IFN), and in particular type I interferons (INFα and IFNβ), are 
involved in macrophage 25-hydroxycholesterol production [71]. 

1.6. Intra-plaque localization drives immune cells metabolic 
configuration? 

The precise localization of macrophage subsets in nascent and 
advanced lesions remains to be fully defined. A diversity in macrophage 
plaque subsets was also documented in humans [73]. It was documented 
that plaque shoulders contain mainly a population of pro-inflammatory 
M1-like macrophages [74]. These regions are typically prone to rupture. 
Additionally, the presence of CD68+MR− (mannose receptor), M1-like 
macrophages, was also detected mainly in lipid-rich areas of human 
carotid lesions [75]. The presence of M2-like macrophages in human 
carotid plaques, co-expressing CD68 and MR, was initially reported in 
2007 [76]. Adventitial macrophages displayed a prominent M2-like 
phenotype [74]. A comparative analysis of macrophage content and 
diversity in progressive disease stages revealed that both M1-and 
M2-like macrophages accumulate in plaque during atherosclerosis pro-
gression [74]. A comparison of macrophage content and activation state 
in asymptomatic and symptomatic carotid plaques revealed that 
CD11c-expressing M1-like macrophages were enriched in symptomatic 
tissues [77]. Inversely, CD163+ M2-like macrophages were more 
frequent in asymptomatic plaques [77]. Indeed, M1 polarization was 
associated with instable plaques [78]. Most of the current studies were 
performed on carotid samples. Comparative analysis of macrophage 
content and phenotype among vessels isolated from different parts of the 
body is limited. Plaques in femoral arteries contained a greater pro-
portion of M2-like macrophages when compared to plaques in carotids 
[79]. M1-like cells were more abundant in carotid plaques in compari-
son to femoral lesions [79]. The metabolic configuration of these plaque 
resident macrophage populations is yet to be defined. To determine 
plaque macrophage subsets metabolism using standard technologies like 
the Seahorse Analyzer, one would first need to digest the tissue and sort 
these cells for further analysis. This experiment requires large number of 
cells and seems challenging to perform due to the low relative frequency 
and increasing diversity of macrophages residing in advanced plaques 
notwithstanding that incubating tissue-derived cells with culture media 
and inhibitors will most likely perturb their metabolic profile before-
hand. Alternative strategies to assess metabolic states of cells have now 
been described that could cope with these limitations [44]. Recently, 
mass cytometry (CyTOF) and scRNAseq analysis of human atheroscle-
rotic plaques confirmed the presence of M1-and M2-like macrophages 
[80]. These state-of-the-art technologies further identified the 
co-existence of multiple macrophage subsets in the plaque [80,81]. 
Importantly, the relative abundance of these macrophage subsets 
differed in symptomatic and asymptomatic plaques [80]. The tissue 
distribution, metabolic profile and contribution to disease progression of 
the different macrophage subpopulations remains to be established. A 
metabolic imaging approach based on enzyme histochemistry was 
developed to assess metabolic configuration of single cells within their 
specific tissue microenvironments by profiling multiple key enzyme 
activities of cellular metabolism [82]. 

Defining the metabolic configuration of nascent and advanced pla-
ques could help to understand whether a specific macrophage activation 
status could be linked or due to a particular plaque localization and 
metabolite access. One could expect that deeper plaque zones might 
have limited access to bloodborne nutrients. Therefore, cells residing in 
deeper plaque layers would need to rewire their metabolic configuration 
to adapt to their local microenvironment and ensure their survival or 
proliferation. For instance, it has been shown that deeper plaque re-
gions, enriched in macrophage content, are characterized by a hypoxia 
and this leads to Hif1a stabilization in macrophages and the activation of 
hypoxia response element (HRE) [83]. Hif1a stabilization leads to 
glycolysis induction in macrophages through the increase of the 
expression of Glut-1, VEGF secretion and a well-defined metabolic 
configuration [83]. Low oxygen concentration in deep layer of the pla-
que stabilizes the transcription factor HIF-1 which promote a glycolytic 
metabolism and therefore favor macrophage efferocytosis. This obser-
vation suggests that glucose promotes efficient apoptotic cells removal 
from the plaque and that lowering systemic glucose level might dampen 
macrophage efferocytosis [33,36]. VEGF production leads to the gen-
eration of blood vessels locally. This neovascularization would likely 
play a role in providing local metabolites. The presence of Hif1 protein 
was identified in atherosclerotic plaque [84]. Hypoxia triggered 
cholesterol synthesis and blunted cholesterol efflux leading to its accu-
mulation in macrophages [84]. One could expect that hypoxia might 
trigger foamy cell formation in the plaque and modulate their inflam-
matory phenotype. Thus, having more information about the metabolic 
milieu in different areas of the plaque could allow us to consider 
different strategy to modify local immune cell metabolism and prevent 
plaque destabilization in these hypoxic areas (Fig. 2). 

2. Conclusions 

Understanding the metabolic reprograming of immune cells in 
nascent and advanced plaque might help to better apprehend the 
mechanisms leading to plaque progression. We are still in early stages 
and the information of the local metabolite distribution in plaques is still 
incomplete. Glucose, fatty acid and amino acid metabolism have been 
shown to modulate immune cell functions and disease development. 
However, how precisely these pathways are interconnected and how 
they influence the recruitment, survival and function of the multiple 
immune cell populations residing in plaque needs to be established. 
Combining the cartography of immune cell metabolite content, together 
with single-cell enzyme activity profiling in situ and ex-vivo metabolic 
profiling using SCENITH would offer some powerful new tools to 
investigate the regulation of immune cell metabolism within the plaque. 
Recently, single-cell metabolic regulome profiling (scMEP) was pub-
lished and this technology offers the opportunity to associate a partic-
ular metabolic configuration with a cell type [85]. A better knowledge of 
the metabolic regulation of monocytes and macrophages will most 
certainly pave the way to new and more subtle treatments for car-
diometabolic diseases. 
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