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General introduction 

Tumor necrosis factor superfamily (TNFSF) and tumor necrosis factor receptor superfamily 

(TNFRSF) members are biological molecules that can induce survival, proliferation or death 

transduction signalings in cells. They have some redundant and pleiotropic effects and are 

involved in many biological processes such as bone formation and homeostasis, lymphoid 

organogenesis, morphogenesis of epithelial appendages, hematopoiesis as well as immune 

cell regulation. Many TNFSFs and TNFRSFs are constitutively expressed or inducible in T and B 

lymphocytes and in antigen presenting cells (APCs) such as dendritic cells (DCs) and 

macrophages. However, they are also expressed by non-immune cells including fibroblasts, 

endothelial cells and epithelial cells. 

TNFα (TNFSF1A), TNFβ also known as lymphotoxin alpha (TNFSF1B) and their receptors TNFR1 

and TNFR2 (TNFRSF1A and TNFRSF1B), Receptor activator of nuclear factor kappa B ligand 

(RANKL, or TNFSF11) and its receptor RANK (TNFSF11A) are examples of TNFSF and TNFRSF 

superfamilies.   They are expressed by different cells and tissues and function in different 

biological processes. However, their biological functions may overlap. For instance, the 

cooperation between RANKL and TNFα drives the osteoclastogenesis. Both RANKL and TNFβ 

(LTα) are required for secondary lymphoid organogenesis.  Moreover, the cooperation 

between RANKL and TNFSF member CD40 ligand controls DC activation and function. 

The stroma of tissues is built of diverse cell types depending on the resident tissues where 

they construct the extracellular matrix and support the parenchyma. Because they support 

tissue functional cells (parenchyma), the fate of the latter may be shaped by residing stromal 

cells. Critical roles of the non-immune compartment (stroma) of lymphoid organs have 

emerged over years. 

In my Ph.D. work, the roles of lymph node (LN) stromal mesenchymal cells (lymphoid tissue 

organizers, LTOs and marginal reticular cells, MRCs) and lymphatic endothelial cells (LECs) on 

the fate of sinusoidal macrophages were studied. The outcomes of stroma-targeted genetic 

deletion of RANKL and RANK as well as macrophage-targeted genetic deletion of RANK and 

lymphotoxin α1β2 receptor (LTβR) on the differentiation of CD169+ macrophages of lymphoid 

organs were analyzed. 
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Chapter 1. Tumor necrosis factor superfamily (TNFSF) 

and TNF receptor superfamily (TNFRSF) 
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The TNFSF and TNFRSF superfamilies comprise 19 ligands and 29 receptors in human and 

mouse. TNFα and TNFβ (LTα), were the first members of ligands to be identified and named 

as tumor necrosis factors for their necrotic action on tumor cells1,2. The ligands are type II 

homo or heterotrimeric transmembrane proteins that share a common structural motif called 

TNF homology domain (THD) in their extracellular C-terminus. The THD domains bind 

specifically to variable cysteine-rich domains (CRDs) of their receptors. Otherwise, the 

extracellular domains of some ligands can be specifically cleaved by metalloproteases to form 

soluble cytokines. 

The receptors are type I or III transmembrane proteins that contain extracellular 

heterogeneous modules of CRDs which determine the specificity binding of their related 

ligands. Many of them including TRAIL-R1/2, TRAMP, DR6, NGFR, TNFR1, Fas and EDAR contain 

death domains (DDs) in their intracellular region, which can recruit caspase-interacting 

proteins to induce cell death. The intracellular domains of the other receptors lack DDs and 

deliver activating or survival signals to the cell.  

Human TNFSFs and TNFRSFs with the documented interactions between ligands and receptors 

in shown in figure 1. 
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Figure 1. TNF superfamily (TNFSF) and TNF receptor superfamiy (TNFRSF) in humans.  The documented 

interactions (red arrows) between ligands (top) and receptors (bottom) are shown. With the exception for VEGI 

which is expressed as soluble protein, ligands are trimeric type II transmembrane proteins containing THDs (TNF 

homology domains, green boxes) in their extracellular regions. Some ligands can be cleaved by proteases (white 

and black arrowheads indicate cleavage sites) to form soluble cytokines. The receptors are type I or type III 

transmembrane proteins but can also exist as soluble or anchored proteins. Their extracellular ligand binding 

regions are cysteine-rich domains (CRDs) comprising variable tandems of modules (N1, A1, A2, B1, B2, C2 and X2 

as shown color-coded in the box). The intracellular death domains (DDs) of some receptors are shown as red 

boxes. Some ligands interact with more than one receptor whereas other show a unique receptor interaction. 

The numbers indicate the lengths of extracellular domains of ligands and receptors. Modified after3. 
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1 Examples of TNF superfamily members:  TNFα, LTα/β and RANKL 

1.1 TNFα and TNFβ (LTα) 

Human TNFα and TNFβ were the first members of TNF superfamily to be cloned and expressed 

in 19844-6. They are secreted glycosylated proteins of 157 and 171 amino acid residues 

respectively, share 33% of sequence homology and have high structure similarity. They 

compete for binding to their receptors TNFR1 and TFNR2. LTα can associate with membrane-

bound LTβ to form LTα1β2 heterodimer, the predominant form found at the surface of 

lymphocytes7 that binds to LTβR, its primary receptor. The murine lymphotoxin cDNA was 

cloned and expressed in 1987 and its gene structure shows 74% of homology with human 

LTα5. The extracellular domains of TNF receptors are composed of CRDs. Each CRD is typically 

characterized by six cysteine residues that form three disulfide bonds. TNFR1 and TNFR2 

contain four CRDs that have different functions. CRD1 is important for the anchorage of the 

receptor at the cell surface, CRD2 and CRD3 mainly contain the ligand binding regions while 

the function of CRD4 is still known10. The structure of LTβR is similar to those of TNFR1. 

However, the orientation of the ligand binding domain in their CRD2 and CRD3 differs, 

consistent with the different cognate ligands11. In contrast to both TNFR2 and LTβR, the 

intracellular domain of TNFR1 contains a death domain (see figure 1). Examples of TNFSF-

TFNRSF interactions are shown in figure 2. 

Figure 2. Crystal structures of LTα3-TNFR1 and LTα1β2-LTβR complexes. (A) Alignment of the secondary 

structures of TNFR1 (Green) and LTβR (Orange) revealing structure similarity. Modified after11. (B) Structure of 

lymphotoxin-α homotrimer (LTα3, shown in beige, yellow and orange) bound to TFNR1 trimer (green). (C) Models 

of LTβR binding to the β:β site (Red) and to either the α:β site or β:α site (gray) at the surface of complex LTα1β2. 

The yellow highlights an antibody that recognizes and binds to LTα outside the LTβR binding domains. Modified 

after11. 



 

6 
 

1.2 RANKL and its receptors RANK and Osteoprotegerin 

RANKL, also known as TRANCE, osteoprotegerin ligand (OPGL) or tumor necrosis factor 

superfamily member 11 (TNFSF11) was identified as a dendritic cell survival factor and 

regulator of bone homeostasis12,13. It is a type II transmembrane glycoprotein of around 45 

kilo Daltons (kDa) but can be cleaved from its extracellular domain by the metalloprotease 

tumor necrosis factor-α-converting enzyme (TACE), to form a soluble cytokine of around 31 

kDa14.  Human RANKL shares 87% of sequence homology with murine RANKL. Its expression is 

restricted to few tissues in mouse and human with higher expression in LNs and bone marrow, 

compared to the spleen and the thymus. In mouse embryo, RANKL is expressed in the spleen, 

LN, thymus and Payer’s patches and in the same tissues in adult13. Beyond these lymphoid 

organs, RANKL is also expressed in neonatal and adult brain, intestine, heart, kidney, liver, 

lung, skeletal muscle and testes15. Its forms a homotrimer and binds to its RANK through its 

ectodomain, which can also bind its decoy receptor (osteoprotegerin, OPG). 

Receptor activator of nuclear factor κ B (RANK), also known as TRANCER (TNF-related  

activation-induced cytokine receptor) or tumor necrosis factor receptor superfamily member 

11a (TNFRSF11A), was discovered by Anderson et al (1997) while sequencing cDNAs from a 

human bone-marrow-derived myeloid dendritic-cell (DC) DNA library and identified as an 

enhancer of DC functions12. RANK is a type I transmembrane protein of a full-length of 616 

amino acids and represents the longest member of TNF receptor superfamily. Human RANK 

shares 70% of sequence homology with mouse RANK12. It is ubiquitously expressed in human 

tissues and various cell types. Like TNFR1, TNFR2 and LTβR, RANK lacks intrinsic enzymatic 

activity. Thus, the ligand binding triggers its trimerization and the downstream signaling 

cascades in the cell requires the recruitment of intracellular adaptors for signal transduction. 

OPG is the highly conserved decoy receptor of RANKL, initially identified in rat as a secreted 

glycoprotein that can exist as a monomer of 60 kDa or a disulfide-linked homodimer. It lacks 

cell membrane-interacting domain and acts as soluble factor involved in the regulation of 

bone mass16,17. Rat OPG shares 85% and 94% of sequence homology with mouse and human 

OPG respectively16. It harbors two non-functional death domain homologous (DDHs) and a C-

terminal heparin binding domain of dimerization. However, the DDHs of OPG can interact with 

the transmembrane region of Fas to form OPG-Fas fusion protein, that can trigger apoptosis17. 

Beyond RANKL blocking, OPG also functions as decoy receptor with low affinity for tumor 
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necrosis factor-related apoptosis-inducing ligand (TRAIL) that may conversely block its anti-

osteoclastogenic activity18. A schematic representation of the architecture of RANKL, RANK 

and OPG is shown in figure 3. 

Figure 3. Schematic representation of the architecture of RANKL, RANK and OPG. The different regions with 

the corresponding ligand or receptor binding domains as well as recruitment motifs and dimerization domain are 

indicated. N: amino terminal, TM: transmembrane region, CRD: cystein-rich domain, DD: death domain 

homologous, C: carboxy-terminal. Modified after19. 

RANK binds RANKL with a strong affinity with a dissociation constant of the complex going up 

to 10-11 molar20. Key surface amino acid residues of RANK, including mainly Asparate, Arginine, 

Lysine are involved in this interaction by salt bridges formation with RANKL21. The biological 

RANK-RANKL complex is formed by the interaction between the extracellular region of one 

molecule of RANK with the ectodomain of one RANKL monomer to form a heterodimer. Then 

three heterodimers assembly to form the biological hetero-hexameric complex20.  

OPG binds RANKL with higher affinity than RANK. It engages a different set of amino acid 

residues at the interface of interaction with RANKL. The nature of OPG-RANKL interactions is 

primarily hydrophobic whereas RANK-RANKL interactions are mainly charge driven (ionic) and 

imply hydrogen bonds. The aromatic ring of the amino acid Phenylalanine 96 of OPG may 

significantly account for the better affinity with RANKL19. The crystal structures of RANK-

RANKL and OPG-RANKL complexes are shown in figure 4. 

 



 

8 
 

 

 

 

 

 

 

 

 

 

Figure 4. Crystal structures of RANK-RANKL and OPG-RANKL complexes. (A) The biological RANK-RANKL 

complex in the context of cell membrane insertion. By moving through the hinge linking CRD2 and CRD3, RANK 

closely contact with the ectodomain of RANKL. RANKL monomers self-associate to form a homotrimer. Three 

monomers of RANK bind the ectodomains of RANKL trimer, leading to the assembly of the biological hetero-

hexameric complex. (B) The biological complex of OPG dimer and RANKL trimer in the context of cell membrane 

insertion.  Two monomers of OPG covalently dimerizes to form a disulfide-linked homodimer which bind the 

ectodomains of RANKL trimer. Doted lines indicate the extracellular and the intracellular amino terminal (N) 

regions of RANK and RANKL, respectively or relative to OPG death domain homologous (DD). The gray boxes of 

OPG indicate the basic heparin binding domain of dimerization. Modified after19. 

1.3 Nuclear factor of kappa B (NF-kB) signaling pathways 

In mammals, the NF-kB consists of five related transcription factors including p50, p52, RelA 

(p56), c-Rel and RelB. These transcription factors are characterized by a N-terminal DNA 

binding (dimerization) domains called Rel homology domains, that relates them. These 

domains allow them to form homo or heterodimers that bind to a range of related target 

sequences on the DNA called kappa B sites. In contrast to p50 and p52, the other members 

contain a C-terminal transcription activation domain, which enables them to bind and 

modulate target genes. There are two different pathways of NF-kB signaling that can be 

activated by different sets of stimuli: the canonical (classical) pathway that relays the 

activation of p50:RelA (p65) and p50:c-Rel complexes and the non-canonical (alternative) 

pathway that relays the activation of p52:RelB complexes. The activation of both pathways 

can overlap but each pathway regulates the expression of different target genes. 
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1.4 Canonical NF-kB pathway 

RANKL, TNFα and LTα1β2 heterodimer can activate the canonical pathway of NF-kB. Since their 

cognate receptors lack intrinsic enzymatic activities, the downstream signaling cascades after 

their ligation require the recruitment of adaptor proteins such as TRAF6 (TNF receptor-

associated factor 6) and TRAF2/5. This is followed by the activation of the trimeric IkB Kinase 

(IKK) complex, that consists of the catalytically active kinases (IKKα and IKKβ) and the 

regulatory subunit NF-kB essential modulator (NEMO, also called IKKγ). This complex 

phosphorylates IkBα, leading to its polyubiquitination and proteasomal degradation. IkBα 

degradation leads to the release of the heterodimer p50:RelA triggering its translocation to 

nucleus where it induces target gene expression such as transcription factors c-Fos, nuclear 

factor of activated T-cells, cytoplasmic 1 (NFATc1/2), osteoclast precursor differentiation 

factors, the protein inhibitor of the non-canonical pathway (p100), and inflammatory genes 

such as VCAM-1, MIP-1β, MIP-222. The canonical pathway is implicated in cell differentiation, 

proliferation and survival as well as production of cytokines and antimicrobial mediators. A 

basal processing of p100 generated through this pathway may activate the non-canonical 

pathway that relies essentially on the activity of IKKα kinase. 

1.5 Non-canonical NF-kB pathway  

The non-canonical NF-kB pathway is also activated by RANKL. The downstream signaling 

cascades following RANKL ligation requires the recruitment of TRAF3 and TRAF2. The 

interaction of TRAF2 with TRAF3 may facilitate the ubiquitination and degradation of the 

latter, leading to the release of NF-kB-inducing kinase (NIK). The latter phosphorylates and 

activates the alpha subunit of IkB kinase (IKKα). This leads to the proteasomal processing of 

p100 to generate p52. The latter associates with its partner (RelB) to form the heterodimer 

RelB:p52 that translocates to the nucleus. The heterodimer induces the expression of genes 

mainly involved in secondary lymphoid organogenesis and homeostasis such as the stromal 

cell derived factor-1 (SDF-1 or CXCL12), the secondary lymphoid tissue chemokine (SLC or 

CCL21), the B cell activation factor (BAFF), CCL19 as well as the B lymphocyte chemoattractant 

(BLC or CXCL 13)23. The mechanisms of NF-kB pathway activation are shown in figure 5. 
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Figure 5. Nuclear factor of kB transcription factor signaling pathways. The Nuclear factor of kB family consists 

of p50, p52, RelA, RelB and c-Rel (not shown here) transcription factors. They form heterodimers that are blocked 

in the cytoplasm of unstimulated cells by IkB type inhibitory proteins such as IkBα and p100 and can be activated 

in two pathways. The canonical pathway is activated when RANKL, TNF or Lymphotoxin bind to their cognate 

receptors. The downstream signaling relay on the recruitment of TRAF family adaptors (TRAF6 and TRAF2 or 5), 

resulting to the activation of IkB Kinases (IKKα and IKKβ and NEMO) that phosphorylate IkBα, leading to its 

degradation and the release of p50:p65 (p50:RelA) heterodimer. The latter translocates to the nucleus and 

activates target gene expression. The non-canonical pathway is efficiently activated in response to RANKL but 

not to TNFs. A series of signaling cascades involving TRAF3 and 2, as well as NIK and IKKα kinases leads to the 

processing of p100 and the generation of p52. The latter associates with RelB to form RelB:p52 heterodimer that 

translocates to the nucleus and activates target genes. 
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2 Biological functions of TNFSF molecules 

TNFα and LTα are cytotoxic cytokines with very similar biological activities, initially discovered 

for their antiproliferative activities and killing effects on tumor cells. TNFα is produced by Toll-

like receptor-stimulated monocytes and macrophages and by activated  CD4+ and CD8+ T cells 

whereas LTα is produced mainly by T and B lymphocytes and lymphoid tissue inducer (LTi) 

cells, which also showed surface expression of LTβ during LN development24. 

2.1 Lymphotoxin LTα1β2 in secondary and tertiary lymphoid organogenesis 

The LTα1β2-LTβR axis is crucial for secondary lymphoid organ (SLO) development. Mice 

deficient for either LTα1β2 or LTβR lack LNs, Payer’s patches, follicular dendritic cell (FDC) 

network and exhibit severe defects in spleen B and T cell architecture and impaired 

cellularity25,26. Mice transgenic for LTα (RIPLTα mouse) exhibited infiltrates in kidney and 

pancreas, that resemble tertiary lymphoid organs, a non-lymphoid tissue characterized by the 

ordered accumulation of lymphocytes during chronic infection or inflammation and 

autoimmunity. These infiltrates form at sites of transgene derived LTα expression, revealing 

the ectopic lymphoid tissues formation upon LTα overproduction during chronic 

inflammation27. The LTα1β2-LTβR axis controls the maturation of high endothelial venules 

(HEVs) during LN development and homeostatic maintenance in adults28 and is thought to 

foster cell infiltration through HEVs during inflammation. Different inhibitors of this axis have 

been developed to be used in several mouse models of autoimmunity29 and inflammation 

such as Sjögren’s syndrome30. 

2.2 TNFα in sepsis and other inflammatory disorders 

Sepsis is a syndrome that occurs when microbial pathogens invade the bloodstream of 

patients and is characterized by a systemic inflammation that can lead to septic shock and 

death. This systemic inflammation is due to an excessive production of natural pro-

inflammatory cytokines leading to lethal tissue injury. A series of studies in human and animals 

have highlighted the role of TNFα (produced by activated macrophages) as a significant 

mediator for septic shock31,32 leading to a worldwide hope for the development of anti-TNF 

therapies for patients with sepsis33. However, the clinical trials using inhibitors or anti-TNF 

antibodies unfortunately and surprisingly failed to improve the overall mortality in the highly 

heterogeneous group of patients33,34. Yet, TNFα blocking and inhibitory agents are widely 
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administered to patients with rheumatoid arthritis, psoriasis as well as inflammatory bowel 

disease (IBD) in which TNFα is  involved in the pathogenesis35-37. 

2.3 The RANK-RANKL axis in osteoclastogenesis 

The homeostatic control of bone mass is accomplished through bone formation by osteoblasts 

(OBs) and resorption by osteoclasts (OCs). This process constantly maintains bone remodeling 

and repair. OBs are bone forming cells that arise from bone marrow mesenchymal stem cells 

and OCs are hematopoietic lineage-derived macrophages specialized in bone destruction38,39. 

They secrete acids that digest and remove bone material to form lacunae, a process important 

for the formation of marrow cavity, the reservoir for hematopoiesis. RANKL is expressed by 

OBs whereas RANK is expressed by OCs; RANK is upregulated by the macrophage colony 

stimulating factor-1 (M-CSF-1)40,41. TNFα also stimulates RANK expression by OC precursors as 

well as RANKL expression by bone stromal cells, promoting osteoclastogenesis42,43. The direct 

RANK-RANKL interaction between OBs and OC precursors in bone stroma drive osteoclast 

differentiation, a process known as osteoclastogenesis. Various factors such as vitamin D3, 

prostaglandin E2, IL-1, IL-11, TNFα and glucocorticoids known as calciotropic factors promote 

osteoclastogenesis by inducing RANKL expression in OBs. On the other hand, factors such as 

estrogen and TGFβ negatively regulate osteoclast formation by upregulating OPG expression 

by OBs53. 

In addition to p50:RelA and p52:RelB transcription factors, RANK activation in OCs can trigger 

other signaling cascades involving NFATc1/2, mitogen activated protein kinases (MAPKs)  as 

well as c-Src proto-oncogene kinase (Src kinase), that control the lineage commitment and OC 

differentiation44. The activation of MAPKs induces AP-1 family members of transcription 

factors that control the expression of genes and mRNA stability for osteoclastogenesis44. 

Stimulation of pre-OCs with RANKL increases the level of NFATc1/2, leading to terminal 

differentiation of OCs by promoting the expression specific genes such as tartrate-resistant 

acid phosphatase (TRAP) and calcitonin receptor (CALCR)44,45. The interaction of Src kinase 

with TRAF6 after RANK activation enhances its kinase activity and the phosphorylation and 

activation of the anti-apoptotic serine/threonine kinase Akt, that may support OC survival and 

functions. Indeed, mice deficient in c-src proto-oncogene show osteopetrosis, due to impaired 

OC activity46. Mice deficient in RANKL or RANK show severe osteopetrosis characterized by a 

complete absence of TRAP+ OCs, growth retardation and lack of tooth eruption47,61. A 



 

13 
 

schematic diagram of the RANK-RANKL axis-induced signaling cascades that control the 

oscletoclastogenesis and OC activation is shown in figure 6. 

Figure 5. Schematic diagram of the RANK-RANKL axis-induced signaling cascades that control the 

osteoclastogenesis and OC activation. Membrane-bound RANKL or soluble RANKL (sRANKL) released from the 

cleavage by the metalloproteases such as TACE, binds and activates RANK. RANK stimulation induces the both 

canonical and non-canonical NF-kB, MAPK as well as the phosphatidylinositol pathways to control 

osteoclastogenesis through adaptor molecules such as TRAF proteins. MAPK family members (JNK1 and JNK2) 

control AP-1 family members, such as JUN, FOS which regulate expression of important genes required for 

osteoclast differentiation and mRNA stability. Src kinase interacts with TRAF6 after RANKL ligation and triggers 

the phosphatidylinositol pathway, consisting of coordinated actions of a variety of lipid kinases and 

phosphatases, resulting in activation of kinases such as the anti-apoptotic serine/threonine kinase Akt that 

supports OC survival and activation. RelA/B, rel avian reticuloendotheliosis viral oncogene homolog A/B. JNK, c-

Jun N-terminal kinases.  Adapted after44 . 
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OPG is a negative regulator of osteoclastogenesis and is capable to inhibit mature OC function 

in vitro48. Transgenic mice overexpressing OPG exhibit severe osteopetrosis (increased bone 

mass) due to defects in OC differentiation49.  On the contrary, mice deficient for OPG are 

osteoporotic (decreased bone mass) due to an excessive number of OCs50. The cytokine M-

CSF-1, produced by mature OBs but also by OC precursors is crucial for the proliferation and 

differentiation of OCs. Mice deficient for M-CSF-1 are osteopetrotic, with an almost complete 

absence of osteoclasts, increased bone matrix and absence of marrow cavities51.   

Chronologically, bone development starts by the formation of cartilage rudiment during fetal 

life and is coupled to the differentiation of OBs and OCs. For instance, in mouse, the cartilage 

rudiment of the metatarsal bone is formed by embryonic day 15 (E15) and starts to mineralize 

at E16, concomitantly with the apparition of early OBs, which progressively form bone around 

the center of the cartilage. This is correlated with the apparition and the proliferation of the 

premitotic progenitors of OCs during the same period. From E16 to E17, the mineralization 

and bone deposition significantly progresses along the cartilage, and the progenitors acquire 

OC specific markers (TRAP and CALCR). At E18, mature OCs become active, invade and digest 

the mineralized cartilage, forming bone marrow cavities for hematopoiesis niche52. The 

chronology and the control of osteoclastogensis by the RANK-RANKL axis are shown in figure 

7 and 8, respectively. 

Figure 7. Concomitant and chronological development of bone and oscteoclast. Schema is an example for 

mouse metatarsal bone. TRAP: tartrate-resistant acid phosphatase. CALCR: calcitonin receptor. Modified after52. 
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Figure 8. Mechanisms of osteoclastogenesis. Various calciotropic factors including vitamin D3, prostaglandin E2, 

IL-1, IL-11, TNFα and glucocorticoids induce RANKL expression on osteoblast. The latter activates RANK 

expressing osteoclast precursor derived from myeloid progenitor upon the survival factor M-CSF-1, leading to 

osteoclast formation. Mature osteoclast also expresses RANK and requires RANKL stimulation for its bone 

resorbing activity. Factors such as estrogen and TGFβ negatively regulate osteoclast formation by upregulating 

OPG expression on osteoblast. Modified after53. 

Increased osteoclast activity leading to excessive bone resorption or damage (lesions) is 

responsible for many disorders such as the Paget’s disease of bone (PDB), rheumatoid 

arthritis, lytic bone metastases, etc40. Mutations that disrupt RANK-RANKL signaling also 

underlie diseases. For instance, an increased RANK-mediated NF-kB activation due to 

heterozygous mutation in the exon 1 of Rank has been linked to PDB and familial expansile 

osteolysis, an autosomal dominant bone disease characterized by deafness, loss of teeth, 

skeletal change or deformation, etc. This mutation disrupts the function of RANK signaling 

leading to a constitutive activity of the receptor54. Another inherited bone disease known as 

expansile skeletal hyper-phosphatasia is due to the duplication of a 15 base pair tandem 

repeat in the signaling moiety of RANK. It is also characterized by accelerated bone 

remodeling, premature loss of teeth, early onset of deafness, episodic hypercalcemia, etc55. 

An inactivating mutation in the gene encoding OPG that results in loss of function is 

responsible for juvenile Paget’s disease in which children gradually develop loss of bone 

density (osteopenia), progressive skeletal deformity and strong susceptibility to fractures56. 

Otherwise, many factors including environmental changes, homeostatic dysregulation, 
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hormonal changes, etc, cause bone disorders. For instance in post-menopausal women, the 

natural decrease of estrogen resulting in an imbalance in OC activity  versus  new  bone  

formation by OBs causes postmenopausal osteoporosis57,58,60. The levels of RANKL is increased 

on bone marrow pre-OBs of post-menopausal osteoporotic women59. Moreover, women and 

men suffering from breast and prostate cancers that undergo estrogen or testosterone 

suppression may also suffer from osteoporosis due to increased RANKL expression58,60. 

2.4 The RANK-RANKL axis in secondary lymphoid organogenesis 

In addition to severe osteopetrosis, mice deficient for RANKL fail to develop LNs and show 

marked deficiency of spleen B cells but display normal Payer’s patches47. Mice deficient for 

RANK exhibit similar phenotypes61. Other intracellular signaling molecules have been reported 

to be crucial for LN organogenesis and other lymphoid organs in genetically deficient mice.  A 

summary of these mutant mice with defective lymphoid organogenesis has been reported in 

2003 by Mebius et al., and summarized in table 1. 

Gene mutation (in mice) LN formation 
 

Payer’s patches 
 

NALTs 
 

Ltα–/–, Ltβr –/–, Nik –/–, 
aly/aly, Rela × Tnfr–/– 

- - + 

Nfκb2–/–, Relb–/– +* - N.D 
Ltβ –/– CLN, MLN - + 
Light–/– × Ltβ–/– Less MLN than Ltβ–/– - N.D 
Tnfr p55–/– + -   

or reduced in number 
+ 

Tnf–/– + reduced in number + 
Ltα+/– × Ltβ +/– + - N.D 
Ikkα–/– N.D - N.D 
Rankl–/–, Rank–/–, Traf6–/– Some CLN + + 
Ikaros–/– - - N.D 
Rorγ–/– - - + 
Il7r –/–, Jak3–/–, γ c–/– BLN, ALN, MLN - + 
Id2–/– - - - 
Il7–/– MLN? - ‡ N.D 
Cxcl13–/–, Cxcr5–/–  CLN, FLN, MLN 0-2 formed N.D 

Table 1. Summary of mutant mice with defective secondary lymphoid organogenesis.  NALT stands for nasal-

associated lymphoid tissue. -/- and +/- : homozygous and heterozygous null mutants respectively. aly: 

alymphoplasia. Lt: Lymphotoxin. Nik: nuclear factor κB-inducing kinase. Tnf: tumor-necrosis factor. Nf-κb2: 

nuclear factor-κB2. Light: lymphotoxin inducible glycoprotein D on T lymphocytes. Ikk: inhibitor of κB kinase. 

Rank (l): Receptor activator of NF-kB (ligand). Traf6: TNF-receptor-associated factor 6. Ikaros is important 

primarily for the development of the lymphoid lineage62. Rorγ: retinoid-related orphan receptor γ. Il-7: 
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interleukin-7. Jak3: Janus kinase 3. γc: common cytokine receptor γ-chain. Id2: Helix-loop-helix inhibitor Id263. 

CXCL13 stands for chemokine (C-X-C motif) ligand 13 and CXCR5 is its receptor. Minus (–) indicates the absence 

of lymphoid organs and plus (+) indicates that the mentioned lymphoid organ can develop. The star (*) means 

lymphoid decline of LNs at 10 day after birth whereas LN development was reported to be normal at birth. N.D: 

not determined. A, B, C, F and M stands for Axillary, Brachial, Cervical, Facial and Mesenteric LNs. ‡ means some 

controversial observations about the loss and normal numbers of Paper’s patches in IL-7-deficient mice. Modified 

after76. 

2.5 The RANK-RANKL axis in thymic development  

The thymus is the primary lymphoid organ where T cells develop. T cell development proceeds 

by positive and negative selection of thymocytes successively from the cortex to the medulla 

of the thymus. In the medulla, specialized stromal cells called medullary thymic epithelial cells 

(mTECs) express self-tissue–restricted antigens under the control of the transcription factor 

Aire (Auto-Immune Regulator) and interact with migrating C-C chemokine receptor type 7 

(CCR7)-expressing-thymocytes, leading to the elimination of self-reactive T cells. In 2007, Rossi 

et al., have shown that Aire+ mTECs derive from Aire- progenitors as result of RANK activation. 

RANK activation in mTEC progenitors is mediated by an intrathymic RANKL-expressing CD4+ 

LTi population64. RANK deficient mice support normal T cell development61 but lack Aire+ 

mTECs in their thymic microenvironment64. Yet, the authors have also shown that RANK 

deficiency in thymic epithelial cells promotes the onset of autoimmunity, revealing the crucial 

role of this signaling in self-tolerance64. 

2.6 The RANK-RANKL axis in mammary gland and hair follicles formation 

Mammary gland morphogenesis proceeds in different steps from fetal life to pregnancy. The 

RANK-RANKL axis is essential for the development of lactating mammary glands. Mice lacking 

RANKL or its receptor display impaired morphogenesis of mammary gland during pregnancy 

and defect in the production of breast milk, leading to the death of newborns due to the 

absence of milk65. RANKL regulates mammary gland formation by inducing the proliferation 

of RANK-expressing mammary epithelial cells, a process that requires the nuclear 

translocation of the helix-loop-helix protein (Id2) in these cells66.  

RANK signaling also regulates both hair renewal and epidermal homeostasis by stimulating 

the proliferation of epithelial cells of the epidermo-pilosebaceous unit, comprising the 
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interfollicular epidermis (IFE), the hair follicle (HF) and the sebaceous gland. Rank and Rankl-

null mice fail to initiate a new growth phase of the hair cycle and display a reduction in 

epidermal growth.  Moreover, mice administrated with recombinant RANKL as well as mice 

that overexpress RANK in the epidermis show premature hair cycle entry67.  

2.7 The RANK-RANKL axis in intestine microfold cell differentiation  

Gut is associated with lymphoid tissues including Payer’s patches where most of the IgA 

production occurs. Similar to other lymphoid organs, the Payer’s patches are functionally 

structured into B cell follicles and the interfollicular areas of T cells below the subepithelial 

dome. The Payer’s patches are colonized by a population of subepithelial RANKL+ MAdCAM-

1- Podoplanin+ CD31- CD45- mesenchymal cell type and by the follicle-associated Microfold (M) 

cells, the epithelial cells specialized in antigen sampling for IgA induction71,72. In 2017, 

Nagashima et al., have shown that these subepithelial RANKL+ mesenchymal cells directly 

induce M cell differentiation73. Specific ablation of RANKL in mesenchymal cells or RANK in 

epithelial cells severely reduces M cell differentiation and results in a strong reduction of IgA 

production and loss of CCL20, the cytokine produced by gut epithelium important for B cell 

migration into the subepithelial dome73.  

2.8 The RANK-RANKL axis in dendritic cell activation and functions 

DCs are APCs that reside or migrate into tissues where they capture, process and present 

antigens to T cells for the induction of adaptive immunity. In 1997, Anderson et al., have 

identified a subset of human DCs (CD1a+ DCs) that express surface RANK and interact with T 

cells to enhance their growth74. Unlike CD40L (the closest counterpart of RANKL) that 

increases the expression of HLA-DR, RANK as well as co-stimulatory molecules (CD80/86) on 

DCs, human RANKL only stimulates surface RANK expression on these cells. Moreover, the 

authors have shown that cytokines such as IL-4 and TGF-β upregulate RANKL expression on T 

cells. DC interaction with T cells through RANK-RANKL may upregulate CD40L on activated T 

cells, leading to HLA-DR and CD80/86 expression on DCs to functionally induce T cell 

proliferation74. In 2006, Loser et al., have shown that RANKL expression is upregulated on 

keratinocytes in inflammatory disease such psoriasis in human and following exposure to 

inflammatory stimuli in mice75. Yet, the authors also have shown that RANKL expressed by 

keratinocytes modulates the function of RANK+ Langerhans cells, the DCs residing in the 

epidermis, to induce the peripheral expansion of CD4+CD25+ T regulatory cells and immune 
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suppression in mice overexpressing RANKL in the skin75. Thus, the RANK-RANKL axis may 

promote DC-induced immune tolerance. 
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Chapter 2. Organogenesis of lymph node and spleen in 

mammals 
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1 Lymph node ontogeny  

LN is a secondary lymphoid organ, center of immune surveillance where antigens contained 

in the lymph and the mucous are examined with great efficiency for the implementation of 

the adaptive immune response. LN formation starts during embryogenesis. The initial steps 

consist in the formation of lymphatic sacs by the budding of endothelial cells from the large 

veins near E12.5. This is followed by the protrusion of the connective tissue in the lymphatic 

sacs, establishing the first LN anlagen. The lymphatic sacs give rise to the lymphatic 

vasculature through the growth of the lymphatic vessels that are completely formed at E15.5. 

Lymphatic vessel formation required the expression of the transcription Prospero homeobox 

1 (Prox1) as Prox1 nullizygous (null) embryos failed to form lymphatic vasculature at E11.52. 

The LNs do not develop simultaneously. Different LNs at different anatomical sites develop 

sequentially following the embryogenesis with an order of appearance from the anterior to 

the posterior side of the body1. LNs develop along the large veins and the sites of blood vessels 

branching where some signals are likely to be delivered for the instruction of development. 

1.1 Two-cell paradigm of lymph node development  

The current paradigm of LN formation is based on the interactions that involve two-cell types: 

the fetal liver derived hematopoietic LTi cells and the mesenchymal LTOs. The first steps 

consist of the clustering (accumulation) of CXCR5-expressiong LTi cells at the site of LN 

initiation through attraction by the chemokine CXCL13 produced by LTβR-expressing LTOs. In 

addition to CXCL13, LTi cell attraction is also stimulated by CCL21 produced by the lymphatic 

endothelium, to guide these cells to the developing LN. LTi cells produce the lymphotoxin 

LTα1β2 and interact with LTOs cells by ligation of LTβR. This interaction upregulates expression 

of genes encoding adhesion molecules such as VCAM-1, MAdCAM-1, ICAM-1 and genes 

involved in lymphoid organogenesis in mammals such as CCL19, CCL21, CXCL13 that attract 

and retain the hematopoietic cells within the LN anlagen. Mice deficient for LTα1β2 in LTi cells 

or its receptor LTβR in LTOs show normal clustering of LTi cells at LN anlagen, indicating that 

other molecular pathways are involved in LN formation3,4. Indeed, in mice lacking the retinoic 

acid synthetizing enzyme (RALDH2), LTi cells clusters fail to form, indicating a role for the 

retinoic acid in LN initiation. The retinoic acid produced by nerve fibers near LN anlagen may 
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stimulate LTOs cells to express CXCL13 to guide and retain LTi cells to the site of LN 

formation5,6. The mechanism of the two-cell paradigm of LN formation is shown in figure 1. 

Figure 1. Two-cell paradigm of LN formation. (A) From the embryonic days E12.5 to E13.5, the LTi cell precursors 

are attracted at LN initiation site through the CXCL13 chemokines produced by the connective tissue-derived 

mesenchymal cells that are activated by the retinoic acid delivered by nerve fibers. LTi cell precursors accumulate 

and interact each other through RANK-RANKL signaling which stimulates them to mature as LTα1β2 expressing 

LTi cells. (B) From the embryonic days E13.5 to E14.5, mature LTi cells interact with the mesenchymal cells 

through LTα1β2-LTβR, leading to the differentiation of stromal organizer LTOs and the upregulation of 

chemokines and adhesion molecules. (C) These factors support the recruitment and the retention of 

hematopoietic cells for LN growth from E15.5 to the early life. TRANCE (RANKL): TNF-related activation-induced 

cytokine. IL-7: interleukin 7. Modified after6. 
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1.2 The new view of lymph node development 

In 2013, Onder et al., have shown that the LTβR signaling in LECs and in the blood endothelial 

cells (BECs) is critical for peripheral LN development and HEV maturation7. This was 

demonstrated by targeting of LTβR in these cells using VE-cadherin-cre recombinase 

transgenic mice. A recent study of the authors unveils an important role for LECs and defined 

them as additional organizer cell type in the initiation of LN development. By generating mice 

deficient for RANK signaling in LECs, they have observed that RANK-mediated signaling in LECs 

drives LN organogenesis by retaining LTi cells (cluster formation)8. These studies suggest that 

the integration of NF-kB signaling pathways through RANK and LTβR in the LECs govern their 

interaction with LTi cells and the activation of LTOs, upregulating adhesion molecules and 

organogenic chemokines. As consequences, LTi cells accumulate to initiate LN development 

followed by high endothelial venule maturation to enable the entry of other lymphocytes for 

LN growth. The mechanism of the new view of LN formation is shown in figure 2. 

Figure 2. New views on LN formation. (A) at E14, the fetal liver-derived LTi cells are recruited and retained at 

the perivascular niches by CCL21-expressing LECs, that interact with the LTi cells through RANK and LTβR. (B) LTi-

cell-LEC interaction leads to LTi cell clustering/accumulation by E17. This cluster interact with the CXCL13-

expressing LTOs and BECs, leading to LTO activation and diversification as well as LTβR-dependent BEC 

maturation and HEV network formation. The activated LTOs upregulate chemokines and adhesion molecules. (C) 

At the postnatal days, LTO subets at different sites support the recruitment of naive lymphocytes and other 

immune cells to establish distinct immune compartments in the growing LN. Modified after9. 

1.3 Adult lymph node structure and cell organization  

Adult LN is surrounded by a fibrous capsule that is connected to the afferent lymphatics 

through which the lymph drains into the LN and the efferent lymphatic where the lymph 
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egresses. The capsule is composed of an outer layer, the ceiling and an inner layer, the floor. 

Both layers are lined by LECs that constitute the vascular endothelium along which the lymph 

flows. This process governs the trafficking of microorganisms and immune cells such as T cells 

and DCs into the LN. LECs are spread all over the LN, from the cortical zone to the medulla. 

The substance of LN is structured into the cortical zone of B cell follicles, the para-cortical zone 

of T cells, T cell zone macrophages and DCs and a basal medullary zone that is connected to 

blood vessels through which immune cells enter and egress the LN. The layer of the floor LECs 

is strategically lined by subcapsular sinus macrophages (SSMs), overlying B cell follicles areas 

and the interfollicular zones. Some irregularly shaped, fluid-containing spaces called 

medullary sinuses are colonized by the medullary sinus macrophages (MSMs). The medulla 

also contain numerous immune cells such as lymphocytes that egress the LN, a small numbers 

of plasma cells and the medullary Cord Macrophages (MCMs)10. The marginal reticular cells 

(MRCs) construct a reticulum of fibroblasts between the subcapsular sinus and the underlying 

FDCs network in the B cell follicles. LN structure and cell organization is illustrated in figure 3. 
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Figure 3. Compartimentalized adult LN structure with some stromal cells and immune cells of interest.  

Diagram of LN surrounded by the capsule composed of the outer and the inner layers lined by LECs. LECs line the 

vascular endothelium from the periphery to afferent lymphatics and spread all over the LN and play a role in 

lymph draining and the trafficking of antigens and immune cell. SSMs reside between the subcapsular sinus floor 

LECs and B cell follicles where they are involved in the clearance of lymph-borne microorganisms and the transfer 

of antigens to cognate B cells. Their counterparts MSMs reside in the sinuses of the medulla. Both subsets 

express CD169 marker but F4/80 and SIGN-R1 markers are restricted to MSMs. The cortical zone contains B cells 

and FDCs, important for antibody production and affinity maturation. The para-cortical zone is populated by T 

cells, DCs and T cell zone macrophages (TZMs). MRCs construct a network of fibroblasts at the marge of B cell 

follicles. The medulla branches to blood circulation (artery in red and vein in blue) through which, immune cells 

entry and egress. LN is connected to many afferent lymphatics but to a single efferent lymphatic through which 

the lymph exits. Bars indicate the anatomical areas and the arrows point to cells. Valves indicate the directions 

of lymph flow.  
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2 Spleen ontogeny 

Spleen is the largest secondary lymphoid organ that combines innate and adaptive immunity. 

It is the body’s largest filter that remove senescent erythrocytes from the blood and efficiently 

removes blood-borne microorganisms11. The first steps of spleen organogenesis consist of the 

formation of and organized center (anlagen) by the formation of a mesoderm-derived cell 

layer called splanchnic mesodermal plate (SMP) by embryonic day 12. Mice deficient for the 

transcription factor Bagpipe Homeobox homologue 1 or carrying the Dominant hemimelia 

mutation lack or have defective SMP and fail to form the spleen12,13. Other transcription 

factors such as Homeobox-leucine zipper protein 11 and Helix-loop-helix capsulin are crucial 

for the initiation of spleen formation. Mice homozygous for null mutations in these genes are 

asplenic14,15. The next steps of spleen formation are characterized by the appearance of the 

lymphotoxin-expressing CD4+ CD3- LTi cells from E13.5 in the fetal spleen anlagen and its 

colonization by the erythroid and myeloid progenitors16. The LTi cells are essential for the 

development of splenic white pulp. Spleen development has many overlaps with LN 

development but show differences in the molecular processes and cellular events. 

Adult spleen structure and cell organization 

Spleen is surrounded by a fibrous capsule connected to the blood circulation. Its substance is 

structured into the red pulp (RP) and the white pulp (WP) separated by the marginal zone 

(MZ). The WP consists of B220+CD23+CD21+IgM+IgD+ follicular B cell17 and the T cell areas. It is 

sheathed by the central arteriole through which lymphocytes entry. The central arteriole is 

branched to the splenic artery through which cells and blood borne antigens are drained into 

the spleen.  The marginal zone is made of an outer and inner sides, lined by MAdCAM-1+ sinus-

lining fibroblasts. The outer side is associated with MARCO+ SIGN-R1+ marginal zone 

macrophages (MZMs) and B220+CD21hiIgMhiCD23- marginal zone B cells17. Some populations 

of migratory cells including DCs, T cells as well as granulocytes are also found in this side of 

the MZ11. Finally, the inner side of the marginal zone is populated by the sialic-acid-binding 

immunoglobulin-like lectin 1 (Siglec-1 or CD169) expressing metallophilic macrophages 

(MMMs), residing beneath the layer of MAdCAM-1+ sinus-lining fibroblasts (Figure 4B).  

The RP is sheathed by the collecting veins which connect into the splenic artery and ends in 

venous sinuses. These sinuses contain the red blood cells (RBCs) and connect into cords 
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populated by F4/80+CD11blow CD68+CD163+ RP macrophages (RPMs)18. The central arteriole 

in the WP emits extensions that end as cords in the RP. This enables the trafficking and the 

exchanges between both compartments. Spleen structure and cell organization is illustrated 

in figure 4. 

Figure 4. Structure of the spleen with cell localization and markers. (A) Diagram of the spleen with the 

surrounding capsule and the red pulp separated to the white pulp by the marginal zone. (B)  A broad scheme of 

the positioning of lymphocytes, fibroblasts and macrophages inside spleen and their phenotypic markers. The 

rep pulp connects to the WP through extensions emanating from the central arteriole. It is populated by 

F4/80+CD11blow CD68+CD163+ RP macrophages residing in the cords where they remove infected or senescent 

red blood cells. The marginal zone separates RP and WP and is lined by MAdCAM-1+ fibroblasts.  Its outer side is 

populated by MARCO+ SIGN-R1+ marginal zone macrophages (MZMs) and B220+CD21hiIgMhiCD23- marginal zone 

B cells. The inner side of the MZ beneath the layer of fibroblasts is populated by the sialic-acid-binding 

immunoglobulin-like lectin 1 (Siglec-1 or CD169) + marginal metallophilic macrophages (MMMs). They are 

involved in the uptake and the transfer of blood-borne antigens to B220+CD23+CD21+IgM+ IgD+ follicular B cells 

residing in the white pulp. The WP also contains the T cell zone (not shown here) underlying follicular B cells. 

Panel B is modified after18. 
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 Chapter 3. Lymph node stroma and the lymphatic 

system 
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1 Stromal compartments in secondary lymphoid organs 

Tissues and organs are formed by two parts: the parenchyma consisting of cells that carry out 

their functions and the stroma that structurally supports and secures them. The stroma is 

made of the extracellular matrix, a substance essentially consists in proteoglycan aggregates 

and stromal cells (endothelial cells, fibroblasts, epithelial cells, nerve cells, etc) that supports 

the parenchyma. Different subsets of stromal cells including fibroblastic reticular cells (FRCs), 

FDCs, MRCs, medullary fibroblastic reticular cells of LN, marginal zone fibroblasts of spleen, 

BECs and LECs can be found in the lymphoid tissues as summarized in figure 1.  

Figure 1. Stromal cell subsets in lymphoid organs. The diagrams represent the structural organization of mouse 

LN, spleen and Payer’s patches with the resident stromal cells and non-stromal cells drawn at different location. 

FRC, fibroblastic reticular cell; FDC, follicular dendritic cell; MRC, marginal reticular cell. Modified after25. 
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Based on their location, phenotype and biological functions, a summary of stroma cells in the 

SLOs and the mucosa associated lymphoid tissues (MALT) is shown in table 1.  

Stromal cell 

subsets 

Tissue of location Markers Biological functions 

Fibroblastic 
Reticular cell (FRC) 

 

SLOs (LN, spleen), 
Payer’s patches, 

MALT, 

T cell zones. 
 

ER-TR7(7) Gp38(8), CCL21 and 
CCL19(9) 

laminin, desmin, fibrillin, 
fibronectin, VCAM-1, 
ICAM1, collagen I, II, IV(1) 

 

Conduit formation and transport 
(cytokines, chemokines, 
antigens)(4,5) 
Support and lymphocyte 
migration(6) 
Directing T cell-DC interactions(9) 
 

Follicular Dendritic 
cell (FDC) 
 

SLOs (LN, spleen),  
Payer’s patches, 
MALT,  
B cell zones 
 

CD35, CD21, CD16, CD23, 
CD32, FDC-M2, VCAM-1, 
ICAM1, MAdCAM-1, 
laminin, desmin, CXCL13, 
CXCL12, BAFF(1) 
 

Antigen capture and presentation 
(immune complexes)(44)  
CXCL13 production for B cell 
homing(11) 
GC formation, antibody 
development(12,13) 
 

Marginal Reticular 
cell (MRC) 
 

Layer underneath 
SCS (LN) and MZ 
(spleen), Payer’s 

patches, MALT.  
 

ER-TR7, Gp38, RANKL, 
CXCL13, VCAM-1, ICAM1, 
MAdCAM-1(2,3) 
 

SLO formation(2,3) 
Conduit formation/ small antigen 
delivery(13) 
FDC formation(45) 
 

Spleen marginal 
zone fibroblast 
 

Spleen 
 

ER-TR7, desmin, laminin, 
integrins(16) 
ICAM1, CXCL12 and IL-6(15,17) 

 

Assist macrophages in removal of 
dying red blood cells(1) 
Plasma cell guiding and function 

(15,17) 
Barrier formation upon stress and 
infection(18,19) and regulating 
blood flow(18) 
 

LN medullary 
fibroblast 
 

LN 
 

ER-TR7, desmin, laminin, 
collagen I and IV, 
fibronectin(46) 
CXCL12(17) 
IL-6, BAFF, APRIL(46) 
 

Directing plasma cell 
localization(15) 
Plasma cell survival and 
homeostasis(46) 
 

Lymphatic 
endothelial cell 
(LEC) 
 

LNs, Payer’s 

patches, MALT. 
 

CD31, LYVE1(26-27) 
Gp38(29)   
CCL21(24), VCAM-1(30), 
Calcium-activated chloride 
channel regulator-1 
(CLCA1)(35) 
VGFR-3(50), Sphingosine-1-
phosphate (S1P)(31) 
 β-Chemokine Receptor 
D6(32), Prox1(20,28) 
MAdCAM1, CD41(47,48) 

CCL20, RANK, ACKR4 (48) 
MHC class I(33) 

Lymphatic development(20) 
Transport (lymph, antigens)(21) 
Entry of APCs and T cells into LN 

(22,23) 

Chemokine production(24,25)  
Peripheral antigen presentation 

(33-35) 
Deletional tolerance(34,35) 
VCAM-1-mediated Treg migration 
to LN(30) 

 

Blood endothelial 
cell (BEC) 
 

Brain, SLOs (LN, 
spleen), Payer’s 

patches, MALT. 
 

CD31, VE-Cadherin, claudin 
5(36), GlyCAM1(41), CD34, 
MECA-79(42) 
LTβR (LN)(43) 
 

Transport of blood(38) 
Lining HEVs (LN) 
Physical barrier (36,37) 
Controlling exchange between 
the blood and the tissues(38,39) 
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Entry of leukocytes from the 

blood into tissue (SLOs)(10, 40, 41,43). 
 

Table 1. Stromal cell subsets in LN, spleen and Payer’s patches. SLO, secondary lymphoid organ; MALT, mucosa-

associated lymphoid tissue; SCS, subcapsular sinus; MZ, marginal zone; LTβR, lymphotoxin-beta receptor; ICAM-

1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; MAdCAM-1, mucosal vascular 

addressin cell adhesion molecule 1; BAFF, B cell activating factor; IL-6, interleukin 6; LYVE1, lymphatic vessel 

endothelial hyaluronan receptor 1; GC, germinal center; APC, antigen presenting cell; Treg, T regulatory cell; VE, 

vascular endothelium; APRIL, a proliferation-inducing ligand. Adapted after1. 

LN stroma is very heterogenous. Recently, by using single-Cell RNA Sequencing and flow 

cytometry, studies have highlighted distinct subsets  of non-endothelial LN stromal cells based 

on their differential gene expression profiles and localization46,49. In the sections below, I will 

describe the lymphatic system and focus on LEC heterogeneity and functions. 

2 Lymphatic vascular system  

Extensive characterization of anatomic features of the lymphatic vasculature development 

started during the 20th century, mostly by using pig and mouse embryos51,52. Pioneering 

researchers suggested that the lymphatic vessels arise from preexisting blood vessels51 and 

recent live imaging in mammals and zebrafish demonstrate that the progenitors of LECs that 

form the lymphatic vessels are of venous origin during embryogenesis53,54. The lymphatic 

vascular system is a network of vessels that carry lymph, the aqueous component of blood 

composed of water and plasma proteins, released through tissue blood capillary leaking. With 

exception of the central nervous system (brain and spinal cord), the lymphatic vessels are 

extended throughout the body, such as the skin, the intestine, the SLOs, etc. They drain the 

lymph, a process essential for the maintaining interstitial fluid homeostasis and immune cell 

trafficking. Another system of fluid drainage, called glymphatic system, takes up the 

cerebrospinal fluid from the brain and transports antigens and immune cell to the cervical LNs. 

However, the glymphatic system displays no structural similarities with the lymphatic vascular 

system55,56. A schematic illustration of the lymphatic vascular network within the intestine, 

the LN, the heart and peripheral tissues is shown in figure 2.  
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Figure 2. Organization of the lymphatic vasculature and the specialized lymphatic vessels within the intestine, 

the LN, the heart and peripheral tissue/organ. In green is shown the network of collecting lymphatics that drain 

lymph to LNs and lymphatic capillaries that absorb the lymph continuously leaked out from blood capillaries 

inside tissues. Red show blood circulation where lymph returns. The brain is avoided of lymphatic capillaries 

unlike other tissues. LV, lymphatic vessel. The arrows indicate the direction of fluid flow. Modified after57. 

The lymphatic vessel wall, also called vascular endothelium is made of a monolayer of LECs 

that form tight junctions but are still porous, enabling the uptake of interstitial fluids and the 

entry of foreign materials (harmful or not) and cells. The interstitial fluids are pumped through 

initial lymphatics (lymphatic capillaries) containing valves made by LECs, that function as flap 

to allow fluid entry into vessels and prevent retrograde flow into the tissues58-61. The initial 

lymphatics are connected to the collecting vessels that transport lymph to the LN (via afferent 

lymphatics) where it is filtered for immune surveillance. These collecting vessels also contain 

valves that allow the unidirectional flow of the lymph and are lined with vascular smooth 

muscle that contracts to transport and maintain the flow62,63. Lymph leaves the LN through 

efferent lymphatic and finally back to blood circulation through the inferior vena cava of the 

thoracic duct64,65. A schematic illustration of lymph collection from the peripheral tissue and 

the unidirectional flow through the lymphatic and blood vascular is shown in figure 3.  
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Figure 3. Schematic illustration of lymphatic and blood vascular circulation. (A) Lymph (interstitial fluid) is 

leaked from peripheral tissue via blood capillaries and pumped by lymphatic capillaries/initial lymphatics (lower 

black arrows) that convey it to the collecting lymphatic (lower green arrow). The latter drains it to the LN where 

it flows and egresses via the efferent collecting lymphatic (middle green arrow) and returns to blood circulation 

through the inferior vena cava of thoracic duct. The direction of lymph flow is indicated by the arrows. Modified 

after65. (B) The plasma-derived macromolecules and cells extravasated from blood capillaries enter the lymphatic 

capillaries through spaces (pores) formed by LECs lining these initial lymphatics (Green). Modified after66. 

The lymphatic capillaries and the collecting lymphatic vessels share many molecules such as 

Prox1, Gp38, the tyrosine kinase receptor vascular endothelial growth factor3 (VGFR3)57 

expressed by LECs as specific markers and regulators of the lymphatic vasculature 

development67,68. Inside LNs, the lymphatic vessels form a scattered network from the 

subcapsular area to the medulla. LN-LECs can be identified by flow cytometry as 

PECAM/CD31+ podoplanin/Gp38+ cells among the hematopoietic marker (CD45) negative 

stromal cells69. However, the LN-LEC population is highly heterogeneous. Based on their 

locations and the markers they differentially express, at least three subpopulations of LN-LECs 

have been identified. The PD-L1hi ICAM-1hi MAdCAM-1+ LTβRlo LECs locate in the collagenous 

capsule that surrounds the LN, the PD-L1hi ICAM-1hi MAdCAM-1- LTβR+ LECs in locate in the 

medulla and the PD-L1int ICAM-1int MAdCAM-1- LTβR+ LECs locate in the cortical area70. 
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2.1 Subcapsular sinus lymphatic endothelial cells 

The inner and the outer layers of the fibrous capsule are lined by the ceiling LECs (cLECs) and 

floor LECs (fLECs), respectively. The fLECs communicates with the HEVs through the reticular 

fibers and FRC network, to allow the access of LN parenchyma by trafficking cells. In addition 

to immune cells, the fLECs also allows the entry of small antigens and soluble molecules into 

the LN parenchyma71. They express the plasmalemma vesicle-associated protein (PLVAP), an 

endothelial glycoprotein that forms physical sieve, conferring a barrier function to these cells 

for selective exclusion of large molecules entering LN-SCS72. However, the expression of PLVAP 

seems to be specific to LN-LECs but not restricted to fLECs72. Moreover, the fLECs are lined by 

a laminin+ ER-TR7+ basement membrane-like extracellular matrix that allow them to interact 

with the MRCs and CD169+ SSMs74. The cLECs express CCRL173, also called ACKR4, a scavenger 

receptor that induces the internalization or the degradation of CCL19 and CCL21, the ligands 

for DC homing chemokine (CCR7) into lymphatic vessels and LN75-77. Recent studies have 

suggested that CCRL1 expression may scavenge target chemokines from the cLECs, to shape 

CCL21 gradients across the fLECs, facilitating the emigration of CCR7+ DCs from the SCS into 

the parenchyma, where both CCL19 and CCL21 are expressed in the paracortical T cell 

zone73,78. 

2.2 Medullary sinus and cortical lymphatic endothelial cells 

Sphingosine-1-phosphate (S1P) is a sphingolipid which down-modulates its receptor S1P1 on 

the surface of lymphocytes, to enable their egress from the lymphoid organs79,80. Mice lacking 

the sphingosine kinases, the enzymes required for S1P synthesis displayed a loss of 

extracellular S1P production in the lymph, resulting to impaired lymphocyte egress from the 

LNs but also from the Payer’s patches. Concomitantly, the levels of S1P1 were largely 

increased on the surface of naive T lymphocytes recovered from the LNs and Payer’s patches 

of these mice compared to the controls. The medullary LECs (mLECs) and the cortical LECs (CS-

LECs) are the highest cellular sources of S1P and S1P produced locally by LYVE1+ CS-LECs drives 

lymphocyte exit from the LNs. Mice lacking the sphingosine kinases also showed an altered 

lymphatic vasculature, suggesting a role of S1P in lymphatic maturation79,80. A schematic 

organization of LN structure with the different subpopulations of LECs and their location and 

markers is shown figure 4. 
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Figure 4. Organization of the LECs within LN. LECs in LN subcapsular sinus (SCS), medullary sinus (MS) and cortical 

sinus (CS) and their markers are shown. The SCS is lined by LYVE1-ceiling LECs (cLECs) and LYVE1+ floor LECs 

(fLECs). cLECs express ACKR4/CCRL1, which scavenges the chemokine CCL21, creating a gradient of CCL21 to 

allow CCR7+ DC emigration from the fLECs to LN parenchyma. The SCS and MS harbor different population of 

macrophages (yellow cells, indicated as MF). fLECs are linked to HEVs through the reticular fibers and the 

conduits formed by FRC network, allowing the transport of small antigens, cytokines as well as immune cells into 

the parenchyma. fLECs express also PLVAP that forms sieve-like diaphragms to restrict conduit access to low 

molecular weight molecules. LECs in MS and CS locally produced S1P to enable lymphocytes exit from LN and 

PD-L1 involved in the tolerogenic properties of LECs. Modified after57. 
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3 Biological functions of lymphatic endothelial cells  

3.1 Lymphatic endothelial cells in antigen presentation and immune tolerance 

Self-reactive T cells that escape the thymic negative selection see tissue-derived peptides 

presented by quiescent tissue-resident dendritic cells to induce anergy or deletion, preventing 

autoimmunity. However, the peripheral tolerance is not restricted to DCs. In 2010, Cohen et 

al., have shown that LN-resident lymphatic endothelial cells (LN-LECs) express multiple 

peripheral tissue antigens (PTAs) such as the melanocyte-specific tyrosinase, the pancreatic 

polypeptide and the preproinsulin 2 independent of the auto-immune regulator (Aire)81. By 

using a transgenic mouse model that expresses a T cell receptor specific to tyrosinase-derived 

epitope (Tyr369), the authors have shown that the Gp38+CD31+ LN-LECs can directly present 

antigen to tyrosinase-specific CD8+ T cells leading to their deletion81. In 2012, Tewalt et al., 

have discovered that LN-LECs mediate the deletion of tyrosinase-specific CD8+ T cells through 

the PD-L1-PD-1 axis and lack of costimulation82. They have shown that LN-LECs express high 

level of PD-L1 but lack the expression of CD80/86. To induce the tyrosinase-specific CD8+ T cell 

deletion, LECs present antigen without costimulation, inducing a rapid high-level expression 

of PD-1 on CD8+ T cells. PD-1 in turn inhibits the expression of IL-2 receptor, necessary for T 

cells survival82. Deficiency of either PD-1 or PD-L1 and blockade of PD-L1 rescued LEC-

mediated deletion of CD8+ T cells, resulting to autoimmunity, as shown by depigmentation82. 

In 2014, the lab further showed that LECs in LN medulla are the main actors of LEC-induced 

peripheral tolerance70. LTβR signaling is required for the upregulation of PD-L1 on mLECs since 

Prox1-cre recombinase-mediated ablation of LTβR from LECs resulted in the loss of PD-L1 by 

mLECs70.  B cells control PD-L1 expression in mLECs since mice deficient for B cells (µMT2/2 and 

Rag12/2) showed reduced PD-L1 expression by mLECs70. These studies demonstrated that LN-

LECs act as antigen presenting cells potentially involved in the peripheral tolerance. A 

schematic illustration of antigen presentation by LECs in the context of tolerance is shown in 

figure 5. 
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Figure 5. Schematic illustration of the peripheral tolerance induction by LN-LECs. LECs can express peripheral 

tissue antigen (PTA) and directly present it (in absence of costimulation) to naive CD8+ T cells to induce 

dysfunctional T cell activation and deletion through PD-L1-PD-1 axis-mediated loss of CD25 (IL-2 receptor). 

Modified after83. 

3.2 Lymphatic endothelial cells in inflammation 

Inflammation is the response of the body to invading pathogens or endogenous signals to 

prevent further tissue damage by promoting tissue repair and healing. However, in some 

pathological conditions, prolonged inflammation can lead to tissue damage rather than repair. 

Immune cells including macrophages, neutrophils as well as lymphocytes are known as 

inflammatory cells because of their release of pro-inflammatory molecules such as cytokines, 

vasoactive substances, etc, that promote vasodilation, lymphangiogenesis and cell infiltration 

into the inflamed tissue. Lymphangiogenesis is the formation of new lymphatic vessels by the 

sprouting of pre-existing lymphatic vessels through the proliferation of LECs85. This process is 

a hallmark of the inflammation and can be induced by lymphangiogenic factors such as the 

vascular endothelial growth factor-C or D (VEGF-C/D) produced by immune cells such as the 

macrophages85. In 2010, Mounzer et al., have shown that LTα mainly produced by 

macrophages and lymphocytes at the inflammatory sites also promote LEC proliferation and 

lymphangiogensis84. During inflammation, lymphangiogenesis increases the trafficking of 

immune cells and antigens to the draining LN, maximizing their interactions. Studies have 

reported that inflammatory factors such as IL-1 and TNF- α induce VEGF-C/D expression in 

macrophages, DCs, mast cells and fibroblasts at the site of inflammation and NF-kB signaling 
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in LECs, leading to Prox1 activation and the upregulation of VEGFR3, the ligand for VEFG-C/D. 

These processes lead to neolymphangiogenesis86-89.  

Gamma interferon (IFN-γ) produced by T cells is an efficient anti-lymphangiogenic factor109. 

Chronic inflammation results from the lack of inflammation resolution, associated with 

lymphatic vessel dysfunction and lymphangiogenesis, as known in the pathogenesis of various 

diseases including psoriasis, rheumatoid arthritis, Crohn’s disease, cancer, chronic infections, 

etc90. An emerging concept is to target prolymphangiogenic factors such as VEGF-C/D to help 

resolve chronic inflammatory diseases90. LN-LECs and peripheral LECs express the Toll-like 

receptors (TLRs)83 and proliferate in response to inflammatory stimuli to modulate lymph 

drainage and the trafficking and function of leukocytes91. It has been shown that during 

inflammatory stimulation, inflamed LECs can directly interact with immature human 

monocyte-derived DCs to suppress their maturation and functions in a Mac–1/ICAM-1-

dependent manner92. This impairs the ability of DCs to activate T-cells92.  

3.3 Lymphatic endothelial cells in cancer 

Like in inflammation, lymphangiogenesis is activated in cancers where it promotes metastatic 

spread and tumor progression. In many human cancers such as the breast cancer, the 

lymphatic vessels in the tumor microenvironment are known as the route for tumor spreading 

by metastasis93,94. Lymphangiogenesis in tumor draining LNs precedes the metastasis and may 

support the survival of primary and secondary tumor cells95. The tumor microenvironment-

derived factors (VEGF-C/D) induce lymphangiogenesis95. Some factors such as the 

prostaglandins produced by the tumor microenvironment can promote lymphangiogenesis in 

lung cancer by upregulating VEGF-C expression96. The xenografts of human cancer (breast, 

melanoma and lung) cells transfected with VEGF-C have been shown to induce the 

lymphangiogenesis and increased metastasis in LNs and lung97. The characterization of LECs 

isolated from human cancers showed that they express surface molecules that may support 

their interaction with tumor cells in lymphatic vessels to active the metastasis98. LECs lining 

the tumor lymphatic vessels express many factors called lymphangiocrine factors that recruit 

tumor cells to promote the growth93. In 2014, Lee et al., have shown that the treatment of 

mice with tumor-conditioned media activates lymphangiogenesis in LNs and lungs, 

accelerating metastasis to these organs99. By co-injecting human dermal LECs treated by 

tumor-conditioned media with human breast cancer cells into animals they discovered that 
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tumor-educated LECs secrete high amounts of the epidermal growth factor (EGF) and the 

platelet-derived growth factor B (PDGF-B) that promote tumor cell proliferation and 

angiongenesis, respectively108. Both EGF and PDFG-B have been shown to facilitate the 

intratumoral and LN metastasis by influencing the lymphangiogenesis100,101. Other factors, 

such as the transforming growth factor-β (TGFβ) has been reported to suppress the 

lymphangiogenesis in cancer. Inhibition of the endogenous TGFβ signaling in a mouse model 

of pancreatic cancer fosters lymphangiogenesis102. In experimental tumor models, deficiency 

or inhibition of the integrin α4β1 that helps the LECs to adhere to the extracellular matrix 

during lymphatic vessel growth has been shown to block tumor-induced lymphangiogenesis 

and metastasis to the LNs103. 

The chemokine axis that facilitate the movement of cells into the LNs through the lymphatic 

vessels are also implicated in the metastasis. For example, CCR7 that drives DC homing to the 

LN through its ligand (CCL21) produced by LECs, can be expressed also by tumor cells, enabling 

their entry into the lymphatic vessels and the ensuing metastasis104,105. In many human 

cancers, the expression of CXC-chemokine receptor 4 (CXCR4) by the tumor cells have been 

significantly correlated with lymphatic and LN metastasis105,107. 

The role of LN-LECs in immune tolerance appears to be detrimental in cancer. For example, it 

has been shown that LECs in tumor draining LNs can present tumor antigen peptides to CD8+ 

T cells, leading to their dysfunction and apoptosis110. 
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1 Phagocytosis and phagocyte system 

Phagocytosis is an evolutionarily conserved mechanism that was discovered by the Russian 

biologist Elie Metchnikoff (1845-1916)4. It is an active engulfment of particles, microbes or 

apoptotic cells within cell vacuole, leading to their destruction and limiting the dissemination 

throughout the body3. The mechanism of the phagocytosis can be divided into different steps. 

The first steps consist of the chemotaxis and the recognition of pathogen (or damage)-

associated molecular patterns (PAMP/DAMP) through the phagocytic receptors. The 

recognition of the danger signal leads to the activation of the cell membrane, triggering the 

engulfment. The engulfed target is internalized in a vacuole called phagosome, which is 

adorned by reactive oxygen species (ROS) where the target degradation starts. The 

phagosome fuses with intracellular granules containing digestive enzymes such as 

peroxydases, defensines, lysosomes, accompanied by its acidification and the formation of the 

phagolysosome. This leads to the complete lysis and digestion of the target6,7. A schematic 

illustration of the mechanism of phagocytosis in shown in figure 1. 

Figure 1. Mechanism of the phagocytosis. (1) The recognition of the target-associated molecular pattern by the 

surface receptor on phagocyte triggers membrane activation and F-actin polymerization and branching, leading 

to the extension and the protrusion of phagocyte plasma membrane around the target. (2) The protrusion 

progress until the edges of the target, resulting to its internalization and phagosome formation. (3) The newly 

formed phagosome undergoes a series of maturation by its fusion with cellular granules containing enzymes 
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(defensines, endosomes, lysosomes, etc) as well with reactive oxygen species (ROS), leading to the formation of 

the phagolysosome. (4) In the latter, the target is completely digested and destroyed by proteases and DNases. 

LAMP1, Lysosomal-associated membrane protein 1. Reproduced and modified after8. 

The phagocytes express a wide range of phagocytic receptors comprising the scavenger 

receptors, the complement receptors, the opsonic receptors, the apoptotic receptors and the 

pattern-recognition receptors such as Toll-like receptors (TLRs) and mannose receptor6. They 

can directly recognize their cognate ligands on the surface of the infectious agent or the 

apoptotic cell. They can also recognize opsonized targets. However, not all these receptors 

are found at the cell surface or mediate the phagocytosis. TLR3, 7, 8, 9 are intracellular and 

reside within endosomes and lysosomes where they recognize the nucleic acids released from 

engulfed microbe degradation9. In general, the activation of the TLRs causes inflammatory 

responses. 

Based on some criteria such as ontogeny, phenotype, function and location that have been 

investigated in animal models, the term Mononuclear Phagocyte System had emerged to 

classify and define the myeloid cells comprising bone marrow progenitors, blood monocytes 

as well as tissue macrophages. The precursors of monocytes were originally identified by 

Ralph V. Furth and Zanvil A. Cohn, as bone marrow promonocytes that rapidly divide and peak 

in the peripheral blood 24h after labeling with the thymidine-31. Two subsets of monocytes 

consisting of Ly6Chi classical monocytes and Ly6Clow non-classical monocytes can be identified 

in mice. The classical monocytes are found as circulating in the blood but can also enter into 

the spleen and the LNs as well as tissues such as the skin, the liver, the kidney, the lung, etc, 

at the steady-state and more frequently during an inflammation. The non-classical monocytes 

remain mainly within the blood vessel walls where they patrol2. In human, the classical and 

the non-classical monocytes are defined as CD14hi and CD14lo monocytes respectively. By 

using staining dyes on tissues including the spleen, the LN, the lung, the liver as well as the 

intestine, Metchnikoff had revealed a high heterogeneity in the phagocyte populations and 

distinguished the polymorphic nuclear leukocytes also called microphages from the 

macrophages5. 

Macrophages are long-lived innate immune cells that have the ability to recognize, engulf and 

clear a large range of microbes and particulate antigens. They play also an important role in 

the homeostasis of their resident tissues. Most of our current knowledge on the ontogeny of 
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macrophages are from animal models, primarily the mouse. Tissue-resident macrophages 

(TrMφ) are known to originate from hematopoietic precursors of the embryonic yolk sac (YS), 

from the fetal liver precursors and from the bone marrow-derived precursors early after birth 

and in adult life10.  Most of adult TrMφs develop during the embryogenesis, they self-renew 

locally by proliferation and can be renewed by circulating monocytes. During embryogenesis, 

F4/80+ CD11b+ Erythro-myeloid progenitors (EMPs) give rise to CD45+ CD11bloF4/80hiLy6C− 

macrophages in the YS between E9.5 and E10.5. The apparition of the EMPs requires the 

transcription factor PU.1 since the cells are absent in Pu1-/- mouse11. The YS-derived 

macrophages colonize the embryonic tissues including the skin, the spleen, the pancreas, the 

kidney, the brain as well as the lung from E14.5.  The EMPs colonize also the fetal liver, giving 

rise to C-Myb+ EMP-derived fetal monocytes. In 2015, Hoeffel et al., showed that these fetal 

liver monocytes can generate adult TrMφs12. With exception of brain microglia, the YS-derived 

macrophages in tissues decline from the early postnatal life to the adulthood. On the other 

hand, the proportions of macrophages derived from the fetal monocytes significantly increase 

in tissues after definitive hematopoesis12. An illustration of the ontogeny of tissue-resident 

macrophages is shown in figure 2. 
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Figure 2. Ontogeny of the tissue-resident macrophages. Tissue-resident macrophages develop from three 

origins (waves) of precursors that seed tissues at different developmental stages. For the first wave coming 

between E9.5 and E10.5, the EMPs give rise to EMP-derived pre-macrophages that differentiate to YS-

macrophages. The latter colonize and seed tissues from E14.5. The second wave coming from E14.5, coincides 

with the maturation of fetal liver where EMPs generate the fetal liver monocytes that differentiate to liver 

macrophages but also migrate to other tissues and form macrophages. At this stage, the blood-brain barrier 

forms and prevent the entry of the liver monocytes, limiting their contribution to the brain macrophages pool. 

The third wave of TrMφs results from the differentiation of HSC-derived monocytes after definitive bone marrow 

formation and the hematopoiesis after birth. Macrophages that seed tissue during the embryogenesis self-

maintain locally by proliferation. They have a long turn-over rate and can be renewed by monocytes-derived 

macrophages that express the same tissue specific macrophages markers. The brain is not accessible to the 

circulating monocytes due to the blood brain barrier (BBB). Thus, brain macrophages (microglia) self-renewed 

from local precursors (probably of embryonic origin) at steady state throughout the life. The entry the and 
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differentiation of monocytes to macrophages may depend on the niche availability in the tissues. Modified 

after13.  

Macrophages display plasticity depending on the signals they receive from the surrounding 

environment and following the encounter with pathogens. When activated, they can undergo 

different states of polarization among which the M1 and M2 phenotypes, corresponding to 

the classically and the alternatively polarization states respectively. The classical polarization 

of macrophages is triggered by the toll-like receptor ligands such as the bacterial 

lipopolysaccharide, the ligand for TLR-4, that induces the expression of pro-inflammatory 

molecules (IL-1β, IL-6, TNF-α), the inducible nitric oxide synthase (iNOS) and the production of 

reactive oxygen species (ROS). The generation of nitric oxide by iNOS is known to inhibit M1 

macrophage proliferation and to foster pathogen killing. The alternative polarization of 

macrophages is triggered by IL-4 or IL-13, that induce the expression of type I arginase that 

metabolizes the L-arginine. The metabolism of this amino acid triggers signaling cascades in 

M2 macrophages, leading to cell proliferation and collagen production. The M2 polarization 

state fosters the resolution of inflammation as well as wound healing. In addition to immune 

stimuli, metabolic products are also known to induce or support macrophage polarization 

through signaling cascades14. 

2 Heterogeneity of the tissue-resident macrophages 

Tissue-resident macrophages display high heterogeneity. This is determined by their 

anatomical location in the tissues, gene expression profiles as well as functions15. Depending 

on the tissue they occupy, macrophages play different roles in development, immunity as well 

as homeostasis. For instance, microglia, the macrophages located in the brain are involved in  

brain development, homeostasis as well as surveillance59,60  while lung alveolar macrophages 

are crucial for clearance of respiratory tract infections61,62. In addition to functional differences, 

flow cytometry analysis of plasma membrane proteins as well as single cell RNA sequencing 

have allowed a breakthrough in the understanding of macrophage heterogeneity. In the 

sections below, I will describe macrophages residing in the LN and spleen. 

2.1 Lymph node CD169+ Subcapsular and medullary sinus macrophages 

The subcapsular sinus macrophages (SSMs) reside along the subcapsular floor LECs, overlying 

the B cell follicle areas and the interfollicular zones. They are strategically positioned as the 
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first filter of innate defense to capture lymph-borne antigens and microorganisms and prevent 

their dissemination. Their counterparts, the medullary sinus macrophages (MSMs) are 

positioned in the cavities of the medulla, associated with medullary lymphatics. Both SSM and 

MSM express the pan-macrophage marker CD11b, the macrophage-colony stimulating factor 

receptor 1 (M-CSFR), the lymphotoxin β receptor (LTβR) and the Ig superfamily member 

CD169 (Siglec-1). CD169 is a sialic acid recognition receptor that binds sialylated antigens and 

is involved in cell-cell or cell-microorganism interactions. It is also the ligand for the mannose 

receptor (MR) that binds the mannose rich-antigens and activates the complement 

cascades16. In contrast to SSMs, MSMs also express F4/80 and SIGN-R1 that can be used to 

discriminate them. The differentiation of SSMs requires both M-CSF-1 and lymphotoxin 

produced by B cells. Mice deficient for these molecules lack SSMs. The differentiation of MSMs 

also requires M-CSF-1 but is independent of lymphotoxin17-19. 

CD169 belongs to the family of the Siglecs. They are type I transmembrane proteins 

characterized by an N-terminal V-set immunoglobulin domain ligated to variable numbers of 

C2-set immunoglobulin domains. The V-set immunoglobulin domain binds to sialic acid on cell 

and pathogens. Many members of the Siglec-family harbor variable numbers of the 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in their cytosolic portion that give 

inhibitory signals to the cell. However, CD169 lacks the ITIM motif and has a long cytoplasmic 

tail, suggesting that it is mainly involved in cell–cell or cell-microorganism interactions rather 

than cell activation or inhibition. In human and rodent, the Siglec-family proteins may function 

in the endocytosis of sialylated glycoconjugates from pathogens, in host defense by leukocytes 

and in antigen presentation20,21. Human and rodent Siglec-family proteins and the main cells 

that express them is shown in figure 3. 
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Figure 3. Siglec-family proteins in human and rodent. Siglec family proteins are classified into two groups that 

are characterized by an amino terminal V-set immunoglobulin domain ligated to variable numbers of C2-set 

immunoglobulin domains. The first group of siglecs consists of the orthologues identified in all mammals, 

comprising CD169 (sailoadhesin), CD22, myelin-associated glycoprotein (MAG) and Siglec-15. These proteins 

exhibit 25–30% of sequence identity of their extracellular domains and have variable cytosolic tails. The second 

group consists of CD33-related Siglecs that display high sequence homology of their extracellular domains. Many 

CD33-related Siglecs and CD22 harbor one or more immunoreceptor tyrosine-based inhibitory motifs (ITIM) in 

their cytosolic domains. These motifs function in the suppression of activating signals in cell, through the 

recruitment of tyrosine and inositol phosphatases. Apart from Siglec-4 that is expressed by in the nervous 

system, the Siglec-proteins are mainly expressed by leukocytes in mammals. B, B cells; Ba, basophils; cDCs, 

conventional dendritic cells; Eo, eosinophils; GRB2, growth-factor-receptor-bound protein 2; Mac, macrophages; 

Mo, monocytes; MyP, myeloid progenitors; N, neutrophils; NK, natural killer cells; OligoD, oligodendrocytes; 
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pDCs, plasmacytoid dendritic cells; Schw, Schwann cells; Troph, trophoblasts; ND, not determined. Modified 

after20. 

2.1.1 Sinusoidal macrophages in infection 

Electron microscopic study of the uptake of horseradish peroxidase in LN has shown that SSMs 

are less phagocytic than MSMs. Moreover, compared to MSMs, SSMs show slower depletion 

rate following clodronate liposomes (CLLs) treatment. Indeed, from one day to three days 

following CCLs administration of animals, MSMs are totally eliminated whereas a small 

proportion of SSMs still persist before their complete disappearance by 5 days22,23. SSM 

acquires, degrades lymph-borne pathogens and particles and induces B cell response by 

transferring antigens to these cells24,25. In responses to a viral and bacterial infection or to 

pathogen-derived immune stimuli, SSMs can eliminate the invaders by undergoing pyroptosis 

and the release of IL-1β, IL-18,  type I interferon (IFN-α/β), IFN- γ, as well as other cytokines 

and pro-inflammatory molecules such as CCL11, CCL22, CXCL2, CXCL10, CCL19, XCL-1, LIF, 

CCL2, to alert and mobilize other immune cells including DCs, neutrophils, natural killer cells 

and monocytes26-28. In the absence of SSMs, B and T cell responses to viral and bacterial 

infections are impaired29,30. By using two-photon intravital microscopy to track CD8+ T cell (OT-

I cells) in vivo, Hickman et al., have shown that these cells migrate and accumulate in the LN 

SSM area upon viral infection and suggested that SSMs may present virus-derived antigens to 

CD8+ T cells through the major histocompatibility complex (MHC) class I molecule31. An 

illustration of viral elimination by SSMs and the induction of B and T cell responses is shown 

in figure 5. 
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Figure 4. The antiviral response and induction of the adaptive immune responses by subcapsular sinus 

macrophages. SSMs capture and degrade lymph-borne virus, migrate and transfer viral particles to cognate B 

cells that may recognize antigen through the B cell receptor (BCR).  This leads to the activation of the germinal 

center B cells and the generation of antibody producing plasma cells. By degrading (eliminating) the virus, SSM 

can undergo the pyroptosis (or necrosis) few hours after infection. This is concomitant with the recruitment of 

other innate immune cells such as the DCs in the draining LN. DCs also can capture and degrade the virus and 

cross-present viral antigens to CD4+ helper T and CD8+ cytotoxic lymphocytes through MHC class II and I 

respectively. Some pro-inflammatory cytokines such as IL-1 and IFN-I produced by the necrotic SSMs stimulate 

the DCs for the activation and the induction of T cell responses and T-cell dependent antibody production. 

SSMs and MSMs differ in their capture of lymph-borne viruses. Some viruses such as the 

vesicular stomatitis virus (VSV) are captured only by SSM whereas the modified vaccinia 

Ankara (MVA) and influenza are captured by both macrophage subsets24,32,33. In contrast to 

SSMs, MSMs are less selective and more rapid and active in the phagocytosis. MSMs exhibit 

high lysosomal activity and bind any lymph-borne bacteria, particulate antigens, 

nanoparticles, as well as apoptotic cells34. However, in spite of its pronounced capability to 

phagocyte and destroy the pathogens, MSMs appear to be produce less pro-inflammatory 
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cytokines than SSM. The differential permissiveness of both macrophage types in response to 

some lymph-borne pathogens could be explained by different pathogen recognition receptors 

(PRRs) and by the nature of pathogen-derived components they recognize. For instance, it has 

been shown that SSMs express the retinoic-acid-inducible protein (RIG-I), a cytoplasmic 

receptor that may participate in the intracellular recognition of VSV and facilitate its capture 

of by SSM35. This is supported by the fact that in mice deficient for B cell-derived LTα1β2, SSM 

adopt a MSM-like phenotype and fail to replicate VSV, impairing the antiviral IFNα/β 

production18. 

2.1.2 Sinusoidal macrophages in cancers 

In patients of colorectal carcinoma, high density of CD169+ macrophages in the LNs was 

significantly associated with favorable prognosis36.  By using imaging and a melanoma tumor-

bearing mouse model, Pucci et al., (2006) have shown that SSMs act as tumor suppressive cells 

by capturing tumor-derived extracellular vesicles, preventing their dissemination and direct 

interactions with the cortical B cells and the ensuing pro-tumor B cell response. Thus, SSMs 

appeared to play an important role against cancer by limiting tumor progression and immune 

activation37. Asano et al. (2011) have demonstrated that CD169+ macrophages in the LNs 

phagocyte dead tumor cells from the lymphatic flow and cross-present cell-associated 

antigens to tumor antigen-specific CD8+ T cell for the induction of antitumoral immunity. In 

the absence of these macrophages, as shown in CD169-DTR mice, the antitumor immunity is 

compromized38. 

2.1.3 Sinusoidal macrophages in inflammation 

IBD is a chronic and relapsing inflammatory disorder of the gastrointestinal tract. It is 

characterized by gastrointestinal bleeding, intestinal tissue damage, abdominal pain and 

diarrhea. Crohn’s disease and ulcerative colitis are two well-known types of IBD. A recent 

study has shown that CD169+ macrophage numbers strongly increase in the mesenteric LNs 

(mLNs) during dextran sulfate sodium (DSS)-induced colitis. This is correlated with a significant 

production of inflammatory factors by these macrophages as well as high proportion of Th17 

cells and tissue damage. The high levels of inflammatory cytokines and Th17 cells diminish in 

CD169+ macrophage-depleted mice. This suggests that sinusoidal macrophage in the mLN 

promote mucosal inflammation and the pathogenesis of colitis39. A similar study has shown 

that CD169+ macrophages in the intestine promote DSS-induced colitis by recruiting 
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inflammatory monocytes through CCL840. This raises the question of whether the mesenteric 

LN or intestine CD169+ macrophages are important cell type for IBD. 

3 Other lymph node macrophages 

3.1 T cell zone macrophages 

The para-cortical T cell zone of the LN is populated by a dense network of macrophages called 

T cell zone macrophages (TZMs). These resident macrophages are long-lived and are slowly 

replaced by bone marrow-derived monocytes. They can be identified as CD11b+ CD11c+ CD64+ 

MHC class II+ CX3CR1hi MERTK+ and do not express CD169. The TZMs are efferocytic, in other 

words they clean up LN apoptotic cells including dying T cells and DCs in the T cell zone. 

Efferocytosis is a process by which macrophages engulf and clean up dead or apoptotic cells 

through specific receptors called efferocytic receptors that are distinct from those that 

mediate phagocytosis41 . It is critical for many biological processes such as tissue homeostasis, 

inflammation resolution as well as immune tolerance. By co-injecting apoptotic T cells 

irradiated and labeled with different dyes to Cx3cr1gfp/+mice42, Baratin et al., (2017) have 

shown that TZMs act locally as the professional efferocytes at steady state and throughout 

the course of an immune response by disposing apoptotic T cells in a CX3CR1-CX3CL1-

dependent manner. 

3.2 Medullary cord macrophages 

A population of macrophages residing in the medullary cords of LNs are named medullary cord 

macrophages (MCM). They can be identified as CD11b+ F4/80+ APRIL+ and do not express 

CD169. Like the TZMs, MCMs are known to expand particularly over the course of an immune 

response. They are less phagocytic than MSMs and strongly stain for non-specific estrase43. 

Electron microscopic analyses have revealed that many MCMs contain plasma cells and may 

act as cells specialized in the clearing of apoptotic plasma cells. In addition, MCMs may support 

the development of the plasmablasts and plasma cells by providing trophic factors such as IL-

6 and APRIL, the plasma cell survival factor44. 

3.3 Tingible body macrophages 

Tingible body macrophages (TBM) represent a predominant subset of phagocytes in the 

germinal center of LNs and other secondary lymphoid organs. They express macrophage 

markers CD11b and F4/80 but also the thymocyte marker Thy-145. TBMs are frequently seen 
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to contain many dead cells that appear as tingible bodies, the stainable debris of nucleus and 

particles. In addition to their function in “cleaning up” the germinal center, TBMs may be 

important in the initiation germinal center reaction by retaining antigen on the FDCs and 

functioning in antigen presentation by B cells to helper T cells. Moreover, as they appear with 

the germinal center development but are dispensable for this process, studies have suggested 

that they regulate the magnitude of the GC reaction46,47.  In human, a defect in the uptake and 

the removal of apoptotic cells by the TBMs in the GC has been shown in patients suffering 

from systemic lupus erythematosus48. 

4 Spleen macrophages 

4.1 Marginal zone macrophage and marginal metallophilic macrophage 

Spleen is the largest SLO populate by heterogenous resident macrophages that sense and 

eliminate blood-borne pathogens and contribute to its homeostasis. The marginal zone 

surrounding B and T cell areas is lined by MMMs and MZMs, residing in the inner and the outer 

sides of the marginal zone, respectively. MMMs are similar to LN-SSMs and are identified as 

CD11b+ CD169+ F4/80+/‒ cells. MZMs are similar to LN-MSMs and are identified as CD11b+ 

CD169- SIGN-R1+ F4/80+/‒ MARCO+ cells. Through a wide variety of TLRs and cell receptors, 

both macrophage types are well known to rapidly phagocyte blood-borne bacteria such as 

Staphylococcus aureus, Listeria monocytogenes, Mycobacterium tuberculosis, Streptococcus 

pneumoniae, Salmonella typhimurium, Escherichia coli and viruses such as HIV, lymphocytic 

choriomeningitis virus (LCMV), etc49. Studies in mice deficient for MMMs and MZMs by low 

dose clodronate liposome-mediated depletion showed that they are pivotal in the early 

control of the bacteremia and viremia50-52.Their localization around spleen lymphocyte-rich 

zones makes them suitable to shape several aspects of the adaptive immune response. Mice 

lacking the macrophage scavenger receptors MARCO and SR-A (single or double knockout) 

exhibit defective microarchitecture of spleen marginal zone and have fewer numbers of 

MZMs. They displayed impaired antibody response to T cell-independent pneumococcal 

polysaccharide vaccine, demonstrating their crucial role in the development of a humoral 

response to bacteria53. In 2010, Backer et al., showed that MMMs can capture antigens, 

viruses as well as tumor antigen and transfer them to splenic CD8+ DCs that cross-present to 

induce a CD8+ T-cell cytotoxic response54. A schematic illustration of MZMs and MMMs during 

infection is shown in figure 6. 
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Figure 5. Spleen MZM and MMM in infection. Through their cellular receptors, MZM and MMM capture and 

phagocyte blood-borne bacteria, viruses and fungi. MZM expresses both MARCO and SIGN-R1 that recognize 

carbohydrate from bacteria, yeasts and zymosan (a yeast-derived particle) as well as viruses, leading to their 

internalization and degradation. Similarly, MMM also uptakes and degrades blood-borne microbes through 

CD169 (Siglec-1). In addition to its innate immune defense, MMM also has the ability to mediate cytotoxic CD8+ 

T cell-response by transferring antigens to DCs. Ag, antigen; TCR, T cell receptor; MHCI, Major histocompatibility 

Complex Class-I. Modified after49. 

SIGN-R1, also known as the cluster of differentiation 209b (CD209b), is a mouse homolog of 

human Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-

SIGN). They are C-type lectin receptors that belong to a family of PRR mainly expressed by DCs 

and macrophages in human. However, in mouse, SIGN-R1 is high expressed by LN-MSMs and 

spleen MZMs. It mediates the engulfment of a wide range of bacteria and viruses by selective 

recognition of microbial polysaccharides such as dextran, capsular polysaccharides, etc56 

mediated by its large extracellular carbohydrate-recognition domain, which is very conserved 

in the C-type lectin receptor family (Figure 7)57. The carbohydrate-recognition domain of SIGN-

R1 is characterized by a primary and a secondary binding site. The primary binding site 

recognizes dextran, sialic acids and α-2,6-sialylated glycoproteins such as the complement 

factor 1 (C1q) and Immunoglobulins and functions in a calcium-dependent manner.  The 

secondary binding side recognizes some repeated molecular patterns of microbial organisms 
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such bacterial capsular polysaccharide and functions independently of the calcium. 

Simultaneous recognition of glycoproteins and microbial polysaccharide might lead to SIGN-

R1-mediated complement activation and pathogen destruction56,58. A schematic illustration 

of the structure of SIGN-R1 and its ligand binding motifs are shown in figure 7. 

Figure 6. Structure of SIGN-R1 and its ligands. (A) Organization of the structure of SIGN-R1 with the different 

domains. NH2, amino terminal; TM, transmembrane domain; COOH, carboxy terminal. Adapted after57. (B-D) 

Molecular motifs of sialic acid (N-acetylneuraminic acid, NeuAc, red box) of glycoproteins; tetra-saccharide (blue 

box) or di-saccharide (yellow and green boxes) and repeating unit of the bacterial capsular polysaccharide 

recognized by the carbohydrate-recognition domain of SIGN-R1. Gal, galactose; GlcNAc, N-acetylglucosamine; 

Glc, glucose;  sulfate (SO4). 

4.2 Red Pulp macrophages 

Red pulp macrophages (RPMs) represent the most abundant spleen macrophages. They are 

identified as F4/80hi CD11blow CD68+ CD163+ cells49 and are known for the uptake of aging, 

apoptotic and infected RBCs and for iron homeostasis (recycling), a process that may play a 

role in their own development. Indeed, RPM development requires the transcription factor 

Spi-C that is induced through the heme released from the RBC degradation. They self-maintain 

by local proliferation but are also replaced by circulating monocytes55. RPMs are also pivotal 

in the phagocytosis and the elimination of numerous blood-borne parasites and bacteria49. 
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Furthermore, they are recognized for their participation in the early clearance of malaria 

parasites as well as in the elimination of plasmodium-infected RBCs. 
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1 Objectives 

The RANK-RANKL axis controls the formation of osteoclasts, the bone resorbing macrophages. 

Mice lacking either RANKL of its receptor are osteopetrotic, characterized by an increased 

bone density with absence of marrow cavities and display lack of tooth eruption and 

diminished growth. Genetic mutations in Rank are responsible for bone diseases in human. 

Beyond osteoclastogenesis, whether the RANK-RANKL axis is involved in the differentiation of 

other macrophage types is unknown. Moreover, other than LN organogenesis, the role of the 

RANK-RANKL axis in adult LN remains poorly studied, partly because mice deficient for RANKL 

or RANK lack all LNs. 

Marginal reticular cells (MRCs) are LN stromal cells. They are characterized by the absence of 

the hematopoietic marker CD45 and the endothelial marker PECAM/CD31 but by the presence 

of podoplanin/Gp38 of FRCs. The current notion is that the precursors for MRCs are the 

lymphoid tissue organizer cells (LTOs) of embryonic LN anlagen. Both embryonic LTOs and 

adult MRCs express RANKL. In 2016, our laboratory has shown that stromal RANKL (LTO/MRC) 

activates the lymphatic endothelial cells to express the integrin alpha 2b (ITGA2b/CD41). In 

2017, a study where we have contributed has revealed that RANK mediated signaling in LECs 

is required for LN formation. These observations demonstrate a functionally relevant crosstalk 

between mesenchymal stromal cells (LTO/MRC) and LECs that may further influence the 

immune response in the adult. 

The objectives of my thesis consist in the first part to analyze the impact of loss of stromal 

RANKL on adult LN homeostasis and the immune response. Because the osteoclasts depend 

on RANKL for their development and functions and since the tissue-resident macrophages 

require signals from their surrounding environment to complete their differentiation program, 

we sought to know whether stromal RANKL ablation also affect LN macrophages. Using 

genetically modified mice, we focused particularly on the CD169+ subcapsular sinus 

macrophages (SSMs) residing between the MRC network and the subcapsular floor lining LECs 

(fLECs) and on their counterparts, the CD169+ SIGN-R1+ F4/80+medullary sinus macrophages 

(MSMs) associated with lymphatic sinuses in the medulla. In the second part, we investigated 

whether SSMs and MSMs directly require RANKL activation for their differentiation. To do so, 

we generated a mouse model in which RANK is specifically deleted in CD169+ cells. Finally, in 

the third part, we investigated the contributions of LN-lymphatic RANK in macrophage 
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differentiation. For that, we generated a mouse model that allows temporal deletion of RANK 

from LECs. 
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2 Results 

My thesis work has been published in Immunity as first author and referred as: 

Camara et al., 2019. Immunity 50, 1467–1481  

June 18, 2019 ª 2019 Elsevier Inc.  

https://doi.org/10.1016/j.immuni.2019.05.008 

See below 

 

  

https://doi.org/10.1016/j.immuni.2019.05.008
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Chapter 6. General discussion and perspectives 
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1 General discussion and perspectives 

The RANK-RANKL axis is involved in LN organogenesis, osteoclastogenesis, mammary gland 

and hair follicle formation as well as DC activation and function1,2. Osteoclasts are the bone 

resorbing macrophages that depend on both RANKL and the macrophage-colony stimulating 

factor 1 for their differentiation and function3,4. Stromal cells are the non-hematopoietic cells 

that support tissue parenchyma and contribute to its homeostasis and funtions5. In 2012, 

Mueller CG et al., have summarized the emerging role of the stromal cells in immune functions 

as introduction to a series of articles on immune stroma6. 

Tissue-resident macrophage differentiation depends on several factors such as the myeloid 

transcription factor (PU.1), the macrophage-inducing transcription factors (c-Maf and MafB), 

etc7, that determine the macrophage lineage. They also depend on the tissue specific signals 

that shape their transcriptional programs8. However, the tissue-derived signals that 

specifically induce either one or another macrophage subtype are still subject to explorations.  

 

We have shown that LN stromal RANKL is required for the differentiation of both the 

subcapsular and the medullary sinus macrophages (SSM and MSM). In mice lacking RANKL 

from LTOs/MRCs, the numbers of both macrophage subtypes are strongly decreased. Flow 

cytometry quantification of the proportion of MRCs in the adult knockout mice compared to 

their littermate controls revealed no alteration. By crossing Ccl19-cre;Rankl fl/+ mice with 

tdTomato fl/+ mice that enables tdTomato expression in CCL19+ cells following deletion of one 

allele of Rankl, immunofluorescence visualization of LN sections revealed a normal positioning 

of MRCs (see paper supplementary figure S1). However, whether RANKL deletion induces an 

intrinsic change in the phenotype of these cells still requires proper analyses.  

Unlike MSM, SSM needs constitutive and direct RANK activation to maintain its phenotype. 

These observations raised the hypothesis of an unknown mechanism through which, the 

stromal RANKL controls the fate of both macrophage subtypes. For instance, another RANKL 

sensitive cell that may participate in the process of SSM and MSM differentiation. In 2016, our 

laboratory has shown that LECs are sensitive to stromal RANKL stimulation. Indeed, in addition 

to the loss of SSMs and MSMs, stromal RANKL deletion leads to reduced expression of the 

integrin alpha 2b (ITGA2b/CD41) and the mucosal vascular addressin cell adhesion molecule 

1 (MAdCAM-1), reported as the LEC activation markers30. 
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We generated a tamoxifen-inducible cre recombinase mouse model that enables the 

temporal deletion of RANK from the LECs under the control of Prox1, the master regulator of 

the LEC lineage. When induced from four weeks after birth, LEC RANK deletion did not affect 

the phenotype nor the numbers of SSM and MSM. Thus, we reasoned that at four weeks, both 

macrophages have already completed their differentiation programs and occupied their 

niches of residence. In contribution is a low cell turn-over rate to explain why LEC RANK 

conditional deletion at that time does not notably affect the macrophages. This led us to 

investigate whether LEC RANK deletion earlier during the development affect the 

macrophages. In 2017, Onder et al., have shown that RANK-mediated signaling in LECs is 

required for LN organogenesis. Indeed, they observed that when Prox1-creERT2 Rankfl/fl mice 

were treated with tamoxifen at the embryonic days E11 and E12, they lack LNs after birth. On 

the other hand, when induced at E17, LEC RANK deletion did not significantly affect LN 

formation, suggesting that RANK-activated LECs are essential for LN initiation that occurs 

before E17. This study gave to us the knowledge to delete RANK from LEC as early as possible 

during the development without preventing LN formation in order to analyze the impact on 

macrophage differentiation. When induced from two weeks of age, LEC RANK deletion led to 

significant decrease of both SSM and MSM numbers. Finally, when induced at embryonic day 

E18.5, LEC RANK deletion results to an almost complete loss of both macrophages.  

Some inflammatory stimuli and infections induce the disappearance of SSM and MSM 

probably by pyroptosis9. However, four weeks after disappearance, their respective niches are 

repopulated by macrophages displaying the same markers10. Thus, we sought to know 

whether LECs are required for the reconstitution of SSM and MSM populations after 

inflammation-induced cells loss. By injecting the bacterial DNA (CpG oligonucleotide) in the 

hind foot pad of mice, both macrophages in the draining LNs disappear by four days. When 

we induced LEC RANK deletion from 5 days after macrophage depletion, the numbers of SSM 

and MSM remain significantly lower in the knockout mice compared to the control littermates 

after four weeks, indicating a delay in the reconstitution of their populations. Thus, these 

results showed that the stromal RANKL-activated LECs control the differentiation of both SSM 

and MSM from the embryonic development to around four weeks after birth. Moreover, 

RANK-activated LECs are also required for the reconstitution of SSM and MSM populations 

after inflammation-induced cell loss. However, in inflammatory situation, we could not 

exclude the contributions other RANKL sources since this cytokine is expressed also by 



 

119 
 

activated T cells11 as well as by type 3 innate lymphoid cells12.  

Although immunolabeling for specific markers (mCLCA1 and LYVE1) of LN-LECs revealed 

normal staining in tamoxifen-treated knockout mice, our study lacks deeper analysis of the 

impact on LEC network, that seems to be altered as noticeable in two weeks and embryonic 

day LEC RANK deletion experiments (see paper figure 5). A 3D pattern organization of LN-LEC 

network could be performed.  

 

The fact that only SSM needs continuous stromal RANKL stimulation to maintain its phenotype 

although both macrophage subtypes depend on stromal RANKL for the early differentiation 

could be explained by the model that, before LN compartmentalization in early life, the 

cooperation between LTOs/MRCs and LECs shape the niches for SSM and MSM precursors to 

differentiate. As LN compartmentalization occurs and progresses, each cell completes its 

differentiation program while colonizing its residing niche. Thus, in adult LNs, SSMs reside in 

the microenvironment of MRCs and depend on the continuous RANKL stimulation whereas 

MSMs residing in the medulla do not or may require another mechanism for maintenance. 

The fact that both macrophages express RANK, could suggest that MSMs is sensitive to 

another RANKL source for other cellular purposes. In bone marrow transfer after irradiation 

experiments, we and others have shown that both macrophages have a low turn-over rate at 

steady state and bone marrow-derived monocytes contribute to their networks more 

importantly in inflammatory situations13,14.  It has also been shown that SSMs self-renew by 

local proliferation at steady state and after transient depletion by inflammation of infection14.  

 

Now, the factor(s) through which RANKL-activated LECs control the differentiation as well as 

the reconstitution of SSMs and MSMs is open to conjecture. Because ablation of either stromal 

RANKL or LEC RANK results in the loss of ITGA2b/CD41 and MAdCAM-1, we reasoned that 

these cell adhesion molecules may be important for the attraction and or the retention of 

macrophage precursors to ensure their differentiation to SSM and MSM. In Itga2b -/- mice, 

both macrophages appear normal (data not shown). In vivo blockade of the integrin α4β7 (the 

ligand for MAdCAM-1) from the first to the forth week after birth surprisingly results in an 

increase of the proportion of SSMsAppendix1. However, integrin α4β7 neutralization also 

significantly increased the proportion of B cells whereas LN-derived DCs and T cells decreased 

as shown in another study15. This simultaneous increase of SSMs and B cells is consistent with 



 

120 
 

the findings that B cell-derived lymphotoxin is required for SSMs16. Moreover, it is conceivable 

that SSMs influence B cell development or recruitment by activating the stromal cells 

(LTO/MRCs) since MRCs are known as producers of B cell chemoattractant chemokine CXCL13.  

However, this strategy of in vivo blockade of MAdCAM-1 results in a broad effect on LN 

cellularity. To overcome this issue, a mouse model in which Madcam1 is specifically deleted 

in LECs would be needed to properly check its contribution for sinusoidal macrophage 

differentiation. Otherwise, our RNA sequencing of LN-LECs sorted from stromal RANKL-

deficient mice compared to their littermate controls confirms the loss of Igta2b and MAdcam1 

as well as other genes including Ccl20, the platelet factor 4 (Pf4), etc, in the knockout. A study 

has reported that the gut resident, RANKL-expressing mesenchymal cells activate the 

enterocytes to produce CCL20, the epithelium specific chemokine associated with follicles, 

important for B cell migration and IgA production. To check a possible role of CCL20, we 

stained LN sections of mice lacking CCR6, the ligand for CCL20. However, both macrophages 

appear unaffected in these miceAppendix 2. In the future works, the contributions of PF4 as well 

as other LEC-derived factors should be investigated in genetically modified mouse models. Of 

note, our study misses the information of how RANK signaling, triggered by the stromal 

RANKL, activates LECs to induce sinusoidal macrophage differentiation. This could be 

investigated by western bot analysis of activation of either NIK (non-canonical pathway) or IkB 

Kinases (canonical pathway) in LN-LECs sorted from wild type and stimulated with RANKL 

recombinant or in LN-LECs from stromal RANKL deficient and LEC RANK deficient mice. 

 

In mice lacking RANK signaling in CD169+ cells, SSM acquire a MSM-like phenotype, replaced 

by a CD11b+ SIGN-R1+ CD169- population whereas MSMs remain unaffected. This observation 

was surprising but not unfamiliar. Indeed, a similar phenotype was observed in mice treated 

with LTβR-Ig, the decoy receptor that blocks LTβR signaling17. Two years before, it had been 

shown that lymphotoxin (LTα1β2) produced by B cells maintains the number and the 

phenotype of SSMs16. Both SSM and MSM subsets express not only RANK but also LTβR13,16. 

In agreement with these observations, we hypothesize that the direct activation of RANK 

signaling in SSM may support the cell differentiation program by maintaining continuous 

surface LTβR expression. We generated a mouse model in which LTβR is ablated from CD169+ 

cells and observed that SSM are replaced by the CD11b+ SIGN-R1+ CD169- cellsAppendix 3. Thus, 

our data revealed that RANK and LTβR signaling pathways cooperate for the homeostatic 
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maintenance SSM and its number. However, the relation between RANK and LTβR still needs 

to be determined. In future experiments, in vitro stimulation of precursors with RANKL and/or 

with the lymphotoxin should be performed to confirm the requirement of direct co-activation 

for differentiation into SSMs. Furthermore, which NF-kB signaling pathway(s) is (are) induced 

in SSM following RANK and or LTβR activation should be investigated by western bot analysis 

of activation of either the non-canonical pathway and or the canonical pathway. 

Since the MSMs reside in an area where RANKL and LTα1β2 stimuli are absent or insufficient 

after LN compartmentalization, it is conceivable that these cells do not require RANK and LTβR 

for maintenance after acquisition of a full differentiation program. However, the functions of 

these receptors and the nature of the factor(s) that support MSM survival in adult remain 

enigmatic. Single cell-RNA sequencing and comparative analysis of genes differentially 

expressed between SSM and MSM sorted from adult and young mice LNs would be of much 

of interest. 

 

Beyond the LNs, RANK or LTβR conditional deletion from CD169+ cells also affect bone marrow  

CD169+ macrophages and spleen CD169+ marginal zone metallophilic macrophages 

(MMMs)Appendixes 4,5, although the nature of the source of RANKL in these organs remain 

obscure. In 2011, Chow et al., have shown that bone marrow-CD169+ macrophages promote 

the retention of hematopoietic stem cells (HSCs) and progenitor cells through the bone 

marrow-mesenchymal stem cells by regulating the HSC retention chemokine (CXCL12) 

expression in these stromal cells. By depleting macrophages in CD169-DTR (CD169DTR/+) 

animals, they observed an increased egress of HSCs and progenitor cells to the bloodstream 

and suggested that the targeting of bone marrow-CD169+ macrophages could represent a 

clinical interest, for example to augment the HSC yields in some patients18. In contrast to the 

CD169-DTR model which requires the treatment of animals with the diphtheria toxin, our 

mouse models of RANK or LTβR ablation from CD169+ could be of much interest for the 

understanding of the role of these macrophages in bone marrow homeostasis as well as in 

diseases. For instance, although they express VCAM-123 which is an important cell adhesion 

molecule in the bone marrow plasma cell niche24, their role in the control of residence and 

long-term survival of plasma cells is presently unknown. Thus, our models provide us with the 

conditions to explore their role for entry, residence and longevity of plasma cells. 

In both models of RANK and LTβR conditional deletion from CD169+ cells, spleen CD169+ 
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MMMs are affected as shown by the loss of CD169 whereas the SIGN-R1+ MZMs remain 

intactAppendix 5. Because the MZMs do not express CD169, one cannot exclude a possible 

contamination of SIGN-R1+ cells by a pool of CD169- SIGN-R1+ cells arising as consequence of 

inactivation of RANK or LTβR signaling. However, the use of more macrophage markers is 

required to check whether MMMs are replaced by a subset of CD11b+ SIGN-R1+ CD169- cells 

as was seen for SSMs in the LN. Quantitative RT-PCR performed from spleen cells isolated by 

enzymatic digestion showed the loss of Cd169  expression in both RANK and LTβR conditional 

deletion mice and  revealed a tendency of the loss of Ltbr  expression in RANK conditional 

knockoutAppendix 6, suggesting that RANK could be required for LTβR expression, also needed 

for MMM differentiation as suggested for SSMs in LNs. 

A summary of the outcomes of stromal RANKL deficiency, lymphatic endothelial cell RANK 

deficiency and RANK or LTβR ablation from CD169+ cells is shown in Appendix 7. 

 

The loss of both SSM and MSM, owing to the lack of stromal RANKL or LEC RANK, impaired 

the germinal center formation and the plasma cell differentiation. This validates published 

data from others studies10,13. However, the observation that only the SSM subset is missing in 

our models of RANK or LTβR conditional deletion from CD169+, provides us with the conditions 

to unambiguously determine the function of this subset in the control of the immune 

responses to a soluble antigen in LNs. To do so, mice will be immunized subcutaneously with 

hapten carrier, the high molecular mass hemocyanin (KLH), widely known to activate both 

humoral and cellular immune responses31. In that way, KLH should be captured by SSM layer 

in the draining LNs of wild type mice and not in knockout mice, and B and T cell responses will 

be analyzed. Of note, small molecules alone often fail to raise efficient immune responses 

because they pass through conduits and may escape antigen capturing immune cells. 

 

MZMs and MMMs are known for their important roles in the innate immunity through the 

elimination of blood-borne pathogens (antigens, bacteria, virus, parasites, etc) and for their 

role in the development of an adaptive immune responses19. Most of the studies concerning 

their roles in the immune responses use different genetic or ablation approaches that 

generally target both macrophage subtypes20-22. However, in our models of RANK or LTβR 

conditional deletion from CD169+, only the MMM subset is lost. This allows us to investigate 

their role in splenic immune responses. In the future experiments, we will assess the control 
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of the humoral immune response by MMMs. To do so, animals will be intraperitoneally 

immunized with a T cell-dependent antigen, that requires the activity of helper T cells to 

induce antibody production by B cells. T cells do not recognize native antigen and because the 

latter should be firstly processed by APCs, we reason that antigen capturing and processing by 

MMMs and the ensuing B cell response should be impaired in our knockout mice. A T cell-

independent antigen, that can trigger B cell responses without the participation helper T cells 

will be used for control. 

 

Denosumab is a fully human monoclonal antibody raised against RANKL and blocks its binding 

to RANK. It is clinically used in the treatment of the osteoporosis25,29. Beyond this pathology, 

denosumab is also in clinical use against myeloma bone disease, plasma cell malignancy26 as 

well as against the osteolytic lesions arising in autoimmune diseases such as systemic lupus 

erythematosus, rheumatoid arthritis and Sjögren’s syndrome27. Furthermore, RANK and 

RANKL are expressed by distinct immune cells infiltrating human cancers and clinical 

treatment of bone-metastasizing cancers such as mammary and prostate carcinoma with 

denosumab are underway28. In light of our findings of the RANK-RANKL axis requirement for 

the development of CD169+ macrophages in LN, spleen and bone marrow, and by keeping in 

mind the crucial functions of these cells in several aspects of innate and adaptive immunity as 

well as in tissue homeostasis, the outcomes of RANKL-neutralization with denosumab should 

be carefully evaluated in human and mouse. 
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3 Appendixes 

Appendix 1 

Figure A1. In vivo blockade of MAdCAM-1 binding with anti-α4β7 heterodimer, DATK-32. 

One-week-old C57BL/6 mice received subcutaneous injection of anti-mouse integrin α4β7 (LPAM-1, clone DATK-

32, BioXcell) or Rat IgG2a (isotype control, BioXcell) at a dose of 3.75 µg/g three days/week for four weeks. At 

the end of treatment, animals were sacrificed and the percentage of macrophages, DCs and lymphocytes were 

quantified by flow cytometry from single cells isolated from inguinal and brachial LNs by enzymatic digestion (see 

paper). The data are the mean ± SEM with individual data points; each point represents the value of one 

peripheral LN of one mouse. Statistical significance (Mann-Whitney): ***p < 0.001; **p< 0.01; ns, not significant.  
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Appendix 2 

Figure A2. CCR6 deletion does not affect LN sinusoidal macrophages. Adult popliteal LN sections from two Ccr6 

null mutant mice were stained for CD169, SIGN-R1, and B220. Scale bars represent 200 µm. 

 

Appendix 3 

 
Figure A3. Phenotypic change of subcapsular sinus macrophages (SSM) in mice lacking LTβR signaling from 

CD169+ cells. (A) Adult brachial LN sections from Ltbrfl/fl control and Cd169-cre;Ltbrfl/fl (Ltbr ΔCd169) mice were 

stained for CD169, SIGN-R1, CD11b and counterstained with DAPI. Scale bars represent 200 µm. The arrows 

show the subcapsular sinus/B cell follicle area. (B) The percentages and numbers of SSMs and MSMs) were 
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determined in Ltbrfl/fl control and Cd169-cre;Ltbrfl/fl mice. The data are shown as the mean ± SEM with individual 

data points of brachial LNs. Statistical significance (Mann-Whitney): **p < 0.01; ns, not significant. 

 

Appendix 4 

The femur and tibia were freshly collected from mice and bone marrow was isolated by 

flushing with 1 ml syringe containing PBS and dissociated by pipetting and filtering through 40 

µm cell strainer. After a centrifugation at 450xg (5 minutes, 4°C), supernatant was discarded, 

and red blood cells were lysed with the ammonium-chloride-potassium (ACK) buffer during 8 

minutes on ice. Lysis were stopped by diluting with a maximum volume of PBS and samples 

were centrifuged to eliminate the supernatant. Cell pellet was resuspended in PBS and 

enumerated. For the flow cytometry, 106 cells were incubated with FcR blocking reagent 

containing 5% of normal rat serum and stained with following antibodies: CD11b (M1/70), 

F4/80 (BM8), CD115 (AFS98), Ly6G and C (Gr-1, RB6-8C5) and CD169 (3D6-112). The 

acquisition was performed on a Gallios (Beckman-Coulter) and data were analyzed with 

FlowJo software (Treestar). DAPI was used for the discrimination of dead cells. 

 

Figure A4. Quantification of bone marrow CD169+ macrophages. (A) Gating strategy of identification of live BM 

CD169+ and or F4/80+ macrophages from total CD11b+ cells of Ly6C+ G- population. (B) The percentages of single 

F4/80+, double F4/80hi CD169+ and double F4/80+ CD169+ macrophages were determined from the BM of Rankfl/fl 

control and Cd169-cre;Rankfl/fl (Rank ΔCd169) mice. (C) The percentages of single F4/80+, double F4/80hi CD169+ 

and double F4/80+ CD169+ macrophages were determined from the bone marrow of Ltbrfl/fl control and Cd169-
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cre;Ltbrfl/fl (Ltbr ΔCd169) mice. The data are shown as the mean ± SEM with individual data points of pooled femur 

and tibia of one mouse. Statistical significance (Mann-Whitney): **p < 0.01; *p < 0.05; ns, not significant. 

 

Appendix 5 

Figure A5. Image J quantification of spleen MMM and MZM. (A) Adult spleen LN sections from Cd169-

cre;Rankfl/fl (Rank ΔCd169) and Cd169-cre;Ltbrfl/fl (Ltbr ΔCd169) mice with control littermates  were stained for CD169, 

SIGN-R1, B220. (B) The areas of CD169+ MMM and SIGN-R1+ MZM were quantified and normalized to the areas 

of B220+ cells. The data are shown as the mean ± SEM with individual data points; each point represents the 

value for a spleen section of one mouse. Statistical significance (Mann-Whitney): ***p < 0.001; ns, not significant. 
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Appendix 6 

Spleen was enzymatically digested with liberase (20 µg/ml) and DNase I (50 µg/ml) in RPMI 

medium supplemented with 2% of FCS, at 37°C under agitation (1000 rpm) during 45 min. 

Cells were filtered using 70 µm filter and centrifuged at 1500 rpm for 5 min. Red blood cells 

were lysed with ACK buffer on ice during 8-10 min and samples were centrifuged at 1500 rpm 

for 5 min. Pellet were resuspended in a flow cytometry buffer and cells were enumerated in 

trypan blue using the kova slide. One to two million of cells were used for RNA extraction using 

the kit NucleoSpin RNA Plus Macherey Nagel (740984.50) and cDNA was synthesized with 

Maxima First Strand cDNA Synthesis Kit (Thermo Scientific). Quantitative PCR was performed 

using Luminaris color HiGreen qPCR Master Mix (Thermo Scientific) and was runned on a Bio-

Rad CFX96 thermal cycler. Following primers were used: Cd169 (Forward): 

CTTGGGTCAGCCAACAGTTC, Cd169 (Reverse): GGTGATGGTGAAACCTGGAC; Ltbr (Forward): 

AAATCCCCCAGAGCCAGGA, Ltbr (Reverse): GGTGCCGCTTGAGCAGAGT. Threshold values (Ct) 

of the target genes were normalized to housekeeping gene mGapdh. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6. Assessment of CD169 and LTβR expression from spleen cells.  Changes in the expression of Cd169 

and Ltbr were analyzed by quantitative RT-PCR using primers (see above). Gene expression was normalized to 

mGapdh. The data, identified by dots, are the mean of replicates from individual mice. Statistical significance 

(Mann-Whitney): **p < 0.01; ns, not significant.   
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Appendix 7 

Summary of CD169+ macrophage subsets and their RANK, RANKL and LTβR-dependency. 

 

E, embryonic day 18.5; CD169+ osteomacs, bone marrow CD169+ macrophages;  

VCAM-1, vascular cell adhesion molecule 1; ↓: the type macrophage is reduced in number. 
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Introduction  

La cytokine RANKL (Receptor activator of NF-kB ligand) et son récepteur RANK contrôlent la formation des 

ostéoclastes, les macrophages spécialisés dans la résorption osseuse. Les souris dépourvues de RANKL ou de 

RANK sont atteintes d’ostéopétrose, une pathologie caractérisée par une densité osseuse accrue (Dougall et 

al., 1999; Kong et al., 1999; Walsh et Choi, 2014). Chez l’Homme, les mutations génétiques de RANK sont 

responsables des anomalies osseuses telle que la maladie de Paget (Whyte et al., 2002). RANKL est aussi 

requise pour l’organogenèse du ganglion lymphatique (GL) car les souris déficientes en RANKL ou en RANK 

sont dépourvues de ces organes (Dougall et al., 1999; Kim et al., 2000; Kong et al., 1999). Cependant, en 

dehors des ostéoclastes, il n’est pas connu si la signalisation RANKL-RANK est aussi requise pour le 

développement d’autres types de macrophages. 

Le GL est un organe lymphoïde secondaire où se rencontrent les antigènes et cellules immunitaires pour une 

réponse immunitaire adaptative. Les cellules marginales réticulaires (MRCs en anglais) font partie des 

cellules stromales ganglionnaires. Elles sont caractérisées par l’absence du marqueur hématopoïétique CD45 

et du marqueur endothélial PECAM/CD31 mais par la présence de la podoplanine/Gp38 des cellules 

fibroblastiques réticulaires (FRCs). Il semble que les cellules précurseurs pour les MRCs sont les cellules 

organisatrices des tissus lymphoïdes (LTOs) retrouvées dans les GLs embryonnaires. Les deux types de 

cellules, MRC et LTO, expriment la cytokine RANKL (Katakai et al., 2008; Rodda et al., 2018). En 2016, une 

étude de notre laboratoire a montré que la RANKL stromale active les cellules endothéliales lymphatiques 

(LECs) pour induire l’expression de l'intégrine alpha 2b (Cordeiro et al., 2016). En 2017, une étude chez la 

souris a révélé que la formation du GL nécessite l’activation du récepteur RANK des LECs pendant 

l’embryogenèse (Onder et al., 2017). Cela montre un dialogue croisé entre les cellules stromales 

mésenchymateuses (LTO / MRC) et les LECs via RANKL-RANK, qui pourrait influencer la réponse immunitaire 

chez l’adulte.  

Les macrophages qui tapissent les sinus (cavités) du GL comprennent les macrophages du sinus sous-

capsulaires (SSMs) exprimant le marqueur CD169 et localisés entre les follicules de lymphocytes B et le sinus 

sous-capsulaire, et les macrophages du sinus médullaire (MSMs) exprimant les marqueurs CD169, SIGN-R1 

et F4/80, associés aux vaisseaux lymphatiques médullaires (Figure 1). Ces macrophages jouent un rôle 

prépondérant dans l'initiation et la régulation de l’immunité innée et adaptative (Gray et Cyster, 2012; 

Iannacone et al., 2010; Moseman et al., 2012; Sagoo et al., 2016; Carrasco et Batista, 2007; Phan et al., 2007; 

Chatziandreou et al., 2017). Cependant, les facteurs qui gouvernent leur différenciation ne sont pas connus. 

 



 

 
 

Les objectifs de ma thèse consistent : 

1.  D’inactiver la RANKL stromale et d’analyser son impact sur l’homéostasie du GL et la réponse immunitaire 

chez l’adulte. Comme les ostéoclastes nécessitent la RANKL pour se développer et en tenant compte du fait 

que les macrophages résidents reçoivent des signaux de leurs microenvironnements pour compléter leur 

différenciation, nous avons examiné si cette inactivation affecte les macrophages ganglionnaires. Pour cela, 

nous avons généré un modèle de souris permettant d’inactiver  RANKL dans les LTOs/MRCs. Nous nous 

sommes intéressés particulièrement aux SSMs, qui résident dans l’environnement du réseau des MRCs, ainsi 

qu’à leurs homologues MSMs associés aux sinus médullaires (Figure 1).  

2. Dans la seconde partie, nous avons examiné si les SSMs et les MSMs requièrent l’activation directe de 

RANK à la surface cellulaire pour se différencier. Pour cela, nous avons généré un modèle de souris dans 

lequel RANK est inactivé spécifiquement dans les cellules CD169+. 

3.  Enfin, dans la troisième partie, nous avons étudié la contribution des LECs activées par RANKL dans la 

différenciation de ces macrophages. Pour cela, nous avons généré un modèle de souris qui permet 

d’inactiver RANK spécifiquement et temporellement dans les LECs. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Organisation des cellules stromales mésenchymateuses (LTOs/MRCs), lymphatiques endothéliales (LECs) et les 

macrophages sinusoïdaux (SSMs, MSMs) dans le ganglion lymphatique adulte. 

 

Résultats 

Pour inactiver RANKL dans les LTOs/MRCs, nous avons croisé la souris exprimant la Cre recombinase sous le 

contrôle du promoteur Ccl19 (Chai et al., 2013) avec la souris Rankl fl/fl chez laquelle Rankl est flanqué de 

part et d’autre par deux sites LoxP (Xiong et al., 2011).  Les résultats présentés dans la figure 2 montrent que 

RANKL stromale est requise pour la différenciation des macrophages SSMs et MSMs. 



 

 
 

Figure 2. L’inactivation de RANKL stromale entraîne la perte des deux types de macrophages sinusoïdaux ganglionnaires. (A). 
Immunofluorescence (IF) sur sections de GLs de souris knockout (RanklΔCcl19) et contrôle (Rankl fl/fl) marquées pour CD169, SIGN-
R1, CD11b et B220. Barre d’échelle (200 µm). (B) Quantification par cytométrie en flux des nombres absolus de SSMs et MSMs 
dans les GLs.  

Pour inactiver RANK spécifiquement dans les macrophages CD169+, nous avons croisé la souris exprimant 

la Cre recombinase introduite dans le locus du gène Cd169 (Karasawa et al., 2015) avec la souris Rank fl/fl 

chez laquelle Rank est flanqué de part et d’autre par deux sites LoxP (Rios et al., 2016). Les résultats 

présentés dans la figure 3 montrent que RANK est requis pour la différenciation des macrophages SSMs 

mais dispensable pour les MSMs. 

Figure 3.  L’inactivation de RANK dans les cellules CD169+ bloque la différenciation des SSMs (A) Immunofluorescence sur 
sections de GLs de souris knockout (RankΔCd169) et contrôle (Rank fl/fl) marquées pour CD169, SIGN-R1 et CD11b. Barres d’échelle 
(100/200 µm). (B) Quantification par cytométrie en flux des nombres absolus de SSMs et MSMs dans les GLs.  

Pour inactiver RANK spécifiquement dans les LECs, nous avons croisé la souris exprimant la Cre recombinase 

inductible au tamoxifène sous le contrôle du promoteur Prox1 (Bazigou et al., 2011) avec la souris Rank fl/fl. 

Les résultats présentés dans la figure 4 montrent que l’activation de RANK des LECs est requise pour la 

différenciation des SSMs et des MSMs pendant l’embryogenèse et les premières semaines après la 

naissance. 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. L’activation de RANK dans les LECs est nécessaire pour la différenciation les deux types de macrophages sinusoïdaux 

ganglionnaires. Pour inactiver RANK, les souris ont été traitées au tamoxifène à 4 semaines (A), à deux semaines (B), ou pendant 

les stades embryonnaires et postnatals (C). Les macrophages ont été marqués par IF pour CD169, SIGN-R1 et CD11b sur sections 

de GLs et leurs nombres absolus ont été quantifiés par la cytométrie en flux. 

Par ailleurs, en provoquant la disparition de ces macrophages par mort cellulaire induite par le stimulus 

inflammatoire bactérien, l’oligonucléotide CpG (Gaya et al., 2015; Sagoo et al., 2016), nous avons observé 

que l’activation de RANK dans les LECs est requise pour la reconstitution de leurs populations (Figure 5). 

 

 

 

 

 

 

 

 



 

 
 

Figure 5. L’activation de RANK dans les LECs est nécessaire pour la reconstitution de la niche des macrophages sinusoïdaux 
ganglionnaires. La déplétion de SSMs et MSMs a été induite par l’injection de CpG dans les pattes des souris KO (RankΔProx1) et les 
contrôles (Rank fl/fl). Quatre jours plus tard, le traitement au tamoxifène a commencé. Les GLs drainants ont été prélevés au bout 
de 5 semaines). (A) Les macrophages ont été marqués par IF pour CD169, SIGN-R1 et CD11b et (B) leurs nombres absolus ont été 
quantifiés et comparés aux nombres des macrophages équivalents restants 4 jours après l’administration de CpG aux souris 
C57BL/6. 

Pour consolider que la signalisation RANK-RANKL est cruciale pour la différenciation des macrophages 

sinusoïdaux ganglionnaires, nous avons réalisé des tests fonctionnels en infectant nos modèles de souris 

avec des pathogènes viraux. Les souris déficientes en RANKL stromale (RanklΔCcl19) ont reçu une injection du 

virus MVA (Modified Ankara Vaccinia), connu pour cibler à la fois les SSMs et les MSMs (Chatziandreou et 

al., 2017; Gaya et al., 2015; Sagoo et al., 2016). Sept jours plus tard, la réponse antivirale a été mesurée. Les 

résultats, présentés dans la figure 6 montrent que la réponse immunitaire antivirale est altérée dans les 

souris déficientes en RANKL stromale. Les phénotypes similaires ont été confirmés dans les souris déficientes 

en activité de RANK des LECs (Camara et al., 2019). 

 

 

 

 

 

 

 

 

 

 

Figure 6. RANKL stromale est importante pour la réponse antivirale médiée par les macrophages sinusoïdaux ganglionnaires. 
(A) Les souris déficientes en RANKL stromale (RanklΔCcl19) et les contrôles (Rankl fl/fl) ont été infectées par injection de 104 plaques 
formant unité (PFU) de virus MVA ou du PBS dans les pattes postérieurs. Après 7 jours, la formation du centre germinal par le 
marqueur GL-7 et la génération des plasmocytes par B220 et CD138 ont été quantifiées dans les GLs drainants par la cytométrie 
en flux. (B) Du CpG a été injecté dans les pattes postérieures des souris déficientes en activité de RANK des LECs (RankΔProx1) et 
contrôles (Rank fl/fl) pour dépléter les macrophages, puis traitées au tamoxifène avant l’infection virale à 5 semaines après CpG. 
Sept jours plus tard, la réponse virale a été mesurée dans les GLs drainants comme ci-dessus. 



 

 
 

Conclusions et perspectives 

Au cours ma thèse, nous avons démontré pour la première fois que les cellules stromales mésenchymateuses 

et les cellules endothéliales lymphatiques interagissent via la signalisation RANK-RANKL pour créer un 

environnement permettant aux macrophages sinusoïdaux ganglionnaires de compléter leur programme de 

différenciation et de remplir leurs fonctions immunitaires. Les souris déficientes en RANKL stromale ont 

montré une forte réduction de SSMs et de MSMs, compromettant le transport d’antigène aux lymphocytes 

B et la réponse antivirale. La perte de SSMs dans les souris déficientes en RANK fonctionnel dans les cellules 

CD169+ a montré que ces   macrophages dépendent de la stimulation continue par RANKL stromale pour se 

maintenir. Cependant, de l’embryogenèse aux premières semaines après la naissance, l’activation de RANK 

des cellules endothéliales lymphatiques est indispensable à la différenciation simultanée de SSMs et de 

MSMs (Figure 7). En plus, nos données ont montré que les LECs activées par RANKL stromale sont 

essentielles à la reconstitution de la niche de SSMs et MSMs, suite à leur disparition (Gaya et al., 2015; Sagoo 

et al., 2016) provoquée l’inflammation, afin de préparer leurs compartiments pour une agression ultérieure.  

Cependant, le(s) factor(s) dérivé(s) des LECs qui contrôlent à la fois la différenciation des deux types de 

macrophages aussi bien que le(s) second(s) facteur(s) requis(s) pour le maintien des MSMs restent à être 

élucidés. En comparant le profil transcriptomique des LECs triées des GLs de souris déficientes en RANKL 

stromale à celui des souris contrôles, nous avons observé une diminution significative de l’expression de 

certains gènes tels que Madcam1, Itga2b, Ccl20, Pf4, Ackr4, etc. Les contributions de certains de gènes 

candidats seront investiguées par l’inactivation spécifique dans les LECs chez des modèles animaux. 

Par ailleurs, au-delà du GL, l’inactivation de RANK des cellules CD169+ diminue significativement les nombres 

des macrophages CD169+ dans la rate et dans la moelle osseuse (données non publiées). Les impacts de ces 

observations seront évalués sur différents aspects de la réponse immunitaire au cours des futures 

expérimentations de notre laboratoire. 

  



 

 
 

 

 

 

 

 

 

 

 

 

Figure 7. Illustration schématique du mécanisme cellulaire et moléculaire de la régulation la différenciation des macrophages 

sinusoïdaux ganglionnaires par les cellules stromales. 1) Au cours du développement embryonnaire jusqu’aux quatre premières 

semaines après la naissance, les LTOs/MRCs engagent RANK et activent les LECs. 2) Celles-ci construisent la niche favorable au 

recrutement et la rétention des précurseurs pour la différentiation en SSMs et/ou en MSMs. 3) Chez l’adulte, les MRCs 

maintiennent la population des SSMs en engageant RANK directement sur ces derniers. 
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Résumé 

Au-delà de leurs rôles de sentinelles, de reconnaissance du danger et d’initiation des réponses 
protectrices, les signaux et le mécanisme qui gouvernent la formation des macrophages CD169+ 
sinusoïdaux ganglionnaires sont mal connus. Au cours de ma thèse, j’ai montré que la cytokine 
Receptor Activator of NF-kB Ligand (RANKL) est requise pour la formation de ces macrophages 
dès l’embryogenèse jusqu’aux quatre semaines après la naissance. Celle-ci est contrôlée par les 
cellules endothéliales lymphatiques (LECs) activées par RANKL produite par les cellules 
mésenchymateuses. Chez l’adulte, les LECs activées par RANKL sont encore nécessaires pour la 
reconstitution des populations de ces macrophages en cas de déplétion transitoire induite par un 
stimulus inflammatoire. En complément à cela, j’ai aussi démontré l’importance générale du double 
signal RANKL & lymphotoxine LTα1β2 dans la formation des macrophages non-ostéoclastiques de 
la rate et de la moelle osseuse. 

Mots clés :  macrophages, RANKL, cellules endothéliales lymphatiques, cellules 
mésenchymateuses, différenciation, reconstitution. 
 
 

 

Résumé en anglais 

Lymph node CD169+ sinusoidal macrophages are sentinel cells that recognize the danger signals 
and initiate the protective immune responses. However, the signals and the mechanism underlying 
their formation are not well known. During my thesis, I have shown that the cytokine Receptor 
Activator of NF-kB Ligand (RANKL) is required for their differentiation, starting from the 
embryogenesis up to four weeks after birth. The lymphatic endothelial cells (LECs) activated by 
RANKL expressed by mesenchymal cells form the niches for the primary differentiation of these 
macrophages. Yet, in adults, RANKL-activated LECs are required for their niche replenishment after 
transient depletion induced by an inflammatory stimulus. Beyond lymph node, my research has 
revealed a general requirement of the double signal RANKL & lymphotoxin LTα1β2 for the 
differentiation of non-osteoclastic CD169+ macrophages of spleen and bone marrow. 

Keywords : macrophages, RANKL, lymphatic endothelial cells, mesenchymal cells, differentiation, 
replenishment. 
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