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1.1.  Résumé 
 
Le recrutement des leucocytes, des vaisseaux sanguins vers le foyer 
infectieux, suivi de la migration des cellules dendritiques du foyer infectieux  
vers les ganglions drainants sont des étapes clefs dans l’initiation d’une 
réponse immunitaire spécifique et protectrice contre un pathogène.  
 
Notre laboratoire a découvert au début des années 2000 une protéine aux 
multiples facettes, la Molécule d’Adhésion Jonctionelle C (JAM-C). Parmi ces 
différentes fonctions, nous avons découvert que cette protéine, située entre 
autres au niveau des jonctions serrées des cellules endothéliales, jouait un 
rôle dans la transmigration des leucocytes vers le site inflammatoire. À ce 
jour, ces découvertes restent limitées à des modèles in vitro ou bien des 
modèles in vivo dans le cadre d’inflammation stériles. Ainsi, le rôle potentiel 
de cette protéine dans le recrutement des leucocytes in vivo suite à une 
infection réelle n’a pas encore été élucidé. Le but de ce projet de thèse était 
donc d’étudier, chez la souris, le rôle de JAM-C dans le recrutement des 
leucocytes consécutive à l’infection avec Leishmania major, un parasite 
responsable de la Leishmaniose cutanée. 
 
Après avoir initialement vérifié que JAM-C était bien présente à la surface 
des cellules endothéliales des vaisseaux sanguins et lymphatiques de la 
peau, j’ai tout d’abord étudié son niveau d’expression en surface suite à 
l’infection avec L. major.  J’ai observé que son niveau d’expression diminuait 
en réponse à l’infection, au moment même où la migration des leucocytes 
des vaisseaux sanguins vers le tissue infectés est très élevée. J’ai donc fait 
l’hypothèse que JAM-C contrôlait l’intégrité et l’étanchéité de nos vaisseaux 
sanguins en l’absence de signaux inflammatoires, tandis que sa diminution 
suite à l’infection favorisait la perméabilité et la migration des leucocytes vers 
le foyer infectieux. 
 
Pour comprendre le rôle de JAM-C dans ce modèle, j’ai utilisé un anticorps 
monoclonal dirigé contre JAM-C, le clone H33. J’ai non seulement observé 
que l’injection de l’anticorps in vivo redistribuait JAM-C hors des jonctions 
endothéliales, mais aussi que l’anticorps augmentait localement la 
perméabilité vasculaire en réponse à l’infection. En d’autres termes, cet 
anticorps mime et amplifie la diminution de JAM-C que j’observe 
naturellement en réponse à L. major. 
 
Les multiples effets de l’anticorps H33 sur la redistribution de JAM-C et 
l’augmentation de la perméabilité ont eu de multiples répercussions sur la 
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réponse immunitaire. Chez des souris résistantes comme susceptibles à 
l’infection, j’ai observé que le nombre de leucocytes de l’immunité innée 
recrutés sur le site d’infection était plus élevé après traitement avec H33. De 
plus, la migration des cellules dendritiques du site inflammatoire vers les 
ganglions drainants était elle aussi amplifiée. Cette augmentation de la 
migration des cellules dendritiques vers les ganglions, où les lymphocytes 
résident, s’est accompagnée d’une amplification de la réponse lymphocytaire 
spécifique au pathogène. 
 
En effet, chez les souris résistantes C57BL/6, le traitement avec l’anticorps 
H33 a indirectement augmenté la réponse T auxiliaire de type 1, caractérisée 
par l’augmentation de la production d’interféron gamma. Ceci s’est 
accompagné d’une diminution notable de la charge parasitaire et des lésions 
cutanées associées. En revanche, chez les souris susceptibles BALB/c, le 
traitement avec l’anticorps H33 s’est accompagné d’une amplification de la 
réponse T auxiliaire de type 2, caractérisée par l’augmentation de la 
production d’interleukine 4, exacerbant ainsi la maladie. 
 
En conclusion, ce travail montre que la réponse immunitaire dirigée contre 
un pathogène peut être finement modulée de manière indirecte en jouant 
sur les propriétés d’une seule et unique molécule d’adhésion jonctionnelle. 
 

1.2.  Summary 
 
The recruitment of dendritic cells to sites of infections and their migration to 
lymph nodes is fundamental for antigen processing and presentation to T 
cells. I showed that antibody blockade of junctional adhesion molecule C 
(JAM-C) on endothelial cells removed JAM-C away from junctions and 
increased vascular permeability after L. major infection. This has multiple 
consequences on the output of the immune response. In resistant C57BL/6 
and susceptible BALB/c mice, I found higher numbers of innate immune cells 
migrating from blood to the site of infection. The subsequent migration of 
dendritic cells (DCs) from the skin to the draining lymph node was also 
improved, thereby boosting the induction of the adaptive immune response. 
In C57BL/6 mice, JAM-C blockade after L. major injection led to an enhanced 
IFN-γ dominated T helper 1 (Th1) response with reduced skin lesions and 
parasite burden. Conversely, anti JAM-C treatment increased the IL-4-driven 
T helper 2 (Th2) response in BALB/c mice with disease exacerbation. Overall, 
my results show that JAM-C blockade can finely-tune the innate cell 
migration and accelerate the consequent immune response to L. major 
without changing the type of the T helper cell response. 
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2.1.  The inflammatory response: from pathogen 
sensing to leukocyte trafficking 

 
 

2.1.1 Functions of the immune system 
 
Our body has evolved a complex system made of cells and molecules known 
as the immune system. The main function of this system is to protect ourself 
from pathogen-induced diseases. In this regard, the cells of our immune 
system, namely leukocytes, have been educated to discriminate between self 
and non-self signatures. Leukocytes learn to recognize our self molecules, 
and not to react against our own cells, a process referred as immune 
tolerance. Conversely, any pathogens, including viruses, bacteria, prions, 
fungi, or protozoans are detected by leukocytes as foreign infectious agents 
that have to be eliminated. In this thesis, I will particularly focus on the case 
of the infection caused by the protozoan parasite Leishmania major, which 
will be the focus of the third chapter of this introduction.  
 
 

2.1.2 Introducing inflammation 
 
The first barrier that protects our body from external infectious agents is the 
epithelium lining our skin, and all the internal surfaces lining our respiratory, 
intestinal, or urogenital tracts. When such physical barriers are breached, the 
body is exposed to pathogens, which can potentially cause diseases. To 
eradicate invading pathogens, we inherit from our parents a complex system 
of defence made of cells and molecules known as the innate immunity. Its 
main feature is to recognise and clear pathogens very quickly. The first 
players of this sophisticated machinery are effector cells that constantly sense 
their local environment for non-self signatures coming from foreign 
organisms. Once they recognised a pathogen, they secrete cytokines that 
trigger vasodilatation of surrounding blood vessels to facilitate fluids leakage 
and extravasation of additional effector cells from the blood to the site of 
infection. Altogether, this innate immune reaction is called inflammation 
(Figure 1).  
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Figure 1. The inflammatory response to infection (Source : personal picture, adapted from Janeway’s, 
Immunobiology) 

 
In most of the cases, our innate immunity is sufficient to fight the infectious 
agents we face everyday. When the invading pathogen overtakes our innate 
immune defence, the innate immune cells alert lymphocytes, which adapt to 
and efficiently control the infection. This second line of defence is known as 
adaptive immunity, and will be discussed later through the fascinating 
example of Leishmania major model of cutaneous leishmaniasis. 
 
 

2.1.3 Pathogen sensing 
 
Contrary to what was originally thought, our innate immune system is not 
totally non-specific. It can make the difference between our self-signatures 
and many different Pathogen-Associated Molecular Patterns (PAMPs) using a 
broad set of Pathogen Recognition Receptors (PRRs). One important family 
of PRRs is the Toll-like Receptors family (TLRs), which includes 12 receptors in 
mammals [1]. TLRs are transmembrane proteins that are either expressed 
intracellularly (e.g. endosomes) or extracellularly at the cell surface. TLRs can 
be further subdivided depending on the PAMPs family they recognize: TLR1, 
TLR2, and TLR6 recognize lipids for instance, while TLR7, TLR8, and TLR9 
recognize nucleic acids. Finally, some TLR can recognize different families of 
molecules, such as TLR4 that recognizes lipopolysacharride (LPS) from the 
membrane of gram-negative bacteria, and the respiratory syncytial virus (RSV) 
protein as well [1] (Table 1). TLRs are not restricted to innate immune cells 
such as neutrophils, macrophages or dendritic cells, they are also found on 
lymphocytes subsets. Interestingly, TLRs are also expressed by some stromal 
cells such as fibroblasts, pericytes, or endothelial cells, which are perfectly 
located within our tissue to sense pathogens and alert our immune system 
after pathogen invasion [1]. Engagement of any TLR with its specific ligand 
triggers the activation of complex signaling cascades, which ultimately leads 
to the production of pro-inflammatory cytokines. These cytokines activate the 
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surrounding innate immune effector cells for efficient pathogen killing, and 
more importantly triggers the recruitment of leukocytes to the site of 
infection [1]. 
 

 

 
Table 1. TLR recognition of microbial components. Taken from [1]. 

 
 

2.1.4  The leukocyte adhesion cascade  
 
The first evidence that blood cells could adhere to blood vessels and 
subsequently emigrate into tissues after inflammation was provided by 
intravital microscopy back in the nineteenth century [2]. In 1846, Augustus 
Waller stated: « Let us now examine the admirable manner in which nature 
has solved the apparent paradox, of eliminating, from a fluid circulating in 
closed tubes, certain particles floating in it, without causing any rupture or 
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perforation in the tubes » [3]. Strikingly, he set up an intravital microscopy 
setting to visualize cell movements in the frog tongue capillaries. He was 
likely the first to clearly observe leukocytes adhesion and transmigration 
(Figure 2).  

 

 

Figure 2. Waller’s observations of frog capillaries in the 1840s. A) After unsuccessful attempts to observe the 
circulation in the prepuce of a human subject, Waller settled on the frog tongue as a window for observing the 
capillaries [3]. B) Leukocyte adhesion and transmigration as observed by Waller in the frog tongue. The legend 
reads as follows (referring first to the left, then the right image): “Blood-discs and corpuscles with a capillary; some 
of the latter near the sides were inspected for a long time, and remained fixed in the same situation, while a rapid 
current was traversing the vessel. ... Extra fibrination of a vessel. The smaller globules are probably globular particles 
of fibrine, the others are extravasated corpuscles”. Text and figure adapted from [2]. 

 
A new step forward was made in the late eighties with the discovery of 
molecules acting in a sequential manner in the recruitment of leukocytes. The 
multi-step paradigm for leukocyte adhesion was born. The original model 
mentioned a three-steps cascade including rolling, activation, and firm 
adhesion [4,5]. Additional steps were described in the last two decades to 
complete our understanding of the leukocyte adhesion cascade [6].  

In the updated adhesion cascade, leukocytes first tether and roll on the 
inflamed vasculature. Rolling then becomes slower and leukocytes 
subsequently activate to firmly adhere to the endothelium. Next, they start to 
crawl on the surface of the endothelium to either cross the endothelial barrier 
through junctions or directly through endothelial cells. In both cases, 
leukocytes still have to breach the basement membrane and finally swarm 
within the tissue (Figure 3). I will now describe each of these steps in details, 
whilst insisting on the case of neutrophils and monocytes, two key players of 
our innate immune responses against pathogens. 
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Figure 3. The updated leukocyte adhesion cascade. The original three steps are shown in bold: rolling, which is 
mediated by selectins, activation, which is mediated by chemokines, and arrest, which is mediated by integrins. 
Progress has been made in defining additional steps: capture (or tethering), slow rolling, adhesion strengthening 
and spreading, intravascular crawling, and paracellular and transcellular transmigration. Key molecules involved in 
each step are indicated in boxes. ESAM, endothelial cell-selective adhesion molecule; ICAM1, intercellular adhesion 
molecule 1; JAM, junctional adhesion molecule; LFA1, lymphocyte function-associated antigen 1 (also known as 
αLβ2 integrin); MAC1, macrophage antigen 1; MADCAM1, mucosal vascular addressin cell-adhesion molecule 1; 
PSGL1, P-selectin glycoprotein ligand 1; PECAM1, platelet/endothelial-cell adhesion molecule 1; PI3K, 
phosphoinositide 3-kinase; VCAM1, vascular cell-adhesion molecule 1; VLA4, very late antigen 4 (also known as α4β1  
-integrin). Text and figure taken from [6]. 

 

Tethering and rolling 
 
The initial capture of circulating leukocytes to the lumen of the vasculature is 
mainly initiated by selectins (CD62) and their ligands. Selectins are named 
according to the cell type in which it was initially discovered: the first selectin 
discovered was L-selectin (CD62L) on Leukocytes [7], followed by P-selectin 
(CD62P), first observed on activated Platelets [8-10], and later found on 
endothelial cells [10,11]. The last one, E-selectin (CD62E), was exclusively 
observed on Endothelial cells [12-14].  
 
Selectins are transmembrane molecules anchored to the cytoskeleton though 
their cytoplasmic domain [15-18] while their extracellular lectin domain 
mediates cell adhesion to fucosylated carbohydrate ligands similar to the 
sialyl LewisX determinant in a calcium dependant manner [19,20].  
 
Although initially described as a P-selectin ligand, the P-Selectin 
Glycoprotein Ligand 1 (PSGL1 or CD162) can bind all three selectins [21-26]. 
PSGL1 was originally found on leukocytes, but some later studies found the 
molecule on endothelial cells from lymph nodes, small intestine and 
atherosclerotic arteries where it mediates rolling of monocytes or T cells 
[27,28].  
 



 16 

Leukocyte-expressed PSGL1 has two ways to induce rolling, either by 
interacting with endothelial P- or E-selectin, a process called primary rolling 
or tethering; or through leukocytes-expressed L-selectin to promote 
leukocyte-leukocyte interactions, a mechanism known as secondary rolling or 
tethering. The later amplifies the cascade of adhesion as adherent leukocytes 
can recruit further circulating leukocytes through the PSGL1/L-selectin 
interactions [29,30]. (Figure 4) 
 

 
Figure 4. Multicellular interactions mediated by binding of PSGL-1 to P- and L-selectins under hydrodynamic 
flow. Binding of PSGL-1 to P-selectin promotes tethering and rolling of leukocytes on activated endothelial cells 
and platelets. Binding of PSGL-1 to L-selectin mediates tethering of leukocytes to other leukocytes, which may 
amplify recruitment of leukocytes to the vascular wall. Activated platelets, through P-selectin– PSGL-1 interactions, 
may connect additional leukocytes to sites of inflammation or tissue injury. Text and figure taken from [19]. 

 
In addition to PSGL1, L-selectin also binds a set of sialomucins molecules 
found in high endothelial venules (HEVs) of peripheral lymph nodes. For this 
reason, these molecules are known as Peripheral lymph Nodes Adressins 
(PNAds). It includes the Glycosylation-dependent Cell Adhesion Molecule 
(GlyCAM1) [31,32], CD34 [32-34], and podocalyxin [35]. L-selectin also 
interacts with the mesenteric lymph nodes and Peyer’s patches expressed 
Mucosal Addressin Cell Adhesion Molecule (MAdCAM1) [36-38] (Figure 5). 
 

 
 

Figure 5. Selectin ligands that have been identified by affinity isolation with respective selectin as affinity 
probe. Except E-selectin ligand-1 (ESL-1), depicted ligands are sialomucins or contain at least a sialomucin domain. 
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L- selectin ligand mucosal addressin cell adhesion molecule- 1 (MAdCAM-1) was originally found as a ligand for 
integrin α4β7. Sequencing revealed a sialomucin domain. A subpopulation of MAdCAM-1 molecules in high 
endothelial venule of mesenteric venules can indeed be expressed as an L- selectin binding glycoform, carrying 
posttranslational modifications that define peripheral node addressins. L-selectin is a major carbohydrate-presenting 
ligand for E- selectin on human neutrophils; however, L-selectin of human lymphocytes or mouse neutrophils is 
unable to bind E-selectin. P-selectin glycoprotein ligand-1 (PSGL-1) is the only selectin ligand so far that has been 
demonstrated to mediate leukocyte rolling on endothelium [39] and leukocyte recruitment into inflamed tissue in 
vivo [40,41]. Ig, immunoglobulin; GlyCAM-1, glycosylation-dependent cell adhesion molecule. Text and figure 
adapted from [42]. 

 
E-selectin also has a broad set of ligands, including L-selectin [43,44], the E-
Selectin Ligand (ESL1) [45,46], and CD44 [47,48]. In vivo, PSGL1, ESL1, and 
CD44 were shown to play distinct roles in the rolling of neutrophils to the 
inflamed endothelium [49] (Figure 5). 
  
L-selectin is continuously expressed by leukocytes to facilitate leukocyte 
recirculation throughout the body [43,50,51].  Conversely, P-selectin is not 
expressed at the cell surface in absence of inflammatory stimuli. The 
molecule is stored in α-granules of platelets [8] or Weibel-Palade bodies of 
endothelial cells [11]. It is very rapidly expressed on cell surface upon 
stimulation where it plays a key role in rolling in the first hour of inflammation 
[8,11,52,53]. E-selectin is also induced after a stimuli challenge such as TNF-
α or IL-1β while its expression peaks a few hours after stimulation [12,13].  
 
Strikingly, selectins and their ligands enable leukocyte rolling to the inflamed 
endothelium under conditions of high blood flow with strong shear stresses. 
This comes from the remarkable fast bond association/dissociation rates of 
selectins that allow the rapid and continuous formation of new bonds [54], 
and from the mechanical properties of the bonds to become stronger as the 
force applied augments (the so-called catch bond) [55].  
 
The key role of selectins as the prerequisite step in the adhesion cascade was 
strengthened by the use of knock-out animals and blocking antibodies in 
vivo. Indeed, in mice deficient for P- and E-selectin, rolling, adhesion and 
emigration is totally impaired in models of sterile inflammations [56-58].  
 
Finally, the binding of selectins to their ligands can, in addition to 
chemokines, trigger integrin activation on leukocytes. For instance, PSGL-1 
engagement to P-selectin can induce the activation of the β2 integrins αLβ2 

(or Lymphocyte Function-associated Antigen 1, LFA-1, CD11a/CD18) and 
αMβ2 (or Macrophage antigen 1, Mac-1, CD11b/CD18) [59-62]. Similarly, 
neutrophil rolling on E-selectin was also reported to activate β2 integrins for 
a firm cell adhesion [63-65]. 
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Even though selectins are the most important rolling molecules, some 
members of the integrin family also participate in rolling or slow rolling. In 
vitro, the α4β7 integrin induces rolling of T cells on recombinant MAdCAM1 
[66], while chemokines potentiates the α4β1 (or Very Late Antigen 4, VLA4) 
dependent rolling of T cells on endothelial Vascular Cell Adhesion Molecule 
1 (VCAM1) [67,68]. The contribution of α4β1-dependent rolling was 
confirmed in vivo for CD8 T cells in inflamed venules [69]. In addition to α4 

integrins, the key role of the β2 integrins in slow rolling is also well 
established. In particular, the intermediate affinity configuration of LFA-1 on 
leukocytes enables transient bindings to its vascular Intercellular Cell 
Adhesion Molecule 1 (ICAM-1) ligand on endothelial cells [70-72]. In vivo, 
the use of knock-out animals for LFA-1 and Mac-1 confirmed the role of both 
integrins to slow down the leukocyte rolling after a sterile inflammation [73].  
 

Activation and firm adhesion 
 
The firm attachment of circulating cells to the inflamed vasculature is 
mediated by the leukocytes-expressed integrins and their endothelial 
ligands. Integrins are cell surface-expressed heterodimers composed of one 
α and one β subunit. No less than 24 αβ associations were identified to date 
in mammals [74,75]. Each leukocyte subset expresses at least one integrin 
from the β2 family, even thought each leukocyte has a specific sets of 
integrins. For instance, neutrophils mainly express β2 integrins, but also β1 
and β3 integrins at lower extents. Monocytes express β1 and β2 integrins. 
Conversely, lymphocytes can display β1, β2 and β7 depending on the subset 
[76].  
 
In normal homeostasis, most leukocyte integrins are found in a non-activated, 
low affinity conformation [77], therefore preventing undesirable firm adhesion 
of leukocytes to the vasculature under steady state conditions. In order to 
display its pro-adhesive properties, integrins have to undergo conformational 
changes and/or accumulation into clusters at the cell surface, the 
combination of both being called activation. Indeed, activation enables 
integrins to switch from a low affinity bent conformation to extended 
conformations with intermediate or high affinity depending on whether the 
ligand-binging pocket is closed or open, respectively [78,79]. Conversely, the 
redistribution of integrins into clusters increases their valency [67,80-82]. 
Both mechanisms contribute to regulate the total avidity of integrins 
[67,74,83,84] (Figure 6).  
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Figure 6.  Integrin affinity and avidity. The left panel shows the different conformations of an integrin that are 
associated with distinct affinities: the bent head-piece conformation (low affinity), and the two extended head-piece 
conformations (intermediate affinity and high affinity). Intracellular activation signals induce a transition between these 
affinity states, which increases ligand binding. This process is known as affinity regulation of integrin avidity. The right 
panel shows clustering of integrins on the surface of a cell, which mediates multivalent interactions with ligands. This 
process is known as valency regulation of integrin avidity. (Although regulation of integrin avidity does not require 
changes in affinity, the schema depicts the extended conformation.). Text and figure adapted from [74]. 

As mentioned in the previous section, integrins activation can be mediated 
by selectins once they bound to their ligands. However, the most powerful 
activators of integrins are chemokines. They are relatively small molecules 
that can be secreted by cytokine-activated endothelial cells [85,86], stromal
cells [87,88], platelets [89,90], or by leukocytes themselves [91]. In blood 
vessels, chemokines are sequestrated by glycosaminoglycans (GAGs) on the 
luminal surface of endothelial cells to be ideally exposed to leukocytes [92-
97]. Impairment of chemokine binding to GAGs disables leukocytes 
recruitment to sites of inflammation [97]. This shows the importance of 
chemokine sequestration by GAGs. 

Chemokines activate integrins through their binding to G protein-coupled 
receptors (GPCRs) expressed by leukocytes. This binding induces an
intracellular signalling pathway leading to integrin activation, a process 
referred as inside-out signalling. Strikingly, the structural rearrangement and 
redistribution of integrins occurs within milliseconds upon GPCRs ligation
[67,84,98,99]. This inside-out signalling ultimately leads to the activation of 
small GTPase RAS-related Protein 1 (RAP1) [100]. Once activated, RAP1 
associates with its effector protein RIAM to enable the actin binding protein 
Talin-1 ligation to the cytoplasmic tail of the # chain [101]. This enables the 
unfolding of the " and # tails that finally shifts the integrin to its extended 
form [102,103] (Figure 7). Talin-1 knockdown studies further highlighted the 
role of Talin-1 as the common final step in integrin activation [104]. Growing 
evidences showed that kindlins, an additional family of actin binding 
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proteins, do also ligate the β subunit, and efficiently cooperate with talin-1 in 
the final step of integrin activation [105,106]. 
 

 
 

Figure 7. Integrin inside-out signaling. The figure outlines the key signaling events that occur downstream of 
chemokine and T and B cell receptors that lead to integrin activation. Inactive integrins exist in a bent conformation, 
and the α and β cytoplasmic tails are held in close proximity by a salt bridge between residues found in the 
membrane-proximal region of the tail. Activation of a variety of signaling pathways results in the recruitment of GTP-
bound Rap1 and activated talin to the integrin, leading to tail separation. The conformational change in the 
cytoplasmic region is transmitted through the integrin transmembrane domain and results in structural changes in 
the extracellular region, leading to an open conformation that can bind ligand with high affinity. The C-terminal rod 
domain of talin interacts with the actin cytoskeleton to provide physical coupling of the integrin to the actin network 
of the cell. Many other molecules interact with integrin cytoplasmic tails, but exactly how these interactions are 
coordinated with integrin activation is unclear. Text and figure taken from [107]. 

 
Even though chemokines rapidly trigger the activation of integrins, this 
inside-out signalling is transient and not sufficient for prolonged adhesion of 
leukocytes to the inflamed endothelium. Fortunately, the binding of integrins 
to their endothelial ligand produces intracellular signals referred as outside-
in signalling, leading to firm cell adherence and cell spreading after 
cytoskeletal rearrangement [107]. It is widely believed that the clustering of 
integrins resulting from the multivalent ligand binding is required for efficient 
outside-in signalling [108-110]. Interestingly, ligand binding induces the 
separation of the α and β transmembrane and cytoplasmic domains, a step 
required for outside-in signalling [102,111]. In absence of this signal, 
neutrophils rapidly detache after initial arrest on endothelial cells under flow 
conditions [112]. The outside-in signalling is a complex cascade of biological 
events that ends with the modulation of the actin cytoskeleton (Figure 8).  
 



 21 

 
Figure 8. Integrin outside-in signaling. The figure details integrin-mediated signaling events that occur 
downstream of ligand binding. Zhu et al. [111] have shown that outside-in signaling requires structural changes with 
the cytoplasmic region of integrin tails. Activation of Src family kinases (SFKs) is a key step (although the exact 
mechanism by which this occurs is unclear) and results in phosphorylation of a variety of downstream molecules. 
These include ITAM-containing adapters that, when phosphorylated, lead to the recruitment and activation of Syk or 
ZAP-70 kinases. These kinases in turn phosphorylate various substrates, including SLP76 and Vav. This leads us to 
propose that integrin outside-in signaling is analogous to signaling downstream of immunoreceptors, as indicated 
by the molecules in bold [113,114]. Vav activates Rho GTPases, leading to actin cytoskeletal reorganization. SFKs 
can also activate FAK (focal adhesion kinase) and Pyk2 kinases, leading to Cbl phosphorylation and recruitment and 
activation of PI3K. Association of other molecules such as JAB (Jun-activating binding protein) and cytohesin with 
the integrin cytoplasmic tails activates other downstream signaling pathways. In this figure, signaling is depicted as 
happening in lipid rafts (indicated as red coloration in the membrane), although the role of rafts in integrin signaling 
differs in various cell types. Text and figure taken from [107]. 

 
Among the wide set of proteins activated in this pathway, the key role of the 
Vav family of Guanine Exchange Factor (GEF) has been well elucidated. 
Indeed, neutrophils lacking Vav1 and Vav3 have a similar tendency to detach 
from the endothelium in vitro and in vivo [115]. Altogether, these findings 
clearly illustrate the role of ligand-induced signalling in adhesion 
strengthening. 
 
Within the very broad repertoire of integrins, four of them were shown in 
vitro or in vivo to be key mediators of the firm arrest of leukocytes: LFA1 
(αLβ2, CD11a/CD18), Mac1 (αMβ2, CD11b:CD18), VLA4 (α4β1, CD49d/CD29) 
and α4β7 (Lymphocyte Peyer’s patch Adhesion Molecule, LPAM1).  
 
Indeed, α4β7 binding to MAdCAM1 is required for lymphocytes arrest on 
Peyer’s patches high endothelial venules in vivo [116], in addition to mediate 
T cell rolling in vitro [66] as mentioned previously. The important role of 
VLA4, and its major endothelial counter-receptor VCAM1, on monocytes 
and lymphocytes arrest was well established in vitro under flow on Human 



 22 

Umbilical Vein Endothelial Cells (HUVECs) [117-120]. These experiments used 
blocking antibodies to show that VLA4, together with β2 integrins, controls 
monocytes arrest on inflamed endothelium. The contribution of the β2 
integrins on leukocyte arrest was further investigated using the β2 deficient 
mice. The adhesion of leukocytes in vivo on inflamed venules was strikingly 
impaired in these animals [121], therefore reducing the migration of 
neutrophils to the inflamed skin for instance [122]. To better understand the 
distinct role of the two major β2 integrins LFA1 and Mac1 in neutrophil 
adhesion, Mac1 and LFA1 knock-out mice were generated. This unravelled 
the predominant role of LFA1 over Mac1 in the firm adhesion of neutrophils 
to their main endothelial ligand ICAM1 [123]. It is worth noting that if the β2-
dependent adhesion of leukocytes mainly requires ICAM1 as the major 
endothelial counter-receptor, ICAM1 remains dispensable in some rare cases 
such as in lung homing [124]. 
 

Polarization and crawling 
 
The bidirectional cues delivered by chemokines and integrin ligands induce 
the reorganization of the actin cytoskeleton and the redistribution of cell 
surface molecules. This enables cell polarization, which is the transformation 
of the cell from a round shape, to a polarized elongated “amoeboid” form 
with two distinct poles: the leading edge at the front, and the uropod at the 
back [125]. Polarization is a prerequisite for the cell to randomly slowly crawl 
on the endothelium and sense preferential sites for transmigration. This 
characteristic movement of polarized cells is called indifferently locomotion, 
crawling, or patrolling.  
 
Even though leukocytes crawling was already described decades ago [126], 
its underlying mechanisms started to unravel within the last ten years [127]. In 
inflammatory monocytes (CD11b+ CD115+ Ly6c+), both LFA1 and Mac1, 
together with their endothelial ligands ICAM1 and ICAM2, were shown to 
control the crawling to inter-endothelial junctions [128]. The picture is rather 
different in resident monocytes (CD11b+ CD115+ Ly6c-), an amazing subset of 
monocytes that constantly patrols along the resting vasculature [129]. 
Contrary to inflammatory monocytes, the patrolling of resident monocytes is 
LFA1-dependent. Moreover, mice lacking the chemokine receptor CX3CR1 
have reduced numbers of adhering and patrolling resident monocytes, which 
reinforces the role of GPCRs in the activation of integrins [129].   
 
In neutrophils however, crawling was only Mac1 and ICAM1 dependent, 
while the role of LFA1 in this process was only marginal [130]. Therefore, if 
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LFA1 overshadows Mac1 for neutrophil firm adhesion [123], then Mac1 has 
the best actor award for neutrophil subsequent crawling [130]. This is likely 
due to the cytoskeletal rearrangement and the Mac1 activation that follow 
LFA1-dependent outside-in signalling [131,132]. In line with this hypothesis, 
crawling was also impaired in neutrophils deficient for Vav1 [133], a key 
molecule in LFA-1 induced cytoskeletal rearrangement [131]. 
 
Finally, the mechanisms of T cell crawling were also elucidated in vitro. It is 
mediated by LFA-1 on the cell surface, and requires the activation of RAP1 
[134]. 
 

Transendothelial cell migration 
 
After all these efforts to firmly adhere to the vessel wall, leukocytes have yet 
to face the challenge of going through the vessel wall, a process called 
transendothelial cell migration (TEM), transmigration or diapedesis. This 
final step is absolutely fascinating and intriguing. The first particularity of this 
process is that leukocytes can take two different routes to transmigrate, 
either through junctions between endothelial cells (paracellular pathway) or 
directly through the body of endothelial cells (transcellular pathway). In the 
first case scenario, leukocytes still have two choices: crossing through 
bicellular, or multicellular (3 or more) junctions [135]. 
 
All these pathways were observed in vitro, at different ratios depending on 
the model used [136]. This obviously resulted in intense debates regarding 
the preferential pathway followed by leukocytes [136]. Recently, the use of 
intravital microscopy provided clear answers, at least for myeloid cells. About 
90% of neutrophils pass the endothelial barrier through junctions in a 
stimulus-independent manner [137]. This process takes approximately 5-8 
minutes and is equally distributed between bicellular and multicellular 
junctions in terms of numbers of events analysed [137]. One should also take 
into account the surface of each structure. Indeed, the apical surface of 
endothelial cells being larger than bicellular junctions, itselves being larger 
than multicellular junctions, these data highly suggest that the paracellular 
pathway between multicellular junctions is the preferential route for 
transmigration (Figure 9).  
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Figure 9. Neutrophil paracellular TEM in vivo. Paracellular TEM of a leukocyte (*; top row) and its associated 
transient junctional pore formation (bottom row) in IL-1β-stimulated, PECAM-1-labeled tissues (red) of lys-EGFP-ki 
mice (leukocytes, green; time (below images). Text and legend adapted from [137].  

 
Leukocyte crawling facilitates the paracellular pathway as random 
locomotion enables leukocytes to reach junctions [130]. Interestingly, when 
crawling is impaired, leukocytes cannot move efficiently to junctions and 
therefore preferentially use the transcellular pathway [130]. 
 
The ICAM-1 dependent crawling is not only important to guide the leukocyte 
to the junction, but it also prepares the cell for its contraction and junctional 
opening. Indeed, ICAM-1 ligation induces a cascade of intracellular signals 
through it cytoplasmic domains, including the RHO GTPase activation and 
intracellular calcium flux [138,139]. This activates the myosin light-chain 
kinase (MLCK) that unfolds myosin 2 and leads to cell contraction [138,140]. 
Moreover, ICAM-1 is also involved in the formation of intriguing structures, 
the “transmigratory cups”. These structures look like endothelial domes rich 
in ICAM-1, VCAM-1, and cytoskeletal proteins used by leukocytes for 
docking [141,142]. In some situations, these cups can encapsulate the cell 
between two junctional seals, therefore decreasing vascular permeability 
[143] (Figure 10). 
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Figure 10. Endothelial enscapsulation of transmigrating neutrophils. Electron micrograph and cartoon of 
transmigrating wild-type neutrophils. The arrowheads mark the junctions, the thin endothelial sheet that covers the 
transmigrating cells is marked with *, e1, e2 and n represent individual endothelial cells and neutrophils 
respectively. Scale bars correspond to 1 mm. The images represent 1 out of 40 analyzed wild-type neutrophils. Text 
and figure adapted from [143]. 

 
With the exception of ICAM-1, uniformly expressed on the surface of 
endothelial cells, all the molecules that control the paracellular transmigration 
are located at junctions. In blood vessels, the endothelial cell junctional 
regions are composed of two types of junctions: the adherens junctions that 
maintain the cell integrity through its link to the cytoskeleton, and the tight 
junctions that constitute an impermeable cell barrier [144]. I will now 
describe all the players that mediate the paracellular pathway except the 
members of the Junctional Adhesion Molecules (JAMs) family, which will be 
fully reviewed in the next chapter. 
 
The first molecule that was proposed to regulate transendothelial cell 
migration was the Platelet Endothelial Cell Adhesion Molecule 1 (PECAM-1, 
or CD31) [145,146]. PECAM-1 belongs to the immunoglobulin superfamily 
and contains 6 immunoglobulin-like domains. In addition to be highly 
expressed at inter-endothelial cell junctions, PECAM-1 was also found on 
platelets, neutrophils, monocytes and subsets of lymphocytes [136,140]. 
PECAM-1 mainly engages homophilic interactions with leukocytes-expressed 
or endothelium-expressed PECAM-1, even though heterophilic interactions 
were also described [147]. The cytoplasmic tail of PECAM-1 contains an 
Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM) that mediated most 
of its biological functions, among which the control of vascular permeability 
[148-152]. PECAM-1 acts at two different steps during diapedesis. The first 
step requires the amino terminal portion of PECAM-1 that plays the role of 
an adhesion molecule. The blockade of the amino terminal portion with 
antibodies or soluble forms of PECAM-1 almost completely abolish 
leukocytes diapedesis in vitro [153,154] or in vivo [155-157]. Interestingly, at 
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this first step, leukocytes still adhere but can not cross the endothelial barrier 
[153,154] (Figure 11).  
 
 

 
Figure 11. Monoclonal antibodies against PECAM-1 blocking leukocyte arrest at step 1. Transmigration assays 
were run for 1 h in the presence of antibodies to PECAM-1. The cells were then fixed, stained to visualize the 
endothelial monolayers (CD99, red) or monocytes (CD14, green) and examined by confocal microscopy. A series of 
images was recorded as a stack in the x-y plane parallel to the endothelial monolayer. z-series reconstructions of 
representative areas of the monolayers, which provide a cross-sectional view along a single x-z plane, are shown. 
The red signal was amplified to delineate the endothelial monolayer in nonjunctional areas. The apical surface of the 
monolayer is facing upwards. Arrows indicate monocytes arrested on the apical surface. Text and legend adapted 
from [158]. 

 
The second step that PECAM-1 controls is the migration of leukocytes 
through the subendothelial basal lamina. The homophilic ligation of PECAM-
1 on neutrophils upregulates the α6β1 integrin that is required for leukocyte 
migration through the basement membrane [159]. Antibodies against the 
α6β1 integrin blocks leukocytes between endothelium and the perivascular 
basement membrane, a phenotype similarly observed in PECAM-1 knock-out 
animals [159-161] (Figure 12). This second step requires the membrane-
proximal region of PECAM-1 as antibodies against this domain also results in 
leukocytes being stuck below the endothelium [154].  
 
 

 
Figure 12. Monoclonal antibodies against PECAM-1 blocking leukocyte arrest at step 2. Monocytes were 
allowed to interact with HEC monolayers for two hours in the presence of anti-PECAM mAb P1.2 at 20 µg/ml final 
concentration. Monolayers were then fixed and processed for electron microscopy. The picture shows the 
appearance of typical monocytes still in contact with the under surface of the EC in the presence of anti-domain 6 
mAb P1.2. They have migrated through the interendothelial junction (small arrows) and lie between the basal 
surface of the EC and the endothelial basal lamina (BL, large arrows). Note filopodia probing through the BL into the 
underlying collagen gel, which extends well beyond the field of this photograph. Bar, 1 µm. Text and figure adapted 
from [154]. 
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CD99 is a small transmembrane molecule, highly glycosylated, with a unique 
structure that does not belong to any family of proteins currently known 
[162]. CD99 was initially observed on most hematopoietic cells [136,140]. 
Strikingly enough, the expression of CD99 at the borders of endothelial cells, 
and its function in the transmigration of leukocytes was described for the first 
time more than ten years after its discovery in 1989 [158]. Yet, its role on the 
diapedesis of many leukocyte subsets is spectacular [158,163,164]. CD99 
blockade on endothelials cells and/or leukocytes impairs 80% of human 
neutrophils or monocytes transmigration through HUVECs [158,164], and 
also prevents T cell migration to the skin in vivo [163]. CD99 functions in a 
homophilic manner similarly to PECAM-1. However, CD99 acts at a different 
level than PECAM-1 in the transmigration process [158]. Indeed, CD99 
blockade leads to monocytes arrest part way through junctions, the leading 
edge being below the junctions while the trailing edge still within the lumen. 
In other words, CD99 acts just in between the two steps of PECAM-1 
described earlier (Figure 13). Consequently, the effect of PECAM-1 and 
CD99 blockade is additive and almost completely abolishes transmigration 
[158]. One young relative of CD99 is the CD99 antigen-like 2 (CD99L2) [165]. 
CD99L2 is expressed by endothelial cells, circulating B and T cells, and 
neutrophils [166]. Some evidences suggest that CD99L2 acts during the 
same step as CD99 [167], and facilitates the extravasation of neutrophils in 
vivo [166]. However, the recent use of CD99L2 knock out chimeras suggested 
that the endothelial CD99L2, but not leukocytes CD99L2, controls the 
extravasation of leukocytes [168]. 
 

  
Figure 13. Blocking CD99 arrests monocytes part way through the endothelial cell junction. Transmigration 
assays were run for 1 h in the presence of antibodies to CD99. The cells were then fixed, stained to visualize the 
endothelial monolayers (CD99, red) or monocytes (CD14, green) and examined by confocal microscopy. A series of 
images was recorded as a stack in the x-y plane parallel to the endothelial monolayer. z-series reconstructions of 
representative areas of the monolayers, which provide a cross-sectional view along a single x-z plane, are shown. 
The red signal was amplified to delineate the endothelial monolayer in nonjunctional areas. The apical surface of the 
monolayer is facing upwards. Arrows indicate the portion of the monocytes above the monolayer. Arrowheads 
indicate a portion of monocytes below the HUVEC monolayer. Text and legend adapted from [158]. 

 
Vascular Endothelial cadherin (VE-cadherin) is the major component of the 
adherens junctions between endothelial cells. VE-cadherin forms a complex 
with catenins to link with the actin cytoskeleton [136,169]. By the time of the 
discovery, its key function in maintaining cell-cell contacts was already 
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observed as vascular permeability increases after antibody blockade [170]. 
Real time imaging of a fluorescent VE-cadherin construct in HUVECs clearly 
showed that VE-cadherin was transiently removed from the junctions at the 
time of leukocyte transmigration [171,172]. In line with these in vitro studies, 
the administration of blocking antibodies redistributes VE-cadherin out of 
cell-cell contacts [173], which destabilizes the junctions and leads to 
increased vascular permeability and leukocyte extravasation in vivo [173,174]. 
Conversely, stabilizing the adhesive properties of VE-cadherin in knock-in 
animals significantly reduces vascular permeability and leukocyte 
extravasation in response to inflammation [175,176]. Altogether, this 
suggests that VE-cadherin homophilic interactions act as a barrier that opens 
for diapedesis and closes subsequently to stabilize the junctions. 
 
Since its cloning in 1989 [177], ICAM-2 has often been overshadowed by his 
old brother ICAM-1 discovered three years before [178]. In addition to their 
homologies and shared β2 integrin ligands, ICAM-2 was first believed to 
function in convert with ICAM-1 to promote transmigration [179-181]. Even 
though both molecules have overlapping functions, ICAM-2 displays specific 
functions as well. First, ICAM-2 is constitutively expressed by endothelial 
cells, and not inducible upon inflammation contrary to ICAM-1 [182]. 
Interestingly, while ICAM-1 is uniformly expressed at the surface of 
endothelial cells [183], ICAM-2 is mainly localized at junctions [184], which 
suggests a role for transmigration rather than adhesion. In line with this 
observation, neutrophil transmigration is impaired when ICAM-2 is blocked 
or genetically deleted, while adhesion is unchanged [184]. Recently, two 
studies showed that ICAM-2 also facilitates the intraluminal leukocyte 
crawling that precedes paracellular or transcellular diapedesis [185,186]. 
 
Some additional, but not less important players were described lately. For 
instance, monocytes use DNAM-1 to interact with the endothelial poliovirus 
receptor (PVR). Even though DNAM-1 or PVR blockade impair monocytes 
transmigration, this interaction seems to be involved in adhesion, which is a 
prerequisite for the subsequent transmigration [187]. Moreover, the 
endothelial but not neutrophil Leukocyte Specific Protein 1 (LSP1) is also 
believed to facilitate neutrophil extravasation in vivo [188], potentially 
through its role in the formation of the transmigratory cups [189]. Similarly, 
the endothelial integrin-associated protein CD47, but not leukocyte CD47, 
participates in T cell recruitment in vivo, either by regulating LFA1 and VLA4 
adhesive properties [190], or by promoting the phosphorylation of a VE-
cadherin residue that controls diapedesis [191].  
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In addition to the paracellular pathway, the first indisputable in vivo evidence 
of leukocyte transcellular migration was provided in 1998 [192]. Since then, 
many studies also reported migration through endothelial cells as a minor, 
but yet reliable pathway to extravasate [193]. This migration pathway is 
initiated by the striking palpation/probing of the endothelial cell surfaces by 
leukocytes extensions called podosomes [194]. At the same time, ICAM-1 
clustering at the cell surface leads to its translocation into caveolae, which 
are small vesicles made by lipid rafts for intracellular molecule transport. 
These ICAM-1-rich caveolae associate with actin to surround and interact 
with the leukocyte podosomes through ICAM-1 binding. Finally, the 
translocation of the actin and ICAM-1-rich caveolae to the basal membrane 
creates a channel that guides the leukocyte through the body of the 
endothelial cell [194,195] (Figure 14). Recently, it was suggested that 
transcellular migration also requires additional vesicles rich in PECAM-1, 
CD99, and JAM-A, the so-called Lateral Border Recycling Compartments 
(LBRCs). Indeed, the blockade of PECAM-1 and CD99 blocks the 
transcellular pathway, so as the depolymerisation of microtubules [196]. The 
same investigators had also previously reported the role of LBRCs in the 
paracellular pathway [197,198], therefore proposing LBRCs a unifying model 
of transmigration [193].  
 

 

 
 

Figure 14. Transcellular migration of leukocyte. Transcellular migration occurs in ‘thin’ parts of the endothelium, 
and therefore there is less distance for a leukocyte to migrate. ICAM1 ligation leads to translocation of ICAM1 to 
actin- and caveolae-rich regions. ICAM1-containing caveolae link together forming vesiculo-vacuolar organelles 
(VVOs) that form an intracellular channel through which a leukocyte can migrate. Ezrin, radixin and moesin (ERM) 
proteins could act as linkers between ICAM1 and cytoskeletal proteins (such as actin and vimentin), causing their 
localization around the channel, thereby providing structural support for the cell under these conditions. Text and 
figure adapted from [6]. 
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Migration through the pericyte layer and basement membrane

The endothelial barrier being crossed, leukocytes have to find their way 
through the pericyte sheath and the basement membrane that surrounds the 
vasculature. Pericytes are contractile cells that have many physiological 
functions such as the regulation of the blood flow or the formation of new 
blood vessels. Pericytes are embedded in the basement membrane, which 
consists of matrix and not a membrane, contrary to what its name suggests. 
Indeed, the basement membrane is made of two distinct networks, one of 
type IV collagen and one of laminins, bridged together with the 
glycoproteins nidogen-2 and perlecan [199] (Figure 15).  

 
Figure 15. The pericyte layer and the basement membrane. A) Confocal microscopy images acquired from a 
cremasteric venule that is triple immunofluorescently stained for different components of the venular wall: 
endothelial cells (labelled for PECAM1), pericytes (labelled for !-SMA) and the venular basement membrane 
(labelled for laminin). The images show the different expression profiles of these structures: endothelial cells (which 
are confluent), pericytes (which exhibit gaps between adjacent cells) and a heterogeneous expression profile of 
basement membrane matrix protein (with low-expression regions; examples indicated with white circles). B) Analysis 
of the triple-stained venular wall cross-section illustrates the relative localization of the vessel wall components: 
endothelial cells line the lumen and pericytes are embedded in the venular basement membrane that is generated 
as a result of the combined deposition of matrix proteins by both endothelial cells and pericytes. Text and figure 
adapted from [200]. 

I have already mentioned that ligation of PECAM-1 at the time of the 
transmigration upregulates expression of integrin "6#1 on neutrophils. 
Interestingly, "6#1 is the main leukocyte receptor for laminin [159,201]. 
Therefore, the PECAM-1 dependent upregulation of "6#1 is a first mechanism 
for neutrophils to interact with the basement membrane to ultimately reach 
the tissue. In a similar way, engagement of #2 integrins on human neutrophils 
can induce the expression of #1 integrins that are important for migration 
through the extracellular matrix [202].  

A few years after these observations, the simple examination of basement 
membrane from unstimulated venules leads to a key finding: the existence of

A 

B 
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Low Expression Regions (LERs) for collagen IV and laminin α5β1γ1 (old 
nomenclature was laminin 10), which coincide with gaps between pericytes 
[203,204]. As pericytes control the basement membrane assembly [205], they 
may also regulate its remodeling to facilitate neutrophil extravasation [206]. 
Indeed, neutrophils were shown to preferentially use these gaps to migrate 
through the basement membrane [203]. This finding was then extended to 
monocytes [207]. Contrary to the latter, neutrophils enlarged the preexisting 
gaps of α5 but not α4 laminin during their migration, a process that likely 
involves neutrophil proteases such as elastase [203]. In line with this 
hypothesis, neutrophil elastase efficiently cleaves laminins to generate 
membrane gaps and laminin fragments with chemotactic properties 
[208,209]. Therefore, neutrophil proteases may facilitate LER enlargement 
and produce chemotactic cues to guide neutrophils [200]. 
 
 

2.1.5  The interstitial migration toward the pathogen 
 
The interstitial migration implies that leukocytes move in the three-
dimensional (3D) surrounding tissue, which can be either the extracellular 
matrix, or the organs parenchymae. This completely differs from the two- 
dimensional (2D) migration of leukocytes on the luminal surface of blood 
vessels described before. Indeed, the locomotion of leukocytes on 2D 
surfaces requires adhesives forces, mainly driven by integrins. In contrast, 3D 
locomotion is rather low adhesive, fast, does not degrade tissue, and seems 
to follow paths of least resistance [200,210-212]. There is yet a common 
feature between 2D and 3D locomotion, the polarized amoeboid-like 
movement adopted by leukocytes to squeeze and move through the 
interstitial space. This requires extensive morphological changes and 
reorganization of the cytoskeleton, which are here again mediated by 
chemokines, or other chemoattracting molecules signaling through GPCRs 
[200,210-212].  
 
Interestingly, such signals do not only trigger polarization but also serve as 
molecular cues to guide the cell until its final destination within the tissue 
(chemotaxis). Hence, the name chemokine stems from chemotactic cytokine. 
However, the question arises how can leukocytes be told to extravasate 
without receiving superior chemotactic cues from the tissue that would 
overshadow intraluminal chemotactic signals [213]? Strikingly, this is exactly 
what happens, at least for neutrophils [213]. Indeed, it is well accepted that 
neutrophils establish an intracellular hierarchy of signals, preferentially 
choosing one direction when facing two opposite chemotactic gradients in 
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vitro [214-216]. These superior chemotactic cues are referred as end-target 
signals, and include the complement component C5a or formyl peptides 
(fMLP) produced by bacteria or mitochondria from dead cells. These findings 
were recently confirmed in vivo in a mouse model of focal hepatic necrosis 
[213]. In this model, neutrophils use an intraluminal gradient of CXCL2 to 
migrate through blood vessel as close as two hundreds microns apart from 
the site of injury. From here, neutrophils extravasate and follow a gradient of 
formyl peptides released by the necrotic cells to reach the site of injury [213]. 
In addition to the end-target signals released at the site of inflammation that 
control the recruitment of an initial wave of neutrophils, neutrophils 
themselves can produce leukotriene B4 (LTB4), a potent chemoattractant that 
amplifies neutrophil swarming to the site of injury [217]. 
 
Two main intracellular forces govern the deformability of leukocytes essential 
for squeezing, namely the actin polymerization and the myosin-II-dependent 
contraction. The actin polymerization is a force that deforms the plasma 
membrane at the leading edge to create protrusions on leukocytes such as 
the dendrites of dendritic cells to sense the local environment. On the other 
hand, the myosin-II dependent contraction at the trailing edge detaches 
the back from any adhesive support and propels the cytoplasmic content to 
the front of the cell [200,210,211]. These two forces are well coordinated to 
control cell motility (Figure 16). Impairment of key molecules that regulate 
both intracellular pathways result in significantly reduced cell movement 
[200,210,211,218]. However, myosin contraction may not be always required 
for efficient cell motility contrary to actin polymerization, especially in loose 
interstitial spaces [219]. 
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Figure 16. Protrusive and hydrostatic principles cooperate to propel leukocytes through a porous 
interstitium. a) Cell protrusion through a pore in the interstitium, using the force of actin polymerization to bulge 
out the leading membrane. Pushing against the leading membrane drives the membrane forwards while actin 
filaments slide towards the trailing edge. If integrins successfully interact at the contact site between cell and 
substrate, the retrograde sliding of actin is turned into a force that pulls the substrate backwards and thereby the 
cell body forwards. At the trailing edge, myosin II slides antiparallel actin filaments against each other, leading to 
the contraction of the actin cortex and subsequent retraction of the tail. Simultaneously, active myosin II causes 
physical and biochemical inactivation and thus detachment of the integrins. b) Cell protrusion through a pore in the 
interstitium that is too narrow to allow passage of the rigid nucleus. In this case, actomyosin contraction at the 
trailing edge leads to shrinkage of the actin cortex and thereby squeezes and deforms the nucleus and propels it 
through the pore. Actomyosin contraction also creates hydrostatic pressure that aids in protruding the membrane or 
might even protrude the membrane by itself by inducing the formation of actin-free membrane blebs (not shown). If 
integrin receptors are absent or unable to bind to the substrate, the cell can physically interact with the substrate as 
the actin cortex braces the membrane and thereby pushes against the substrate, providing the counter-force that is 
required to advance the cell body. Text and figure taken from [200] 

 
In addition to actin polymerization and myosin contraction, the requirement 
of adhesive support is still a matter of debate. Some reports claim for 
integrin-dependent interstitial migration, while others state the opposite. This 
may come from limitations of experimental design or leukocyte subset 
specific functions [210]. For neutrophils, two initial in vivo studies identified a 
key role for β1 integrins [220,221] using blocking antibodies. Conversely, a 
recent report used Talin-1 deficient neutrophils, in which integrin activation is 
impaired, to conclude for a dispensable role of integrins in this process [217]. 
For dendritic cells (DCs), the use of pan-integrin deficient or Talin-1 deficient 
DCs confirmed an integrin-independent model of interstitial migration in vivo 
[219]. Finally, a recent report highlights the key role of the αV integrin in the 
interstitial migration of effector CD4+ T cells [222]. In conclusion, additional 
studies are needed to elucidate the role of integrins, in addition to the 
indisputable role of actomyosin forces.  
 

2.1.6 The migration of leukocytes to lymph nodes 
 
Among all the different types of leukocytes that extravasate from blood 
vessels to the inflamed tissue, and/or migrate within the tissue towards the 
pathogen or the injury, one type is particularly well suited to migrate to the 
draining lymph nodes via lymphatic vessels. These are dendritic cells (DCs). 
DCs are the major link between the innate and the adaptive immune 
responses. After launching an inflammation, DCs can either stem from 
emigrating inflammatory monocytes that differentiates locally into DCs (so-
called monocyte-derived DCs, mo-DCs) [223], or consist of “resident” 
differentiated cells located within tissues where they constantly sense their 
environment for pathogens [224]. In both scenarios, DCs are able to acquire, 
process and present antigen signatures better than any other antigen-
presenting cell. Moreover, they display amazing properties to migrate to, 
and enter afferent lymphatic vessels to educate specific T cells located in the 
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draining lymph nodes. For all these reasons, DCs migration to lymph nodes 
was studied more extensively than any other leukocytes. Given the personal 
results I will present in this manuscript, I will now particularly focus on the 
migration of DCs to the lymph node. 
 
DCs en route to lymph nodes use the lymphatic vessels as roads to their final 
destination. The organization and the structure of the lymphatic vasculature 
differs from the blood vasculature in many aspects. As one of the main 
function of the lymphatic system is to pump the interstitial fluid (i.e. the 
lymph) from the tissue to the lymph nodes, the lymphatic system begins with 
blind-ended capillaries. In line with its function, these initial lymphatic 
capillaries display a fascinating oak leaf shape with overlapping flaps 
between neighbouring cells [225]. Moreover, the flap borders exhibit 
discontinuous button-like junctions rich in VE-cadherin and tight junctions 
molecules [225] (Figure 17). This specialized structure seems perfectly 
designed for the interstitial fluid to enter via openings between the button-
like junctions. Lymphatic capillaries then converge into larger collecting 
vessels with zipper-like junctions that resemble those of blood vessels 
(Figure 17), therefore less absorptive than initial capillaries. Finally, collecting 
lymphatics extend to the lymph node as afferent lymphatics. 
 

 
 

Figure 17. Buttons in initial lymphatics border sites of fluid entry. (A) Schematic diagram showing distinctive, 
discontinuous buttons in endo- thelium of initial lymphatics and continuous zippers in collecting lymphatics. Both 
types of junction consist of proteins typical of adherens junctions and tight junctions. (B) More detailed view 
showing the oak leaf shape of endothelial cells (dashed lines) of initial lymphatics. Buttons (red) appear to be 
oriented perpendicular to the cell border but are in fact parallel to the sides of flaps. In contrast, most PECAM-1 
expression is at the tips of flaps. (C and D) Enlarged views of buttons show that flaps of adjacent oak leaf–shaped 
endothelial cells have complementary shapes with overlapping edges. Adherens junctions and tight junctions at the 
sides of flaps direct fluid entry (arrows) to the junction-free region at the tip without repetitive disruption and refor- 
mation of junctions. Text and figure taken from [225]. 
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Even though DCs constantly use this route to reach lymph nodes in absence 
of inflammatory signals, their migration to lymph nodes is dramatically 
enhanced under inflammatory conditions. The pro-inflammatory cytokines 
and Pathogen-Associated Molecular Patterns (PAMPs) released at the 
inflammatory locus shaped immature DCs to a mature phenotype expressing 
high levels of the chemokine receptor CCR7 [226-229]. This chemokine 
receptor is absolutely required for efficient DC migration to lymph nodes 
[230]. CCR7 deficient DCs fail to migrate to lymph node, hence resulting in 
poor T cell responses [231]. The two CCR7 ligands CCL19 and CCL21 are 
crucial for DC migration [232,233], yet CCL21 efficiently mediates migration 
in absence of CCL19 [234]. CCL19 is soluble [235] while CCL21 bound to 
glycosaminoglycans [236]. However, CCL21 can be cleaved by DCs to 
generate a soluble form of CCL21 that is functionally similar to CCL19 [237]. 
CCL21 is produced by Lymphatic Endothelial Cells (LECs), and is distributed 
either as puncta on initial lymphatic capillaries [238], or as an extracellular 
decaying gradient immobilized to heparin sulfates [236]. This gradient 
efficiently drives the interstitial migration of DCs towards initial lymphatic 
capillaries [237] in an integrin-independent manner [219]. Disruption of 
CCL21 binding to heparin sulfates impairs the migration of DCs in direction 
of lymphatic vessels [237]. It is worth noting that this haptotactic interstitial 
migration obviously requires the actomyosin locomotion machinery 
described previously. The deletion of key molecules that regulate the 
polarization of DCs or the cytoskeletal rearrangement significantly impairs the 
migration of DCs to lymph nodes [239-241].  
 
Once DCs are in close proximity to the initial lymphatics, they face the 
basement membrane. In a similar manner as the leukocyte extravasation from 
blood vessels, DCs seek preexisting gaps to squeeze across the basement 
membrane [242]. Important to note that in contrast to blood vessels, 
lymphatic vessels have no pericyte coverage [243], which may facilitate DC 
passage. Under steady state conditions, DCs cross the oak leaf shape of the 
capillaries through “preformed portals” between button-like junctions in an 
integrin-independent manner [219,242] (Figure 18).  
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Figure 18. DCs enter vessel lumen via endothelial flap valves. DCs (green) arrive via the interstitial matrix (IM) 
and encounter the porous BM of the initial lymphatic vessel. They enter by squeezing through the pores and 
subsequently encounter the lymphatic endothelial layer (LE). The oak leaf–shaped lymphatic endothelial cells are 
interconnected by junctional complexes organized as buttons (red) at the base of flexible lobes. DCs enter the 
endothelial layer without opening the junctions by pushing the flap valves into the vessel lumen (inset). Text and 
figure adapted from [242]. 

 
This picture is rather different under inflammatory conditions as both ICAM-1 
and VCAM-1 are upregulated by LECs, and are required for transmigration of 
DCs through lymphatics [244-246]. 
 
Finally, once DCs have entered the initial lymphatic vessel, they start to crawl 
on the luminal wall, while the higher flow rate of collecting vessels is likely to 
induce DC free flowing until the lymph nodes [238]. Within the lymph nodes, 
DCs cross the subcapsular sinus in a CCR7-dependent manner to finally reach 
the T cell zone in the center of the lymph node [247]. 
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2.2.  JAM-C in inflammation and disease 
 

2.2.1 The JAM family, an overview 
 
The Junctional Adhesion Molecules (JAMs) family is currently composed of 7 
proteins that belong to the immunoglobulin superfamily (IgSf). As such, each 
JAM consists of two immunoglobulin-like extracellular domains, one single 
transmembrane domain, and a cytoplasmic tail with a PDZ domain [248-250]. 
The membrane proximal immunoglobulin domain of JAMs is similar to the 
one of the CTX (Cortical Thymocyte marker for Xenopus) family, which could 
potentially represent the ancestor of the T and B cell receptor [251]. 
According to the length of the cytoplasmic tails, the JAM family can be 
further divided into 2 branches: the classical members JAM-A, JAM-B, and 
JAM-C, and the non-classical members ESAM (Endotelial cell-Selective 
Adhesion Molecule), CAR (Coxsackie Adenovirus Receptor), JAM-4, and 
JAM-L (JAM-like) [248-250]. Indeed, the classical JAMs display a short 
cytoplasmic tail with class II PDZ domains, while non-classical JAMs exhibit 
longer cytoplasmic tails with class I PDZ domains with the exception of JAM-
L [252] (Figure 19). Even though each JAM has distinct distribution and 
expression patterns, they are all expressed, with the unique exception of 
JAM-L, at tight junctions of epithelial and/or endothelial cells. Therefore, 
most of the JAMs have been implicated in the control of leukocyte 
transendothelial migration and/or vascular permeability [248-250]. 
 

 
Figure 19. The JAM family. All IgSF proteins present at tight junctions belong to the CD2 subfamily with a 
membrane-distal V-type Ig-domain and a membrane-proximal C2-type Ig-domain. Putative N-linked glycosylation 
sites are illustrated by dots. Disulfide bridges and putative additional intramolecular disulfide bridges formed by 
conserved cysteine residues in the C2-type Ig-domain are indicated. The sizes of the cytoplasmic domains (mouse 
molecules) are indicated at the bottom of each molecule. Tight junction localization has so far been shown for JAM-
A, JAM-C, CAR, ESAM and JAM4. Text and figure adapted from [252]. 

 
The classical JAMs have 51-54% homology and 32-36% similarity in the 
amino acid sequences [253-255]. To date, only the crystal structures of the 
extracellular domains of JAM-A have been resolved, both in mouse [256] and 
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human [257]. In these studies, recombinant JAM-A molecules form a U-
shaped dimer interacting in cis with the membrane distal domain. Moreover, 
the model proposes that JAM-A dimers in cis interact with JAM-A dimers in 
trans on the opposing cell membranes [256]. The cis-dimerization motif being 
conserved between JAM-A, JAM-B, and JAM-C, it is assumed that JAM-B 
and JAM-C may dimerize in a similar manner [249] (Figure 20). Important to 
note that all three JAMs interact with ZO-1 and PAR-3 through their 
cytoplasmic domains [252,258-260]. An overview of the JAM family members 
is provided in Table 2, while the following sections will now focus on JAM-C 
in inflammation and disease. 

 

Figure 20. Structural features of the JAM-family members and a molecular model for JAM homophilic 
adhesion. A) The junctional adhesion molecule (JAM)-family members are characterized by two immunoglobulin-
like domains in the extracellular portion, a single transmembrane segment and a short cytoplasmic tail with a PDZ-
domain-binding motif (Phe-Leu-Val). A short linker sequence Val-Leu-Val connects the two immunoglobulin domains 
to impose a bent conformation. A dimerization motif Arg-(Val/Leu/Ile)-Glu in the membrane-distal domain is 
essential for homodimer formation. (B) A molecular model for homophilic interactions of JAMs has been proposed. 
In this model [256], JAM-A molecules form homodimers in cis (via the dimerization motif in the membrane-distal 
immunoglobulin domain) that emerge from the cell surface in the shape of an inverted ‘U’. At intercellular junctions, 
these cis-homodimers bind in trans to JAM-A homodimers from an adjacent cell surface. Text and figure adapted 
from [249]. 

A B 
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Table 2. Summary of JAM-Related Protein (Class I PDZ Binding Domain) and Classical JAM (Class II PDZ 
Binding Domain) Expression Profiles and Described Functions. Table taken from [248]. 

 

2.2.2 JAM-C expression profile 
 
Mouse JAM-C (also known as JAM3, hJAM3 and mJAM-2) was first 
discovered in 2000 in a thymic endothelial cell line by RNA display [253,261], 
while human JAM-C was cloned shortly after [262]. In this first mouse study 
[253], it was already clear that the molecule was expressed at cell borders of 
endothelial cells. Later on, additional studies also identified JAM-C in 
desmosomes of human epithelial cells [263], in adherens-like junctions of 
fibroblasts [259], on primary smooth muscle cells [264,265], in peripheral 
nerves [266], and in spermatids [267]. On hematopoietic cells, JAM-C 
expression differs from rodent to human cells. To date, JAM-C was not found 
on any murine circulating cell [262,268], in contrast to human JAM-C that was 
observed on human dendritic cells and NK cells [269], activated T cells [262], 
naïve and memory B cells [270], and platelets [255]. The expression of JAM-C 
on endothelial cells was further documented in many different tissues, 
including aorta, kidney, lymph node, Peyer’s patches, lung, cremaster 
muscle, skin, pancreas, and tonsils [253,254,264,265,271-273]. Under steady 
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state conditions, JAM-C mainly appears at interendothelial junctions in a 
zipper-like molecular pattern.  
 
The differential expression of the molecule under inflammatory conditions 
tends to be stimuli-dependent [249]. In vitro, treatment of HUVECs with 
oxidized LDL (Low Density Lipoprotein) seems to redistribute JAM-C out of 
junctions although the data were not explicitly shown in [264]. Conversely, 
treatment of HUVECs with VEGF shortly increases the expression of JAM-C at 
junctions [274]. In vivo, JAM-C expression is upregulated in vessels and 
smooth muscle cells in chronic inflammation such as atherosclerosis [264]. In 
contrast, intracellular and junctional JAM-C is downregulated in response to 
ischemia reperfusion injury [137]. Finally, cell surface JAM-C is reduced in ear 
and lymph node endothelial cells after skin hypersensitivity (personal 
observation).  
 

2.2.3 JAM-C ligands  
 
To date, 4 ligands have been identified for JAM-C. Two of them support 
interendothelial interactions, namely JAM-B and JAM-C itself, while the two 
others, the integrins Mac1 and αXβ2, allow leukocytes adhesion to the 
endothelium (Figure 21). 
 
JAM-B was the first ligand identified by the time of JAM-C discovery [262]. 
The JAM-B binding to JAM-C was shown by ELISA, pull-down assay, and 
adhesion assay [262,269]. In the first paper cited, the protein-protein 
interaction assay already revealed that JAM-C could also bind to JAM-C, but 
to less extent than to JAM-B [262]. The formal demonstration that JAM-
B/JAM-C interactions are stronger than JAM-C/JAM-C interactions came up 
three years after [275]. In this study, the authors show that JAM-B is able to 
recruit and stabilize JAM-C at cell-cell contacts in transfected cells [275]. This 
interaction requires the membrane distal immunoglobulin like domain of 
JAM-C. Strikingly, soluble JAM-B dissociates JAM-C/JAM-C homodimers to 
create JAM-B/JAM-C heterodimers with higher affinity [275]. Important to 
note that JAM-C/JAM-C homodimers or JAM-B/JAM-C heterodimers 
requires the Glutamate amino acid residue 66 (E66) [275]. 
 
The leukocyte integrin Mac1 (αMβ2), described in many details in the previous 
chapter, was identified as one of JAM-C ligands soon after JAM-B. The 
interaction was originally shown between human platelets expressing JAM-C 
and a monocyte cell line expressing Mac1 [255]. These findings were 
confirmed with Mac1 expressing-human neutrophils that bind to JAM-C from 
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an epithelial cell line [263]. Finally, one report shows that JAM-C binds to the 
I domain of Mac-1, and that Mac1/JAM-C interaction would be of lower 
affinity than JAM-C/JAM-C [276]. 

Finally, the interaction between JAM-C and CD11c/CD18 appeared to be 
marginal. CD11c/CD18 is an integrin mainly found on DCs, but also on 
macrophages, and some lymphocytes subsets [277-279]. Only two studies 
report the binding of CD11c/CD18 to JAM-C. First, transfection of 
CD11c/CD18 in K562 leukaemia cell line promotes its adhesion to 
immobilized JAM-C, although to lower extent than Mac1 [255]. In a second 
report that used Bone-Marrow-derived Dendritic Cells (BMDCs), the same 
conclusions were drawn [280]. 

 
Figure 21. Cellular expression and extracellular ligands of JAMs. Junctional adhesion molecule A (JAM-A), JAM-
B and JAM-C expressed by endothelial cells, leukocytes and platelets support various homophilic and heterophilic 
interactions. JAM interactions that have been reported in the published literature are indicated with solid lines and 
predicted interactions are indicated with dashed lines. a | At endothelial-cell junctions, JAMs support both 
homophilic and heterophilic interactions. JAMs on endothelial cells also bind integrins expressed on leukocytes. The 
integrin lymphocyte function-associated antigen 1 (LFA1) interacts with JAM-A, very late antigen 4 (VLA4) interacts 
with JAM-B, and MAC1 interacts with JAM-C. b | Binding of leukocytes to the endothelium is supported by 
interactions between integrins and JAMs. JAM-A homophilic interactions support platelet adhesion to the 
endothelium and JAM-C heterophilic interactions with integrins support platelet adhesion to leukocytes. Text and 
figure taken from [249]. 
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2.2.4 JAM-C and leukocyte migration 
 
The junctional localization of JAM-C in endothelial cells immediately 
suggested a potential role in leukocyte migration. The first evidence was 
provided in vitro, where JAM-C overexpression in a thymic endothelial cell 
line resulted in increased transmigration of lymphocytes across the 
endothelial monolayer [271]. In the same report, transmigration of human 
peripheral blood leukocytes through naïve HUVECs was blocked in presence 
of antibodies against JAM-C. As endothelial cells and leukocytes express 
JAM-C in the human system, it is complicated to decipher which of the two is 
responsible for the effect [271]. Also in neutrophils, the precise role of JAM-C 
in transmigration has been investigated in several studies in vitro. First, it was 
shown that transmigration, but not adhesion, of human neutrophils through 
naïve HUVECs was blocked in presence of soluble JAM-C [281]. This finding 
was reproduced in an independent experiment using the same settings [268]. 
Important to note, as mentioned in our previous section, that JAM-C not only 
binds JAM-C, but also JAM-B and Mac1. Therefore, it is difficult to conclude 
whether soluble JAM-C acts and blocks JAM-C or JAM-B on endothelial 
cells, Mac1 on human neutrophils, or it may block yet unknown JAM-C 
ligands. In reference [268], the authors also investigated the role of JAM-C 
on neutrophil migration through TNF-α-activated HUVECs, and observed no 
difference after treatment with soluble JAM-C in such conditions. To better 
mimic the shear stress naturally observed in blood vessels, investigators then 
study transmigration in vitro under physiological flow conditions. They found 
that blockade of human JAM-C with different monoclonal antibodies has no 
effect on transmigration [282]. With human monocytes however, the picture 
was different, as JAM-C blockade with soluble JAM-C or with the monoclonal 
antibody H33 increased reverse and repeated transmigration on activated 
HUVECs under flow conditions [283] (Figure 22). 
 

 
 

Figure 22.  Increased multiple transmigration events of human monocytes with anti-JAM-C H33 antibody. 
Monocytes captured from free flow became activated and firmly adhered to HUVEC luminal surfaces (step 1). 
Monocytes migrating on luminal surfaces could move into the ablumen by migrating between junctions of adjacent 
endothelial cells (transmigration; step 2), which could be followed by transmigration in the abluminal-to-luminal 
direction (reverse transmigration) back onto luminal surfaces (step 3). A further transendothelial migration event 
(repeat transmigration) led to a return to the ablumen (step 4). Text and figure adapted from [283]. 
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In vivo, however, JAM-C manipulation has always been associated with 
changes in leukocyte migration. The first evidence for a role of JAM-C in vivo 
was provided in 2004 using a mouse model of thioglycolate-induced 
peritonitis [281]. In this study, the investigators observed a decreased 
recruitment of neutrophils into the inflamed peritoneum after injection of 
soluble JAM-C [281]. Unfortunately, this study design does not tell whether 
the soluble JAM-C blocks endothelial JAM-C, endothelial JAM-B, or 
neutrophil Mac1, therefore making the interpretation of results difficult. New 
evidences came from the use of monoclonal antibodies to specifically target 
JAM-C. In 2005, Aurrand-Lions et al. used the rat anti-mouse JAM-C clone 
D33 in a model of LPS-induced lung inflammation [268]. They observed a 
temporary decrease in monocytes and granulocytes recruitment to the 
inflamed lung [268]. In the same study, the authors used a transgenic mouse 
overexpressing JAM-C under the control of the endothelial specific Tie2 
promoter. In these mice, the transmigration of granulocytes and monocytes 
was increased in lungs after LPS instillation [268]. In a mouse model of 
ischemia reperfusion injury, mice overexpressing endothelial JAM-C 
displayed enhanced leukocytes adhesion and transmigration [284]. This was 
confirmed in a mouse model of IL-1β-induced cremasteric venule 
inflammation [268]. Conversely, knock-out mice for JAM-C exhibited reduced 
adhesion and transmigration in the mouse model of ischemia reperfusion 
injury [284]. In a mouse model of contact hypersensitivity, the use of 
polyclonal antibodies against JAM-C reduced leukocytes infiltration into the 
inflamed skin [272]. Similarly, the use of antibodies against JAM-C reduced 
the infiltration of leukocytes into the inflamed pancreas [273]. Altogether, 
these results suggest that JAM-C plays a role in the adhesion of leukocytes, 
and therefore in the subsequent transmigration in vivo.  
 
One antibody generated by our lab exhibits amazing properties in vitro and 
in vivo, namely the rat anti-mouse JAM-C clone H33. This antibody 
specifically blocks JAM-B/JAM-C interactions in vitro [275]. More importantly, 
H33 redistributes JAM-C out of interendothelial junctions in vivo [137,275]. 
As mentioned previously within this section, H33 enhances reverse and 
repeated transmigration of monocytes in vitro under flow [283]. This was 
indirectly confirmed in vivo for monocytes. Indeed, based on the postulate 
that L-selectin is shed from transmigrating monocytes, Bradfield et al. 
enumerated the numbers of L-selectin negative inflammatory monocytes in 
the blood after a thioglycolate-induced peritonitis [283]. They found 
increased numbers of L-selectin- monocytes 30 minutes after inflammation, 
and reduced numbers of L-selectin- monocytes in the blood one hour after 
inflammation. This suggested that H33 increases reverse, and repeated 
transmigration of monocytes in vivo. This indirect evidence was recently 
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confirmed by a direct proof with neutrophils in the mouse model of ischemia 
reperfusion injury [137]. In this model, the percentage of reverse and 
repeated transmigration of neutrophils was augmented after treatment with 
H33 [137]. Important to note that the antibody H33 was the antibody used in 
all my experiments. One part of the discussion will therefore be dedicated to 
the difference of biological effects observed between the different JAM-C 
manipulations (knock-out, overexpression, polyclonal antibodies, monoclonal 
antibodies, antibody H33), to better dissect the exact role of JAM-C in 
leukocyte migration. 
 
 

2.2.5 JAM-C and vascular permeability 
 
Previous findings reported that JAM-C stabilizes mainly cell junctions through 
trans-heterophilic, high affinity, low turnover interactions with its main partner 
JAM-B, while homophilic JAM-C-JAM-C interactions are weaker and occur 
with rapid dynamics [275]. The function of JAM-C in regulating endothelial 
permeability has been addressed by in vivo and in vitro studies using 
different approaches. In vitro, our laboratory has first reported that CHO cells 
transfected with JAM-C exhibit an increased barrier function [253]. Shortly 
afterwards, our laboratory observed the opposite phenotype in MDCK cells 
transfected with JAM-C [254]. When HUVEC cells were stimulated with the 
permeability factors VEGF or thrombin, JAM-C redistributed rapidly into cell-
cell contacts and permeability was augmented [274,285]. Overexpression of 
JAM-C in vitro also renders endothelial cells more permeable, probably due 
to the association in cis with the integrin αvβ3 [285]. More recently, Chavakis 
and coworkers observed a reduced permeability in vitro in human dermal 
microvascular endothelial cells knockdown for JAM-C [286]. In this study, the 
authors showed that JAM-C was important for cell contractility, and that 
JAM-C knockdown increased the phosphorylation of the small GTPase Ras 
Associated Protein 1 (RAP1) that regulates VE-Cadherin function at cell-cell 
contacts. Lastly, the authors addressed the permeability question in vivo by 
using wild type mice treated with soluble recombinant JAM-C in a histamine-
mediated vascular permeability model [286]. They reported that soluble 
JAM-C reduces vascular permeability in this particular model.  Here again, it 
is worth noting that soluble JAM-C binds to JAM-C but can also engage 
strong interactions with JAM-B, or with other unknown ligands. Therefore, 
the effect of soluble JAM-C may be the sum of several interactions, making 
interpretation of these results difficult.  
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2.2.6 JAM-C and cell polarity 
 
The tight junction localization of JAM-C, and the presence of an intracellular 
PDZ binding domain suggested a role for JAM-C in cell polarity. The first 
indication came from the analysis of the JAM-C DNA sequence where a 
putative Protein Kinase C phosphorylation site was found at serine residue 
281 of the cytoplasmic tail [255]. The serine residue 281 was indeed 
phosphorylated in CHO cells transfected with murine JAM-C [260]. 
Interestingly, in the carcinoma cell line KLN205, the introduction of a 
mutation that impairs the phosphorylation of the residue 281 abolishes the 
cell polarity [287]. An additional indication for a role of JAM-C in cell polarity 
came from a study showing the direct interaction between JAM-C and the 
polarity protein PAR-3, and the indirect association with the polarity protein 
ZO-1 [260]. Finally, the generation of JAM-C knock-out animals provides a 
clear evidence for the key role of JAM-C in cell polarity. Indeed, JAM-C 
knock-out animals were strikingly infertile and fail to produce mature, 
polarized sperm cells [267]. JAM-C knockout spermatids display abnormal F-
actin distribution and defects in cytoskeletal rearrangements [267]. This was 
explained by the capacity of JAM-C to recruit PAR-6, the small GTPase 
Cdc42 (Cell division cycle 42), PKCλ (protein kinase C λ), and PATJ (PALS1-
associated Tight Junction protein) at the cell membrane [267]. This protein 
complex is well known for its function is cell polarity [267]. 
 

2.2.7 Role and function of other JAM members 
 
JAM-A (also known as JAM, JAM-1, F11R, or 106 antigen) was the first 
Junctional Adhesion Molecule identified at tight junctions of epithelial and 
endothelial cells [288,289]. However, the expression of JAM-A is not 
restricted to stromal cells, as the molecule is also found on hematopoietic 
cells such as platelets, monocytes, lymphocytes, neutrophils, macrophages, 
and dendritic cells [289,290]. On endothelial cells, JAM-A is located apically 
within the tight junctions, and is associated with the cell polarity proteins ZO-
1 and PAR3, similarly to JAM-C [258,291,292]. Stimulation of HUVECs with 
the pro-inflammatory cytokines TNFα and IFN-γ does not significantly 
change the level of cell surface JAM-A, but instead redistributes JAM-A away 
from junctions to the apical surface of the endothelial cells [293]. JAM-A has 
two ligands, namely JAM-A on the endothelial/epithelial cells, leukocytes, or 
platelets [249], and LFA-1 (αLβ2) on leukocytes [294]. On epithelial and 
endothelial cells, JAM-A engages homophilic interactions with JAM-A on the 
neighboring cells to stabilize the junction. Therefore, JAM-A acts as a 
gatekeeper that increases the tightness of endothelial and epithelial barriers 
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and decreases paracellular permeability under steady state conditions 
[290,295,296].  
 
Under inflammatory conditions however, endothelium-expressed and 
leukocyte-expressed JAM-A has been shown to participate in the 
transmigration of leukocytes to the site of inflammation. At the time of JAM-
A identification in 1998, the use of monoclonal antibodies already revealed a 
function for JAM-A in vitro and in vivo in the adhesion cascade [288]. In vitro, 
addition of anti-JAM-A antibodies reduced the transmigration of monocytes 
through endothelial cell monolayers [288]. In vivo, the same antibodies also 
reduced the recruitment of leukocytes in the air pouch model of sterile 
inflammation [288]. In both scenarios however, the study design does not 
allow to differentiate the contribution of leukocytes-expressed JAM-A as 
compared to endothelium-expressed JAM-A. In 2002, a new in vitro study 
separately treated T cells with anti-LFA-1 antibodies, and endothelial cells 
with anti-JAM-A antibodies, to better show the key role of endothelial JAM-A 
in the transmigration process as a ligand for leukocytes LFA-1 [294].  In line 
with the later study, it was clearly shown during transmigration of neutrophils 
through HUVECs that endothelium-expressed JAM-A redistributes to form a 
ring around the transmigrating neutrophils, which colocalizes with a similar 
ring-like structure of the neutrophil-expressed integrin LFA-1 [297].  
 
It is worth noting that JAM-A tends to function in a stimulus-specific manner. 
Indeed, non-specific JAM-A blockade with antibodies in vivo has an effect in 
cytokine-induced experimental meningitis while no effect in viral or bacterial-
induced meningitis [298,299]. Similarly, non-specific JAM-A blockade or the 
use of JAM-A knockout animals showed that JAM-A potentiates neutrophils 
transmigration in response to IL-1β or ischemia reperfusion injury, but not 
LTB4 (Leukotriene B4) or PAF (Platelet Activation Factor)-induced 
inflammation [300]. 
 
Even though some discrepancies exist regarding the precise contribution of 
endothelium JAM-A versus leukocyte JAM-A in the adhesion cascade [300-
302], the mechanism of action of JAM-A is partially unraveled. Indeed, 
endothelial-expressed JAM-A is believed to play a role at the initiation of 
leukocyte diapedesis [300]. Intravital microscopy in the JAM-A deficient 
vasculature revealed that neutrophils were blocked at the luminal surface in 
response to IL-1β stimulation (Figure 23). Meanwhile, the implication of 
JAM-A in the adhesion step is not clear and might be context-dependent. 
Indeed, wild type monocytes adhere less efficiently to the JAM-A deficient 
vasculature in the ApoE deficient mouse suffering from atherosclerosis, 
whereas JAM-A deficiency does not modify significantly leukocyte adhesion 
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in response to IL-1β or ischemia reperfusion injury [300]. On the other hand, 
leukocyte-expressed JAM-A mainly plays a role in leukocyte motility. For 
instance, neutrophils deficient for JAM-A display an impaired polarized 
movement and cell motility [301]. Conversely, JAM-A deficient DCs exhibit 
an increased migratory phenotype as compared to wildtype DCs [303]. In 
addition to its role in the leukocyte adhesion cascade, JAM-A has also been 
implicated in the control of vascular permeability, cell polarity, and 
angiogenesis [249]. 
 

 
Figure 23. Leukocytes from JAM-A null mice arrest at the luminal surface after IL-1β  stimulation of 
cremasteric venules. Representative longitudinal (left panels) and cross-sectional (multiple small panels on the 
right) images of venules from JAM-A-/-. The left panels show three-dimensional images of venules stained for 
endothelial cell junctions (red) and neutrophils (blue) only. The images on the right were obtained by cutting a 
cross-section (1 µm thick) of the venules on the left along the indicated dotted lines. The cross sectional images 
corresponding to each of the numbered dotted lines are presented as a panel of 3 images in a row, showing the 
staining of endothelial-cell junctions (EC; red), neutrophils (PMN; blue), and the endothelial-cell basement 
membrane (BM; green). The arrows show the location of selected neutrophils, clearly indicating arrest of neutrophils 
at endothelial-cell junctions. Scale bar equals 10 µm. Text and figured adapted from [300]. 

 
JAM-B (also known as JAM2, VE-JAM, hJAM2 and mJAM-3) was the second 
JAM member identified [304,305]. JAM-B expression is restricted to the 
junctional regions of endothelial cells [304-306]. JAM-B has been detected in 
various different tissues, including testes, heart, lymph nodes, Peyer’s 
patches, and brain [267,272,304-307]. In humans, JAM-B binds to JAM-C 
from human T cells, NK cells, or DCs [307], while JAM-B/JAM-B homophilic 
interactions also occur but are less stable than JAM-B/JAM-C interactions 
[275]. T cells-expressed VLA-4 (α4β1) is a ligand for human JAM-B, but JAM-C 
binding to JAM-B is a prerequisite for JAM-B to interact with VLA-4 [308]. 
JAM-B being a close homolog of JAM-A and JAM-C, experts in the field 
hypothesized a potential function of JAM-B in leukocyte trafficking. Yet, its 
role in the adhesion cascade remains elusive. One single study highlighted 
the contribution of JAM-B in the recruitment of leukocytes in a mouse model 
of contact dermatitis [272]. Important to note here again, that all the 
experiments mentioned earlier using soluble JAM-C to theoretically block 
JAM-C, might block JAM-B as well, as JAM-B/JAM-C interactions are 
stronger than JAM-C/JAM-C interactions [275]. Therefore, it is not excluded 
that the role of JAM-B in leukocyte trafficking and vascular permeability was 
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partially unravelled in such non-specific experiments. Lastly, JAM-B has also 
been recently implicated in melanoma cell metastasis [309]. 
 
To date, ESAM is the non-classical JAM member that plays the most 
prominent role in the leukocyte adhesion cascade, after the classical JAM-A 
and JAM-C molecules. ESAM is exclusively expressed by platelets and 
endothelial cells [310,311]. On endothelial cells, ESAM is located apically 
within tight junctions and colocalizes with ZO-1 [311]. ESAM also directly 
binds and recruits the MAGI-1 molecule (Membrane-Associated Guanylate 
kinase protein 1), which mediates intracellular signaling events [312]. No 
leukocyte ligand has been identified for ESAM to date, while homophilic 
ESAM/ESAM interactions on adjacent endothelial cells were described 
[310,311]. The use of ESAM knockout mice in different inflammatory models 
clearly demonstrated a role for ESAM in the control of vascular permeability 
and neutrophil extravasation [313]. Indeed, ESAM deficiency results in 
reduced permeability in vivo in the peritoneum after thioglycolate-induced 
inflammation, and in the skin after VEGF-induced stimulation [313]. This was 
explained by the diminution of the activated form of the Rho GTPase, a 
GTPase implicated in the tightness of junctions [313]. ESAM knockout have 
no effect on T cell migration, while the recruitment of neutrophils is only 
delayed in the inflamed peritoneum in mice deficient for ESAM [313]. 
Recently, platelet-expressed ESAM was associated with thrombus formation 
in vivo [314]. 
 
CAR was first identified as a receptor for Coxsackieviruses [315,316], and 
later for Adenoviruses [315,316]. For this reason, the receptor was named the 
Coxsackievirus Adenovirus Receptor (CAR). The crystal structure of CAR has 
also been resolved, and showed homodimers formation similar to JAM-A 
[317,318]. The localization of CAR within tight junctions of epithelial cells was 
elucidated in 2001 [319], that is sixteen years after its original identification. 
CAR is able to recruit ZO-1 at tight junctions and function as a physical 
barrier to strengthen the epithelial integrity [319]. However, Coxsackieviruses 
and Adenoviruses use CAR as a receptor to infect epithelial cells and break 
CAR/CAR interactions to breach the epithelial barrier [320]. Yet, the role of 
CAR in the leukocyte adhesion cascade remains poor. The unique report that 
described a role for epithelial CAR in leukocyte migration described the 
interaction between neutrophil JAM-L and epithelial CAR. Indeed, JAM-L is 
the only JAM member found exclusively on hematopoietic cells and not on 
non-hematopoeitic cells. JAM-L is mainly expressed by granulocytes, but is 
also induced by myeloid leukemia cells [321]. In vitro, neutrophils use JAM-L 
to bind CAR, and the addition of fusion proteins or antibodies against these 
molecules reduces migration of neutrophils through transwells [322]. 
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Finally, the seventh and last JAM member is JAM-4, expressed in epithelial 
tight junctions, mainly from the kidney and the intestine [323]. As such, JAM-
4 might regulate the permeability of glomeruli and the intestine epithelial 
barrier, while its function in the adhesion cascade has not yet been 
established. 
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2.3.  The Leishmania major model of cutaneous 
leishmaniasis 

 

2.3.1 Leishmaniasis, an overview 
 
Leishmaniasis is the name for a spectrum of diseases caused by the parasite 
of the genus Leishmania. The disease was already described on tablets from 
the 7th century before Christ, which are believed to derive from earlier texts 
[324]. The first to observe the pathogen was David Cunningham in 1885, but 
he did not known what it was at this time. In 1903, the Scottish pathologist 
William Leishman, and the Irish officer Charles Donovan, isolated 
independently the parasite from the spleen of patients with visceral 
leishmaniasis. For this reason, the genus was called Leishmania, the species 
observed Leishmania donovani, and the resulting disease Leishmaniasis 
[324]. Leishmania species are obligate intracellular protozoan parasites. As 
such, they need cells to replicate and survive, and a vector to propagate 
between hosts. The vector is a female blood-sucking sand fly of the genus 
phlebotomus or lutzomya (Figure 24). The host cells are professional 
phagocytic cells such as macrophages coming from a wide range of animals, 
including humans, dogs, and rodents.  
 

 
Figure 24. Blood-fed Lutzomyia longipalpis sandfly. (2009) PLoS Pathogens Issue Image | Vol. 5(8) August 2009. 
PLoS Pathog 5(8): ev05.i08. doi:10.1371/image.ppat.v05.i08 

 
Leishmania parasites exhibit two different lifecycle stages, the vector stage 
on one hand, and the host stage on the other hand. The cycle of Leishmania 
starts when the sand fly bites its target to suck fresh blood. Within the sand 
fly vector, the parasite adopts an elongated flagellated form, namely the 
promastigote (literally “with a flagellum”). The presence of the flagellum 
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allows the parasite to move from the midgut of the sand fly to its proboscis 
for efficient skin inoculation upon sand fly bites. The sand fly inoculates 
between 100-1000 metacyclic promastigotes [325], which are phagocytosed 
by macrophages, and will reside within phagolysosomes. In these organelles, 
promastigotes loose their flagellum and transform into a round-shape form, 
namely the amastigote (literally “without flagellum”). Amastigotes have the 
ability to efficiently replicate until the host cell dyes and spreads amastigotes 
in the extracellular space. Free amastigotes then infects additional 
phagocytic cells afterwards. Alternatively, apoptotic infected cells can be 
cleared by professional phagocytic cells, leading to efficient parasite 
spreading into new host cells. Important to note that macrophages constitute 
the main host cells at later time points post infection. Once a new female 
sand fly bites the infected skin for a blood meal, it sucks free amastigotes or 
infected host cells. Within the midgut, amastigotes switch back into infective 
stage promastigotes, which completes the cycle of the parasite [325] (Figure 
25). 
 

 
Figure 25. The life cycle of Leishmania parasites. Figure taken from [326]. 

 
The genus Leishmania comprises more than 20 species that cause three 
forms of leishmaniasis, depending on the specie inoculated, and the genetic 
susceptibility of the host [327,328].  
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Cutaneous leishmaniasis (CL) is at the same time the most common, and the 
least severe form of the disease. The clinical symptoms are ulcerative skin 
lesions that heal with time. In the New World, the disease is caused by
several species such as Leishmania mexicana, amazonensis, pifanol, infantum, 
or braziliensis. Conversely, Leishmania major, tropica or aethiopica are the 
main species causing CL in the Old World [326,328] (Figure 26). 

Mucocutaneous leishmaniasis (MCL) is the most destructive form of the 
disease. Indeed, the parasites disseminate to mucosal regions such as the 
mouth, nose, and throat, and lead to extensive disfiguring. Therefore, MCL is 
a major cause of social exclusion. Leishmania braziliensis and panamensis are
the main species responsible for MCL [326,328] (Figure 26). 

Visceral leishmaniasis (VL) is the most severe form of the disease and results 
to death if left untreated. In this case, the parasite disseminates to visceral 
organs such as spleen, but more importantly to the liver. The symptoms are 
fever, weight loss, splenomegaly, hepatomegaly, and anemia. VL species 
include Leishmania donovani, Leishmania infantum in the Old World, and 
Leishmania infantum chagasi in the New World [326,328] (Figure 26). 

Figure 26. The clinical syndromes of leishmaniasis.  (Source : left picture, http://drugline.org/medic/term/visceral-
leishmaniasis; right picture, Wikipedia) 

Leishmaniasis is found on five continents, and approximately 98 countries, 
the majority of which are developing countries (Figure 27 and 28). Indeed, 
leishmaniasis is a poor-related disease, which associates with malnutrition, 
poor housing, week immune system, lack of resources, and also with 
population displacement. It mainly concerns tropical and subtropical regions 
of the world that are appropriate for the sand fly vector and the parasite 
development itself.  Currently, 310 millions people are at risk, more than 12 
million people are affected, and 1.3 millions new cases occur worldwide 
every year. Among these 1.3 millions cases, 1 million are cutaneous (or 
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mucocutaneous) and 300.000 are visceral. About 20.000 to 40.000 people 
dye from visceral leishmaniasis annually [329].  
 

 
Figure 27. Status of endemicity of cutaneous leishmaniasis in 2012. (Source : WHO) 

 
 

 
Figure 28. Status of endemicity of visceral leishmaniasis in 2012. (Source : WHO) 
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Treatments exist, but are not affordable for most of the population 
concerned. The use of therapeutic drugs (e.g. pentavalent antimonials) was 
the first treatment of choice [328]. Unfortunately, this does not always work, 
while it is often associated with strong side effects [328]. Alternatively, 
prevention is a good method to protect the population against leishmanial 
infections, but here again, the population concerned often lack resources to 
protect themselves efficiently. Finally, the development of a good vaccine 
appears as the best solution to protect people from infections [330]. Live 
vaccination with virulent parasites, also known as leishmanization, efficiently 
protected humans against cutaneous leishmaniasis. However, this was 
abandoned because of safety concerns, as it could result in 
immunosuppression or non-healing lesions [331]. Consequently, autoclaved-
killed parasites were used in clinical trials as a replacement method against 
cutaneous leishmaniasis and visceral leishmaniasis. Unfortunately, the 
potency of the autoclaved parasites decreased with time [331]. Various 
attenuated parasites were also tested in animal models. Even though 
attenuated parasites could confer protection in mice and hamsters, the 
possibility that these parasites regain virulence is an important issue for 
human use [331]. Alternative approaches, including immunization with 
surface antigens, were tested in mouse models and canine visceral 
leishmaniasis. For instance, a formulation of the fucose mannose ligand 
expressed by the parasite has been licensed for use as a veterinary vaccine 
against canine visceral leishmaniasis. However, the production of these 
vaccines according to clinical manufacturing standards is a major hindrance 
for human applications [331]. Recombinant proteins have also been tested 
with success in preclinical models. One of these candidates, Leish-111F/MPL-
SE, is currently being tested in human clinical trials. Nonetheless, the 
production and purification of recombinant protein is expensive [331]. 
However, DNA vaccines are currently being generated and these are much 
cheaper alternatives [331]. In conclusion, the road towards an ideal vaccine is 
yet tortuous, and still requires a better understanding of the biology of the 
different Leishmania species [330,331]. 
 
 

2.3.2 Immunobiology of L. major infection: resistance versus 
susceptibility ? 

 
The fact that rodents are natural hosts for Leishmania species provides a 
unique biological model to better understand the biology of the different 
forms of leishmaniasis. In particular, studies with the Leishmania major mouse 
model of cutaneous leishmaniasis revealed to the scientific community the 



 55 

fondamental role of the host genetic background in the resistance or 
susceptibility to infection [332].  
 
Back in the early seventies, infectious studies with Leishmania major showed 
that some mouse strains, such as C57BL/6, were able to control the infection 
without parasite spreading to other organs than skin and draining lymph 
nodes. Such strains naturally heal, and are resistant to secondary challenge 
[333]. Conversely, some other strains, such as BALB/c, can not control the 
infection. In that case, the parasites multiplicate and ultimately spread to 
visceral organs, mimicking some of the symptoms of visceral leishmaniasis. 
This inexorably leads to death [333]. At the beginning of the eighties, new 
studies identified the key role of T cell populations to confer immunity or 
susceptibility to infection [334,335]. In 1989, resistance was linked to the 
production of IFN-γ (interferon gamma) by effector T cells, while susceptibility 
was associated with the production of IL-4 (interleukin 4) [336]. This was the 
first evidence that resistance and susceptibility were associated with T helper 
1 and T helper 2 responses, respectively.  
 
The mechanisms controlling the Th1/Th2 responses were extensively 
investigated. Surprisingly, both resistant and susceptible strains mount an IL-
4 (i.e. Th2) response and fail to mount an IL-12 (i.e. Th1) response at very 
early time points [325]. However, resistant animals then start to produce IL-12 
that redirects the Th2 response to a Th1 response. Therefore, resistant 
animals ultimately exhibit an IL-12-driven, IFN-γ-dominated Th1 response. 
The secretion of IFN-γ by Th1 cells activates infected macrophages, and 
leads to efficient killing of the parasites [326,337]. It is worth noting that both 
IL-12 and IFN-γ deficient mice default to the Th2 pathway, and display a 
phenotype similar to susceptible mice [338-340].  
 
Conversely, BALB/c mice mount a non-protecting T helper 2 response 
characterized by production of anti-inflammatory cytokines [325,341]. 
Contrary to what was primarily thought, IL-4 is neither sufficient, nor always 
necessary for susceptibility [325]. Indeed, studies with knockout animals also 
highlight the key roles of IL-13, IL-10, and TGF-β as additional key factors 
controlling susceptibility [325].  
 
The genetic basis of resistance versus susceptibility has also been 
investigated. Resistance has been genetically mapped to 6 chromosomal 
loci. Moreover, a multitude of combinations of these loci are capable to 
confer resistance [342]. Interestingly, when susceptible BALB/c are crossed 
with resistant C57BL/6 mice, the F1 generation developed a Th2 phenotype 
after intradermal infection in the dorsal skin, while a Th1 response after 
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subcutaneous footpad injections [343]. This clearly illustrates the complexity 
of this model. In line with the latter comment, it is important to note that 
various models of infection are currently in use, and result in some 
discrepancies depending on the vector used for injection (natural sand fly 
vector or needle inoculation), the L. major strain used (many strains exist), the 
route of injection (intradermal or subcutaneous), and the number of parasites 
inoculated (from 102 to 107). These indications have to be taken into account 
when reading the next sections. 
 
Finally, T helper 17 and regulatory T cells have also been implicated in 
immune responses to L. major infection, but will not be detailed in this 
manuscript [344,345]. 
 
 
 

2.3.3 The role of neutrophils in the mouse model of cutaneous 
leishmaniasis 

 
Neutrophils constitute as much as 40-70% of blood leukocytes found in 
mammals, therefore being the dominant leukocyte in the circulation. They 
are major players of innate immune responses following pathogen invasion of 
our body. Indeed, in response to many infectious diseases, neutrophils are 
massively recruited to the site of infection where they display a wide range of 
functions, from killing to orchestrating immune reactions. Indeed, their first 
role is to act as the front line killing cell. For this purpose, neutrophils display 
a wide toolbox to efficiently neutralize the pathogen, either through 
respiratory burst, or the production of nitric oxide, or even through the 
release of anti-microbial proteins [346,347]. In addition to these well-known 
anti-microbial strategies, it was recently described that neutrophils release 
extracellular traps of DNA content, the so-called NETs (Neutrophils 
Extracellular Traps), which neutralize pathogens in the extracellular space 
[348]. In addition to its killing function, neutrophils can secrete a wide set of 
cytokines and chemokines to modulate the immune response and contribute 
to the recruitment of additional leukocytes to the site of infection [349].  
 
In the Leishmania major model of cutaneous leishmaniasis, neutrophils are 
the first cells to be recruited to the site of infections in both susceptible and 
resistant animals [350]. If neutrophils are massively recruited early after 
infection in both genetic backgrounds, at later time points however, the 
numbers of neutrophils decrease in C57BL/6 mice, contrary to BALB/c mice 
[351,352]. Regarding the strong chemotactic behaviour of neutrophils in the 
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direction of the parasite inoculum once they exit skin venules (Figure 29), it is 
likely that strong chemotactic gradients govern the massive recruitment of 
neutrophils to the site of infection. However, the exact contribution of the 
chemotactic cues that control this recruitment is still elusive [353]. It was 
reported that CXCL1 mRNA (also known as KC) is upregulated early after 
infection in C57BL/6 mice [354], but this report does not investigate the 
precise role of KC in vivo. In vitro, peritoneal macrophages from C57BL/6, 
stimulated with L. major, secrete high levels of CXCL1 and CXCL2 (also 
known as MIP-2") [355], while BALB/c-derived BMDMs (Bone Marrow 
Derived Macrophages) upregulate CXCL1 mRNA upon L. major stimulation
[356]. Altogether, this only suggests a potential role for CXCL1 and CXCL2. 
In addition, a role for the chemotactic complement fragment C3 was also 
described in vivo [357]. Finally, a yet unidentified Leishmania chemotactic 
factor (LCF) secreted by L. major itself attracts human neutrophils in vitro
[354,358]. 

          
Figure 29.  Rapid chemotactic attraction of neutrophils after intradermal inoculation of L. major. LYS-eGFP 

animals were subjected to 2 Photon intravital microscopy 30 min p.i. with 104 L. major.-RFP. (A) Time-lapse images 

showing GFP+ (green) cells, L. major-RFP (red), and blood vessels (blue). Panel labeled “Tracks” shows the paths 
followed by cells from the vessel to site of inoculation of parasites over 60 min. (B) Magnified view from (A) showing 
neutrophil extravasation from vasculature. (C) Cell migration paths from three independent experiments (cyan, 
yellow, and purple tracks) were normalized for their origin and their position relative to the site of parasite 
deposition. Text and figure adapted from [350]. 

Once neutrophils have infiltrated the infected skin, they rapidly capture L. 
major [350]. However, Leishmania species have evolved a unique strategy to 
escape the oxidative burst in phagolysosomes of phagocytes [359,360]. As a 
consequence, infected neutrophils dye by apoptosis. Apoptotic neutrophils 
either release free parasites before being cleared [350], or can also be 
phagocytosed before parasite release by macrophages or DCs [361,362]. The 
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latter mechanism was initially thought to be a Trojan horse strategy for 
Leishmania to infect macrophages or DCs. However, a recent report 
questioned this hypothesis as the efficient capture of infected neutrophils by 
DCs has immunosuppressive effects in C57BL/6 mice contrary to what was 
originally thought [361]. Yet, the same author has previously shown that 
infected macrophages were able to kill infected parasites coming from the 
neutrophils previously phagocytosed [362].      
 
In addition to engulfment of Leishmania parasites, neutrophils also 
orchestrate the immune response by secreting cytokines. The best example 
came from a study in 2010, showing that neutrophils-derived CCL3 controls 
the recruitment of dendritic cells to the site of infection in resistant animals 
[91]. 
 
Finally, to understand the exact function of neutrophils in cutaneous 
leishmaniasis, neutrophils were depleted using different monoclonal 
antibodies. However, the site of infection, the quantity of parasites 
inoculated, the genetic background, and more importantly the lack of 
specificity of the depleting antibodies used, resulted in some discrepancies 
[350,351,361,363-365]. Therefore, these results will be detailed and 
discussed in the discussion part of this thesis. 
 

2.3.4 The role of monocytes and DCs in the mouse model of cutaneous 
leishmaniasis 

 
DCs are one of the most fascinating cell types of our immune system, as they 
constitute a bridge between innate and adaptive immunity. DCs are the most 
potent antigen presenting cells of our immune system [366]. They can either 
trigger immunity, or tolerance against the antigen they present on their 
Major Histocompatibility Complex (MHC), depending on their mature or 
immature status [366]. Indeed, DCs are particularly well suited to sense 
pathogen signatures through their pattern-recognition receptors (PRRs) such 
as Toll-like receptors (TLRs) [367]. Sensing of pathogen-associated molecular 
patterns (PAMPs) through PRRs activates DCs, which in turn upregulates 
costimulatory molecules such as CD40, CD80, CD86 at the cell surface [367]. 
Such mature DCs can present antigen to T cells and engage costimulatory 
molecules, altogether inducing immunogenic responses [366]. Alternatively, 
DCs also express of broad spectrum of cytokine receptors, and can therefore 
mature in response to inflammatory cytokines [368]. In absence of DC 
maturation, antigen presentation to T cells results in tolerance [366]. 
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Even though all the above characteristics are shared by all DCs, many subsets 
have been described since their initial discovery in 1973 by Ralph Steinman 
[369], based on their location, phenotype, and their resulting function [370]. 
Two main functional groups exists, the plasmacytoid DCs (pDCs) and the 
conventional DCs (cDCs). The former sense viruses via their TLR 7 and 9 
(Table 1, p.13), and subsequently produce high amounts of type I interferons 
upon maturation [371]. The later can be further subdivided into migratory 
DCs and lymphoid-resident DCs. Migratory DCs are mainly found within the 
skin. This includes the Langerhans cells (LCs), which populate our first skin 
layer, the epidermis. LCs display amazing dendrites to sense their local 
environment (Figure 30), and are characterized by their high cell surface level 
of the transmembrane lectin Langerin [372]. In the underlying dermis (Figure 
30), two types of dermal DCs (dDCs) are found, the Langerin+ CD103+ 
CD8α+/- cross-presenting DCs, and the Langerin- CD103- DCs [370]. In 
secondary lymphoid organs, resident DCs include the CD11b+ CD4+ DCs and 
the cross-presenting CD11b- CD8α+ DCs [370]. Finally, under inflammatory 
conditions, circulating monocytes that extravasate to the inflamed tissue can 
give rise to DCs. These are referred to as inflammatory DCs, TNFα/iNOS 
producing DCs (TIP DCs), or monocyte-derived DCs (mo-DCs) [373]. As mo-
DCs derive from monocytes, they express the myeloid marker CD11b and 
the monocyte marker Ly6c [373]. Important to note, that all DCs share the 
integrin CD11c (also known as αX) as ubiquitous DC marker [370]. All the 
above DCs subsets and phenotypes are listed in Table 3. 
 
 

 
Figure 30. Schematic representation of DC localization in relation to different compartments in the skin. 
Figure taken from [224]. 
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Table 3.  Surface markers of dendritic cell subsets in mice. Table taken from [370]. 

 
The ontogeny of DCs has been and is still a matter of intense debates. 
Initially, experts thought that DCs stem from a common DC progenitor. 
However, recent data suggest that cDCs, pDCs, and macrophages do not 
share a common progenitor contrary to what was originally thought 
[374,375]. 
 
All DCs subsets, without exception, have been shown to contribute to the 
immune response against L. major infection. However, they naturally play 
distinct immunomodulatory roles, and more importantly exhibit their APC 
function in sequential waves along the course of the disease [370] (Figure 
31).  
 

 
Figure 31. Schematic representation of infection progression in a mouse model of Leishmania major infection. 
Infection progression and healing in C57Bl/6 wild type mice is shown over time by a thin black line. A thick black 
line represents infection progression without healing, as observed in batf3-/- mice. Langerhans cells, dermal 
dendritic cells (dDCs), and mo-DCs form the first wave of antigen presentation following L. major infection. The 
second wave of antigen presentation involves mostly CD11b+, and CD8+ cDCs. The third wave of antigen 
presentation involves mo-DCs and CD8+ cDCs [45]. Background shading indicates the progression of infection. Text 
and figure are adapted from [370]. 
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As early as 24h post infection, Langerhans cells, dermal DCs, and mo-DCs 
form the first wave of antigen presentation. Langherhans cells efficiently 
process and present Leishmania antigen and initiate a specific T cell response 
in draining lymph nodes [376]. Moreover, expression of the IL4 receptor was 
increased on infected LCs of susceptible mice, but not of resistant animals 
[377]. More recently, a study using high parasite doses (106) stated for a 
dispensable role for LCs in antigen presentation in vivo [378], while injection 
of 103 parasites revealed LCs as negative regulators of anti-Leishmania 
responses [379]. Dermal DCs can sense and incorporate parasites early after 
infection in the skin in vivo [224]. Moreover, dDCs were shown to transport 
Leishmania antigen to the lymph nodes as early as 16 hours post infection 
[380]. One study that focused on cross-presenting dermal DCs (Langerin+ 
CD103+) demonstrated their role in the early priming of CD8 T cells. 
However, this role was dispensable for the long-term protection observed in 
resistant mice [381]. The CD8α- lymph node resident DCs also mediate 
antigen presentation to T cells 24 hours post infection [382]. In that case, 
resident-DCs acquire soluble Leishmania antigens likely through passive 
draining of antigens via afferent lymphatics [382]. Within 3 days post 
infection, mo-DCs are also found in increased numbers in the lymph nodes, 
while their prominent role in antigen presentation is well established at later 
time points post infection [223].  
 
At one week post infection, the number of mo-DCs significantly decreases, 
meanwhile CD11b+ CD4+ lymph node resident DCs represent the second 
wave of antigen presentation to T cells at this later time point [380]. 
However, CD11b+ CD4+ resident DCs produce less IL-12 than CD11b- CD8α+ 
DCs upon activation [383], while the latter are less permissive to infection 
with L. major in vitro [384]. 
 
Finally, a third wave of antigen presentation occurs from 2 to 4 weeks post 
infection [370]. The dominant DCs subset at that time point is constituted by 
mo-DCs that have migrated from the infected site to the draining lymph 
node. These mo-DCs are the most potent leishmania-derived antigen 
presenting cells at this time point [223]. In line with these results, an 
additional study showed that TIP DCs (phenotypically similar to mo-DCs) are 
the major infected cells during this chronic phase of the disease [385]. The 
fundamental role of monocytes and mo-DCs has been further highlighted 
with the use of the CCR2 knock-out mouse with C57BL/6 background. In 
these mice, the recruitment of mo-DC to the lymph nodes is severely 
reduced, diminishing the Th1 cells [385], and resulting in a non-healing 
phenotype similar to that observed in susceptible mice [386]. In addition to 
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mo-DCs, the role of the skin-derived and lymph node-resident cross-
presenting DCs was recently unraveled using Batf3 (a transcription factor 
active in CD8α+ cDCs and CD103+ dDCs) knock-out animals [387]. Indeed, 
these animals exhibit an intermediate susceptibility phenotype [387]. 
However, resident CD8α+ cross presenting DCs being more potent antigen 
presenting cells at 3 weeks post infection than their skin-derived CD103+ 
counterparts, it is likely that the phenotype observed in Batf3 null mice is due 
to the absence of CD8α+ DCs rather than CD103+ dDCs [387]. 
 

2.3.5 Role of adhesion molecules in cutaneous leishmaniasis 
 
The role of vascular adhesion molecules in the recruitment of leukocytes and 
the subsequent immune response to L. major infection was not investigated 
in much detail to date. The two reports that raised this question focused on 
the role of selectins [388,389]. The latest study used antibodies against all 
the selectins and some of their ligands to show that the recruitment of 
monocytes to the site of infection and to the draining lymph node was 
reduced upon antibody blockade. However, the authors did not investigate 
the consequences on the immune responses [389]. This was however done in 
the former study, which used simple P- or E-selectin knock out or double P- 
and E-selectin knock out mice, to assess the immunity of resistant animals 
lacking either one or both of these selectins on endothelial cells. Surprisingly, 
the lack of endothelial selectins had no significant effect on the clinical 
outcomes of the disease, showing that they were not required for protective 
immunity to infection [388] 
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3.  Aim of the thesis 
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This thesis has two main objectives. On one hand, it aims to unravel the role 
of JAM-C in leukocyte trafficking in the context of an infectious disease, 
which has never been done before. For this purpose, we have decided to 
focus on the fascinating L. major model of cutaneous leishmaniasis. In this 
model, innate leukocytes are massively recruited in a chemotactic manner to 
the site of infection, therefore being the perfect model to elucidate the effect 
of JAM-C blockade on innate immune cells recruitment to the site of 
infection. Moreover, the migration of many DCs subsets from the infected 
site to the draining lymph nodes is reported to be fundamental in this model 
too. Many robust and easy-to-perform readouts exist to study both migration 
processes (from blood to tissue, and from tissue to lymph nodes). This makes 
this model ideally suited for our investigation. 
 
On the other hand, the objective was also to explore the indirect 
consequences of JAM-C blockade on the immune responses. For this second 
purpose, the L. major model of cutaneous leishmaniasis was also well suited 
regarding the complex Th1/Th2 balance depending on the genetic 
background. As the recruitment of innate leukocytes differs from susceptible 
and resistant animals, the idea was to study whether JAM-C blockade would 
have an effect in both backgrounds, and allowing to observe the 
consequences on the type of the T cell response, and more importantly on 
the progression of the disease. 
 
The combination of these two objectives not only provides evidence for the 
role of JAM-C in leukocyte trafficking during infection, but also highlights the 
manipulation of adhesion molecules as an efficient strategy to modulate the 
immune responses against infection.  
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4.  Materials and methods 
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4.1.  Ethic statement 
 
All animal procedures were performed in accordance with the Institutional 
Ethical Committee of Animal Care in Geneva, Switzerland. The protocol has 
been approved by the Ethics and Federal Veterinary office regulations of the 
state of Geneva. Our laboratory has the authorization number 1005-3753.1. 

4.2.  Mice and parasites 
 
Female C57BL/6J and BALB/c mice were purchased from Charles River 
(Lyon, France). Mice were bred in the P2 animal facility at the CMU, and used 
between 6-8 weeks of age. Leishmania major LV39 (MRHO/Sv/59/P Strain) 
were used. In all experiments, C57BL/6 mice were infected in the ear dermis 
with 2x106 stationary phase L. major promastigotes in a volume of 10µL. The 
disease outcome in BALB/c was followed after infection with 2x106 and 1x104 
stationary phase L. major promastigotes in a volume of 10µL. 

4.3.  Flow cytometry analysis of ear endothelial cells 
 
The ventral and dorsal sheets of mouse ears were split with forceps, and 
digested with 3mg/mL collagenase type IV (Invitrogen) and 1mg/mL DNAse 
type I (Sigma Aldrich) for 45 minutes at 37°C, filtered through a 70µm gauge 
strainer (Becton Dickinson), and the cells labelled for FACS analysis. Fc 
receptors were blocked with the monoclonal antibody (mAb) 2.4G2 (Becton 
Dickinson). Cells were stained with the following reagents: Alexa Fluor 488-
conjugated anti-mouse podoplanin (clone 8.1.1), PE-conjugated anti-mouse 
CD31 (clone 390), PE-Cy7-conjugated anti-mouse CD45 (clone 30-F11), all 
from affimetrix eBioscience. JAM-C was labelled with an affinity purified 
polyclonal anti-mouse JAM-C antibody raised in rabbit [274], while affinity 
purified rabbit IgG (Sigma) was used as a control. The secondary antibody 
used was an Alexa Fluor 647-conjugated anti-rabbit antibody (Jackson 
ImmunoResearch). Cells were analyzed with a Gallios FACS machine 
(Beckman Coulter) and the data were processed with Kaluza software 
(Beckman Coulters).  

4.4.  Leukocyte emigration for ear skin explants and 
FACS analysis 

 
Mice were injected i.p. with the rat IgG2a anti-mouse JAM-C H33 or the rat 
IgG2a isotype control 2A3 (BioXCell), 200µg/mice, 2 hours before inoculation 
of L. major in the ear dermis. Twenty-four hours post infection, mice were 
sacrificed and ears explanted. The ventral and dorsal sheets of the ears were 
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separated with forceps, and transferred overnight in twelve well plates filled 
with RPMI-1640 medium supplemented with 10% fetal calf serum and 
antibiotics at 37°C. Over this period of time, the leukocytes that have been 
recruited to the infected ears spontaneously emigrated from the explants. 
Emigrated cells were then counted with a hemocytometer, and stained for 
FACS analysis. Fc receptors were blocked with the mAb 2.4G2. Cells were 
stained with the following reagents: Alexa Fluor 488-conjugated anti-mouse 
Ly6C (clone HK1.4, Biolegend), PercP-Cy5.5-conjugated anti-mouse Ly6G 
(clone 1A8, Biolegend), PE-Cy7-conjugated anti-mouse CD11b (clone M1/70, 
Biolegend), APC-Cy7-conjugated anti-mouse CD11c (clone N418, 
Biolegend), and efluor 450-conjugated anti-mouse IA/IE (clone M5/114.15.2, 
eBiosciences). Cells were analyzed with a Gallios FACS machine (Beckman 
Coulter) and data processed with Kaluza software (Beckman Coulters). The 
number of cells per population was calculated by multiplying the total 
number of emigrating cells with the percentage of cells of interest. 

4.5.  Flow cytometry analysis of leukocyte 
populations in steady state  

 
Mice were injected i.p. with the mAb H33 or the control mAb 2A3 
(200µg/mice). Mice were then sacrificed 24 hours after treatment to collect 
ears, blood and femurs. Ears were processed as described above. Femurs 
were flushed to extract bone marrow cells. Red blood cells from blood and 
bone marrow samples were lysed with Ammonium-Chloride-Potassium (ACK) 
lysis buffer. A fraction of each sample was used for FACS staining using BD 
Trucount tubes according to the manufacturer’s instructions. Fc receptors 
were blocked with the mAb 2.4G2. Bone marrow cells were stained with the 
following reagents: Alexa Fluor 488-conjugated anti-mouse Ly6C (clone 
HK1.4, Biolegend), PE-conjugated anti-mouse CD115 (clone AFS98, 
eBiosciences), PercP-Cy5.5-conjugated anti-mouse Ly6G (clone 1A8, 
Biolegend), PE-Cy7-conjugated anti-mouse F4/80 (clone BM8, Biolegend), 
APC-conjugated anti-mouse CD11c (clone HL3, BD), APC-Cy7-conjugated 
anti-mouse TCRβ (clone H57-597, Biolegend), efluor 450-conjugated anti-
mouse CD11b (clone M1/70, eBiosciences), Brilliant Violet 785-conjugated 
anti-mouse CD8α (clone 53-6.7, Biolegend). Blood cells were stained with the 
following reagents: Alexa Fluor 488-conjugated anti-mouse Ly6C (clone 
HK1.4, Biolegend), PE-conjugated anti-mouse CD115 (clone AFS98), PercP-
Cy5.5-conjugated anti-mouse Ly6G (clone 1A8, Biolegend), PE-Cy7-
conjugated anti-mouse CD4 (clone RM4-5, Biolegend), APC-conjugated anti-
mouse NK1.1 (clone PK136, Biolegend), APC-Cy7-conjugated anti-mouse 
CD19 (clone 6D5, Biolegend), efluor 450-conjugated anti-mouse CD11b 
(clone M1/70, eBiosciences), Brilliant Violet 785-conjugated anti-mouse CD8α 
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(clone 53-6.7, Biolegend). Cells were analyzed with a Gallios FACS machine 
(Beckman Coulter) and the data were processed with Kaluza software 
(Beckman Coulter). The number of cells per population was calculated by 
multiplying the total number of cells with the percentage of cells of interest. 
The total number of cells was calculated using the number of Trucount beads 
analyzed by the flow cytometer. 

4.6.  FITC painting experiments 
 
Mice were injected i.p. with the mAb H33 or the control mAb 2A3 
(200µg/mice) 2 hours before FITC painting of mice ears. FITC (Sigma) was 
used at 5mg/mL and dissolved in aceton: dibutyl phthalate (1:1, v:v). Twenty 
microliters were applied to each side of the ear. Eighteen hours after 
painting, the ear draining lymph node was harvested and digested with 
3mg/mL collagenase type IV (Invitrogen) and 1mg/mL DNAse type I (Sigma) 
for 45’ at 37°C, and filtered through a 70µm gauge strainer (Becton 
Dickinson). The cells were counted with a hemocytometer, and labelled for 
FACS analysis. Fc receptors were blocked with the mAb 2.4G2. Cells were 
stained with the following reagents: APC-Cy7-conjugated anti-mouse CD11c, 
and efluor 450-conjugated anti-mouse IA/IE. Cells were analyzed with a 
Gallios FACS machine (Beckman Coulters) and data processed with Kaluza 
software (Beckman Coulters). The number of FITC+ migratory DCs was 
calculated by multiplicating the total number of lymph node cells with the 
percentage of IA/IEhigh CD11c+ FITC+ DCs. 

4.7.  Immunofluorescence microscopy 
 
Mice were injected i.p. with the mAb H33 or the control mAb 2A3 
(200µg/mice). Twenty-four hours after injection, ears were embedded in 
Tissue-Tek OCK compound, frozen at -80ºC, then cut (5µm) with a cryostat. 
Fresh ear sections were fixed in cold acetone for 5 minutes, rehydrated in 
PBS for 10 minutes, and blocked with 10% normal donkey serum. CD31 was 
detected with an Alexa Fluor 647-conjugated rat anti mouse CD31 (clone 
GC51, home made), while JAM-C was detected with a polyclonal anti-mouse 
JAM-C antibody raised in rabbit [274] followed by an Alexa Fluor 488-
conjugated donkey anti-rabbit antibody (Jackson ImmunoResearch). I used 
rabbit IgG as control for JAM-C staining. Cell nucleus was stained with DAPI 
and slides were mounted with mowiol mounting medium. Labelled ear 
sections were visualized with a Nikon A1R confocal microscope and the NIS 
Elements AR software. All images were acquired with a 100x objective. The 
maximal intensity projection image of the z-stack is shown. The images were 
analyzed with Image J. The distribution profile of JAM-C was ploted along 
the minor axis of the cells.  
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4.8.  Vascular permeability assay 
 
Mice were treated i.p. with the mAb H33 or the control mAb 2A3 
(200µg/mice) 2 hours before 100µL of Evans blue (12mg/mL) was injected i.v. 
and L. major inoculated i.d. in the ear. Five hours after infection, mice were 
killed, and the permeability of Evans blue in the ear documented by picturing 
each ear. Ears were then cut, weighted, split into dorsal and ventral sheets, 
and finally transferred into formamide for 2 days at room temperature to 
extract the Evans blue dye. The absorbance of the samples was measured at 
620 nm (Ledetect 96, Labexim) and normalized to the weight of tissue.  
 

4.9.  CCL3 level in ear following L. major infection 
 
Mice were injected i.p. with H33 or the control mAb 2A3 (200µg/mice) 2 
hours before L. major inoculation in the ear dermis. Eight or 24 hours after 
infection, ears were homogenized on ice in a protease inhibitor cocktail 
(Sigma Aldrich, P8340) using a polytron as tissue homogenizer. The 
expression of the chemokine CCL3 were measured in tissue homogenates 
with the BD CBA mouse Flex Set kit according to the manufacturer 
instructions. Beads were analyzed on a Cyan (Beckman Coulters) flow 
cytometer and data processed with the FCAP array software (Becton 
Dickinson).  

4.10.  T cell response in the draining lymph node 
and cytokine detection 

 
The ear draining lymph nodes were digested with 3mg/mL collagenase type 
IV (Invitrogen) and 1mg/mL DNAse type I (Sigma) for 45’ at 37°C, and filtered 
through a 70µm gauge strainer (Becton Dickinson). The cells were counted 
with a hemacytometer and labelled for FACS analysis. Fc receptors were 
blocked with the mAb 2.4G2. Cells were stained for cell surface antigens with 
the following reagents: FITC-conjugated anti-mouse TCRβ (clone H57-597, 
eBioscience), Brilliant Violet 421-conjugated anti-mouse CD8α (clone 53-6.7, 
Biolegend), Brilliant Violet 785-conjugated anti-mouse CD4 (clone RM4-5, 
Biolegend). Cells were analyzed with a Gallios FACS machine (Beckman 
Coulters) and the data were processed with Kaluza software (Beckman 
Coulters). The number of cells per population was calculated by multiplying 
the total number of lymph nodes cells with the percentage of cells of 
interest. For T cell restimulation, draining lymph nodes cells were incubated 
at 37ºC under 5% CO2 for 72 hours in the presence of UV-irradiated L. major 
(ratio 5:1, cell:parasite). Supernatant were collected and the levels of IL-4 and 
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IFN-γ were measured by ELISA (eBioscience) or CBA (Becton Dickinson) 
according to the manufacturer instructions.  

4.11.  Lesion area measurement and parasite load 
 
Mice were injected i.p. with the mAb H33 or the control mAb 2A3 
(200µg/mice) 2 hours before inoculation of L. major in the ear dermis. 
Injections of mAbs (100µg/mice) were repeated twice a week for twenty-one 
days. The evolution of the lesion was documented weekly with a picture of 
each ear, as well as the picture of a 1 cm scale. The camera was fixed on a 
support for the scale to be unchanged from one picture to the other. The 
pictures were analyzed with ImageJ software. Briefly, the picture of the 1 cm 
scale provides the number of pixels per 1 cm unit. Each lesion was then 
defined manually with the software, and the precise lesion area calculated 
using the number of pixels in the selected area. For parasite burden, the 
infected ears were explanted, weighted, and separated into two halves. Ear 
leaflets were enzymatically digested before tissue dissociation with a 
gentleMACS Octo Dissociator (Miltenyi Biotech). Ears homogenates, lymph 
nodes or spleens cells were serially diluted, and the parasite load estimated 
by limiting dilution assay as described [390].  
 

4.12.  Statistical analysis 
 
Data were analyzed with the GraphPad Prism statistics software. I used the 
Student’s t-test for unpaired data for all experiments. 
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5.  Results 
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5.1.  The antibody H33 mimics JAM-C downregulation 
after L. major inoculation, and locally increases 
vascular permeability after infection. 

 
Blood endothelial cells (BECs) and lymphatic endothelial cells (LECs) from the 
skin of mouse ears were analyzed by flow cytometry. In the steady state, 
BECs (CD45- CD31+ gp38-) and LECs (CD45- CD31+ gp38+) were JAM-C 
positive as previously described for other organs [284] (Figure 1A, p.83). 
Conversely, leukocytes recruited to the infected ear following L. major 
inoculation were all JAM-C negative (Figure S1, p.90). I observed a 
statistically significant decrease of JAM-C expression in BECs and LECs 24 
hours after L. major infection (Figure 1A and B, p.83). This was not the 
consequence of tissue injury caused by the needle, as saline injection did not 
downregulate JAM-C (Figure S2, p.91). Interestingly, previous studies 
observed a peak of leukocytes migrating to the site of infection at the same 
time period [91,361]. Therefore, I postulated that JAM-C downregulation 
after infection could enhance vascular permeability and therefore promote 
inflammation and cell migration.  
To study the effect of H33 on vascular permeability, I used a modified Miles 
assay in which mice were injected i.v. with Evan’s blue [391]. Evan’s blue is a 
small molecule that binds strongly to albumin. Consequently, this assay 
indirectly assesses the exudation of plasma into the tissue accounting for 
vascular permeability. Mice were treated with H33 or the isotype control 
antibody before injection of Evan’s blue and L. major inoculation. Strikingly, 
treatment with H33 significantly increased the amount of Evan’s blue that 
leaked into the inflamed tissue as compared to control. However, I did not 
observe any change in vascular permeability under steady state conditions 
(Figure 1C, p.83). 
To understand the mechanism leading to the increased vascular 
permeability, I investigated by immunofluorescence in our system whether 
H33 redistributes JAM-C out of ear endothelial cell junctions as previously 
proposed for other organs [275]. In control mice, JAM-C was strongly 
expressed at the cell border of CD31 positive endothelial cells (Figure 1D, 
top panel, p.83), resulting in a U-shaped pattern of distribution of the 
molecule (Figure 1E, top panel, p.83). In H33-treated animals however, JAM-
C was removed from endothelial cell junctions (Figure 1D, bottom panel, 
p.83), as confirmed by the smoothed pattern of distribution of JAM-C (Figure 
1E, bottom panel, p.83). Control staining for JAM-C is provided in Figure S3 
(p.92). 
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Altogether, we concluded that the blockade of JAM-C with H33 redistributes 
JAM-C out of junctions, and increases vascular permeability after L. major 
infection. 
 
 

5.2.  Blocking JAM-C increases the number of 
circulating cells recruited in response to L. major 
infection 

 
To study whether the effect of H33 on vascular permeability potentiates 
leukocyte recruitment after L. major infection, I used wild type C57BL/6 mice 
treated with H33, and analyzed by FACS the number of emigrating 
leukocytes 24 hours after infection (Figure 2A, p.85). I observed a significant 
increase in the numbers of neutrophils, inflammatory monocytes, and mo-
DCs in H33-treated animals as compared to control animals (Figure 2B-D, 
p.85). Meanwhile, the number of non-migrating dermal macrophages (dermal 
mϕ) was not modified (Figure 2E, p.85). Finally, the number of emigrating 
dermal DCs, a cell type that efficiently migrates to the draining lymph node 
once activated, was decreased in H33-treated animals (Figure 2F, p.85). In 
line with the absence of vascular permeability observed in the steady state 
(Figure 1F, p.83), JAM-C blockade did not increase leukocyte emigration in 
naïve mouse ears (Figure S4, p.93). Moreover, I found no difference in the 
number of leukocytes in the bone marrow and in the blood (Figure S5, p.94). 
This suggests that H33 does neither increase haematopoiesis nor leukocyte 
emigration from the bone marrow to the blood in normal homeostasis. 
I also measured higher levels of the monocytes and mo-DCs attracting 
chemokine CCL3 in H33 treated animals early after infection (Figure 2G, 
p.85). This is in line with the increased number of neutrophils, a cell type 
known to produce CCL3 to attract mo-DCs in response to L. major [91]. 
Interestingly, the higher numbers of innate immune cells recruited with H33 
did not impact on the parasite load early after infection (Figure 2H, p.85; and 
Figure S6, p.95). Moreover, the dissemination of the parasites to the draining 
lymph node was unchanged (Figure 2I, p.85; and Figure S6, p.95). 
Overall, our data showed that JAM-C blockade with H33 increases leukocyte 
recruitment to the site of infection, and strongly suggest that H33 may 
influence DC migration to the draining lymph node. 
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5.3.  Blocking JAM-C increases the number of DCs 
migrating to the draining lymph node 

 
To investigate the effect of H33 on DC migration to the draining lymph node, 
I used the FITC painting assay. In this model, migration of dermal and 
epidermal DCs to lymph nodes is induced and peaks 18 hours after painting 
[392]. Based on MHC class II (IA) and CD11c, two populations of DCs can be 
distinguished by FACS in the lymph node:  MHC-IIhigh CD11c+ migratory DCs, 
and MHC-II+ CD11chigh lymphoid resident DCs (Figure 3A, p.86). Strikingly, I 
found higher numbers of FITC+ IAhigh CD11c+ migratory DCs in lymph nodes 
of H33-treated mice as compared to control animals (Figure 3A and B, p.86; 
and Figure S7, p.96). Therefore, H33 treatment not only increases leukocyte 
recruitment to the site of infection, but also increases the migration of DCs to 
the draining lymph node. 
 

5.4.  Blocking JAM-C improves the Th1 cell response 
and favours healing in C57BL/6 mice 

 
The increased DC migration to the draining lymph node in mice treated with 
H33 raised the question of an eventual effect on the subsequent T cell 
response and disease outcome. As previously reported, the induction of the 
T cell response starts between the second and third week after infection 
[223]. Therefore, mice were infected with L. major and treated with H33 for 3 
weeks in order to boost DC migration and T cell activation. The disease was 
followed weekly by measuring the area of the lesions, and I assessed the L. 
major specific T cell response together with the parasite burden 4 weeks and 
8 weeks post infection (p.i.). In C57BL/6 mice, I found smaller lesions in H33-
treated compared to control animals at both time points (Figure 4A, p.87). 
Moreover, the reduction of the lesion area between the groups correlated 
with the decrease of the parasite load (Figure 4B, p.87; and Figure S8, p.97). 
These results were in line with the increased numbers of CD4+ and CD8+ T 
cells observed (Figure 4C and D, p.87). More importantly, draining lymph 
nodes T cells restimulated with UV-irradiated L. major produced significantly 
higher levels of IFN-γ at 8 weeks post infection, which accounts for the 
reduced lesion size and parasite load observed (Figure 4E, p.87; and Figure 
S8, p.97). Taken together, these data suggest that H33 increases DC 
migration and therefore indirectly boosts the L. major specific IFN-γ-
dominated Th1 cell response, resulting in a reduced severity of the disease. 
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5.5.  Blocking JAM-C boosts the Th2 cell response 
and worsens the disease in BALB/c mice 

 
Contrary to the C57BL/6 background, BALB/c mice develop a Th2 response 
promoting susceptibility rather than resistance to L. major infection [325]. 
Therefore, I investigated the effect of JAM-C blockade on leukocyte 
migration and disease outcome in susceptible BALB/c animals. After 24 hours 
of infection, I found increased numbers of neutrophils, and mo-DCs recruited 
to the site of infection in H33-treated BALB/c mice as compared to isotype 
control-treated mice (Figure 5A and B, p.88). Moreover, I observed a 
decreased number of dermal DCs while unchanged numbers of dermal 
macrophages (Figure 5C and D, p.88). These results showed that H33 
influences leukocyte migration in a similar manner in BALB/c than in C57BL/6 
mice. I next wanted to assess whether this increased leukocyte migration 
could change the dominance of the Th2 response over the Th1 response 
along the course of the disease. To this end, BALB/c mice were injected with 
the same dose of L. major used with C57BL/6 mice. I did not find any change 
in the disease outcome with H33, most likely as a result of an exaggerated 
Th2 polarization with high parasite doses (Figure 5E, p.88). Therefore, we 
designed a new experiment with 200 fold less parasites inoculated. Strikingly, 
we now observed higher lesions in H33-treated animals (Figure 5F, p.88). 
This correlated with increased parasite loads in ears and draining lymph 
nodes (Figure 5G and H, p.88), while parasites were undetectable in spleens 
(Figure S9, p.98). The number of T cells was also augmented in draining 
lymph nodes (Figure 5I and J, p.88) and they secreted higher levels of IL-4 
upon restimulation with UV-irradiated L. major (Figure 5K, p.88). The 
production of IFN-γ was however unchanged (Figure 5L, p.88). Altogether, 
these results show that the increased DC migration boosts the polarized Th2 
immune response without changing the type of the T helper cell response. 
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6.  Figures 
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6.1.  Figure 1 
 

 
 
The antibody H33 mimics JAM-C downregulation after L. 
major inoculation, and locally increases vascular permeability 
after infection. (A) JAM-C levels in endothelial cells populations of mouse 
ear. Ears were enzymatically digested and stained for FACS analysis. CD45- 
CD31+ gp38- cells represent blood endothelial cells (BECs), whereas CD45- 
CD31+ gp38+ cells are lymphatic endothelial cells (LECs). For each 
population, a representative histogram overlay is shown with JAM-C in 
endothelial cells from naïve ears (black filled), JAM-C in endothelials cells 
from L. major infected ears (blank filled), and the isotype control staining 
(grey filled). (B) The median fluorescence intensity (MFI) of JAM-C in naïve 
mouse ears (white bars) versus L. major infected mouse ears (black bars) was 
measured in BECs and LECs. The Y-axis scale represents MFI normalized to 
the mean MFI of naïve ears. Data represent the mean ± SEM of ten individual 
mice pooled from two separate experiments, and were analyzed by the 
unpaired Student’s t test with ***: p<0.001. (C) Mice were treated with H33 
or control antibody 2 hours before Evans blue was injected i.v. and L. major 
inoculated i.d. in the ear dermis. Skin permeability was assessed by the 
absorbance of Evans blue extracted from the sample normalized to the 
weight of ear. Results are shown for naïve versus L. major infected animals 
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treated with H33 (black bars) or control antibody (blank bars). Representative 
ear pictures are shown. Data represent the mean ± SEM of seventeen mice 
per group pooled from two separate experiments, and were analyzed by the 
unpaired Student’s t test with ***: p<0.001. (D) Ear sections from control 
antibody-treated (top panel) or H33-treated mice (bottom panel) were 
stained for JAM-C (green) and CD31 (red). Nucleus was stained with DAPI 
(blue). Scale bars, 10 µm. Control staining for JAM-C is shown in Figure S3. 
(E) The pixel intensity across 10 representative cells of similar size taken from 
three mice per group was measured and expressed as a percentage of the 
maximal pixel intensity. Data represent the average profile plot for the 10 
cells per group analyzed.  
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6.2.  Figure 2 
 
 

 
 
Blocking JAM-C increases the number of leukocytes recruited 
to the site of L. major infection. (A) Representative dot plots of 
neutrophils (CD11b+ Ly6C+ Ly6G+); monocytes (CD11b+ Ly6C+ Ly6G- CD11c- 
IA-); mo-DCs (CD11b+ Ly6C+ Ly6G- CD11c+ IA+); dermal mϕ (CD11b+ Ly6C- 
Ly6G- CD11clow IA+); dermal DCs (CD11b+ Ly6C- Ly6G- CD11chigh IA+) in 
control versus H33-treated animals. (B-F) The number of neutrophils (B), 
monocytes (C), mo-DCs (D), dermal mϕ (E) and dermal DCs (F) was measured 
in the H33-treated (H33, black bar) versus isotype control-treated mice (Ctr, 
white bars) 24 hours p.i. Data represent the mean ± SEM of twenty mice per 
group pooled from 3 separate experiments, and were analyzed by the 
unpaired Student’s t test with *: p<0.05 and **: p<0.01. (G) CCL3 protein 
levels normalized to the weight of ears were measured in H33-treated (H33, 
black bar) versus isotype control-treated mice (Ctr, white bars) 8 and 24 hours 
p.i.. Data represent the mean ± SEM of ten mice per group pooled from 2 
separate experiments, and were analyzed by the unpaired Student’s t test 
with **: p<0.01. (H-I) The parasite burden in infected ears (H) and draining 
lymph nodes (LN) (I) were measured 48 hours p.i. by limiting dilution assay 
(LDA). Data are expressed as a percentage of the mean of the control group 
± SEM of ten mice per group pooled from 2 separate experiments, and were 
analyzed by the unpaired Student’s t test. For panel H and I, raw data of one 
representative experiment are provided in Figure S6. 
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6.3.  Figure 3 
 

 
 
Blocking JAM-C increases the number of DCs migrating to the 
draining lymph node. (A) The ear draining lymph node cells were 
harvested and stained for FACS analysis 18 hours after FITC-painting. 
Representative FACS dot plots are shown. (B) The number of IAhigh CD11c+ 
FITC+ migratory DCs was counted. Data are expressed as a percentage of 
the mean of the control group ± SEM of eighteen mice per group pooled 
from 3 separate experiments, and were analyzed by the unpaired Student’s t 
test with ***: p<0.001. Raw data from one representative experiment are 
provided in Figure S7. 
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6.4.  Figure 4 
 

 
 
Blocking JAM-C improves the Th1 cell response and favours 
healing in C57BL/6 mice. (A-E) Mice were inoculated with L. major in 
the ear dermis and treated with H33 or isotype control antibody for 3 weeks, 
twice a week. (A) The area of the lesion was monitored weekly and 
representative pictures of ear lesions are shown at 4 and 8 weeks p.i. Scale 
bars, 0.5 mm. Data represent the mean ± SEM of twenty mice per group 
pooled from two separate experiments for the time point 4 weeks; and 
fifteen mice per group pooled from two separate experiments for the time 
point 8 weeks. (B) The parasite burden in infected ears was measured by LDA 
4 and 8 weeks p.i. Data are expressed as a percentage of the mean of the 
control group ± SEM of mice from panel A. (C-D) The number of draining 
lymph node CD4+ (C) and CD8+ (D) T cells analyzed by flow cytometry 4 and 
8 weeks p.i. Data represent the mean ± SEM of mice from panel A. (E) 
Draining lymph node cells were restimulated for 72hrs with UV-irradiated L. 
major and the secreted IFN-γ was measured. Data are expressed as a 
percentage of the mean of the control group ± SEM of mice from panel A. 
Data were analyzed by the unpaired Student’s t test with *:p<0.05 and **: 
p<0.01. For panels B and E, raw data from one experiment are also provided 
in Figure S8. 
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6.5.  Figure 5 
 

 
 
Blocking JAM-C boosts the Th2 cell response and worsens the 
disease in BALB/c mice. The number of emigrating neutrophils (A), mo-
DCs (B), dermal DCs (C) and dermal mϕ (D) was measured in the ears of H33-
treated (H33, black bar) versus isotype control-treated mice (Ctr, white bars) 
24 hours post L. major infection. Data represent the mean ± SEM of twelve 
mice per group pooled from 2 separate experiments, and were analyzed by 
the unpaired Student’s t test with *: p<0.05. (E) Mice were inoculated with 
2x106 stationary phase L. major promastigotes in the ear dermis and treated 
with H33 or control antibody for 3 weeks. The area of the lesion was 
monitored weekly for 6 weeks. Representative ear pictures are shown. Scale 
bars, 1 mm. Data represent the mean ± SEM of twenty mice per group 
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pooled from two separate experiments. (F-L) Mice were inoculated with 
1x104 stationary phase L. major promastigotes in the ear dermis and treated 
with H33 or control antibody for 3 weeks. The area of the lesion was 
monitored weekly for 4 weeks. Representative ear pictures are shown. Scale 
bars, 0.5 mm. Data represent the mean ± SEM of ten mice per group pooled 
from two separate experiments. (G-H) The parasite burden in infected ears 
(G) and draining lymph nodes (H) were measured by LDA. Data are 
expressed as a percentage of the mean of the control group ± SEM of mice 
from panel F. (I-J) The number of CD4+ (I) and CD8+ (J) T cells were 
measured. Data represent the mean ± SEM of mice from panel F. (K-L) 
Draining lymph nodes cells were restimulated with UV-irradiated L. major for 
72 hours, and the IL-4 (K) and IFN-γ (L) produced were measured. Data are 
expressed as a percentage of the mean of the control group ± SEM of mice 
from panel F. Data were analyzed by the unpaired Student’s t test with 
*:p<0.05 and **: p<0.01. For panels expressing results as a percentage of 
the mean of the control, raw data of one experiment are provided in Figure 
S9. 
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6.6.  Figure S1 
 

 
 
Leukocytes emigrating to the site of L. major infection do not 
express JAM-C. The expression of JAM-C by leukocytes emigrated from 
L. major infected ears was measured 24 hours post infection. CD11b+ Ly6C+ 
Ly6G+ represent neutrophils, CD11b+ Ly6C+ Ly6G- CD11c- IA- are monocytes, 
CD11b+ Ly6C+ Ly6G- CD11c+ IA+ are mo-DCs, CD11b+ Ly6C- Ly6G- CD11clow 
IA+ are dermal mϕ, and CD11b+ Ly6C- Ly6G- CD11chigh IA+ are dermal DCs. A 
representative histogram overlay of JAM-C expression is shown for each 
population, with JAM-C staining (black line), and isotype control staining 
(grey line). Data are representative of two separate experiments.  
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6.7.  Figure S2 
 

 
 
JAM-C expression in ear endothelial cells does not decrease 
24 hours after saline injection. (A) JAM-C levels in endothelial cells 
populations of mouse ear. Ears were enzymatically digested and stained for 
FACS analysis. CD45- CD31+ gp38- cells represent blood endothelial cells 
(BECs), whereas CD45- CD31+ gp38+ cells are lymphatic endothelial cells 
(LECs). For each population a representative histogram overlay is shown with 
JAM-C in endothelial cells from naïve ears (white filled), JAM-C in endothelial 
cells from saline injected ears (black filled), and the isotype control staining 
(grey filled). (B) The MFI of JAM-C in naïve mouse ears (white bars) versus 
saline injected mouse ears (black bars) was measured in BECs and LECs. The 
Y-axis scale represents MFI normalized to the mean MFI of naïve ears. Data 
represent the mean ± SEM of five mice per group pooled from two separate 
experiments. 
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6.8.  Figure S3 
 

 
 
Control staining for JAM-C in ear endothelial cells. Ear sections 
were stained for Rabbit IgG control (green), CD31 (red). Nucleus was stained 
with DAPI (blue). Scale bars, 10 µm. This supporting information is related to 
Figure 1D. 
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6.9.  Figure S4 
 

 
 
Blocking JAM-C does not result in leukocyte emigration to 
tissue in the steady state. The number of neutrophils (A), monocytes 
(B), mo-DCs (C), dermal mϕ (D), and dermal DCs (E) emigrating from ears was 
measured in H33-treated (H33, black bar) versus isotype control-treated mice 
(Ctr, white bars) 24 hours after antibody administration. Data represent the 
mean ± SEM of fifteen mice per group pooled from 3 separate experiments, 
and were analyzed by the unpaired Student’s t test.  
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6.10.  Figure S5 
 

 
 

Blocking JAM-C in the steady state does neither increase 
hematopoiesis nor leukocyte migration from bone marrow to 
the blood. Naïve C57BL/6 mice were treated with H33 or isotype control 
antibody for 24 hours. The number of neutrophils (A), monocytes (B), DCs (C), 
T cells (D), eosinophils (E), and macrophages (F) from the bone marrow (BM); 
and B cells (G), CD4+ T cells (H), CD8+ T cells (I), neutrophils (J), monocytes 
(K), and NK cells (L) from blood in H33-treated (black bar) versus isotype 
control-treated mice (white bars) is shown. Data represent the mean ± SEM 
of five mice per group, and were analyzed by the unpaired Student’s t test. 
Data are representative of three separate experiments.  



 95 

6.11.  Figure S6 
 

 
 

H33 antibody does neither decrease the parasite burden in 
infected ears, nor increase parasite dissemination to lymph 
nodes 48 hours p.i. (Raw data of Figure 2). The parasite burden in 
infected ears (A) and draining lymph nodes (B) were measured 48 hours p.i. 
by LDA. Data represent the mean ± SEM of five mice per group from one 
representative experiment, and were analyzed by the unpaired Student’s t 
test. These supporting informations are related to Figure 2H and I. 
 
 



 96 

6.12.  Figure S7 
 

 
 
Blocking JAM-C increases the number of DCs migrating to the 
draining lymph node (Raw data of Figure 3). The ear draining 
lymph nodes were harvested and stained for FACS analysis 18 hours after 
FITC-painting. The number of IAhigh CD11c+ FITC+ migratory DCs was 
counted. Data represent the mean ± SEM of six mice per group, and were 
analyzed by the unpaired Student’s t test with *: p<0.05. This supporting 
information is related to Figure 3B. 
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6.13.  Figure S8 
 

 
 
Blocking JAM-C improves the Th1 cell response and favours 
healing in C57BL/6 mice (Raw data of Figure 4). Mice were 
inoculated with L. major in the ear dermis and treated with H33 or the 
isotype control antibody for 3 weeks, twice a week. (A) The parasite burden 
in infected ears was measured by LDA 4 and 8 weeks p.i. Data represent 
mean ± SEM of ten mice per group for both time points. (B) Draining lymph 
node cells were restimulated for 72hrs with UV-irradiated L. major and the 
secreted IFN-γ was measured. Data represent the mean ± SEM of mice from 
panel A. Data were analyzed by the unpaired Student’s t test with *:p<0.05. 
These supporting informations are related to Figure 4B and E. 
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6.14.  Figure S9 
 
 

 
 
Blocking JAM-C boosts the Th2 cell response and worsens the 
disease in BALB/c mice (Raw data of Figure 5). (A-C) Mice were 
inoculated with 1x104 stationary phase L. major promastigotes in the ear 
dermis and treated with H33 or control antibody for 3 weeks. The parasite 
burden in infected ears (A), draining lymph nodes (B), and spleens (C) were 
measured by LDA. (D-E) Draining lymph nodes cells were restimulated with 
UV-irradiated L. major for 72 hours, and the IL-4 (D) and IFN-γ (E) produced 
were measured. Data represent the mean ± SEM of 5 mice per group. Data 
were analyzed by the unpaired Student’s t test with *:p<0.05, ***: p<0.001. 
n.d. not-detectable. These supporting informations are related to Figure 5G, 
H, K and L. 
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7.1.  Overview of the discussion 
 
The project initially aimed to investigate the consequences of JAM-C 
blockade with the antibody H33 in the mouse model of cutaneous 
leishmaniasis. In addition to confirm the redistribution of JAM-C out of 
endothelial cell junction ex vivo, I observed significant effects on the vascular 
permeability and the innate leukocyte migration to the site of L. major 
infection, and to the draining lymph nodes.  
 
This raises a broad spectrum of questions around the function of JAM-C, 
which I will discuss in the first sections of this discussion. I will debate of the 
function of JAM-C in vascular permeability regarding my results, and 
previous reports that used other JAM-C manipulations and different 
inflammatory models. I will propose a general mechanism of JAM-C function 
in vascular permeability (section 7.2). The precise role of JAM-C in the 
leukocyte cascade will then be challenged. Indeed, JAM-C is often 
associated with diapedesis, while I will argue for a role in adhesion after a 
detailed analysis of all the in vivo data currently available on JAM-C (section 
7.3). From here, I will show that JAM-C shares more similarities with VE-
cadherin and JAM-A than what one could think at a first glance (section 7.4). 
Finally, I will question the role of adhesion molecules in the migration of 
leukocytes through lymphatics, which likely involves different mechanisms 
than the classical migration through blood vessels (section 7.5). 
 
The second part of the dicussion will be dedicated to the impact of innate 
cell trafficking in the immune response to L. major infection. First, the 
particular case of neutrophils will be analyzed, especially since their 
immunomodulatory role varies from model to model (section 7.6). Then, I will 
discuss the consequences of JAM-C blockade in the immune response to 
Leishmania, and comment the potential translation of my findings into the 
clinics (section 7.7).  

 

7.2.  Role of JAM-C in vascular permeability: JAM-C 
as a gatekeeper? 

 
To specifically address the function of JAM-C in vascular permeability in vivo, 
I used the multi-faceted H33 antibody that blocks JAM-C-JAM-B interactions 
and redistributes JAM-C out of tight junctions. The redistribution of JAM-C 
after H33 administration was initially observed with lymph node endothelial 
cells [275], which differ in their anatomical localization and function from the 
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venules of the skin. Therefore, I studied the distribution of JAM-C in venules 
of mouse ears 24 hours post injection with H33. In my setting, I was able to 
confirm that H33 removes JAM-C out from ear endothelial cell junctions. 
More importantly, this study showed for the first time that JAM-C blockade 
and redistribution mediated by H33 increases vascular permeability by 15% 
after L. major inoculation in the skin. Conversely, I did not observe increased 
vascular permeability after administration of H33 under steady state 
conditions. This increase is substantial, as vascular permeability in 
inflammation is an optimized process [393]. Moreover, the absence of the 
H33 effect on vascular permeability in normal homeostasis is not surprising as 
many other different junctional molecules can still ensure vascular integrity in 
absence of inflammatory signals, more particularly VE-cadherin [394]. As tight 
junctions are designed to ensure the junctional integrity, the finding that 
JAM-C redistribution out of tight junctions increases vascular permeability is 
physiologically relevant. It is worth noting that JAM-C naturally redistributes 
out of endothelial cell junctions after ischemia reperfusion injury [137]. 
Hence, the antibody H33 amplifies the natural redistribution of the molecule 
observed in acute inflammation.  
 
Previously, Chavakis and coworkers had demonstrated that JAM-C is 
essential for cell contractility and vascular permeability in vitro using siRNA to 
knock-down the molecule [286]. Important to note that JAM-C blockade with 
antibodies and loss of JAM-C (with siRNA in that case) are two situations that 
have to be distinguished. Indeed, H33 does redistribute JAM-C out of 
junctions, but keeps the molecule at the cell surface. Therefore, our result 
does not contradict the finding that total loss of JAM-C stabilizes VE-
cadherin mediated interactions, and therefore decreases vascular 
permeability [286]. Moreover, it is not excluded that H33 clusters JAM-C, 
therefore modulating RAP1 activity, and finally decreasing VE-cadherin 
mediated interactions, which would also contribute to increased vascular 
permeability. Overall, I propose that JAM-C acts as a gatekeeper that 
redistributes on the plasma membrane after inflammation [137], which 
renders the junctions more permeable, an effect that can be amplified by the 
application of the H33 anti-JAM-C antibody. 
 

7.3.  Role of JAM-C in leukocyte migration: a role in 
adhesion or transmigration? 

 
Important to note that this major part of my discussion will be based on the 
detailed analysis of the key in vivo experiments related to specific JAM-C 
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manipulation (antibodies, or transgenic mice) to end up with a working 
model for JAM-C function in the adhesion cascade. 

The first evidence of the specific role of JAM-C in leukocyte trafficking in vivo
came from the use of the monoclonal rat anti-mouse JAM-C antibody D33, in 
a mouse model of LPS-induced lung inflammation [268]. In this case report 
appearing in 2005, D33 only partially impaired the recruitment of myeloid 
cells to the inflamed lungs [268] (Figure 32).  

Figure 32. JAM-C is involved in the recruitment of granulocytes to site of inflammation. The D33 Ab against 
JAM-C (plain line) inhibits the recruitment of total leukocytes to the lungs of mice treated with LPS compared with 
the 9B5 isotype matched Ab (dashed line). The D33 mAb reduces by 40% the number of granulocytes migrating 
into the alveoli 16 h after challenge. Data represent means ± SEM obtained 1 h (n=4), 3 h (n=4), 6 h (n=4), 16 h 
(n=15), and 120 h (n=12) after LPS challenge. *, p < 0.05, as calculated by Mann-Whitney method using StatView 
software. Text and figure adapted from [268]. 

In the same report, the authors described a transgenic mouse overexpressing 
JAM-C on endothelial cells (namely pHHNS-JAM-C). Strikingly, the adhesion
and subsequent extravasation of neutrophils were increased in these 
animals after IL-1# stimulation of cremasteric venules [268] (Figure 33). This 
clearly indicates that JAM-C controls the adhesion of neutrophils, adhesion 
being a prerequisite for the subsequent transmigration. 

      
Figure 33. Enhanced neutrophil migration through IL-1"-stimulated cremasteric venules of pHHNS-JAM-C 
transgenic mice. Wild-type or pHHNS-JAM-C transgenic were treated with intrascrotal saline or IL-1" (30 
ng/animal), and 4 h later, the cremaster muscle was surgically exteriorized, and leukocyte firm adhesion, and 
transmigration were quantified by intravital microscopy. The data represent mean ± SEM from n=4–8 mice/group. 
Text and figure adapted from [268]. 

In the same year, our laboratory published a second report that points out 
the properties of a fascinating anti-JAM-C antibody, the clone H33. This 
antibody was first shown to block JAM-B/JAM-C interactions at endothelial 
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cell-cell contacts [275]. More importantly, our laboratory reported that H33 
could redistribute JAM-C from junctions to the apical side of lymph nodes 
endothelial cells in vivo, and postulated that this redistribution of JAM-C to 
the lumen would increase adhesion of leukocytes. Therefore, they treated 
mice in vivo with H33, or with other anti-JAM-C clones, and finally with a 
control antibody, and made frozen sections of lymph nodes in order to 
perform a Stamper-Woodruff adhesion assay with monocytes [275]. 
Strikingly, adhesion of monocytes was significantly increased in mice treated 
with H33. Moreover, treatment of monocytes with anti-Mac-1 antibodies 
abolished the increased adhesion observed with H33 [275] (Figure 34). This 
confirms the role of JAM-C in adhesion, and also clearly shows that H33 
does not block the JAM-C/Mac-1 interactions required for adhesion. 

 
Figure 34. Treatment of mice with antibody H33 increases monocyte adhesion to lymph node sections in 
Stamper and Woodruff assays. Stamper and Woodruff adhesion assay was done on lymph node sections from 
mice treated with H36, D22, H33, or isotype-matched control antibodies. As shown, H33 antibody increases the 
adhesion of monocytoid cells when administrated to mice. Experiments were done in the presence of blocking 
antibodies against !4 integrin (PS/2, white columns), against !M integrin (M1/ 70, dashed columns) or isotype-
matched control antibody (black columns). Data shown are the mean ± SEM of the number of adhering cells/mm2 
found on eight sections per lymph nodes in three animals per condition. * p < 0.05. Text and figure adapted from 
[275]. 

In 2007, our laboratory found that H33 increases the frequency of reverse 
and repeated migration of human monocytes through HUVECs under 
physiological flow conditions [283] (Figure 35). This was confirmed in vivo 
using the mouse model of thioglycollate-induced peritonitis based on blood 
numbers of L-selection negative inflammatory monocytes (i.e. supposed 
reverse transmigrated). At early time points, H33 increased the numbers of L-
selectin- monocytes, stating for increased reverse transmigration. However, at 
later time points, H33 decreased the number of L-selectin- monocytes, this 
time arguing for increased repeated transmigration [283] (Figure 35). 
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Figure 35. H33 increases reverse and repeated transmigration of monocytes in vitro and in vivo. A) Adherent 
monocytes in coculture with HUVECs were individually tracked and monitored for transmigration between different compartments 

over 60 minutes. Increased reverse transmigration was observed for cocultures treated with functional blocking mAbs to JAM-C (!) 
compared with nonfunctional blocking antibody D22 (o). Monocytes with a reverse-transmigratory phenotype treated with H33 
repeat-transmigrate back into the ablumen at higher levels ( ) compared with D22 (!). B) Mice treated with the JAM-C–blocking 
mAb H33 (n=5) showed a significant increase in L-selectin- inflammatory monocytes in the blood (median, 3.61%) at 30 minutes 
compared with an isotype control antibody (median, 1.24%; n=6). The median value for each experimental group is marked with a
horizontal bar. Statistical analysis was conducted using the Mann-Whitney U test (*P < 0.03). Text and figure adapted from [283]. 

In 2009, Scheiermann et al. confirmed that mice overexpressing JAM-C leads 
to increased adhesion and extravasation of leukocytes through inflamed 
cremasteric venules [284]. This time however, the inflammation was due to 
ischemia reperfusion injury, not IL-1# stimulation. Interestingly, they also 
used knock-out animals in this model, and conversely observed decreased 
adhesion, and decreased extravasation of leukocytes (Figure 36). This 
definitively confirms that JAM-C controls the adhesion (likely through JAM-
C/Mac-1 interactions), and therefore extravasation as a consequence.  

Figure 36. JAM-C-/- mice exhibit reduced leukocyte adhesion and transmigration in cremasteric venules in 
response to I/R injury. The number of adherent and extravasated leukocytes was quantified in cremasteric venules 
by IVM. Text and figure adapted from [284]. 

Finally, with the antibody H33, but not with knock-out mice, higher frequency 
of neutrophils “hesitant” (i.e. movements back and forth) and reverse 
transmigration also occur [137] (Figure 37). Importantly, the frequency of 

 

A B 
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hesitant and reverse transmigration is higher in ischemia reperfusion injury 
than in any classical inflammatory models (Figure 37). This has to be linked 
to the observation that JAM-C naturally redistributes to non-junctional 
regions after ischemia reperfusion injury (Figure 37). In other words, H33 
naturally mimics and amplifies the redistribution of JAM-C naturally occurring 
after some inflammatory stimuli.  

     
Figure 37. H33 increases reverse and repeated transmigration of neutrophils in vivo. A) Normal, hesitant and 
rTEM responses in lys-EGFP-ki mice pretreated with intravenous saline (no mAb), control nonblocking mAb H36 to 
JAM-C or blocking H33 mAb to JAM-C (each at a dose of 3 mg per kg body weight (3 mg/kg), then subjected to I-R 
injury; results are presented as frequency among total observed paracellular responses. *P < 0.05 and **P < 0.01 
(multinomial logistic regression analysis). B) Frequency of normal, hesitant and reverse paracellular TEM events 
induced by IL-1", fMLP or I-R, presented as frequency among total paracellular TEM events. C) Immunoelectron 
microscopy analysis of the distribution of JAM-C in ECs in control (saline-injected or sham-operated) tissues and 
cremaster muscles stimulated with IL-1" or subjected to I-R injury. Text and figured adapted from [137]. 

Regarding all the above key results, I propose that JAM-C redistributes under 
inflammatory conditions to support JAM-C/Mac-1 interactions with innate 
leukocytes, which is a prerequisite for the subsequent transmigration. As 
such, any JAM-C manipulation that abolishes JAM-C/Mac-1 interactions (e.g. 
knock-out, knock-down, or antibodies blocking JAM-C/Mac-1 interactions) 
reduce adhesion and transmigration, while manipulation that favours JAM-
C/Mac-1 interactions (e.g. JAM-C overexpression, or JAM-C redistribution 
with antibody H33) facilitates transmigration events (Figure 38). 

A B C 
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Figure 38. JAM-C manipulations and their consequences. 

My results are in line with this model, as H33 treatment in L. major infection 
increases the migration of innate leukocytes to the site of infection, due to 
increased vascular permeability, and due to H33 redistribution that likely 
increases leukocyte adhesion. Regarding potential reverse transmigrating 
events, I believe that the high chemotactic gradients in tissue infected by L. 
major (Figure 39) associated with the strong chemotactic guidance of 
neutrophils towards Leishmania inoculum (Figure 29, p.57) does not indicate 
a potential relevance for reverse transmigration in this infectious disease, 
contrary to ischemia reperfusion injury [137]. Therefore, the use of H33 in the 
mouse model of cutaneous leishmaniasis amplifies the natural recruitment of 
innate leukocytes to the site of infection. 
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Figure 39.  CCL4 chemokine gradients in L. major infected tissue. (Source : personal data) 

7.4.  Similarities between JAM-C and other adhesion 
molecules 

One junctional adhesion molecule shares many features with JAM-C, namely 
JAM-A. First, the cell surface expression of JAM-A on HUVECs is slightly 
reduced after combined treatment with TNF-" and IFN-! [395]. More 
importantly, the combined treatment of HUVECs with both cytokines 
redistributes JAM-A out of endothelial cell junctions similarly to JAM-C after 
ischemia reperfusion injury [293]. Unfortunately, no data currently confirm 
JAM-A redistribution in vivo. As a reminder, I have proposed in the previous 
section that JAM-C natural redistribution on the apical side of endothelial 
cells facilitates interactions with the "2 integrin Mac1. In a similar manner, 
endothelial-expressed JAM-A interacts with the leukocyte "2 integrin LFA-1 to 
promote T cell arrest in vitro on HUVECs [294]. Therefore, I suggest that both 
JAM-A and JAM-C redistribute after inflammation to participate to the 
adhesion of leukocytes using LFA-1 and Mac1, respectively. 

Important to note are also the striking analogies between JAM-C and VE-
cadherin. First of all, the migration of leukocytes between interendothelial 
junctions occurs through de novo formation of transient gaps in JAM-C or 
VE-cadherin [171,282]. In both cases, gaps reseal after the leukocyte passage 
(Figure 40). This indicates that neither JAM-C, nor VE-cadherin actively 
participate to the diapedesis process, but rather redistribute to facilitate the 
leukocyte diapedesis. 

Laminin CCL4 Merged 
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Figure 40. Dynamics of endothelial VE-Cadherin and endothelial JAM-C during leukocyte migration. (A) Time 
lapse video microscopy of a monocyte (red) transmigrating through HUVECs expressing GFP-VE-Cadherin 
(green). Figure taken from [171]. (B) Time lapse video microscopy of a neutrophil transmigrating through 
HUVECs expressing GFP-JAM-C. Figure taken from [282]. 

 
Moreover, similarly to H33 for JAM-C, the anti-mouse VE-Cadherin antibody 
BV13 redistributes VE-cadherin out of junctions, increases vascular 
permeability, and enhances leukocyte extravasation in vivo [173]. This 
phenotype was observed under steady state conditions, which shows the key 
role of VE-Cadherin in the maintenance of vascular integrity [173]. The fact 
that BV13 and H33 removes respectively VE-cadherin and JAM-C out of 
junctions with consequences on both vascular permeability and leukocyte 
migration raises important concerns: are vascular permeability and leukocyte 
transmigration regulated similarly? Two mechanisms of endothelial junction 
openings are described: either by destabilizing junctional adhesion, or by 
activating actomyosin-based pulling forces on junctions [396]. Both BV13 and 
H33 destabilize the junctions, with combined consequences on permeability 
and leukocyte migration. On the other hand, other regulatory mechanisms 
affect exclusively permeability and not leukocyte migration, or vice versa. 
This was elegantly shown for VE-cadherin, which displays two different 
tyrosine phosphorylation sites, Tyr685 and Tyr731, that independently 
control permeability and leukocyte extravasation, respectively [397].  
 

7.5.  Migration of DCs through lymphatics: passive or 
active process? 

 
I also report that H33 increases the number of DCs leaving the ear dermis to 
the draining lymph node. This may be the direct consequence of JAM-C 
blockade at lymphatic endothelial cell junctions, which would facilitate DCs 
transendothelial migration (hypothesis 1). Alternatively, it could be the 
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indirect consequence of the higher number of DCs recruited to the site of 
inflammation that migrate to the lymph node as a consequence (hypothesis 
2). The latter hypothesis is likely since DCs preferentially migrate in an 
integrin-independant manner through initial lymphatic capillaries by seeking 
pre-existing flaps between the oak leaf-shaped lymphatic endothelial cells 
[225,242]. Conversely, these results have been observed under steady state 
conditions, while other investigations under inflammatory conditions 
identified the key role of ICAM-1 and VCAM-1 in this process in vivo [244]. In 
a past report published by our laboratory, we have injected labeled bone 
marrow derived DCs subcutaneously together with LPS and observed similar 
numbers of DCs migrating to the lymph nodes in wild type and JAM-C 
deficient mice [280]. This result is in line with my second assumption, namely 
that the effect I observed is the result of the increased migration of DCs from 
the blood to the tissue inflamed by FITC painting, which migrate to the 
lymph node afterwards. 
 

7.6.  The role of neutrophils in L. major infection: a 
need for specific neutrophil depletion 

 
In the L. major mouse model of cutaneous leishmaniasis, the kinetics of 
leukocyte recruitment, their specific function, and the crosstalk between the 
different subsets of cells have been and are still under investigation. It is now 
well accepted that neutrophils are the first cells recruited within hours to the 
infected tissue [223,350,351,361]. However, some discrepancies still exist 
concerning their immunoregulatory function, which may depend on the 
mode of parasite transmission and the number of pathogens inoculated. 
Indeed, in the Leishmania resistant C57BL/6 mice, Sacks and coworkers used 
the monocyte and neutrophil depleting RB8-6C5 antibody and a natural 
sand-fly transmission of L. major to show that depletion of these cells 
promotes rather than compromises host resistance [350]. More recently, they 
showed that efferocytosis of infected neutrophils by DCs decreases their 
activation and antigen presenting cell function, therefore dampening the 
protective pro-inflammatory response [361]. On the other hand, other reports 
using needle inoculation of high parasite doses like our study, have 
demonstrated a transient protective role for neutrophils in C57BL/6 mice 
[363-365]. These studies assessed the role of neutrophils mostly by 
depletion, mediated by the more neutrophil-specific antibody NIMP-R14 
[351] or by the anti-Gr1 RB6-8C5 antibody recognizing inflammatory 
monocytes and neutrophils. All these neutrophil depletion studies resulted in 
transient increased lesion size and parasite loads. It is worth noting that RB6-
8C5, the antibody used in most of the studies, not only depletes neutrophils 
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but also inflammatory monocytes, illustrating the importance of neutrophils 
and inflammatory monocytes in promoting resistance to infection. The 
contribution of monocytes and mo-DCs has been further investigated with 
the use of chemokine receptor CCR2 knock-out mice in the resistant C57BL/6 
background. In these mice, monocytes do not leave the bone marrow, 
resulting in a deficiency of monocytes in the blood circulation [398]. The 
recruitment of inflammatory mo-DCs in the lymph node following L. major 
infection is therefore completely impaired, which dampens the Th1 cell 
response [385]. Subsequently, the CCR2 deficiency results in a non-healing 
phenotype similar to that observed in susceptible mice [386]. Our report is in 
line with these studies, as treatment with the antibody H33 increased the 
recruitment of neutrophils, inflammatory monocytes and mo-DCs, and 
thereby improved the Th1 immune response and the clinical outcome in 
C57BL/6 mice. In addition, Tacchini-Cottier and coworkers [91] emphasized 
the contribution of neutrophils in the recruitment of mo-DCs to the site of L. 
major infection through the secretion of the chemokine CCL3. In line with this 
finding, I observed a significant increase in the production of CCL3 within 
ears of H33 treated mice at time points when neutrophils are massively 
recruited to the site of infection. Therefore, I suggest that, by increasing the 
numbers of neutrophils recruited, H33 could indirectly increase the amount 
of CCL3 produced in situ. This additional mechanism may also contribute to 
further enhance the extravasation of mo-DCs in the ears of H33 treated 
C57BL/6 mice (Figure 41).  
 
 

 
Figure 41. Blocking JAM-C enhances DC migration and boosts the immune responses to L. major infection. 
By removing JAM-C out of functions, H33 increases adhesion of leukocytes and potentiates vascular permeability 
and cell migration of leukocytes after L. major infection. Increased numbers of recruited neutrophils result in higher 
levels of the chemokine CCL3 attracting monocytes and mo-DCs in C57BL/6 mice. The number of migratory DCs to 
lymph nodes increases, and the subsequent T cell response is mounted more efficiently. Resistant C57BL/6 mice 
develop a higher IFN-γ-dominated Th1 response while susceptible BALB/c mice develop a stronger IL-4-dominated 
Th2 response. This has a significant healing effect in resistant animals whereas susceptible mice display an 
exacerbated disease. 
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7.7.  Importance of innate cell trafficking in L. major 
infection: lessons from JAM-C manipulation 

 
Finally, I used the properties of H33 treatment on vascular permeability and 
innate cell migration to assess the consequences on the clinical outcome. In 
C57BL/6 mice, the higher numbers of neutrophils or monocyte-derived cells 
recruited rapidly after infection may increase the early innate parasite killing. 
However, I observed no difference in the parasite load 48 hours after 
infection. This is likely due to the absence of the IFN-γ-dominated Th1 
response that leads to activation of phagocytes and parasite killing at this 
early time point [325]. Moreover, the increased vascular permeability at the 
site of infection may have influenced the dissemination of the parasite to 
peripheral organs early after infection. But I did not found any change in the 
draining lymph nodes, while the parasite was undetectable in spleen.  
Strikingly, I found that H33 was able to boost the adaptive immune response 
in both susceptible and resistant mice by increasing DC migration, without 
changing the T cell polarization. It is worth noting that JAM-C is also well 
expressed by lymphatic sinuses from lymph nodes, which may influence T cell 
surveillance of DCs in the lymph nodes, and therefore T cell activation after 
H33 treatment. However, we had already demonstrated that the ability of 
DCs to prime T cells in vivo in JAM-C deficient animals is unchanged [280]. In 
lymph nodes, JAM-C is also expressed by high endothelial venules, and we 
cannot exclude an effect of H33 on T cell entry into lymph nodes. 
 
In conclusion, this report is the first one to demonstrate that immune 
responses to pathogen infections can be finely-tuned by manipulating a 
single adhesion molecule, and in particular JAM-C. For instance, deletion of 
P- or E-selectin does not impact the immune response to L. major infection in 
a mixed 129/C57BL/6 background [388]. Finally, our findings in BALB/c mice 
confirm that susceptibility does not result from an overall lack of leukocyte 
migration to the site of infection, but rather from a genetic defect in 
redirecting the T cell response [325].  
Whether these findings can be translated to human cases is an important 
question. Important to note that studies on human cutaneous leishmaniasis 
revealed mixed Th1/Th2 responses, which contrast with the clear Th1/Th2 
dichotomy observed in the mouse model [399]. Moreover, JAM-C is 
expressed on leukocytes subsets in humans. This requires more specific 
antibodies that would recognize exclusively only endothelial JAM-C, such as 
bi-specific antibodies that would target JAM-C on one hand, and an 
endothelial specific marker on the other hand. Therefore, it is currently 
difficult to predict to therapeutic potential of anti-JAM-C treatment in the 
clinics. 
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8.  Conclusion 
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This thesis provides valuable information regarding the role of JAM-C in the 
leukocyte adhesion cascade, the role of innate cells recruitment in the 
outcome of cutaneous leishmaniasis, and paves the way to new strategies 
boosting immune responses to infections.  
 
Indeed, these findings, combined to previous data using various JAM-C 
manipulations in wide inflammatory models, definitively suggest that JAM-C 
is a gatekeeper in vascular junctions that redistributes to the apical plasma 
membrane to increase vascular permeability and cell migration in response 
to inflammatory stimuli.  
 
Regarding the L. major model of cutaneous leishmaniasis, my data strongly 
suggest the idea that the Th2 response in susceptible animals does not result 
from an overall lack of innate leukocytes recruitment, in particular DCs, but 
rather from deeper genetical defects to redirect the immune response 
towards protective immunity.   
 
Finally, our results highlight the underestimated importance of adhesion 
molecules in immune responses to pathogens, and raise the question of new 
pharmalogical strategies targeting vascular adhesion molecules to finely tune 
immunity to infection. 
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Abstract

The recruitment of dendritic cells to sites of infections and their migration to lymph nodes is fundamental for antigen
processing and presentation to T cells. In the present study, we showed that antibody blockade of junctional adhesion
molecule C (JAM-C) on endothelial cells removed JAM-C away from junctions and increased vascular permeability after L.
major infection. This has multiple consequences on the output of the immune response. In resistant C57BL/6 and
susceptible BALB/c mice, we found higher numbers of innate immune cells migrating from blood to the site of infection.
The subsequent migration of dendritic cells (DCs) from the skin to the draining lymph node was also improved, thereby
boosting the induction of the adaptive immune response. In C57BL/6 mice, JAM-C blockade after L. major injection led to an
enhanced IFN-c dominated T helper 1 (Th1) response with reduced skin lesions and parasite burden. Conversely, anti JAM-C
treatment increased the IL-4-driven T helper 2 (Th2) response in BALB/c mice with disease exacerbation. Overall, our results
show that JAM-C blockade can finely-tune the innate cell migration and accelerate the consequent immune response to L.
major without changing the type of the T helper cell response.
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Introduction

Leishmania is an obligate intracellular parasite responsible for a
wide spectrum of clinical manifestations, such as cutaneous,
mucocutaneous or visceral leishmaniasis [1]. After inoculation of
Leishmania major in the skin of humans or rodents, promastigotes
are taken up by phagocytic cells [2]. The infection leads to the
development of cutaneous lesions, which eventually heal depend-
ing on the adaptive immune response of the host [3]. In the
C57BL/6 mouse model, resistance to L. major infection is
associated with the production of IFN-c by CD4+ Th1 lympho-
cytes [4,5]. The secretion of IFN-c by these Th1 cells then
activates infected macrophages, and leads to efficient killing of the
parasites [2,6]. Conversely, BALB/c mice mount a non-protecting
T helper 2 response (Th2) characterized by production of anti-
inflammatory cytokines such as IL-4, IL-10, and IL-13 [3,7].

Dendritic cells (DCs) are professional antigen-presenting cells
that play a key role in the induction of the adaptive immune
reaction against L. major. At early stages of infection in C57BL/6
mice, resident dermal DCs phagocytose the parasites [8] and
promote the switch towards a Th1 response by producing IL-12
[9]. Monocytes, subsequently recruited to the site of infection can

also give rise to monocyte-derived DCs (mo-DCs). During the late
phase of infection, such mo-DCs are essential mediators of the
protective T cell response. They efficiently migrate from the site of
infection to the draining lymph node, where they induce a specific
immune reaction against the pathogen [10]. The fundamental role
of monocytes and mo-DCs has been further highlighted with the
use of the CCR2 knock-out in the C57BL/6 background. In these
mice, the recruitment of mo-DC to the lymph nodes is severely
reduced, diminishing the Th1 cells [11], and resulting in a non-
healing phenotype similar to that observed in susceptible mice
[12]. Therefore, migration of DCs to the infected skin and lymph
node can be considered as fundamental steps towards immunity
against L. major.

Transendothelial migration of leukocytes from blood to the site
of inflammation is a complex process controlled by adhesion
molecules, such as PECAM-1, ICAM-2, ICAM-1, CD99, ESAM,
or junctional adhesion molecules (JAMs) [13]. The JAM family is
composed of 6 molecules comprising the classical JAM-A, JAM-B,
and JAM-C, mainly localized in the tight junctions of endothelial
cells [14]. In humans, JAM-C is also found on subpopulations of T
and B lymphocytes, and platelets [15,16], while murine JAM-C is
restricted to endothelial and stromal cells [17–19]. In the steady
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state, JAM-C mainly interacts with JAM-B [20] at cell-cell
contacts. Moreover, JAM-C and JAM-B can also bind the
integrins aMb2 (Mac-1) and a4b1 (VLA-4), respectively [16,21].

We previously described a monoclonal antibody raised against
mouse JAM-C, namely H33 [22]. H33 blocks JAM-C/JAM-B
interaction and redistributes JAM-C away from tight junctions
[20]. Interestingly, redistribution of JAM-C on the apical side of
endothelial cells makes it available for interactions with its counter-
receptor aMb2, an integrin found on neutrophils and monocytes,
therefore increasing their adhesion on endothelial cells [20]. More
recently, it was shown that H33 increases reverse and repeated
transmigration of monocytes and neutrophils, in mouse models of
peritonitis, and ischemia reperfusion injury, respectively [23,24].
However, the role of endothelial JAM-C in leukocyte migration in
the context of infectious disease was not addressed yet.

In this report, we studied the involvement of JAM-C in
leukocyte trafficking and the subsequent immune response against
L. major infection. We first observed that JAM-C expression by
vascular endothelial cells is down regulated after infection with L.
major at a time window when inflamed endothelium modulates
and redistributes its network of junctional proteins for leukocyte
transmigration [25]. To dissect the mechanism of JAM-C action in
this infectious disease model, we used the antibody H33 to mimic
the modulation of JAM-C observed after infection. Strikingly,
blocking JAM-C after L. major infection in vivo increased vascular
permeability and promoted leukocyte recruitment to the inflamed
tissue, and DC migration to the draining lymph node. More
importantly, sustained JAM-C blockade boosted the immune
response in both resistant C57Bl/6 and susceptible BALB/c mice.
On one hand, H33 treatment improved the IFN-c-dominated Th1
response in resistant animals, together with decreased lesion size
and parasite burden. On the other hand, JAM-C blockade boosted
the IL-4-dominated Th2 response in susceptible mice, resulting in
disease exacerbation. Collectively, our results show that JAM-C
blockade potentiates the immune responses to pathogen infections
by improving leukocyte migration.

Results

The antibody H33 mimics JAM-C downregulation after L.
major inoculation, and locally increases vascular
permeability after infection

Blood endothelial cells (BECs) and lymphatic endothelial cells
(LECs) from the skin of mouse ears were analyzed by flow
cytometry. In the steady state, BECs (CD452 CD31+ gp382) and
LECs (CD452 CD31+ gp38+) were JAM-C positive as previously
described for other organs [14] (Fig. 1A). Conversely, leukocytes
recruited to the infected ear following L. major inoculation were all
JAM-C negative (S1 Figure). We observed a statistically significant
decrease of JAM-C expression in BECs and LECs 24 hours after
L. major infection (Fig. 1A and B). This was not the consequence
of tissue injury caused by the needle, as saline injection did not
downregulate JAM-C (S2 Figure). Interestingly, previous studies
observed a peak of leukocytes migrating to the site of infection at
the same time period [26,27]. Therefore, we postulated that JAM-
C downregulation after infection could enhance vascular perme-
ability and therefore promote inflammation and cell migration.

To study the effect of H33 on vascular permeability, we used a
modified Miles assay in which mice were injected i.v. with Evan’s
blue [28]. Evan’s blue is a small molecule that binds strongly to
albumin. Consequently, this assay indirectly assesses the exudation
of plasma into the tissue accounting for vascular permeability.
Mice were treated with H33 or the isotype control antibody before
injection of Evan’s blue and L. major inoculation. Strikingly,
treatment with H33 significantly increased the amount of Evan’s
blue that leaked into the inflamed tissue as compared to control.
However, we did not observe any change in vascular permeability
under steady state conditions (Fig. 1C).

To understand the mechanism leading to the increased vascular
permeability, we investigated by immunofluorescence in our
system whether H33 redistributes JAM-C out of ear endothelial
cell junctions as previously proposed for other organs [20]. In
control mice, JAM-C was strongly expressed at the cell border of
CD31 positive endothelial cells (Fig. 1D, top panel), resulting in a
U-shaped pattern of distribution of the molecule (Fig. 1E, top
panel). In H33-treated animals however, JAM-C was removed
from endothelial cell junctions (Fig. 1D, bottom panel), as
confirmed by the smoothed pattern of distribution of JAM-C
(Fig. 1E, bottom panel). Control staining for JAM-C is provided in
S3 Figure.

Altogether, we concluded that the blockade of JAM-C with H33
redistributes JAM-C out of junctions, and increases vascular
permeability after L. major infection.

Blocking JAM-C increases the number of circulating cells
recruited in response to L. major infection

To study whether the effect of H33 on vascular permeability
potentiates leukocyte recruitment after L. major infection, we used
wild type C57BL/6 mice treated with H33, and analyzed by
FACS the number of emigrating leukocytes 24 hours after
infection (Fig. 2A). We observed a significant increase in the
numbers of neutrophils, inflammatory monocytes, and mo-DCs in
H33-treated animals as compared to control animals (Fig. 2B–D).
Meanwhile, the number of non-migrating dermal macrophages
(dermal mQ) was not modified (Fig. 2E). Finally, the number of
emigrating dermal DCs, a cell type that efficiently migrates to the
draining lymph node once activated, was decreased in H33-
treated animals (Fig. 2F). In line with the absence of vascular
permeability observed in the steady state (Fig. 1F), JAM-C
blockade did not increase leukocyte emigration in naı̈ve mouse
ears (S4 Figure). Moreover, we found no difference in the number

Author Summary

Leishmaniasis is a parasitic disease transmitted to humans
through sand fly bites. Clinical symptoms vary from self-
healing cutaneous lesions to death. Cutaneous leishman-
iasis is particularly studied in mice inoculated with
Leishmania major. In this model, some strains (e.g.
C57BL/6) are resistant due to a Th1 immune response
promoting parasite killing. Conversely, other strains (e.g.
BALB/c) are susceptible due to a nonprotective Th2
response. DCs are professional antigen-presenting cells
that educate antigen-specific T cells. Improving the
migration of DCs from the site of infection to the lymph
nodes, where T cells reside, may improve the T cell
response. JAM-C is a vascular adhesion molecule implicat-
ed in leukocyte migration in different inflammatory
models. We found that JAM-C blockade with antibodies
increases vascular permeability and consequently im-
proves the migration of DCs to sites of infection and
draining lymph nodes. This increased leukocyte migration
boosted the induction of the Th1 response in resistant
mice, while in susceptible mice the Th2 response was
augmented. This led to disease improvement or exacer-
bation, respectively. Our results illustrate the key role of a
vascular adhesion molecule in controlling leukocyte
migration and the subsequent immune events in response
to pathogen infections.

JAM-C in Immune Responses against Leishmania major
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of leukocytes in the bone marrow and in the blood (S5 Figure).

This suggests that H33 does neither increase haematopoiesis nor
leukocyte emigration from the bone marrow to the blood in
normal homeostasis.

We also measured higher levels of the monocytes and mo-DCs

attracting chemokine CCL3 in H33 treated animals early after

infection (Fig. 2G). This is in line with the increased number of

neutrophils, a cell type known to produce CCL3 to attract mo-

DCs in response to L. major [26]. Interestingly, the higher

numbers of innate immune cells recruited with H33 did not
impact on the parasite load early after infection (Fig. 2H and S6

Figure). Moreover, the dissemination of the parasites to the
draining lymph node was unchanged (Fig. 2I and S6 Figure).

Overall, our data showed that JAM-C blockade with H33
increases leukocyte recruitment to the site of infection, and
strongly suggest that H33 may influence DC migration to the
draining lymph node.

Blocking JAM-C increases the number of DCs migrating
to the draining lymph node

To investigate the effect of H33 on DC migration to the
draining lymph node, we used the FITC painting assay. In this

Fig. 1. The antibody H33 mimics JAM-C downregulation after L. major inoculation, and locally increases vascular permeability after
infection. (A) JAM-C levels in endothelial cells populations of mouse ear. Ears were enzymatically digested and stained for FACS analysis. CD452

CD31+ gp382 cells represent blood endothelial cells (BECs), whereas CD452 CD31+ gp38+ cells are lymphatic endothelial cells (LECs). For each
population, a representative histogram overlay is shown with JAM-C in endothelial cells from naı̈ve ears (black filled), JAM-C in endothelials cells from
L. major infected ears (blank filled), and the isotype control staining (grey filled). (B) The median fluorescence intensity (MFI) of JAM-C in naı̈ve mouse
ears (white bars) versus L. major infected mouse ears (black bars) was measured in BECs and LECs. The Y-axis scale represents MFI normalized to the
mean MFI of naı̈ve ears. Data represent the mean 6 SEM of ten individual mice pooled from two separate experiments, and were analyzed by the
unpaired Student’s t test with ***: p,0.001. (C) Mice were treated with H33 or control antibody 2 hours before Evans blue was injected i.v. and L.
major inoculated i.d. in the ear dermis. Skin permeability was assessed by the absorbance of Evans blue extracted from the sample normalized to the
weight of ear. Results are shown for naı̈ve versus L. major infected animals treated with H33 (black bars) or control antibody (blank bars).
Representative ear pictures are shown. Data represent the mean 6 SEM of seventeen mice per group pooled from two separate experiments, and
were analyzed by the unpaired Student’s t test with ***: p,0.001. (D) Ear sections from control antibody-treated (top panel) or H33-treated mice
(bottom panel) were stained for JAM-C (green) and CD31 (red). Nucleus was stained with DAPI (blue). Scale bars, 10 mm. Control staining for JAM-C is
shown in Figure S3. (E) The pixel intensity across 10 representative cells of similar size taken from three mice per group was measured and expressed
as a percentage of the maximal pixel intensity. Data represent the average profile plot for the 10 cells per group analyzed.
doi:10.1371/journal.ppat.1004550.g001
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model, migration of dermal and epidermal DCs to lymph nodes is
induced and peaks 18 hours after painting [29]. Based on MHC
class II (IA) and CD11c, two populations of DCs can be
distinguished by FACS in the lymph node: MHC-IIhigh CD11c+

migratory DCs, and MHC-II+ CD11chigh lymphoid resident DCs
(Fig. 3A). Strikingly, we found higher numbers of FITC+ IAhigh

CD11c+ migratory DCs in lymph nodes of H33-treated mice as
compared to control animals (Fig. 3A and B, and S7 Figure).
Therefore, H33 treatment not only increases leukocyte recruit-
ment to the site of infection, but also increases the migration of
DCs to the draining lymph node.

Blocking JAM-C improves the Th1 cell response and
favours healing in C57BL/6 mice

The increased DC migration to the draining lymph node in
mice treated with H33 raised the question of an eventual effect on
the subsequent T cell response and disease outcome. As previously
reported, the induction of the T cell response starts between the
second and third week after infection [10]. Therefore, mice were
infected with L. major and treated with H33 for 3 weeks in order
to boost DC migration and T cell activation. The disease was
followed weekly by measuring the area of the lesions, and we
assessed the L. major specific T cell response together with the

parasite burden 4 weeks and 8 weeks post infection (p.i.). In
C57BL/6 mice, we found smaller lesions in H33-treated
compared to control animals at both time points (Fig. 4A).
Moreover, the reduction of the lesion area between the groups
correlated with the decrease of the parasite load (Fig. 4B and S8
Figure). These results were in line with the increased numbers of
CD4+ and CD8+ T cells observed (Fig. 4C and D). More
importantly, draining lymph nodes T cells restimulated with
UV-irradiated L. major produced significantly higher levels of
IFN-c at 8 weeks post infection, which accounts for the reduced
lesion size and parasite load observed (Fig. 4E and S8 Figure).
Taken together, these data suggest that H33 increases DC
migration and therefore indirectly boosts the L. major specific
IFN-c-dominated Th1 cell response, resulting in a reduced
severity of the disease.

Blocking JAM-C boosts the Th2 cell response and
worsens the disease in BALB/c mice

Contrary to the C57BL/6 background, BALB/c mice develop a
Th2 response promoting susceptibility rather than resistance to L.
major infection [3]. Therefore, we investigated the effect of JAM-C
blockade on leukocyte migration and disease outcome in
susceptible BALB/c animals. After 24 hours of infection, we

Fig. 2. Blocking JAM-C increases the number of leukocytes recruited to the site of L. major infection. (A) Representative dot plots of
neutrophils (CD11b+ Ly6C+ Ly6G+); monocytes (CD11b+ Ly6C+ Ly6G2 CD11c2 IA2); mo-DCs (CD11b+ Ly6C+ Ly6G2 CD11c+ IA+); dermal mQ (CD11b+

Ly6C2 Ly6G2 CD11clow IA+); dermal DCs (CD11b+ Ly6C2 Ly6G2 CD11chigh IA+) in control versus H33-treated animals. (B–F) The number of neutrophils
(B), monocytes (C), mo-DCs (D), dermal mQ (E) and dermal DCs (F) was measured in the H33-treated (H33, black bar) versus isotype control-treated
mice (Ctr, white bars) 24 hours p.i. Data represent the mean 6 SEM of twenty mice per group pooled from 3 separate experiments, and were
analyzed by the unpaired Student’s t test with *: p,0.05 and **: p,0.01. (G) CCL3 protein levels normalized to the weight of ears were measured in
H33-treated (H33, black bar) versus isotype control-treated mice (Ctr, white bars) 8 and 24 hours p.i. Data represent the mean 6 SEM of ten mice per
group pooled from 2 separate experiments, and were analyzed by the unpaired Student’s t test with **: p,0.01. (H–I) The parasite burden in infected
ears (H) and draining lymph nodes (LN) (I) were measured 48 hours p.i. by limiting dilution assay (LDA). Data are expressed as a percentage of the
mean of the control group 6 SEM of ten mice per group pooled from 2 separate experiments, and were analyzed by the unpaired Student’s t test.
For panel H and I, raw data of one representative experiment are provided in S6 Figure.
doi:10.1371/journal.ppat.1004550.g002
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found increased numbers of neutrophils, and mo-DCs recruited to
the site of infection in H33-treated BALB/c mice as compared to
isotype control-treated mice (Fig. 5A and B). Moreover, we
observed a decreased number of dermal DCs while unchanged
numbers of dermal macrophages (Fig. 5C and D). These results
showed that H33 influences leukocyte migration in a similar

manner in BALB/c than in C57BL/6 mice. We next wanted to
assess whether this increased leukocyte migration could change the
dominance of the Th2 response over the Th1 response along the
course of the disease. To this end, BALB/c mice were injected
with the same dose of L. major used with C57BL/6 mice. We did
not find any change in the disease outcome with H33, most likely

Fig. 3. Blocking JAM-C increases the number of DCs migrating to the draining lymph node. (A) The ear draining lymph node cells were
harvested and stained for FACS analysis 18 hours after FITC-painting. Representative FACS dot plots are shown. (B) The number of IAhigh CD11c+

FITC+ migratory DCs was counted. Data are expressed as a percentage of the mean of the control group 6 SEM of eighteen mice per group pooled
from 3 separate experiments, and were analyzed by the unpaired Student’s t test with ***: p,0.001. Raw data from one representative experiment
are provided in S7 Figure.
doi:10.1371/journal.ppat.1004550.g003

Fig. 4. Blocking JAM-C improves the Th1 cell response and favours healing in C57BL/6 mice. (A–E) Mice were inoculated with L.
major in the ear dermis and treated with H33 or isotype control antibody for 3 weeks, twice a week. (A) The area of the lesion was
monitored weekly and representative pictures of ear lesions are shown at 4 and 8 weeks p.i. Scale bars, 0.5 mm. Data represent the mean 6 SEM of
twenty mice per group pooled from two separate experiments for the time point 4 weeks; and fifteen mice per group pooled from two separate
experiments for the time point 8 weeks. (B) The parasite burden in infected ears was measured by LDA 4 and 8 weeks p.i. Data are expressed as a
percentage of the mean of the control group 6 SEM of mice from panel A. (C–D) The number of draining lymph node CD4+ (C) and CD8+ (D) T cells
analyzed by flow cytometry 4 and 8 weeks p.i. Data represent the mean 6 SEM of mice from panel A. (E) Draining lymph node cells were restimulated
for 72 hrs with UV-irradiated L. major and the secreted IFN-c was measured. Data are expressed as a percentage of the mean of the control group 6
SEM of mice from panel A. Data were analyzed by the unpaired Student’s t test with *:p,0.05 and **: p,0.01. For panels B and E, raw data from one
experiment are also provided in S8 Figure.
doi:10.1371/journal.ppat.1004550.g004
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as a result of an exaggerated Th2 polarization with high parasite
doses (Fig. 5E). Therefore, we designed a new experiment with
200 fold less parasites inoculated. Strikingly, we now observed
higher lesions in H33-treated animals (Fig. 5F). This correlated
with increased parasite loads in ears and draining lymph nodes
(Fig. 5G and H), while parasites were undetectable in spleens (S9
Figure). The number of T cells was also augmented in draining
lymph nodes (Fig. 5I and J) and they secreted higher levels of IL-4
upon restimulation with UV-irradiated L. major (Fig. 5K). The
production of IFN-c was however unchanged (Fig. 5L). Altogeth-
er, these results show that the increased DC migration boosts the
polarized Th2 immune response without changing the type of the
T helper cell response.

Discussion

In this study we investigated the involvement of JAM-C in the
immune response against L. major. We first observed a decreased
cell surface expression of endothelial JAM-C that corroborated
with the strong accumulation of leukocytes at the site of L. major
infection. We therefore postulated that JAM-C downregulation
would render the endothelial junctions more permeable for
inflammatory cells or fluids.

Previous findings reported that JAM-C mainly stabilizes cell
junctions through trans-heterophilic, high affinity, low turnover
interactions with its main partner JAM-B, while homophilic JAM-
C-JAM-C interactions are weaker and occur with rapid dynamics
[20]. The function of JAM-C in regulating endothelial permeabil-
ity has been addressed by in vivo and in vitro studies using
different approaches. In vitro, we have previously reported that
CHO cells transfected with JAM-C exhibit an increased barrier
function while MDCK cells transfected with JAM-C present
increased paracellular permeability [22,30]. When HUVEC cells
were stimulated with the permeability factors VEGF or thrombin,
JAM-C redistributed rapidly into cell-cell contacts and permeabil-
ity was augmented [31,32]. Overexpression of JAM-C in vitro also
renders endothelial cells more permeable, probably due to the
association in cis with the integrin avb3 [32]. These findings
strongly suggest that the integrity of the endothelium is the result
of a finely regulated ratio of junctional molecules. Moreover, one
should also consider that overexpression of JAM-C in such in vitro
systems may interfere with the biogenesis of endogenous junctional
proteins with unpredictable consequences for the barrier function
[33]. More recently, Chavakis and coworkers addressed the
permeability question by using wild type mice treated with soluble
recombinant JAM-C in a histamine-mediated vascular permeabil-
ity model [34]. They reported that soluble JAM-C reduces
vascular permeability in this particular model. It is worth noting
that soluble JAM-C binds to JAM-C but can also engage strong
interactions with JAM-B, or with other unknown ligands.
Therefore, the effect of soluble JAM-C may be the sum of several
interactions, making interpretation of these results difficult.

To specifically address the function of JAM-C in vascular
permeability in vivo, we used the multi-faceted H33 antibody that
blocks JAM-C-JAM-B interactions and redistributes JAM-C out of
tight junctions [20]. In our model, we were able to confirm that
H33 removes JAM-C out from endothelial cell junctions. More
importantly, this study showed for the first time that JAM-C
blockade and redistribution with H33 increases vascular perme-
ability by 15% after L. major inoculation in the skin. Conversely,
we did not observe increased vascular permeability after admin-
istration of H33 in the steady state. This increase is substantial, as
vascular permeability in inflammation is an optimized process
[35]. Moreover, the absence of the H33 effect on vascular

permeability in normal homeostasis is not surprising as many other
different junctional molecules can still ensure vascular integrity in
absence of inflammatory signals [36]. In line with this observation,
H33 treatment also does not increase leukocyte migration from the
blood to the tissue in absence of pathogen-mediated, inflammatory
signals. However, after L. major infection, the number of
leukocytes that migrate to the inflamed tissue increased signifi-
cantly in mice treated with H33. As recent findings showed that
VE-cadherin controls permeability and transmigration indepen-
dently [37], our data with H33 may be in part the result of
increased vascular permeability or the redistribution of JAM-C
away from junctions as well. Redistribution of JAM-C on the
apical side of the lumen makes it available for interactions with
Mac-1 found on neutrophils and monocytes [20]. Accumulation of
more adherent leukocytes on the luminal side of vessels could then
increase the number of transmigrating cells. Therefore, H33 may
increase leukocyte adhesion to the inflamed endothelium in
addition to promoting vascular permeability in the context of L.
major infection (Fig. 6).

In the L. major mouse model of cutaneous leishmaniasis, the
kinetics of leukocyte recruitment, their specific function, and the
crosstalk between the different subsets of cells have been and are
still under investigation. It is now well accepted that neutrophils
are the first cells recruited within hours to the infected tissue
[10,27,38,39]. However, some discrepancies still exist concerning
their immunoregulatory function, which may depend on the mode
of parasite transmission and the number of pathogens inoculated.
Indeed, in the Leishmania resistant C57BL/6 mice, Sacks and
coworkers used the monocyte and neutrophil depleting RB8-6C5
antibody and a natural sand-fly transmission of L. major to show
that depletion of these cells promotes rather than compromises
host resistance [38]. More recently, they showed that efferocytosis
of infected neutrophils by DCs decreases their activation and
antigen presenting cell function, therefore dampening the protec-
tive pro-inflammatory response [27]. On the other hand, other
reports using needle inoculation of high parasite doses like our
study, have demonstrated a transient protective role for neutro-
phils in C57BL/6 mice [40–42]. These studies assessed the role of
neutrophils mostly by depletion, mediated by the more neutrophil-
specific antibody NIMP-R14 [39] or by the anti-Gr1 RB6-8C5
antibody recognizing inflammatory monocytes and neutrophils.
All these neutrophil depletion studies resulted in transient
increased lesion size and parasite loads. It is worth noting that
RB6-8C5, the antibody used in most of the studies, not only
depletes neutrophils but also inflammatory monocytes, illustrating
the importance of neutrophils and inflammatory monocytes in
promoting resistance to infection. The contribution of monocytes
and mo-DCs has been further investigated with the use of
chemokine receptor CCR2 knock-out mice in the resistant
C57BL/6 background. In these mice, monocytes do not leave
the bone marrow, resulting in a deficiency of monocytes in the
blood circulation [43]. The recruitment of inflammatory mo-DCs
in the lymph node following L. major infection is therefore
completely impaired, which dampens the Th1 cell response [11].
Subsequently, the CCR2 deficiency results in a non-healing
phenotype similar to that observed in susceptible mice [12]. Our
report is in line with these studies, as treatment with the antibody
H33 increased the recruitment of neutrophils, inflammatory
monocytes and mo-DCs, and thereby improving the Th1 immune
response and the clinical outcome in C57BL/6 mice. In addition,
Tacchini-Cottier and coworkers [26] emphasized the contribution
of neutrophils in the recruitment of mo-DCs to the site of L. major
infection through the secretion of the chemokine CCL3. In line
with this finding, we observed a significant increase in the
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Fig. 5. Blocking JAM-C boosts the Th2 cell response and worsens the disease in BALB/c mice. The number of emigrating neutrophils (A),
mo-DCs (B), dermal DCs (C) and dermal mQ (D) was measured in the ears of H33-treated (H33, black bar) versus isotype control-treated mice (Ctr,
white bars) 24 hours post L. major infection. Data represent the mean 6 SEM of twelve mice per group pooled from 2 separate experiments, and
were analyzed by the unpaired Student’s t test with *: p,0.05. (E) Mice were inoculated with 26106 stationary phase L. major promastigotes in the
ear dermis and treated with H33 or control antibody for 3 weeks. The area of the lesion was monitored weekly for 6 weeks. Representative ear
pictures are shown. Scale bars, 1 mm. Data represent the mean 6 SEM of twenty mice per group pooled from two separate experiments. (F–L) Mice
were inoculated with 16104 stationary phase L. major promastigotes in the ear dermis and treated with H33 or control antibody for 3 weeks. The area
of the lesion was monitored weekly for 4 weeks. Representative ear pictures are shown. Scale bars, 0.5 mm. Data represent the mean 6 SEM of ten
mice per group pooled from two separate experiments. (G–H) The parasite burden in infected ears (G) and draining lymph nodes (H) were measured
by LDA. Data are expressed as a percentage of the mean of the control group 6 SEM of mice from panel F. (I–J) The number of CD4+ (I) and CD8+ (J) T
cells were measured. Data represent the mean 6 SEM of mice from panel F. (K–L) Draining lymph nodes cells were restimulated with UV-irradiated L.
major for 72 hours, and the IL-4 (K) and IFN-c (L) produced were measured. Data are expressed as a percentage of the mean of the control group 6
SEM of mice from panel F. Data were analyzed by the unpaired Student’s t test with *:p,0.05 and **: p,0.01. For panels expressing results as a
percentage of the mean of the control, raw data of one experiment are provided in S9 Figure.
doi:10.1371/journal.ppat.1004550.g005
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production of CCL3 within ears of H33 treated mice at time
points where neutrophils are massively recruited to the site of
infection. Therefore, we suggest that, by increasing the numbers of
neutrophils recruited, H33 could indirectly increase the amount
of CCL3 produced in situ. This additional mechanism may also
contribute to further enhance the extravasation of mo-DCs in the
ears of H33 treated C57BL/6 mice (Fig. 6).

We also report that H33 increases the number of DCs leaving
the ear dermis to the draining lymph node. This may be the direct
consequence of JAM-C blocking at lymphatic endothelial cell
junctions, which would facilitate DCs transendothelial migration.
Alternatively, it could be the indirect consequence of the higher
number of DCs recruited to the site of inflammation that migrate
to the lymph node as a consequence. The later hypothesis is more
likely since DCs preferentially migrate in an integrin-independant
manner through initial lymphatic capillaries by seeking pre-
existing flaps between the oak leaf-shaped lymphatic endothelial
cells [44,45]. It is worth noting that JAM-C is also well expressed
by lymphatic sinuses from lymph nodes, which may influence T
cell surveillance of DCs in the lymph nodes, and therefore T cell
activation after H33 treatment. However, we had already
demonstrated that the ability of DCs to prime T cells in vivo in
JAM-C deficient animals is unchanged [46]. In lymph nodes,
JAM-C is also expressed by high endothelial venules, and we
cannot exclude an effect of H33 on T cell entry into lymph nodes.

Finally, we used the properties of H33 treatment on vascular
permeability and innate cell migration to assess the consequences
on the clinical outcome. In C57BL/6 mice, the higher numbers of
neutrophils or monocyte-derived cells recruited rapidly after
infection may increase the early innate parasite killing. However,
we observed no difference in the parasite load 48 hours after
infection. This is likely due to the absence of the IFN-c-dominated
Th1 response that leads to activation of phagocytes and parasite
killing at this early time point [3]. Moreover, the increased
vascular permeability at the site of infection may have influenced
the dissemination of the parasite to peripheral organs early after
infection. But we did not found any change in the draining lymph

nodes, while the parasite was undetectable in spleen. Strikingly, we
found that H33 was able to boost the adaptive immune response in
both susceptible and resistant mice by increasing DC migration,
without changing the T cell polarization. This report is the first
one to demonstrate that immune responses to pathogen infections
can be finely-tuned by manipulating a single adhesion molecule,
and in particular JAM-C. For instance, deletion of P- or E-selectin
does not impact the immune response to L. major infection in a
mixed 129/C57BL/6 background [47]. Finally, our findings in
BALB/c mice confirm that susceptibility does not result from an
overall lack of leukocyte migration to the site of infection, but
rather from a genetic defect in redirecting the T cell response [3].

Materials and Methods

Ethics statement
All animal procedures were performed in accordance with the

Institutional Ethical Committee of Animal Care in Geneva,
Switzerland. The protocol has been approved by the Ethics and
Federal Veterinary office regulations of the state of Geneva. Our
laboratory has the authorization number 1005-3753.1.

Mice and parasites
Female C57BL/6J and BALB/c mice were purchased from

Charles River (Lyon, France). Mice were bred in the P2 animal
facility at the CMU, and used between 6–8 weeks of age.
Leishmania major LV39 (MRHO/Sv/59/P Strain) were used. In
all experiments, C57BL/6 mice were infected in the ear dermis
with 26106 stationary phase L. major promastigotes in a volume of
10 mL. The disease outcome in BALB/c was followed after
infection with 26106 and 16104 stationary phase L. major
promastigotes in a volume of 10 mL.

Flow cytometry analysis of ear endothelial cells
The ventral and dorsal sheets of mouse ears were split with

forceps, and digested with 3 mg/mL collagenase type IV
(Invitrogen) and 1 mg/mL DNAse type I (Sigma Aldrich) for

Fig. 6. Blocking JAM-C enhances DC migration and boosts the immune responses to L. major infection. By removing JAM-C out of
functions, H33 increases adhesion of leukocytes and potentiates vascular permeability and cell migration of leukocytes after L. major infection.
Increased numbers of recruited neutrophils result in higher levels of the chemokine CCL3 attracting monocytes and mo-DCs in C57BL/6 mice. The
number of migratory DCs to lymph nodes increases, and the subsequent T cell response is mounted more efficiently. Resistant C57BL/6 mice develop
a higher IFN-c-dominated Th1 response while susceptible BALB/c mice develop a stronger IL-4-dominated Th2 response. This has a significant
healing effect in resistant animals whereas susceptible mice display an exacerbated disease.
doi:10.1371/journal.ppat.1004550.g006
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45 minutes at 37uC, filtered through a 70 mm gauge strainer
(Becton Dickinson), and the cells labelled for FACS analysis. Fc
receptors were blocked with the monoclonal antibody (mAb)
2.4G2 (Becton Dickinson). Cells were stained with the following
reagents: Alexa Fluor 488-conjugated anti-mouse podoplanin
(clone 8.1.1), PE-conjugated anti-mouse CD31 (clone 390), PE-
Cy7-conjugated anti-mouse CD45 (clone 30-F11), all from
affimetrix eBioscience. JAM-C was labelled with an affinity
purified polyclonal anti-mouse JAM-C antibody raised in rabbit
[31], while affinity purified rabbit IgG (Sigma) was used as a
control. The secondary antibody used was an Alexa Fluor 647-
conjugated anti-rabbit antibody (Jackson ImmunoResearch). Cells
were analyzed with a Gallios FACS machine (Beckman Coulter)
and the data were processed with Kaluza software (Beckman
Coulters).

Leukocyte emigration for ear skin explants and FACS
analysis

Mice were injected i.p. with the rat IgG2a anti-mouse JAM-C
H33 or the rat IgG2a isotype control 2A3 (BioXCell), 200 mg/
mice, 2 hours before inoculation of L. major in the ear dermis.
Twenty-four hours post infection, mice were sacrificed and ears
explanted. The ventral and dorsal sheets of the ears were
separated with forceps, and transferred overnight in twelve well
plates filled with RPMI-1640 medium supplemented with 10%
fetal calf serum and antibiotics at 37uC. Over this period of time,
the leukocytes that have been recruited to the infected ears
spontaneously emigrated from the explants. Emigrated cells were
then counted with a hemocytometer, and stained for FACS
analysis. Fc receptors were blocked with the mAb 2.4G2. Cells
were stained with the following reagents: Alexa Fluor 488-
conjugated anti-mouse Ly6C (clone HK1.4, Biolegend), PercP-
Cy5.5-conjugated anti-mouse Ly6G (clone 1A8, Biolegend), PE-
Cy7-conjugated anti-mouse CD11b (clone M1/70, Biolegend),
APC-Cy7-conjugated anti-mouse CD11c (clone N418, Biolegend),
and efluor 450-conjugated anti-mouse IA/IE (clone M5/114.15.2,
eBiosciences). Cells were analyzed with a Gallios FACS machine
(Beckman Coulter) and data processed with Kaluza software
(Beckman Coulters). The number of cells per population was
calculated by multiplying the total number of emigrating cells with
the percentage of cells of interest.

FACS analysis of leukocyte populations in steady state
Mice were injected i.p. with the mAb H33 or the control mAb

2A3 (200 mg/mice). Mice were then sacrificed 24 hours after
treatment to collect ears, blood and femurs. Ears were processed as
described above. Femurs were flushed to extract bone marrow
cells. Red blood cells from blood and bone marrow samples were
lysed with Ammonium-Chloride-Potassium (ACK) lysis buffer. A
fraction of each sample was used for FACS staining using BD
Trucount tubes according to the manufacturer’s instructions. Fc
receptors were blocked with the mAb 2.4G2. Bone marrow cells
were stained with the following reagents: Alexa Fluor 488-
conjugated anti-mouse Ly6C (clone HK1.4, Biolegend), PE-
conjugated anti-mouse CD115 (clone AFS98, eBiosciences),
PercP-Cy5.5-conjugated anti-mouse Ly6G (clone 1A8, Biolegend),
PE-Cy7-conjugated anti-mouse F4/80 (clone BM8, Biolegend),
APC-conjugated anti-mouse CD11c (clone HL3, BD), APC-Cy7-
conjugated anti-mouse TCRb (clone H57-597, Biolegend), efluor
450-conjugated anti-mouse CD11b (clone M1/70, eBiosciences),
Brilliant Violet 785-conjugated anti-mouse CD8a (clone 53-6.7,
Biolegend). Blood cells were stained with the following reagents:
Alexa Fluor 488-conjugated anti-mouse Ly6C (clone HK1.4,
Biolegend), PE-conjugated anti-mouse CD115 (clone AFS98),

PercP-Cy5.5-conjugated anti-mouse Ly6G (clone 1A8, Bio-
legend), PE-Cy7-conjugated anti-mouse CD4 (clone RM4-5,
Biolegend), APC-conjugated anti-mouse NK1.1 (clone PK136,
Biolegend), APC-Cy7-conjugated anti-mouse CD19 (clone 6D5,
Biolegend), efluor 450-conjugated anti-mouse CD11b (clone M1/
70, eBiosciences), Brilliant Violet 785-conjugated anti-mouse
CD8a (clone 53-6.7, Biolegend). Cells were analyzed with a
Gallios FACS machine (Beckman Coulter) and the data were
processed with Kaluza software (Beckman Coulter). The number
of cells per population was calculated by multiplying the total
number of cells with the percentage of cells of interest. The total
number of cells was calculated using the number of Trucount
beads analyzed by the flow cytometer.

FITC painting experiments
Mice were injected i.p. with the mAb H33 or the control mAb

2A3 (200 mg/mice) 2 hours before FITC painting of mice ears.
FITC (Sigma) was used at 5 mg/mL and dissolved in aceton:
dibutyl phthalate (1:1, v:v). Twenty microliters were applied to
each side of the ear. Eighteen hours after painting, the ear draining
lymph node was harvested and digested with 3 mg/mL collage-
nase type IV (Invitrogen) and 1 mg/mL DNAse type I (Sigma) for
459 at 37uC, and filtered through a 70 mm gauge strainer (Becton
Dickinson). The cells were counted with a hemocytometer, and
labelled for FACS analysis. Fc receptors were blocked with the
mAb 2.4G2. Cells were stained with the following reagents: APC-
Cy7-conjugated anti-mouse CD11c, and efluor 450-conjugated
anti-mouse IA/IE. Cells were analyzed with a Gallios FACS
machine (Beckman Coulters) and data processed with Kaluza
software (Beckman Coulters). The number of FITC+ migratory
DCs was calculated by multiplicating the total number of lymph
node cells with the percentage of IA/IEhigh CD11c+ FITC+ DCs.

Immunofluorescence microscopy
Mice were injected i.p. with the mAb H33 or the control mAb

2A3 (200 mg/mice). Twenty-four hours after injection, ears were
embedded in Tissue-Tek OCK compound, frozen at 280uC, then
cut (5 mm) with a cryostat. Fresh ear sections were fixed in cold
acetone for 5 minutes, rehydrated in PBS for 10 minutes, and
blocked with 10% normal donkey serum. CD31 was detected with
an Alexa Fluor 647-conjugated rat anti mouse CD31 (clone GC51,
home made), while JAM-C was detected with a polyclonal anti-
mouse JAM-C antibody raised in rabbit [31] followed by an Alexa
Fluor 488-conjugated donkey anti-rabbit antibody (Jackson
ImmunoResearch). We used rabbit IgG as control for JAM-C
staining. Cell nucleus was stained with DAPI and slides were
mounted with mowiol mounting medium. Labelled ear sections
were visualized with a Nikon A1R confocal microscope and the
NIS Elements AR software. All images were acquired with a 1006
objective. The maximal intensity projection image of the z-stack is
shown. The images were analyzed with Image J. The distribution
profile of JAM-C was ploted along the minor axis of the cells.

Vascular permeability assay
Mice were treated i.p. with the mAb H33 or the control mAb

2A3 (200 mg/mice) 2 hours before 100 mL of Evans blue (12 mg/
mL) was injected i.v. and L. major inoculated i.d. in the ear. Five
hours after infection, mice were killed, and the permeability of
Evans blue in the ear documented by picturing each ear. Ears
were then cut, weighted, split into dorsal and ventral sheets, and
finally transferred into formamide for 2 days at room temperature
to extract the Evans blue dye. The absorbance of the samples was
measured at 620 nm (Ledetect 96, Labexim) and normalized to
the weight of tissue.
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CCL3 level in ear following L. major infection
Mice were injected i.p. with H33 or the control mAb 2A3

(200 mg/mice) 2 hours before L. major inoculation in the ear
dermis. Eight or 24 hours after infection, ears were homogenized
on ice in a protease inhibitor cocktail (Sigma Aldrich, P8340) using
a polytron as tissue homogenizer. The expression of the
chemokine CCL3 were measured in tissue homogenates with the
BD CBA mouse Flex Set kit according to the manufacturer
instructions. Beads were analyzed on a Cyan (Beckman Coulters)
flow cytometer and data processed with the FCAP array software
(Becton Dickinson).

T cell response in the draining lymph node and cytokine
detection

The ear draining lymph nodes were digested with 3 mg/mL
collagenase type IV (Invitrogen) and 1 mg/mL DNAse type I
(Sigma) for 459 at 37uC, and filtered through a 70 mm gauge
strainer (Becton Dickinson). The cells were counted with a
hemacytometer and labelled for FACS analysis. Fc receptors were
blocked with the mAb 2.4G2. Cells were stained for cell surface
antigens with the following reagents: FITC-conjugated anti-mouse
TCRb (clone H57-597, eBioscience), Brilliant Violet 421-conju-
gated anti-mouse CD8a (clone 53-6.7, Biolegend), Brilliant Violet
785-conjugated anti-mouse CD4 (clone RM4-5, Biolegend). Cells
were analyzed with a Gallios FACS machine (Beckman Coulters)
and the data were processed with Kaluza software (Beckman
Coulters). The number of cells per population was calculated by
multiplying the total number of lymph nodes cells with the
percentage of cells of interest. For T cell restimulation, draining
lymph nodes cells were incubated at 37uC under 5% CO2 for
72 hours in the presence of UV-irradiated L. major (ratio 5:1,
cell:parasite). Supernatant were collected and the levels of IL-4
and IFN-c were measured by ELISA (eBioscience) or CBA
(Becton Dickinson) according to the manufacturer instructions.

Lesion area measurement and parasite load
Mice were injected i.p. with the mAb H33 or the control mAb

2A3 (200 mg/mice) 2 hours before inoculation of L. major in the
ear dermis. Injections of mAbs (100 mg/mice) were repeated twice
a week for twenty-one days. The evolution of the lesion was
documented weekly with a picture of each ear, as well as the
picture of a 1 cm scale. The camera was fixed on a support for the
scale to be unchanged from one picture to the other. The pictures
were analyzed with ImageJ software. Briefly, the picture of the
1 cm scale provides the number of pixels per 1 cm unit. Each
lesion was then defined manually with the software, and the
precise lesion area calculated using the number of pixels in the
selected area. For parasite burden, the infected ears were
explanted, weighted, and separated into two halves. Ear leaflets
were enzymatically digested before tissue dissociation with a
gentleMACS Octo Dissociator (Miltenyi Biotech). Ears homoge-
nates, lymph nodes or spleens cells were serially diluted, and the
parasite load estimated by limiting dilution assay as described [48].

Statistical analysis
Data were analyzed with the GraphPad Prism statistics

software. We used the Student’s t-test for unpaired data for all
experiments.

Supporting Information

Figure S1 Leukocytes emigrating to the site of L. major
infection do not express JAM-C. The expression of JAM-C by
leukocytes emigrated from L. major infected ears was measured

24 hours post infection. CD11b+ Ly6C+ Ly6G+ represent
neutrophils, CD11b+ Ly6C+ Ly6G2 CD11c2 IA2 are monocytes,
CD11b+ Ly6C+ Ly6G2 CD11c+ IA+ are mo-DCs, CD11b+

Ly6C2 Ly6G2 CD11clow IA+ are dermal mQ, and CD11b+

Ly6C2 Ly6G2 CD11chigh IA+ are dermal DCs. A representative
histogram overlay of JAM-C expression is shown for each
population, with JAM-C staining (black line), and isotype control
staining (grey line). Data are representative of two separate
experiments.
(TIFF)

Figure S2 JAM-C expression in ear endothelial cells
does not decrease 24 hours after saline injection (A)
JAM-C levels in endothelial cells populations of mouse
ear. Ears were enzymatically digested and stained for FACS
analysis. CD452 CD31+ gp382 cells represent blood endothelial
cells (BECs), whereas CD452 CD31+ gp38+ cells are lymphatic
endothelial cells (LECs). For each population a representative
histogram overlay is shown with JAM-C in endothelial cells from
naı̈ve ears (white filled), JAM-C in endothelial cells from saline
injected ears (black filled), and the isotype control staining (grey
filled). (B) The MFI of JAM-C in naı̈ve mouse ears (white bars)
versus saline injected mouse ears (black bars) was measured in
BECs and LECs. The Y-axis scale represents MFI normalized to
the mean MFI of naı̈ve ears. Data represent the mean 6 SEM of
five mice per group pooled from two separate experiments.
(TIFF)

Figure S3 Control staining for JAM-C in ear endothelial
cells. Ear sections were stained for Rabbit IgG control (green),
CD31 (red). Nucleus was stained with DAPI (blue). Scale bars,
10 mm. This supporting information is related to Fig. 1D.
(TIFF)

Figure S4 Blocking JAM-C does not result in leukocyte
emigration to tissue in the steady state. The number of
neutrophils (A), monocytes (B), mo-DCs (C), dermal mQ (D), and
dermal DCs (E) emigrating from ears was measured in H33-
treated (H33, black bar) versus isotype control-treated mice (Ctr,
white bars) 24 hours after antibody administration. Data represent
the mean 6 SEM of fifteen mice per group pooled from 3 separate
experiments, and were analyzed by the unpaired Student’s t test.
(TIFF)

Figure S5 Blocking JAM-C in the steady state does
neither increase hematopoiesis nor leukocyte migration
from bone marrow to the blood. Naı̈ve C57BL/6 mice were
treated with H33 or isotype control antibody for 24 hours. The
number of neutrophils (A), monocytes (B), DCs (C), T cells (D),
eosinophils (E), and macrophages (F) from the bone marrow (BM);
and B cells (G), CD4+ T cells (H), CD8+ T cells (I), neutrophils (J),
monocytes (K), and NK cells (L) from blood in H33-treated (black
bar) versus isotype control-treated mice (white bars) is shown. Data
represent the mean 6 SEM of five mice per group, and were
analyzed by the unpaired Student’s t test. Data are representative
of three separate experiments.
(TIFF)

Figure S6 H33 antibody does neither decrease the
parasite burden in infected ears, nor increase parasite
dissemination to lymph nodes 48 hours p.i. (Raw data of
Fig. 2). The parasite burden in infected ears (A) and draining lymph
nodes (B) were measured 48 hours p.i. by LDA. Data represent the
mean 6 SEM of five mice per group from one representative
experiment, and were analyzed by the unpaired Student’s t test.
These supporting informations are related to Fig. 2H and I.
(TIFF)
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Figure S7 Blocking JAM-C increases the number of DCs
migrating to the draining lymph node (Raw data of
Fig. 3). The ear draining lymph nodes were harvested and
stained for FACS analysis 18 hours after FITC-painting. The
number of IAhigh CD11c+ FITC+ migratory DCs was counted.
Data represent the mean 6 SEM of six mice per group, and were
analyzed by the unpaired Student’s t test with *: p,0.05. This
supporting information is related to Fig. 3B.
(TIFF)

Figure S8 Blocking JAM-C improves the Th1 cell
response and favours healing in C57BL/6 mice (Raw
data of Fig. 4). Mice were inoculated with L. major in the ear
dermis and treated with H33 or the isotype control antibody for 3
weeks, twice a week. (A) The parasite burden in infected ears was
measured by LDA 4 and 8 weeks p.i. Data represent mean 6
SEM of ten mice per group for both time points. (B) Draining
lymph node cells were restimulated for 72 hrs with UV-irradiated
L. major and the secreted IFN-c was measured. Data represent the
mean 6 SEM of mice from panel A. Data were analyzed by the
unpaired Student’s t test with *:p,0.05. These supporting
informations are related to Fig. 4B and E.
(TIFF)

Figure S9 Blocking JAM-C boosts the Th2 cell response
and worsens the disease in BALB/c mice (Raw data of

Fig. 5). (A–C) Mice were inoculated with 16104 stationary phase
L. major promastigotes in the ear dermis and treated with H33 or
control antibody for 3 weeks. The parasite burden in infected ears
(A), draining lymph nodes (B), and spleens (C) were measured by
LDA. (D–E) Draining lymph nodes cells were restimulated with
UV-irradiated L. major for 72 hours, and the IL-4 (D) and IFN-c
(E) produced were measured. Data represent the mean 6 SEM of
5 mice per group. Data were analyzed by the unpaired Student’s t
test with *:p,0.05, ***: p,0.001. n.d. not-detectable. These
supporting informations are related to Fig. 5G, H, K and L.
(TIFF)
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