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Titre	:		

RÔLE	DU	CD31	DANS	LE	RECRUTEMENT	ET	L’ACTIVATION	DES	NEUTROPHILES	PENDANT	LA	PHASE	AIGUË	
DE	L’INFLAMMATION	
	

Résumé	:		

Les	neutrophiles	jouent	un	rôle	central	dans	la	première	ligne	de	défense	mise	en	place	contre	les	agents	
pathogènes.	 L’une	de	 leur	 fonction	 essentielle	 est	 caractérisée	par	 la	 capacité	 à	 rejoindre	 rapidement	 la	
circulation	 sanguine	 et	 de	 migrer	 vers	 les	 sites	 inflammatoires,	 où	 ils	 seront	 activés	 et	 exerceront	 des	
fonctions	 effectrices	 extrêmement	 puissantes.	 Ces	 processus	 doivent	 être	 finement	 contrôlés	 afin	 de	
moduler	 leur	effet	dévastateur	dans	 l'organisme.	L'hypothèse	de	 travail	de	ce	 travail	de	 thèse	est	que	 le	
CD31,	 un	 corécepteur	 ITIM	 (Immunoreceptor	 Tyrosine-based	 Inhibitory	 Motif),	 exprimé	 de	 manière	
constitutive	 à	 la	 surface	 des	 neutrophiles,	 joue	 un	 rôle	 essentiel	 dans	 la	 régulation	 du	 recrutement	 et	
l'activation	des	neutrophiles	au	sein	des	sites	inflammatoires.	
Nous	avons	pu	mettre	en	évidence	que	le	CD31	membranaire	était	clivé	lors	de	l’activation	neutrophilaire,	
et	 pouvait	 perdre	 une	 grande	 partie	 de	 son	 domaine	 extracellulaire,	 tout	 en	 conservant	 sa	 portion	
membranaire.	Afin	d’étudier	le	rôle	du	gain	de	fonction	du	CD31	neutrophilaire,	nous	avons	utilisé	un	peptide	
synthétique	homotypique	ayant	la	capacité	de	se	lier	spécifiquement	au	domaine	persistant	du	CD31	clivé,	
et	permettant	le	maintien	de	sa	fonction	moléculaire.	Parallèlement,	des	souris	invalidées	pour	CD31	ont	été	
utilisées	dans	divers	modèles	expérimentaux	d'inflammation	aiguë	afin	d’étudier	le	rôle	de	sa	suppression.	
Dans	 leur	 ensemble,	 nos	 données	 suggèrent	 que	 le	 CD31	 joue	 un	 rôle	 complexe	 et	 important	 dans	 la	
régulation	du	recrutement	des	neutrophiles	au	sein	des	sites	d'inflammation	aiguë.	Nous	avons	pu	montrer	
que	des	 lymphocytes	 isolés	à	partir	de	 souris	 invalidées	pour	CD31	adhèrent	plus	 fortement	aux	 cellules	
endothéliales	activées,	bien	que	leur	progression	hors	du	vaisseau	est	retardée.	A	l’inverse,	l’ajout	du	peptide	
agoniste	CD31	diminue	leur	adhérence,	tout	en	favorisant	leur	détachement.	
La	littérature	rapporte	que	des	neutrophiles	isolés	à	partir	de	souris	déficientes	en	CD31	sont	incapables	de	
migrer	hors	des	vaisseaux,	ce	qui	suggère	un	rôle	important	du	CD31	dans	les	processus	de	transmigration.	
Cependant,	les	mécanismes	sous-jacents	restent	inconnus.	Nous	avons	pu	montrer	qu’au	sein	du	front	de	
migration	neutrophilaire,	le	CD31	empêche	l’ouverture	des	intégrines	associées	en	clusters,	par	le	biais	du	
recrutement	 de	 phosphatase.	 Ce	 processus	 abouti	 à	 un	 diminution	 de	 l’adhérence	 neutrophilaires	 à	
l'endothélium.	A	l’inverse,	la	polarisation	du	CD31	à	l'uropode	semble	être	nécessaire	à	leur	détachement.	
Cette	dernière	étape	implique	la	fermeture	des	intégrines	et	semble	être	favorisée	par	la	signalisation	CD31.	
Dans	 la	 deuxième	 partie	 de	 ce	 travail	 de	 thèse,	 nos	 résultats	 suggèrent	 que	 le	 CD31	 régule	 également	
l'activation	des	neutrophiles	au	sein	des	sites	inflammatoires.	Nous	avons	tenté	de	comprendre	le	rôle	du	
CD31	dans	le	burst	oxydatif	et	la	dégranulation	des	neutrophiles.	SHIP1,	une	phosphatase	impliquée	dans	la	
signalisation	de	CD31,	découple	l'activation	neutrophilaire	induite	par	le	récepteur	Fc.	En	utilisant	le	modèle	
auto-immun	de	glomérulonéphrite,	nous	avons	pu	montrer	que	la	signalisation	du	CD31	module	les	effets	
délétères	causés	par	les	protéases	neutrophilaires.	Dans	ce	modèle	l’ajout	du	peptide	agoniste	CD31	prévient	
les	lésions	induites,	alors	que	les	souris	déficientes	en	CD31	possèdent	des	neutrophiles	plus	activés	et	des	
lésions	glomérulaires	plus	importantes.	
En	conclusion,	 les	résultats	des	expériences	effectuées	lors	de	ce	travail	de	thèse	suggèrent	(1)	que	CD31	
peut	 moduler	 le	 trafic	 neutrophilaire	 en	 contrôlant	 les	 intégrines	 et	 (2)	 que	 CD31	 établit	 un	 seuil	
immunologique	 impliqué	 dans	 l'activation	 des	 neutrophiles,	 limitant	 leur	 activation	 excessive	 pendant	 la	
phase	aiguë	de	l'inflammation.	
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1 ABSTRACT 
 

Neutrophils play a crucial role in the first line of defense against noxious agents. Central to 

their function, is their ability to rapidly exit the circulation and migrate to the site of 

inflammation where they get activated and exert extremely efficient effector functions. A tight 

regulation of these processes is mandatory to restrict their devastating effects in the 

organism. The working hypothesis of my thesis was that CD31, an ITIM (Immunoreceptor 

Tyrosine-based Inhibitory Motif) co-receptor constitutively expressed at the surface of 

neutrophils, plays a critical role in the regulation of neutrophils functions.  

We found that, upon cell activation, the surface CD31 molecules underwent a shedding of 

a large part of the extracellular portion, leaving a small truncated portion that lingers at the 

cellular surface. A synthetic homotypic peptide that has the ability to specifically bind and 

maintain functional CD31 molecular clusters, was used to study the role of CD31 in 

neutrophils biology by “gain-of-function”. Genetically invalidated mice were used in parallel 

as a CD31 “loss-of-function” approach both in vitro and in vivo, in experimental mouse 

models of acute inflammation.  

Altogether our data unveil a complex and important role for CD31 in the regulation of the 

recruitment of the neutrophils at sites of acute inflammation. We show that CD31-/- 

neutrophils established stronger adhesion on activated endothelial cells but their 

progression out of the vessel was delayed. At the opposite, the use of the CD31 agonist 

peptide prevented the attachment while it favored the detachment of the migrating 

neutrophils. 

It was previously observed that CD31-/- neutrophils are unable to migrate out of the vessels 

and it had been proposed that CD31 is necessary for the transmigration but the underlying 

mechanism had remained unknown. We show that the phosphatases recruited and 

activated by CD31, by co-clustering with the integrins at the migration front, prevented their 

opening and hence inhibited the adhesion of neutrophils on the endothelium. At the 

opposite, CD31 polarization at the uropod appeared to be crucial for the detachment of the 

neutrophils. We found that this step, that relies upon the closure of the integrins, was favored 

by the CD31 signaling. 
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Furthermore, our findings showed that CD31 not only regulates the recruitment but also the 

activation of neutrophils at sites of inflammation. Indeed, in the final part of my thesis, I 

studied the regulatory effect of the engagement of CD31 on the oxidative burst and the 

degranulation of neutrophils. The identified phosphatase involved in this function of CD31 

was SHIP1 (inositol phosphatase) which uncouples the Fc-receptor dependent neutrophil 

activation. By using an autoimmune glomerulonephritis model, which develops antibody-

dependent acute inflammation, we showed that CD31 signaling is crucial for limiting the 

collateral damage caused by neutrophil-derived proteases: the CD31 agonist peptide 

prevented the damage whereas the induction of the disease in CD31-/- mice resulted in 

greater neutrophil activation and glomerular damage. 

The results of the experiments performed during my thesis work suggest that, during the 

acute phase of inflammation, CD31 regulates the integrin-dependent steps involved in 

neutrophil trafficking and raises the immunologic threshold for neutrophil activation. In 

conclusion, CD31 exerts an important and unforeseen regulatory function that is critical in 

order to limit the deleterious side effects of neutrophil activation during the acute phase of 

inflammation. 

Keywords	:	

Neutrophils, Inflammation, CD31, Integrins, Leukocyte adhesion, ITIM receptors 
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5 ABBREVIATIONS 
 

ACR:   Albumin to Creatinine Ratio 

ADCC:  Antibody-Dependent Cell-mediated Cytotoxicity 

Btk:   Bruton’s Tyrosine Kinase 

CBA:   Cytometric Bead Array 

CD:   Cluster Differentiation antigen 

CG:   Cathepsin G 

CXCL1:  C-X-C motif Ligand 1 

CR:   Complement Receptor 

EC:   Endothelial Cell 

ECM:   Extracellular Membrane 

Fc:   Fragment Crystallizable  

FcRg:   Fragment Crystallizable Receptor gamma 

fMLP:   formyl Methionine-Leucyl-Phenylalanine 

GBM:   Glomerular Basement Membrane 

G-CSF:  Granulocyte-Colony Stimulating Factor 

GFP:   Green Fluorescent Protein 

GPCR:  G Protein-Coupled Receptor 

GPI:   Glycosylphosphatidylinositol 

GN:   Glomerulonephritis 

KO:   Knock Out 

IC:   Immune Complex 
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Ig:   Immunoglobulin 

IHC:   Immunohistochemistry 

IL:   Interleukin 

ITAM:   Immunoreceptor Tyrosine-based Activation Motif 

ITIM:   Immunoreceptor Tyrosine-based Inhibition Motif 

LAD:   Leukocyte Adhesion Deficiency 

LFA1:   Lymphocyte Function-associated Antigen 1 

Ly6G:   Lymphocyte antigen 6 complex locus G 

Mac1:  Macrophage-1 antigen 

MMP:   Matrix Metalloprotease 

MP-IVM: Multi Photon Intravital Microscopy 

MPO:   Myeloperoxidase 

MS:   Mass Spectroscopy 

NADPHOx:  Nicotinamide Adenine Dinucleotide Phosphate Hydrogen Oxidase 

NaSG:  Sodium Stibogluconate 

NE:   Neutrophil Elastase 

NET:   Neutrophil Extracellular Trap 

NIS:   Non-Immune Serum 

PBMC:  Peripheral Blood Mononuclear Cells 

PECAM-1:  Platelet-Endothelial-Cell Adhesion Molecule 1 

PMN:   Polymorphonuclear Cell 

PR3:   Proteinase 3 

PSGL-1:  P-Selectin Glycoprotein Ligand-1 
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PTK:   Protein Tyrosine Kinase 

PTP:   Protein Tyrosine Phosphatase 

RGD:   Arginine-Glycine-Aspartic  

ROS:   Reactive Oxygen Species 

SDS-PAGE: Sodium Dodecyl Sulphate - Poly Acrylamide Gel Electrophoresis 

SFK:   Src Family Kinases 

SH2:   Src Homology 2 domain 

SHIP1:  SH2-containing Phosphatidylinositol- ‘5-phosphatase-1 

SHP1/2:  SH2-containing Phospho-Tyrosine phosphatase-1/2 

SHG:   Second Harmonic Generation 

Syk:   Spleen Tyrosine Kinase 

TEM:   Trans-Endothelial Migration 

TIRF:   Total Internal Refraction Fluorescence Microscopy 

TNFa:  Tumor Necrosis Factor alpha 

WB:   Western Blot 

WT:   Wild Type 
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6 INTRODUCTION 
 

 

6.1 The Neutrophil 

 

Neutrophils were first recognized as a distinct blood cell-type in the late nineteenth century 

by Paul Ehrlich when he was performing pioneering studies with new staining techniques. 

These cells were characterized by a peculiar “polymorphous nucleus” and a tendency to be 

stained by neutral dyes, thus they were (and they are still) called neutrophils or 

polymorphonuclear leukocytes (PMN). They belong to the “innate” arm of the immune 

system because the ability of neutrophils to perform their immunologic functions is 

immediate and do not depend on previous exposure to microorganisms. Neutrophils 

represents the largest (almost 60%) population of circulating white blood cells and constitute 

the very first line of defense against noxious stimuli. They were thought to be just simple 

soldiers that dye once finish their task, without being decisive for the late stages of the 

inflammatory response. More recently, new neutrophils unexpected roles are being 

uncovered: neutrophils play indeed important roles in shaping both innate and adaptive 

immune responses, and actively contribute, not only to the breakdown, but also to the repair 

of injured tissue (Nathan, 2006). Another paradigm about neutrophils has also been shifted: 

it was thought that, upon extravasation, neutrophil are committed to die in the extravascular 

tissue, but recent studies showed that a small portion of neutrophils can re-enter back to the 

systemic circulation and disseminate the inflammation to distal organs (Woodfin et al., 

2011), indicating that mechanisms controlling neutrophils trafficking are central for the host 

homeostasis. 

Neutrophilopoiesis doubtless accounts for the major effort of the bone marrow, with a 

production that can reach the incredible amount of 1011 cells in just a single day. This 

tremendous effort can be justified by their important functions as innate first line of defense 

against pathogens: mature neutrophils spend their entire life in indefatigably scanning every 

single corner of the host, ready to coordinate a precise and powerful response to find and 

destroy the menace if they sense the presence of a danger. If unemployed, at the end of 
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their life are cleared from the circulation mainly by the reticuloendothelial system in the liver, 

spleen and bone marrow (Saverymuttu et al., 1985). But if any danger is present, they 

immediately coordinate an accurate response in order to find and destroy it. Considering 

this vital task, they are equipped with the most brutal, indiscriminate and lethal arsenal of 

weapons among the entire immune system (Lacy, 2006). Neutrophils are short-lived cells 

(8-12 hours in humans) and are unceasingly generated from myeloid precursor in the bone 

marrow (Borregaard, 2010). Although is still unclear the reason why they are established 

with such a short life, it’s tempting to speculate that their continuous turnover may be a 

mechanism to protect the host by collateral damages, as neutrophil apoptosis and 

efferocytosis by the reticuloendothelial system would prevents the leakage of their 

dangerous content (Poon et al., 2014). Indeed, while effective in their devastating ability, 

these weapons are just as fatal to the host as to their envisioned targets. In contrast to other 

components of the innate immune system – such as dendritic cells and mast cells that reside 

in extravascular tissues – neutrophils have to undergo an elaborate migratory process out 

of the vascular lumen, usually in post-capillary venules, in order to exert their host-defense 

actions into the peripheral tissues. However, if inappropriately triggered, excessive and/or 

prolonged, the neutrophils response can also lead to several pathological disorders (Segel 

et al., 2011).  

Even though the neutrophil field is simply immense (a quick research on PubMed results in 

more than 105 scientific works on this cell type), I will focus on what is currently known about 

neutrophil biology in relation with the experimental work that I have performed during my 

PhD work. In particular, I will introduce the current knowledge on the following questions: 

what are the major weapons employed by these cells? How does the neutrophil recognize 

the presence of a danger within the circulation? How they reach the inflammatory site? What 

are the mechanisms and consequences of neutrophil activation? 
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6.1.1 License to kill: the neutrophil cytotoxic arsenal 

 

Neutrophils must transport in the systemic circulation a considerable collection of harmful 

armaments, ready to be quickly employed at the correct time and in a controlled manner. 

They are indeed characterized by the intracellular presence of discrete vesicles of storage 

called granules, which contain all the constituents needed for neutrophil functions. These 

proteins are packaged during neutrophil maturation (Borregaard, 2010) in at least four types 

of granules that can be classified depending both the timing of their appearance during 

neutrophil maturation and the unique features of their content. 

(i) Azurophil granules – also known as primary – are the first to be formed during 

myelopoiesis and contains the most cytotoxic proteins. They are usually not exocytosed and 

contains for instance the myeloperoxidase (MPO, an important enzyme involved in the 

respiratory burst), Serprocidins (Elastase, Proteinase 3 and Cathepsin G, which are serine 

proteases for the hydrolytic degradation of bacteria) and antimicrobial peptides called 

Defensins (cationic peptides able to disrupt the bacterial membrane). 

(ii) Specific granules – also known as secondary –, which also contain antimicrobial 

constituents like Neutrophil Gelatinase-associated Lipocalin (NGAL), Cathelicidin, 

Lysozyme and MMP-8 (Faurschou and Borregaard, 2003), but, at variance with azurophil 

granules, do not contain peroxidase enzymatic activities. 

(iii) Gelatinase granules – also known as tertiary –, are less equipped in antimicrobial agents 

in comparison to the previous two and act as reservoirs of matrix-degrading enzymes (in 

particular collagenase or MMP-9 from which the name of these granules). They are more 

easily exocytosed and this is important during neutrophils recruitment at the inflammatory 

site, since the action of the MMPs help to digest the extracellular matrix and the vascular 

basement membrane, allowing their transit through the vascular wall and throughout the 

external tissues (Sengelov et al., 1995).  

(iv) The last type is represented by secretory granules. They were discovered as the 

organelles responsible for the rapid upregulation of CD11b at the neutrophil surface after 

stimulation with the formyl-Methionyl- Leucyl-Phenylalanine (fMLP) peptide (Borregaard et 

al., 1987). Secretory vesicles are indeed rich in the b2-integrin CD11b:CD18 (Sengelov et 
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al., 1993), the fMLP-receptor (Sengelov et al., 1994a) and the complement receptor 1 

(Sengelov et al., 1994b). Moreover, the mobilization of secretory granules is accompanied 

by shedding of L-selectin from the cellular surface, and all these changes allow the 

neutrophil to interact with the activated endothelium in order to start the recruitment process 

to the inflammatory site (Borregaard et al., 1994).  

When arrived at their destination, neutrophils have mobilized almost all their secretory 

vesicles, 40% of their gelatinase granules, 20% of their specific granules and only 5% of 

their azurophilic granules (Sengelov et al., 1995). Thus, when the neutrophils are finally 

faced with the noxious agent, their receptors are upregulated at the membrane surface, 

while most of the bactericidal and proteolytic enzymes are still retained, ready for fusion with 

the phagocytic vacuole during the microorganism engulfment.  

To conclude, granules are far more than just inert containers for dangerous compounds, but 

rather they represent active players in almost all neutrophil activities during inflammation. 
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6.1.2 Margination and mobilization of circulating Neutrophils  

 

Experiments performed almost 60 years ago, showed that approximately half of radio-

labelled autologous neutrophils disappear from the systemic circulation within seconds 

when injected in healthy volunteers (Mauer et al., 1960), while, in other experiments, the 

blood count of circulating neutrophils was drastically increased by the intravenous 

administration of adrenaline (Athens et al., 1961). These data indicated the existence of a 

neutrophil pool that could be retained or mobilized if necessary, and this recoverable portion 

of cells were named “marginated”. Marginated neutrophils reside principally in the bone 

marrow, spleen, liver and lungs (Peters, 1998). Although the reason why neutrophils are 

concentrated within these organs remains largely undefined, it is possible that they act as 

reservoirs of mature neutrophils, which can be rapidly deployed to sites of inflammation in 

case of necessity. It is also likely that the marginated neutrophils are just patrolling these 

organs and this would result in a reduction of their input/output ratio across these tissues. 

Nevertheless, is well known that systemic inflammation is associated with circulating 

neutrophilia and several inflammatory mediators have been shown to augment neutrophils 

blood count when injected experimentally into animals (Hsu et al., 2011). Even though the 

precise mechanisms that control neutrophil mobilization are poorly characterized, recent 

data suggested that the G-CSF in combination with CXCL1 are able to disrupt the neutrophil 

retention in the bone marrow (Wengner et al., 2008), but for the other organs remains to be 

determined. 

A successful immune response depends on the capacity of leukocytes to correctly move in 

the organism. This is particularly important for neutrophil, as demonstrated by the fact that 

genetic deficiencies of adhesion molecules are associated with recurrent and lethal bacterial 

infections (Anderson and Springer, 1987), while vicious recruitment might result in severe 

collateral damages to the host and chronic inflammation (Singbartl et al., 2000). Neutrophil 

trafficking depends principally by a class of specialized receptors called integrins. These 

proteins are not constitutively active and their adhesive properties are tightly controlled by 

multiple signaling pathways.  
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6.1.3 Integrins: how they work 

 

Integrins are transmembrane heterodimers of non-covalently associated a and b subunits 

(Hynes, 2002). Nowadays, are known 18 a and 8 b subunits that can be assembled in 24 

different receptors with different ligand specificity and with different cellular distribution 

(Figure 2a). Among all, immune cells are the only that express a specific subfamily of 

integrins composed of a common β2 subunit associated to one of four distinct, yet highly 

homologous, alpha subunits (αL, αM, αX, and αD). In particular, αMβ2 is specifically presented 

by cells belonging to the myeloid lineage and recognizes a multitude of heterogeneous 

ligands. Ligands include extracellular matrix components such as fibronectin, laminin, 

collagen and vitronectin (Bohnsack and Zhou, 1992), counter-receptors of the 

immunoglobulin super-family such as ICAM-1 (Diamond et al., 1991) and ICAM-2 (Xie et al., 

1995), MPO (Johansson et al., 1997), elastase (Cai and Wright, 1996) and several others 

(Podolnikova et al., 2015).  

All integrins are characterized by the presence of a short cytoplasmic tail, a single 

transmembrane domain and several flexible extracellular domains with a headpiece 

containing the ligand binding site (Figure 2b). Considered the high-flexibility of the 

ectodomains, changes in their conformation dramatically influence the affinity and the avidity 

for their specific ligand. There are structural and functional evidences for at least three global 

β2 integrin conformations: closed/bent, opened headpiece and fully-extended headpiece 

(Luo et al., 2007). Integrin with a bent headpiece conformation hide the ligand binding-site, 

whereas different signals can switch the conformation toward an intermediate or fully-

opened conformation that display respectively intermediate or high affinity for the ligand. 

Most of the understanding of integrins conformational changes comes from experiments 

with “reporter antibodies” whose epitope is inaccessible in the bent configuration, but is 

exposed when the integrin extends (Stephens et al., 1995). As integrins lack endogenous 

enzymatic activity, their activation is induced by the molecular assembly of signaling 

complexes at the site of their cytoplasmic tail (O'Toole et al., 1994) in a process called 

“inside-out” signaling. The latter is a very complex process in which several proteins are 

involved (Campbell and Humphries, 2011). One of the most important player implicated in 

integrin activation is Talin1, a 270kDa soluble protein that exists in an auto-inhibited 
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conformation in the cytoplasm, but becomes active when docked at the cellular membrane 

by the interaction with specific phospholipids produced after cellular activation (Critchley, 

2009). Engagement of different signaling pathways (GPCR, SFK and ITAM), leads to the 

local generation of phosphatidylinositol 4,5-bisphosphate. Binding of Talin1 to PtdIns(4,5)P2 

via its FERM (4.1/ezrin/radixin/moesin) domain release it from its inhibited form and permit 

to the protein to associate to the integrin b subunits (Ye et al., 2016). Membrane-docked 

Talin1 act as a bridge for integrins, filamentous actin (F-actin) and other actin-binding 

proteins: the interactions of integrin cytoplasmic tail with this intracellular complex, finally 

lead to an allosteric rearrangement of the ectodomains that open the headpiece for an 

optimal orientation of the binding site (Du et al., 1993).  

The importance of Talin1/integrins interaction during neutrophil recruitment was recently 

addressed in vivo, with mice in which Talin1 was genetically-modified on residues crucial for 

its interaction to b2-integrins (Yago et al., 2015). In this work, an invalidating point mutation 

of Talin1 in the myeloid lineage protected mice from ischemia-reperfusion injury. Talin-

deficient neutrophils were indeed not able to extend the ectodomain of b2-integrins and 

hence could not complete the adhesion cascade on the endothelial cell in the vascular lumen 

and reach the inflammatory site. 
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site and display poor reactivity for their ligands. Inside-out signaling trigger the local production of 

PtdIns(4,5)P2 which recruit Talin1 at the cell membrane. Interaction with PtdIns(4,5)P2  release 

Talin1 from its autoinhibited conformation, which allow it to interact with the cytoplasmic tail of the 

b subunit. Interaction between Talin1 and integrin introduces allosteric changes that alter the 

ectodomain thereby releasing the headpiece from its bent form. The molecular linking with Talin1 

and actin filaments tilts the b subunit leading to further conformational modifications in which the 

binding site is fully-exposed. 

 

 

6.1.4 The adhesion cascade 

 

Mature neutrophils continuously circulate in the blood stream, patrolling the vessels in 

search for inflammatory cues. To do so, they establish weak, transient contacts with the 

selectins expressed by the vascular endothelium of postcapillary venules. Upon the 

occurrence of an organ injury, the expression of “danger signals” by the damaged cells lead 

to the local production and secretion of cytokines and other pro-inflammatory mediators that 

activate endothelial cells of the nearby microvasculature. These activated endothelial cells 

communicate the presence of the danger to circulating leukocytes by increasing the 

expression of selectins and adhesion molecules at their surface. This can occur within 

seconds, via the rapid mobilization of the Weibel-Palade bodies (Utgaard et al., 1998), and 

can be sustained within a few hours by a de novo synthesis (Kansas, 1996). The increased 

expression of selectins, allows the tethering (capture) of floating leukocytes, thereby 

inducing cells to “roll” in the vascular lumen at 20-40 µm/sec with a shear stress that spans 

from 1 to 10 dynes/cm2 (Sundd et al., 2011). Under these dynamic conditions, leukocytes 

are able to rapidly establish and broke adhesive connections by the engagement of their P-

Selectin Glycoprotein Ligand-1 (PSGL1). The interaction of leukocyte PSGL1 with 

endothelial selectins (P- and E-selectin), induces an inside-out signaling pathway that leads 

to the augmentation of neutrophil adhesion with a consequent reduction of the rolling speed. 

From a molecular point of view, PSGL1 engagement induces the phosphorylation of 

immunoreceptor tyrosine-based activation motif (ITAM) adaptors (Fcg-chain or DAP12), 

which, in turn, starts an inside-out transduction pathway mediated by the recruitment of the 
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Spleen Tyrosine Kinase (Syk). All these events finally result in a conformational change of 

leukocyte b2-integrins towards an intermediate-affinity form (LFA-1 for all leukocytes and 

Mac-1 specifically for neutrophils and monocytes), that enable neutrophils to slow further 

their speed by additional interactions with endothelial cell adhesion molecules like ICAM-1 

(Zarbock et al., 2008). This slow rolling phase (»5µm/sec) permits to increase progressively 

the efficiency of leukocyte contacts with the chemokines (meanwhile locally produced and 

secreted) that have been immobilized onto the endothelial glycocalyx. The interaction 

between the endothelial-bound chemokines with their specific receptor at the surface of the 

leukocytes, drives a GPCR-dependent integrin full-opening and allows the complete arrest 

of the neutrophil on the inflamed endothelial cell (Lefort et al., 2012). Once arrested, they 

start to actively crawl on the endothelial surface (even against the flow direction) probing the 

inflammatory cues and following the chemokine gradient to reach the correct site for leaving 

the vessel (“extravasation”). At this stage of their recruitment, neutrophils must hold their 

integrins in their maximal adhesive state in order to not be pulled away – back in the blood 

flow – by the hydrodynamic forces present in the vessel.  

While the understanding of the mechanisms promoting integrin strengthening and neutrophil 

adhesion on endothelial cells is increasing (Hogg et al., 2011), the regulatory pathways that 

control these processes are still not well defined. A recent work has suggested that SH2-

containing phosphatases might be important in this setting (Stadtmann et al., 2015). 
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FIGURE 3. NEUTROPHIL INTERACTION WITH ACTIVATED ENDOTHELIAL CELLS 

(a) Close to the inflammatory sites, neutrophils tether along the activated endothelium by 

transiently and weakly bind to the selectins. This selectin-mediated “fast rolling” is then followed 

by a reduction of neutrophil speed (“slow rolling”), mediated by the endothelial adhesion 

molecules, which, in the presence of specific chemokines, turns into a complete arrest. (b) 

Interaction of neutrophil PSGL-1 with selectins, results in an ITAM-mediated inside-out signaling 

pathway that modifies the conformational orientation of b2-integrins. The changed conformation 
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augments their affinity for cell adhesion molecules (like ICAM-1). Finally, GCPR-signaling 

triggered by chemokines immobilized on the endothelial surface, induces the high-affinity 

conformational state that allow the neutrophil to completely arrest within the vascular lumen. 

 

 

6.1.5 Breaching the wall: the transendothelial migration 

 

Rolling, adhesion and crawling are consecutive steps of leukocyte-endothelial cell 

interactions that prepare neutrophils to reach the right exit sites from where they 

transmigrate through the endothelial barrier (trans-endothelial migration, TEM). When 

neutrophils interact with the vessel wall, their shape changes noticeably from an almost 

spherical to a flattened phenotype. These alterations are associated with the reorganization 

of cytoskeleton and with a cellular polarization: the migrating leukocyte forms a “leading” 

edge at its front of migration whereas the rear forms the so called “uropod”, a structure 

characterized by high contractility and a low adhesion state (Hind et al., 2016). Even though 

neutrophils can occasionally leave cross the endothelial layer by a transcellular way, directly 

traversing the body of the endothelial cells (Carman and Springer, 2008), the majority of 

leukocytes actively crawl towards endothelial cell-to-cell junctions and they cross the 

endothelial barrier in a paracellular way, in between adjacent cells. Once leukocytes are in 

proximity of the junctions, the local engagement of endothelial ICAM-1 trigger the loosening 

of endothelial cell contacts and opening of a passage between them (Shaw et al., 2001). 

More precisely, the endothelial cell activates downstream signaling pathways that induce 

VE-cadherin to be cleared from the site of transmigration along the junction, in order to 

release the adherent junctions and allow the passage of the leukocyte (Vestweber, 2015). 

The latter is predominantly regulated by their interaction with the adhesion molecules on the 

endothelial cells which extend their apical membrane projections enriched in ICAM-1 which 

are called ‘transmigratory cups’ (Carman and Springer, 2004).  

When a leukocyte engages the TEM process, it establishes several consecutive intimate 

contacts with the adjacent endothelial cells. These leukocyte-endothelial contacts at the 

lateral borders of adjacent endothelial cells are crucial for neutrophils to cross the vessel. A 



INTRODUCTION 

 38 

plethora of studies on the signaling pathways that are triggered during the diapedesis have 

focused on the endothelial side, whereas very little is known about the effects that such 

interactions generate on the leucocyte counterpart (Vestweber, 2015). The endothelial 

junctional proteins that are involved in TEM have been identified and characterized by the 

use of monoclonal antibodies that were able to impair leukocyte transmigration at specific 

stages of this process. The most important junctional proteins involved in TEM were found 

to be the “Junctional Adhesion Molecules” (JAM-A/B/C), CD99 and CD31. While CD99 and 

CD31 establish trans-homotypic interactions, JAM proteins bind with leukocyte b2-integrins 

and actively assist the passage of leukocytes through the endothelial barrier. Once the basal 

side of the endothelial cells is reached, leukocytes need to dissociate from them and cross 

the underlying basement membrane. This last step of TEM remains largely enigmatic. 

 

 

6.1.6 Trafficking beyond the endothelial cell and detachment out of the 

vascular wall 

 

After crossing the endothelial barrier, neutrophils must take their way through another 

physical obstacle of the vessel wall: the basement membrane (BM). The BM is a thin 

extracellular matrix structure containing supramolecular organized networks of laminins 

(mainly isoforms 4 and 5) and collagen type IV which are interconnected by bridges of 

nidogens and perlecan (Yousif et al., 2013). The assembled BM enclose outside the vessel 

wall and provides endothelial cells with structural support, while (with a pore size in the order 

of 50 nm) only small molecules can passively diffuse across it. Although the molecular 

mechanisms are poorly understood, wild-type neutrophils are able to cross the tight BM 

barrier without any obvious problem, indicating that they may adopt different strategies to 

pass through. In this regard, immunohistological observations have highlighted the presence 

of BM areas with low expression regions (LER) of laminins and collagen IV (Wang et al., 

2006) that are permissive sites privileged by leukocytes to leave the vascular wall (Voisin et 

al., 2010). In addition, subunits of laminins with lower capacity for crosslinking with collagen 

type IV (notably the short a chain of laminin-4), might provide more penetrable LERs due to 
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an easier dissociation of the matrix networks during cell migration (Yousif et al., 2013). 

Indeed, LER are transiently enlarged after the passage of leukocytes and neutrophils that 

egress into the tissue carry with them laminin fragments, indicating also a local proteolytic 

digestion of the BM (Voisin et al., 2010). 

Different receptors expressed by transmigrating leukocytes have been proposed to support 

the interactions between neutrophils and the BM. Experiments performed with monoclonal 

antibodies able to inhibit neutrophil adhesion on laminin in vitro and in vivo have suggested 

that specific integrins may govern neutrophil interaction on the BM, such as a6b1 (also known 

as VLA6). Yet, neutrophil interaction on laminin must also be dependent from b2-integrins 

(CD11b:CD18), as suggested by the fact that anti-b6 and anti-b1 antibodies are not able to 

prevent neutrophils adhesion to the BM when used alone, but they concomitantly need a b2-

integrin inhibition (Bohnsack, 1992). The authors of these studies concluded that 

contribution of VLA6 to neutrophil to adhere to laminin seemed to be weaker than that of 

CD11b:CD18. In support of this conclusion, recent experiments found that myeloid-specific 

genetic invalidation for the integrin b1 subunit in mice, surprisingly, resulted in a four-fold 

increase of transmigrated neutrophils in a peritonitis model (Sarangi et al., 2012). These 

observations might therefore indicate that b1-integrins can even constitute a brake for 

neutrophil egression into the inflammatory site. 

After penetrating the vascular wall and before approaching the parenchyma of inflamed 

tissue, leukocytes must detach from the outside portion of the endothelial layer and from the 

basement membrane, a fundamental – and yet largely enigmatic – process. Intravital 

observations of extravasating neutrophils have shown that, while the leading edge of 

migrating neutrophils moves forward towards the interstitial tissue, the uropod remains 

“trapped” at the level of the basolateral part of the endothelial cell junction (Hyun et al., 

2012). By this peculiar process, cells became exceptionally elongated (20 to 50µm) and 

spend several minutes in this state before completely detach. It’s tempting to speculate that 

uropod retention at the basolateral side of the vessel might be the heritage of the strong 

adhesive interactions established during the adhesion cascade, when the neutrophils had 

to face the hemodynamic conditions in the blood stream. In this regard, the step of 

neutrophils elongation could be needed in order to initiate the closure of the integrins, now 

that the cells must detach in order to get out, into the static interstitial compartment. Most 
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notably, in addition to a putative active detachment process, while making their way out of 

the vessel, the migrating leukocytes can mutilate themselves and leave pieces of their cell 

membranes, expressing CD11b and chemokines along the vessel wall, which has been 

suggested to provide additional chemotactic cues to guide other leukocytes to the 

inflammatory site (Lim et al., 2015).  

At the end of the TEM, once they reach the inflamed tissues, the neutrophils exhibit an 

altered phenotype, enhanced survival, and increased effector functions. Accordingly, the 

vascular adhesion and breaching steps of extravasating neutrophils not only limit the extent 

of neutrophil accumulation in inflamed tissue but also represent mandatory steps that will 

influence neutrophil effector function once they are ready to face the noxious agent at the 

sites of tissue inflammation. 

 

 

6.1.7 Neutrophil activation: the end game? 

 

When neutrophils are recruited at an inflammatory site, they must deal with an extremely 

complex task as they have to stop against the blood flow, move across a changing 

environment and integrate a plethora of information in order to correctly orchestrate an 

appropriate immune response. For this purpose, they are equipped with a large number of 

cell surface receptors for the recognition of the inflammatory milieu (cytokines and 

chemokines) and the noxious agents (Futosi et al., 2013). Neutrophils can directly recognize 

pathogen-associated structures or danger signals via the “innate” receptors for PAMP and 

DAMP or indirectly, via the binding of the specific antibodies that coat the biological target 

to their Fc-receptors. The latter mechanism provides a link between the adaptive and the 

innate immune response (Figure 4). 

Emigrated neutrophils must first follow a hierarchical gradient of interstitial chemokine that 

guide them through the injured site. Important chemoattractant molecules include IL-8 (the 

murine orthologue is CXCL1), leukotriene B4 (LTB4) and bacterial peptides containing the 

N-formyl-Methionyl-Leucyl-Phenylananine (fMLP) motif. Interestingly, although protein 
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The production of reactive oxygen species by the oxidative burst is one of the most 

formidable weapon with which neutrophils destroy pathogens. The enzymatic system that 

begins the ROS production is the NADPH oxidase (Bedard and Krause, 2007), a 

supramolecular machine composed by six different proteins: two transmembrane proteins 

(p22phox and gp91phow) and four cytoplasmic proteins (p47phox, p67phox, p40phox and 

Rac1/2). In resting neutrophil, all these components are largely cytosolic, but, upon 

activation, they assemble together and start to transfer electrons across the membrane in 

order to transform molecular oxygen (O2) to superoxide anion (O2
-), which is immediately 

dismutated into the more toxic hydrogen peroxide (H2O2). Both O2
- and H2O2 can damage 

a variety of biomolecules, especially DNA, which is believed to be the main way by which 

ROS kill bacteria (Van Acker and Coenye, 2017).  

The second way of neutrophils effector functions is the mobilization of their intracellular 

granules and their cytotoxic content. As discussed previously, the granules are packed with 

different constituents and are used for distinct purposes during neutrophil recruitment. 

Although the content of gelatinase granules and secretory vesicles mainly help neutrophils 

to interact with the surrounding environment (by the upregulations of receptors and matrix-

remodeling enzymes), specific and azurophilic granules contain antimicrobial proteases and 

peptides that directly destroy pathogens. The latter, are mainly used to kill pathogens 

intracellularly, as the release of their content into the surrounding tissues can cause severe 

collateral damages to the host. Granules are prevented from being released until specific 

receptors signal activate their movement to the cell membrane for secretion of their contents. 

In this process, membrane phospholipids play an important role, as production of inositol 

triphosphate (IP3) was shown to be a pivotal second messenger for the increase of 

intracellular Ca2+ and the mobilization of granules (Fensome et al., 1996). The steps of 

exocytosis involve granule translocation toward a target site of the cell membrane via actin 

remodeling and microtubule assembly, and move by tethering and docking along the 

exocytosis path of the cytoskeleton through the sequential action of the SNARE complex 

(Mollinedo et al., 2006). Finally, the actin cytoskeletal mesh beneath the cellular membrane 

must be disassembled in order to allow the fusion of the granule membranes to the inner 

surface of the cell membrane and release their content (Jog et al., 2007). 
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Neutrophils are also able, in certain conditions, to release part of their nuclear content 

through the formation of extracellular networks made of double stranded DNA complexed 

with citrullinated histones and azurophilic antimicrobial proteins (MPO, NE and CG). This 

effector function has been called Neutrophil Extracellular Traps (or NET) (Brinkmann et al., 

2004). NET networks are called so because they are able to capture bacteria, to prevent 

their dissemination and to kill them by the close exposure with the cytotoxic proteins with 

which NETs are complexed. It has been suggested that neutrophils are able to sense 

microbe size, and – although they prefer phagocyte microbes if are sufficiently small –, 

neutrophils are stimulated to release NETs specifically in response to microbes that are too 

large to engulf (Branzk et al., 2014). NET formation is an active process requiring an energy-

dependent rearrangement of the nuclear architecture and the decondensation of the 

heterochromatin by the action of peptidyl arginine deiminase 4 (PAD4) an enzyme that 

catalyzes the conversion of histone’s arginines into citrullines, thereby reducing their strong 

positive charge and thus weakening the histone-DNA interactions (Li et al., 2010). 

Although all neutrophil effector functions are necessary for life, they are just as dangerous 

to microorganisms as to the host that they are intended to protect. Molecules supposed to 

kill microbes, such as reactive oxygen species and proteases, if not under control, can leak 

from live or dying leukocytes and kill self-cells. This is particularly known for sterile injuries 

(i.e. inflammations without microbe pathogens), in which the inflammatory response 

mediated by neutrophils may actually do more harm than good. This concept is well 

illustrated by the ischemia-reperfusion injury, were depletion of neutrophils substantially 

reduced the extent of acute tissue damages (Romson et al., 1983). Although in those 

settings would be potentially useful block neutrophil recruitment with pharmacological 

strategies, a complete immune suppression may not be the best option as it would 

compromise host defense against infections as well as tissue repair once the acute 

inflammatory phase is passed.  

Upon ending their task, when the triggering stimulus is gone, neutrophils undertake the 

“resolution” phase of the acute inflammatory process. Neutrophils are indeed active players 

in clearing tissue cellular debris and – while dying by apoptosis – they secrete soluble 

mediators that prevent further neutrophil recruitment (Sugimoto et al., 2016). At this stage, 

resident or infiltrated macrophages eliminate the dead neutrophils, a process called 
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efferocytosis, which triggers the differentiation of these macrophages toward a reparative 

(M2) phenotype (Ortega-Gomez et al., 2013). This is a crucial event for the resolution of 

inflammation as suggested by the fact that chronic pathological conditions occur when 

neutrophil efferocytosis by macrophages is deregulated (Millet et al., 2015). The physiologic 

issue of the interaction between apoptotic neutrophils and the macrophages responsible for 

their efferocytosis may also be tightly controlled by an effective CD31 receptor function, as 

suggested by the work of Brown et al. (Brown et al., 2002). 

In this context, targeting an endogenous protein capable to set a threshold for neutrophil 

recruitment and activation, as well as for driving the appropriate signals for the resolution of 

inflammation, should prove to be a fruitful approach to modulating the extent of the 

inflammatory response as well as the wound healing process. 
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6.2 The CD31 molecule 

 

CD31 has been implicated since its discovery in numerous biological functions such as 

leukocyte transmigration, platelet activation and angiogenesis; all features that were 

attributed to its putative adhesive properties. However, several biochemical and functional 

studies have shown that CD31 contains two cytoplasmic immunoreceptor tyrosine-based 

inhibitory motifs (ITIMs), that upon phosphorylation are able to mediate inhibitory signals 

through the docking and activation of SH2-containing phosphatases. Like other molecule of 

the Ig-ITIM superfamily, CD31 acts as an inhibitory receptor, serving to moderate tyrosine 

kinase-dependent pathways and to globally set a threshold for activation in several cell 

types.  

 

 

6.2.1 Protein structure and general features 

 

The CD31 molecule was first identified as a protein shared by both platelets and endothelial 

cells (Goyert et al., 1986) and was then named “Platelet-Endothelial-Cell Adhesion Molecule 

1” or PECAM-1. CD31 was cloned almost 30 years ago for human (Newman et al., 1990) 

and for the murine orthologous (Xie and Muller, 1993). It is constitutively expressed on all 

hematopoietic cells – with the exclusion of red blood cells – besides on endothelial cells, in 

which it is particularly enriched at the cell-junctions (Ilan et al., 2001). 

CD31 is a single-pass transmembrane protein with the N-terminal exposed to the 

extracellular space and the C-terminal into the cytoplasm. The mature amino acid sequence 

includes 574 extracellular residues followed by a 19-hydrophobic sequence – that 

corresponds to the transmembrane region – and a cytoplasmic tail composed by 118 

residues (Figure 5). A 27-signal peptide at the N-terminus is further processed and cleaved 

during the maturation of the protein in the endoplasmic reticulum. The CD31 expected 

molecular weight is about 83 kDa, but numerous N-linked and O-linked glycosylation 
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increase the apparent molecular weight up to 130 kDa for the mature protein (Newton et al., 

1999). The extracellular region is composed by six Ig-like C2-type domains counted from 1 

to 6 from the more distal to the membrane-proximal. Each domain presents two conserved 

cysteine residues – separated by 55/75 aminoacids – that are covalently linked together 

resulting in a three-dimensional structure typical of the Ig-fold family, which is organized in 

seven anti-parallel b-sheets packed against each other in a b-sandwich (Halaby et al., 1999).  

At the very beginning of its cytoplasmic tail, CD31 possess a cysteine residue in position 

622 that undergo to palmitoylation. This post-translational modification has been shown to 

be required for CD31 localization in lipid rafts, which seems to be important for CD31-

dependent signaling properties (Sardjono et al., 2006). Because of the sequence similarity 

of its extracellular domains to those of other characterized Ig-CAMs, CD31 was originally 

assigned to the family of cell adhesion molecules, but after the discovery of two conserved 

ITIM motifs it was placed into the Ig-ITIM family (Newman, 1999). The cytoplasmic tail 

contains also several serine/threonine residues that were shown to be functionally 

phosphorylated and seem to be important for the association with the b-catenin (Ilan et al., 

2000).  
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are more complex since they can undergo to several alternative splice variants (Newman 

and Newman, 2003). Endothelial cells are the only cell type that has been documented to 

secrete a soluble form of CD31 by an alternative spliced mRNA from which the exon 

containing the transmembrane domain (exon 9) has been removed (Goldberger et al., 

1994). This secreted CD31 molecule is 10 kDa smaller than the transmembrane form and 

can be detected in human plasma at the level of 10-25 ng/ml in healthy subjects. While all 

CD31 exons are phase 1 (i.e they end with a nucleotide that become part of the first triplet 

of the ensuing exon), exon 15 is a phase 0 exon. Splicing out of exon 15 (D15 CD31), 

therefore, results not only in loss of the amino acids normally encoded by exon 15 itself, but 

also outcomes in changing the reading frame of downstream exon 16 with the generation of 

a new C-terminal sequence (Newman and Newman, 2003). Although this variant retains 

both the ITIM sequences, endothelial cells transfected with D15 CD31 failed to rescue from 

apoptosis after treatment with a chemotherapy agent, pointing out cytoprotective properties 

of the C-teminal tail (Bergom et al., 2008). Another variant was documented – at the mRNA 

level – to lack the exon 14, which codes for one of the two ITIM motif present in the 

cytoplasmic tail (Wang et al., 2003). Although D14 CD31 still contains one of the two ITIM 

motifs (i.e. the one encoded by the exon 13), CD31/SH2-containing phosphatases 

interaction seems to require the tyrosine phosphorylation at both ITIM sequences (Jackson 

et al., 1997). It is reasonable to think that these isoforms may have different biological 

properties, but the physiological role of D14 CD31 has not been fully investigated yet. Finally, 

as human cells express mostly the full-length CD31 (Wang et al., 2003), it remains to be 

determined whether differential signaling induced by the various CD31 isoforms may be 

relevant in humans.  
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CD31 does not possess intrinsic kinase activity and, to operate, it needs (i) to clustered, (ii) 

to be phosphorylated on its ITIM motif in order to (iii) became a docking site for SH2-

containing phosphatases able to transmit downstream pathways.  

CD31 is able to both heterophilic and homophilic interactions with CD31 molecules 

expressed by adjacent cells (trans-homophilic interactions) and with CD31 molecules on the 

plane of the same membrane (cis- homophilic interactions). To be engaged, it has been well 

demonstrated that both the distal Ig domains 1 and 2 are important for the formation of the 

primary homophilic contacts (Paddock et al., 2016) since cells that lack those domains are 

not able to bind full-length recombinant CD31 in vitro (Sun et al., 1996). The current 

molecular model proposes that trans-homophilic interactions mediated by the distal 

domains, induce a primary oligomerization of CD31 proteins on the same membrane plane 

that are further stabilized by the proximal 6th domain in a zipper-like arrangement (Newton 

et al., 1997) (Figure 7). This model is supported by the experimental findings that mutant 

CD31 proteins lacking the domain 6 fail to undergo homophilic binding (Fawcett et al., 1995), 

while monoclonal antibodies mapping this region are able to induce it (Sun et al., 1996). Cis-

interaction at the membrane plane would substantially increase total avidity of the complex 

leading the organization of signaling complexes and the formation of docking points for 

cytosolic proteins.  

Because CD31 does not possess intrinsic enzymatic activities, the identity of kinase able to 

phosphorylate its tyrosine on the ITIM motifs has been subject of extensive investigation 

and a large body of evidences support a role for Src family kinase (SFK) Lck, Lyn, Fyn, c-

Src and also Csk (Cao et al., 1998; Cicmil et al., 2000; Lu et al., 1997). It happens often that 

the same tyrosine kinase that phosphorylate ITAM-bearing receptors also phosphorylate an 

ITIM-bearing receptor in order to control the extent of activation. The characteristic feature 

of an ITIM motif is a tyrosine residue followed by a Leucine or Valine at the position +3 and 

generally preceded by a hydrophobic amino acid at -2 (consensus motif L/I/V/S-x-Y-x-x-

L/V). Although CD31 possess in total 4 different tyrosine residues (Y623, Y663, Y690 and Y713), 

mutant form of human CD31 in which the tyrosine residues at positions 690 and 713 (i.e. 

belonging to the ITIM motifs) were replaced with phenylalanine, failed to become tyrosine 

phosphorylated in transfected HEK293 cells exposed to pervanadate, suggesting that ITIM 

sequences are the only that can be tyrosine-phosphorylated (Jackson et al., 1997). A 
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tyrosine residue within this sequence is able, upon phosphorylation, to interact specifically 

with Src-homology 2 (SH2)-containing phosphatases, leading to their recruitment from the 

cytosol to the inner layer of the cellular membrane. It has been shown that ITIMs-CD31 can 

become a docking site for the SH2-containing tyrosine phosphatase SHP-1 and SHP-2 

(Henshall et al., 2001), the phosphatidylinositol 5’ phosphatase SHIP1 and the PLCg1 

(Pumphrey et al., 1999). 

There is growing evidences that CD31 associate both physically and functionally also with 

cytoskeletal proteins. It would seem that CD31 is able to regulate F-actin assembly, 

especially during cell migration, likely by the interaction with b-catenin (Ilan et al., 1999). 

Finally, CD31 serine residues have also been shown to undergo to phosphorylation in 

platelets (Newman et al., 1992) and endothelial cells (Ilan et al., 2000). Serine 

phosphorylation on CD31 cytoplasmic tail – conversely to tyrosine phosphorylation – is 

already detectable in resting cells and its level increase by 2/3 folds upon cellular activation.  

 

 

 

FIGURE 7. ZIPPER MODEL FOR CD31 

CLUSTERING AND MOLECULAR ACTIVATION  

Interaction of distal D1/D2 domains mediate 

trans-homotypic binding that are further 

stabilized by the membrane proximal D6. 

Clustering of CD31 by member of the Src family 

kinase (SFK) phosphorylate both ITAM-bearing 

activator receptors and ITIM-CD31 motifs. 

Phosphorylated CD31 act as a molecular 

platform for the recruitment of SH2-containing 

phosphatases (SHP) that antagonize the effect 

of SH2-containing tyrosine kinases (PTK) 

recruited by ITAM receptors. 

(Adapted from Newton et al., 1997) 
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6.2.4 Interplay between ITAM and ITIM-bearing receptors for the immune 

response 

 

A hallmark of the immune system is the ability to maintain an equilibrium between the 

extremes of reactivity and quiescence, at any moment ready to release an arsenal of 

cytotoxic weapons yet capable of maintaining control over these potentially lethal functions. 

Thus, the final outcome of a cellular response is determined by a complex interplay by 

activating and inhibiting signaling pathways and this balance is important to achieve a 

correct immune response, while preventing at the same time overwhelming inflammation or 

autoimmunity. One of the best characterized cellular pathways in immune cells are the 

Immunoreceptor Tyrosine-based Activation Motif (ITAM) and Immunoreceptor Tyrosine-

based Inhibition Motif (ITIM) (Barrow and Trowsdale, 2006).  

ITAM motif are found in the cytoplasmic tail of important immunoreceptors (like the CD3 

subunits of TCR, Iga/Igb subunits of BCR, Fc-Receptors and several others) and are 

characterized by the consensus YxxL/I(x)6-10YxxL/I. In the prototypical immunoreceptor 

pathway, engagement of those receptors leads to activation of Src-family kinases, which, in 

turn, phosphorylate immunoreceptor tyrosine-based activation motifs (ITAMs) present on 

either the receptor itself or on associated subunits (DAP12 or the Fcg-common chain). In 

neutrophils, phosphorylated ITAMs become a molecular platform for the recruitment of the 

SH2-containing tyrosine kinase Syk, while for T-lymphocytes and Natural killer cells the 

counterpart is represented by ZAP70. Membrane-docked Syk, in turn, phosphorylate 

several different substrates, which lead to a complex network of interconnecting signaling 

pathways (Figure 8). One of the enzymes activated downstream is the phosphatidylinositol 

3-kinase (PI3K), which converts the local pool of phosphatidylinositol(4,5)P2 in 

phosphatidylinositol(3,4,5)P3. The Tec kinases are one of the few tyrosine kinases that have 

pleckstrin-homology domains (PH) with which can directly bind PIP3 and be engaged at the 

cellular membrane (Schwartzberg et al., 2005). One of the Tec kinase is the Bruton’s 

tyrosine kinase (Btk), which activate in turn the PLCg for the production of soluble IP3 and 

the release of intracellular Ca2+ by which further downstream signaling events are triggered 

(Odin et al., 1991).  
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Crosslinking of an ITAM-bearing receptor results in its phosphorylation and in the recruitment of 

Syk, which in turn activates a number of other signal-transduction molecules. SH2-phosphatases 

recruited by ITIM-bearing receptor are able to control the activation pathway by different 

mechanisms. (SFK Src Family Kinase, Syk Spleen Tyrosine Kinase, PI3K phosphatidylinositol 3 

kinase, Btk Bruton’s Tyrosine Kinase, PH Pleckstrin Homology domain, PLC Phospholipase C, 

ER Endoplasmic Reticulum, SHP SH2-containing Tyrosine Phosphatase, SHIP SH2-containing 

Phosphatidylinositol Phosphatase). 

 

6.2.5 CD31 cellular expression and functions 

 

CD31 is expressed constitutively and specifically by the vascular and hematopoietic cells. 

On endothelial cells, CD31 is expressed at high density at the lateral borders while it is 

present at a lower density on the surface of hematopoietic and immune cells namely 

macrophages, neutrophils, monocytes, mast cells, T cells, B cells and platelets. Of note it is 

not expressed on erythrocytes and mesenchymal cells like fibroblasts, epithelial cells and 

smooth muscle cells. Thus, given its exclusive expression in the vascular compartment and 

its signaling features, CD31 presents the criteria to be a major regulator of the homeostasis 

at the blood/vessel interface.  

 

6.2.5.1 Endothelial cells 

Endothelial cells express the highest level of CD31 with approximatively 2*106 copies for 

each single cell, mostly localized at the lateral junctions (Newman, 1994). Given its abundant 

expression, CD31 has been demonstrated to be involved in the initial formation and 

stabilization of cell-cell contacts at junctions between endothelial cells (Albelda et al., 1991), 

the maintenance of a vascular permeability barrier (Ferrero et al., 1995), and formation of 

new blood vessels in angiogenesis (DeLisser et al., 1997). Moreover, endothelial cells 

present a network of intracellular CD31 pool just beneath the plasma membrane which has 

been shown to actively recycle to the lateral borders when leukocytes are performing the 

transendothelial migration (Mamdouh et al., 2003). Interestingly, the CD31 trans-homophilic 

engagement between IL1b-activated endothelial cells and transmigrating leukocytes, results 
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in a downregulation of NFkB translocation into the nucleus of endothelial cells (Cepinskas 

et al., 2003). Endothelial CD31 engagement with leukocytes thereby initiate a negative 

feedback loop that prevents excessive leukocyte recruitment to sites of inflammation by 

dampening the expression of pro-inflammatory adhesion molecules on the endothelial cell 

surface. 

 

6.2.5.2 Platelets 

Circulating human platelets constitutively express about 104 CD31 molecules per cell 

(Newman, 1994) and the literature largely agree to confer a negative regulatory role for 

platelet activity. When Platelets are challenged in vitro with collagen, the simultaneous 

crosslinking of CD31 with a monoclonal antibody has been shown to induce CD31 

phosphorylation and a subsequent inhibition of platelet aggregation, degranulation and 

calcium mobilization (Cicmil et al., 2000). In vivo, platelets from CD31-/- mice displayed 

contrariwise enhanced aggregation and  a-granules secretion in response to activation (Patil 

et al., 2001). 

 

6.2.5.3 T cells 

On lymphocytes, CD31 is present at 0.5*105 copies per cell and the most studied 

immunoregulatory function on T cells has been the control of TCR-dependent activation 

(Newton-Nash and Newman, 1999). Interestingly, CD31 expression is constitutive on this 

cell type, but peripheral blood T cells with a memory/activated phenotype lack this molecule 

at their surface (Stockinger et al., 1992). Surprisingly, it has been shown that TCR-mediated 

activation resulted in the cleavage and shedding of the extracellular T cell CD31 comprising 

Ig-like domains 1 to 5 with a resulting loss of its inhibitory function, as the necessary trans-

homophilic engagement (FIGURE 7) cannot be established due to the lack of the distal 

domains (Fornasa et al., 2010).  

 

6.2.5.4 B cells 

In human B lymphocytes, co-ligation of the BCR complex with CD31, inhibits downstream 

Ca2+ efflux (Henshall et al., 2001), while CD31-/- B cells are hyper-responsive upon BCR 
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engagement (Wilkinson et al., 2002). In relation to these findings, CD31-/- mice have 

increased titer of circulating IgM and IgG antibodies and are prone to spontaneously develop 

lupus-like autoimmune diseases with age. 

 

6.2.5.5 Mast cells 

CD31 seems to be implicated also in the regulation of mast cells activity, as CD31-/- mice 

subjected to an experimental type-I hypersensitivity model revealed elevated concentration 

of serum histamine compared to WT littermates (Wong et al., 2002), suggesting that CD31 

may be implicated also in susceptibility to allergic diseases. 

 

6.2.5.6 Macrophages 

In macrophages, CD31 has been demonstrated to be implicated in the process of 

phagocytosis (Brown et al., 2002). The encounter of a viable cell with the phagocyte, leads 

to the viable cell to actively detach via the homophilic interaction of CD31 on both cell 

surfaces. During apoptosis, the inside-out signaling of CD31 is somehow disabled so that 

the apoptotic cell does not actively reject the phagocyte anymore. The lack of CD31 

therefore enable the attachment of the apoptotic cell to the macrophage, thus triggering the 

process of efferocytosis. 

 

6.2.5.7 Neutrophils 

Neutrophils are, among the leukocytes, the cell types that express the higher CD31 level 

(105 copies/cell). Nevertheless, very little it is known about its molecular function in this 

specific cell type. When CD31-/- mice were generated for the first time, neutrophils were 

surprisingly found trapped at the outside edge of the vascular wall between the endothelial 

cell layer and the underlying basement membrane in a model of sterile peritonitis (Duncan 

et al., 1999). The role of CD31 in this process seemed to be dependent from the trans-

homophilic engagement between neutrophils and endothelial cell CD31, since chimeric mice 

with the CD31 genetic invalidation only in hematopoietic cells recapitulate the same 

phenotype of neutrophil retention found in the complete knockout strain (Dangerfield et al., 

2002).This phenomenon has been suggested to be related to an inability of CD31-/- to 
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upregulate a6b2 integrins with a consequent defect to detach from laminin present on the 

basement membrane (Dangerfield et al., 2002), even though the molecular mechanism for 

this phenomenon is currently unknown. In addition, neutrophils derived from CD31-/- mice 

shown a significant reduction in cell motility and spreading in response to CXCL1, also 

indicating a possible role for CD31 in modulating neutrophil migration (Wu et al., 2005). The 

only heterophilic molecular partner found to associate with CD31 in neutrophils is CD177 

(Sachs et al., 2007), a neutrophil-specific GPI-anchored glycoprotein for which the function 

has not been completely elucidated. It has been proposed that CD177 interaction with the 

CD31 domain 6 is able to destabilize the endothelial cell junctional integrity in such a way 

as to facilitate the transmigration process (Bayat et al., 2010).  
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7 AIMS OF MY THESIS 
 

The main commitment of my thesis work has been to evaluate to potential role of CD31 to 

exert immunoregulatory functions involved in controlling the recruitment and activation of 

neutrophils during the acute phase of inflammation. By assigning CD31 to the family of 

adhesion molecules, and based on the studies using genetic deletion or molecules able to 

block CD31 engagement, it had been previously suggested that CD31 is a yet another 

molecule involved in neutrophil trans-endothelial migration. Nevertheless, being its ITIM-

bearing receptor nature mostly neglected, the signaling functions of CD31 in neutrophil 

biology have be overlooked so far.  

The present work is structured according to the different objectives that I have pursued 

during my PhD:  

(i) The first aim that I had fixed was to investigate the role of CD31 in the biology 

neutrophils. Nothing is known concerning the dynamic of the expression and 

distribution of CD31 at the cell membrane, its signaling properties and its 

molecular partners in neutrophils. All these findings were therefore required in 

order to proceed the investigations that I have planned. 

(ii) The fact that CD31 expression is restricted specifically at the blood/vessel 

interface, prompted me to considered whether it may play a major role in this 

compartment. The second aim of my thesis was hence focused in the 

understanding whether and how CD31 was implicated in controlling neutrophil 

trafficking from the blood throughout the vascular wall in its way towards an 

inflammatory site. 

(iii) In the third and last part, the experimental works were done in order to investigate 

whether the CD31 ITIM signaling properties could control neutrophil ITAM-

mediated activation in inflammatory conditions in which the effector functions of 

activated neutrophils can cause severe collateral damages to the host. 

My working strategy was based on a complementary approach, using basic science, in vitro 

tools to dissect the putative mechanisms at the cellular/molecular levels and suitable in vivo 

models in order to appropriately test my hypothesis in conditions of experimental acute 
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inflammation. The function of CD31 has been systematically tested by using two 

complementary approaches based on the use of CD31-/- mice (loss-of-function) and of a 

CD31 agonist peptide (gain-of-function). The data obtained in such way allowed us to in-

depth dissect the immunoregulatory functions of the CD31 in neutrophils. 

The experimental work is structured in three different sections according to the aforesaid 

aims. Each section is introduced with a description of the context in which the work is placed. 

The results are then presented in the ensuing paragraphs at the end of which a figure is 

accompanied by the legend and the material and methods used to generate the related 

results. Finally, each part is concluded with a summary of the results and a graphical 

abstract depicting the main findings of the section. 
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8 EXPERIMENTAL WORK 
 

8.1 Aim I: Study of CD31 in the biology of human Neutrophils  

 

 

8.1.1 Context of Aim I section 

 

CD31 is an ITIM-bearing receptor, constitutively and exclusively expressed by endothelial 

cells and all cells of hematopoietic origin, with the exception of erythrocytes (Marelli-Berg et 

al., 2013). Its inhibitory signaling functions have been studied in platelets (Thai le et al., 

2003), lymphocytes (Fornasa et al., 2010) and endothelial cells (Cheung et al., 2015). When 

it comes to neutrophils, however, CD31 has not been comprehensively investigated so far 

in terms of (i) surface expression, (ii) membrane distribution, (iii) molecular partners, and (iv) 

signaling functions.  

Being essential effectors of the innate arm of the immune system facing noxious agents, 

neutrophils can undergo deep cellular modifications and change the expression of several 

membrane proteins in order to react to the specific stimuli (Middelhoven et al., 1997). This 

phenomenon is rapid and can be accompanied by the modifications of surface receptors 

through the exocytosis of secretory granules that store ready-made copies of such receptors 

(Graves et al., 1992) and/or their proteolytical destruction (Zen et al., 2011). The loss of 

inhibitory molecules caused by the latter process can, however, result in an inappropriate 

and destructive activation of neutrophils and lead to severe collateral damages to the host. 

The aim of the first part of this work was to study the expression and membrane distribution 

of CD31 in human neutrophil under resting and activated conditions using different 

experimental approaches. We also sought to study its intracellular signaling properties 

which, although pivotal for CD31-mediated functions, have never been investigated in this 

specific cell type. CD31 can indeed be phosphorylated by members of the Src family kinase 

on its ITIM in order to become a platform for the recruitment of phosphatases (Newman et 

al., 2001). Consequently, we performed experiments designed to explore the dynamic 
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phosphorylation of CD31 cytoplasmic ITIM motifs in neutrophils and we developed a 

molecular tool that was able to sustain its functionality. Finally, we used an unbiased 

proteomic approach in order to identify putative molecular partners of the CD31 for its role 

in neutrophil biology. 

 

 

8.1.2 The commitment of CD31 into signaling platforms is followed by its 

shedding in neutrophils 

 

8.1.2.1 Evaluation of CD31 shedding 

With the purpose of studying the dynamics of CD31 expression on purified human 

neutrophils by flow cytometry, we examined single cell suspensions under resting and 

activated conditions. Freshly purified human peripheral blood polymorphonuclear cells were 

first primed with IL-8 and then stimulated with the formyl-Methionyl-Leucyl-Phenylalanine 

(fMLP) tripeptide, to activate the primed neutrophils (Futosi et al., 2013). Multicolor flow 

cytometry analysis was then performed in order to evaluate the integrity of CD31 at the cell 

surface, according to the activation state. To this aim, we used two monoclonal antibodies, 

each directed against a different portion of the extracellular CD31 molecule (as described in 

Fornasa et al., 2010), and a third monoclonal antibody directed against CD11b, the signal 

of which increases in proportion with the extent of cellular activation (Kinhult et al., 2003). 

As shown in Figure 9a, flow cytometry data demonstrate that at 30 minutes after challenging 

neutrophils in suspension with fMLP, the MFI corresponding to the most distal extracellular 

domain (D1) is reduced in an inversely-correlated manner with the MFI of CD11b, which 

reflected cellular activation (Figure 9b). Interestingly, the reduction in the MFI signal 

corresponding to the membrane-distal domain 1 (D1) of CD31 was not associated with a 

reduction of the MFI corresponding to a membrane-proximal epitope mapped on the sixth 

domain (D6), nor with that corresponding to the cytoplasmic tail of the molecule (Figure 9c), 

suggesting that CD31 molecules were truncated and not reduced in their entirety. 
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To assess whether the truncation (cleavage) of CD31 was due to a neutrophil activation-

dependent enzymatic activity, we evaluated the integrity of a recombinant extracellular 

human CD31 protein sequence (rhCD31, ADP6, R&D Systems), after incubation at different 

temperatures with the cell-free conditioned supernatants prepared from resting or activated 

neutrophils. As shown in Figure 9d, when incubated with conditioned supernatants at 4°C, 

rhCD31 was always detectable since at this temperature catalytic activities are largely 

inhibited. Conversely, when incubated at 37°C, only the addition of conditioned supernatants 

coming from activated neutrophils resulted in the degradation (decreased detectable 

amount) of the soluble rhCD31 molecule, suggesting that the reduction of CD31 domain 1, 

signal assessed by flow cytometry, could be due to the action of an active, temperature-

dependent, soluble protease released by activated neutrophils. 

 

8.1.2.2 Analysis of CD31 distribution in membrane microdomains 

Many membrane proteins display highly organized yet distinct patterns of distribution which 

can be further rearranged after specific cellular processes. In this respect, lipid rafts are 

pivotal membrane micro-domains originally identified as insoluble in the detergent TritonX 

at 4°C (Brown and Rose, 1992) and implicated in the assembly of transient signaling 

platforms (Simons and Toomre, 2000). 

CD31 has previously been documented to translocate to lipid rafts in collagen-challenged 

human platelets (Lee et al., 2006). Likewise, we evaluated by Western blot the CD31 

dynamic relocation, over the lipid compartments of the cell membrane, after human 

neutrophil activation. As shown in Figure 9e, full-length CD31 gradually disappeared from 

the TritonX-soluble membrane fraction after fMLP challenging and at 30 minutes it was 

barely detectable. Interestingly, as soon as 5 minutes, a portion of CD31 translocated to the 

TritonX-insoluble fraction, while a band of 29 kDa – which was absent in the resting condition 

– appeared in the raft moiety. In order to understand which segment of CD31 sequence can 

fit such molecular weight, we performed a computational analysis with the online 

opensource ExPASy software, searching an amino acid sequence belonging to CD31 with 

a theoretical mass of 29 kDa and containing a portion of the extracellular domain (since the 

blot was revealed with a polyclonal antibody directed against the CD31 extracellular portion). 

As depicted in Figure 9f, the sequence spanning from V491 towards the carboxyl-terminal 
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FIGURE 9. NEUTROPHIL’S CD31 IS ENZYMATICALLY SHED UPON CELL ACTIVATION.  

(a) Flow Cytometry analysis of the MFI corresponding to the staining of CD31 domain 1 (D1, clone 

WM59), CD31 domain 6 (D6, clone MBC78.2) and CD11b (clone D12) expression of freshly 

isolated human neutrophils challenged with IL-8 (10-8M) and fMLP (10-7M), in suspension, for 30 

minutes. At the indicated time points, cells were fixed with 2% PFA, washed, and stained with 

fluorescent antibody mix for 40 min at 4°C. Flow cytometry analysis was performed using an LSR 

II flow cytometer (BD Biosciences). Data were analyzed with DIVA 7 (BD Biosciences). (b) 

Pearson product-moment correlation coefficient of CD31 domain 1 (D1) and CD11b Mean 

Fluorescent Intensities (MFI). (c) Fluorescent microscopy analysis of CD31 domain 1 (D1), 

domain 6 (D6) and cytoplasmic tail (Cyto, clone MBC235.1) on cytospin neutrophils activated as 

described above. Images were captured on a Zeiss Axiovert 200 M inverted microscope equipped 

with an ApoTome® module. (d) Cell-free conditioned supernatants coming from resting or 

activated human neutrophils were incubated with 10µg/ml of soluble recombinant human CD31 

(rhCD31, R&D Systems # ADP6) for 45 minutes at 37°C or 4°C. The amount of rhCD31 at each 

time point was measured by cytometric magnetic beads and the BioPlex® technology (Bio-Rad). 

COOH BioPlex Pro® capture beads were covalently coated with a monoclonal antibody directed 

against CD31 domain 1 (clone MBC78.3). These beads were added to the biologic fluid containing 

the rhCD31, washed and incubated with a phycoerythrin (PE)-conjugated monoclonal antibody 

directed against CD31 sixth domain (clone MBC78.2, Thermofisher #MHCD3104). Data are 

representative of at least three independent experiment and are expressed as mean ± SD. P 

*<0.05 **<0.01 ***<0.001 (Unpaired Student’s t-test). (e) Analysis of CD31 membrane distribution 

by western blot of human neutrophils at indicated times (minutes) after the challenge with fMLP. 

Stimulated neutrophils were lysed in TritonX-based buffer and detergent-solubilized and 

insolubilized fractions were separated by SDS-PAGE under non-reducing conditions. Proteins 

were blotted on a nitrocellulose membrane and stained with a polyclonal antibody directed against 

extracellular CD31 (Santa Cruz #sc8306). GAPDH was used as internal loading control. (f) 

Schematic representation of CD31 domains and molecular weights of the different forms 

identified. 

 

 



EXPERIMENTAL WORK 

 68 

8.1.3 The loss of the CD31 signaling due to its cleavage is rescued by a 

synthetic homophilic peptide that specifically binds the truncated 

sequence lingering at the cell surface and maintains functional 

molecular clusters  

 

As a signaling receptor, CD31 molecules sequentially establish trans-homophilic and cis-

homophilic interactions, according to the zipper model proposed by Newton et al. in 1997 

(Newton et al., 1997). The membrane-distal domains 1 and 2 (D1/D2) are crucial for 

establishing the primary trans-homophilic contacts, which in turn are necessary in order to 

drive, in a second step, the cis-homophilic interactions of the domain 6 (D6) (Paddock et al., 

2016). The latter result in the formation of CD31 molecular clusters which allow their 

proximity to other receptor-associated kinases and the phosphorylation of its 

Immunoreceptor Tyrosine-based Inhibitory motif (ITIM). 

The cleavage of CD31 and shedding of its distal D1/D2 domains invalidates the first, trans-

homophilic step of CD31 clustering (Figure 9a). However, the since the domain 6 – which 

is involved in the second, cis-homophilic step of CD31 clustering – remains exposed at the 

cell surface (Figure 9c), we postulated that the engagement of this CD31 fragment could 

result in the transmission of downstream signals, in spite of its cleavage. This hypothesis 

was based on the fact that Zehnder and coworkers had shown – more that 20 years ago – 

that a monoclonal antibody (clone LYP 21) directed against the sixth domain, was the only 

one (among a panel of five anti-CD31 antibodies) able to inhibit T cell activation in a specific 

and dose-dependent manner (Zehnder et al., 1995). The same group reported that a CD31 

derived 23-mer peptide, corresponding to the epitope of the LYP 21 antibody (Asn-551 to 

Lys-574), surprisingly exerted the same inhibitory effect of the antibody itself. Zehnder and 

coworkers could not explain this observation, because they found that the proliferating T 

cells were “CD31 negative”. Indeed, those cells had most likely undergone an activation-

driven cleavage of CD31 (Fornasa et al., 2010) but at that time neither the shedding of CD31 

nor the role of domain 6 in the transduction of CD31 receptor signal had been yet reported. 

An agent able to rescue CD31 signaling could display an interesting therapeutic potential in 

pathologic conditions characterized by excessive leukocyte activation. In order to identify a 

drug-suitable CD31 agonist peptide, we screened two peptide libraries derived from the 
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human and mouse parent 23-mer sequences (Chen et al., 1997; Zehnder et al., 1995). 

Functional screening of the peptide libraries was performed by assessing the expression of 

CD69 on mononuclear cell suspensions (derived from mouse spleen and from human 

peripheral venous blood) after stimulation by CD3/CD28 crosslinking. The best hit, defined 

as the sequence that best inhibited both mouse and human T-cell activation (based on CD69 

expression), was found within the most membrane-proximal extracellular sequence of the 

CD31 molecule (Figure 10a, 10-mer aa 564-574, sequence NH2-VRVFLAPVKK-COOH), 

which is highly conserved between the two species. The aa 564-574 sequence presented 

unfortunately an inconvenience for its use in aqueous solutions as it displayed very poor 

solubility in water (Figure 10b). Within this conserved sequence, we identified an 8-mer 

peptide (P8F, L-aminoacids, “forward” sequence NH2-RVFLAPVK-COOH) that was more 

readily soluble in water as detected by HPLC analysis and that showed minimal 

aggregated/degraded products (Figure 10c). The corresponding 8-mer retroinverso peptide 

(P8RI, D-aminoacids, inverse order sequence NH2-kvpalfvr-COOH) was also synthetized 

and displayed a very high solubility in water (Figure 10d). The double inversion of the P8RI 

sequence was meant to eventually reproduce the spatial configuration of the P8F sequence, 

but with the advantage of being resistant to eukaryote peptidases because of the D-

enantiomer of its amino acids (Weinstock et al., 2012). Both P8F and P8RI peptides were 

as effective as the parent 23-mer peptide in reducing the extent of T-lymphocyte activation 

(data no shown) and we therefore chose the P8RI D-enantiomer (because of its peptidase-

resistance) for further development and studies. Since the parent 23-mer peptide had been 

found to be biologically effective at 2.5mg/Kg subcutaneously (Fornasa et al., 2010), we 

began with using the same dose-range for pre-clinical studies with this derived sequence.  

The subcutaneous injection of this peptide dosage resulted in the peptide being detectable 

in the plasma up to 8 hours after its injection (Figure 10e). In the perspective of pre-clinical 

studies and drug development, P8RI was subjected to ADME-tox analyses by the evaluation 

of potassium currents mediated by a transgenic hERG (human ether-a-go-go related gene) 

channel with using the conventional patch-clamp technique (Yu et al., 2016).  

As shown in Figure 10f, The IC 50 of P8RI on the hERG potassium tail current amplitude 

was set at 150 µg/ml, which represents ≈40-fold the maximal detectable concentration of 

the peak drug concentration (Cmax) in the plasma of mice having received a 2.5mg/kg dose 
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by subcutaneous injection (Cmax). Of note, at the concentration of 5µg/ml, which is higher 

than the Cmax, the peptide has no effect on the tail amplitude of the potassium hERG 

channel. 

Based on the physicochemical properties, the adme-tox analysis and its ability to inhibit 

activated leukocytes, we chose to use the P8RI sequence (patent WO-2013190014), as a 

pharmacologic molecular tool to target of the lingering CD31 extracellular truncated 

sequence that remains exposed at the surface of activated neutrophils. 
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water solubility (56% monomer in aqueous solution) and the presence of aggregates and debris 

of variable size. (c) The 8-mer forward (P8F) sequence aa 565-573, fully comprised within the 10-

mer sequence but lacking the N-terminal valine and C-terminal lysine, showed an excellent water 

solubility (95%). (d) The corresponding retro-inverso sequence (P8RI) showed an even greater 

solubility (99%). (e) Pharmacokinetics, as assessed by plasma concentration time course analysis 

of P8RI after a bolus administration by intravenous (IV, 1 mg/Kg) or subcutaneous (SC, 2.5mg/Kg) 

injection, or an oral 2.5mg/Kg dose (per os, PO) in C57Bl/6 mice(n=8/group). (f) In vitro analysis 

of the hERG tail current amplitude on a stable cell line showed that the IC 50 of P8RI corresponded 

to the concentration of 150µM (x40 fold the AUC following subcutaneous injection of a 2.5mg/Kg 

dose in mice). 

 

As shown in Figure 11a, by using a fluorescent-conjugated P8RI version, we found that the 

peptide did not bind to mouse CD31-/- bone marrow-derived granulocytes, demonstrating 

that its binding at the cellular surface specifically requires the presence of CD31 (its 

molecular target). Furthermore, the peptide only bound activated cells, indicating that it may 

specifically interacts with pre-existing CD31 clusters (i.e. once CD31 is already engaged), 

rather than forcing CD31 oligomerization on resting cells. This hypothesis was supported by 

the fact that the peptide gradually increased its the binding to the cellular surface during 

neutrophil activation and not in a bimodal way (Figure 11b). 

In order to be defined as an agonist, in addition to binding specifically to the truncated CD31 

receptor, P8RI also ought to produce a CD31-mediated biological response. If we consider 

how the parent CD31 peptides exert their agonist effect on lymphocytes (Fornasa et al., 

2010), in order to determine whether P8RI was an agonist for CD31 function on neutrophils, 

it had to uphold the formation of CD31 clusters and the phosphorylation of the CD31 ITIM 

motifs. For studying CD31 clusters at the cellular surface, we used Total Internal Refraction 

Fluorescence microscopy (TIRF), which allows the “en face” appreciation of cell membrane 

receptor clustering since the excitation of the fluorophores occurs in an extremely thin axial 

region of the surface over the objective (Fish, 2009). As indicated in Figure 11c, TIRF 

microscopy revealed that resting neutrophils did not present CD31 clusters and no signal of 

the fluorescent peptide was detectable. When analyzed 30 minutes after neutrophils were 

challenged with fMLP, when the vast majority of CD31 molecules are shed (Figure 9c), no 

clusters could be observed either, likely because after its cleavage CD31 clusters dissolve, 
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as it is the case for lymphocytes (Fornasa et al., 2010). However, when neutrophils were 

activated in the presence of the peptide, CD31 clusters (green staining) were readily 

detectable even after 30 minutes stimulation, indicating that the peptide was able to hold in 

place the CD31 clusters in spite of the cleavage and shedding of the surface receptor. 

Importantly, native CD31 (green) and the fluorescent peptide (red) co-localized together, 

further supporting the homo-oligomerization of the synthetic sequence with the native 

receptor within its molecular clusters. 

Finally, we investigated the competence of the peptide to sustain CD31 intracellular 

signaling by performing a Western blot analysis using a monoclonal antibody directed 

against the phosphorylated form of the CD31 ITIM tyrosine 713 (pY713). As shown in Figure 

11d, the peptide induced CD31 pY713 in a dose-dependent manner. Of note, on resting 

neutrophils, the Y713 ITIM sequence remained unphosphorylated. 

Collectively, these data indicate that the homotypic binding of a peptide derived from the 

juxta-membrane sequence of CD31 can sustain CD31 pathway by holding in place the CD31 

clusters that are already established, resulting in the persistence of the downstream CD31 

ITIM phosphorylation and functionality. Of note, the peptide had no effect on resting cells. 

Therefore, I have used this peptide, as a “CD31-agonist” pharmacologic tool, during the 

subsequent parts of my work in order to study the effect of CD31 “gain of function” in 

neutrophil biology. 
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stimulated with fMLP, and analyzed at different time points. At each time point, cells were washed 

and fixed with 2%PFA for 10 minutes at 4°C. Neutrophils were then stained with a monoclonal 

antibody directed against CD11b (clone D12) and analyzed by flow cytometry using an LSR II flow 

cytometer (BD Biosciences). Median fluorescent intensities (MFI) were reported as a fold change 

from the unstimulated, baseline condition (time 0). Data are representative of two independent 

experiments and are expressed as mean ± SD. P *<0.05 **<0.01 ***<0.001 (Unpaired Student’s 

t-test). (c) Freshly isolated human neutrophils were stained with an A488-conjugated monoclonal 

antibody directed to CD31 sixth domain (D6, clone MBC78.2) and with or without a rhodamine-

conjugated form of the CD31agonist. Next, neutrophils were stimulated with fMLP for 30 minutes, 

washed, fixed and analyzed by TIRF or Epifluorescence (EPI) microscopy. In the presence of the 

CD31agonist (red), CD31 clusters (green staining) were readily detectable, upon neutrophil 

activation with fMLP. No clusters could be observed in resting neutrophils, nor on activated 

neutrophils in the absence of the CD31agonist. (d) Primary human neutrophils were isolated from a 

healthy donor as described above. Cells were pre-treated or not with incremental doses of 

CD31agonist for 10 minutes and then incubated for additional 10 minutes with fMLP (to provoke 

activation) or vehicle (to obtain “resting” condition, for comparison) at 37°C. Sodium Pervanadate 

(NaVO3) condition was used as a positive control for protein phosphorylation. Neutrophils were 

then lysed in lysis buffer and 20µg of proteins from each condition were separated by 

electrophoresis and blotted onto a nitrocellulose membrane. A monoclonal antibody against 

phosphorylated CD31 tyrosine-713 (rabbit monoclonal anti-pY713, Abcam #ab180175) was used 

to reveal ITIM phosphorylation on the blots. Total protein content was assessed by detection of 

the GAPDH in each lysate.  

 

 

8.1.4 Molecular reshaping of CD31 may influence the CD31/integrin 

interaction during cell migration 

 

CD31 is an immunologic co-receptor in the sense that it does not possess intrinsic catalytic 

activities and needs to associate to other receptor proteins in order to acquire its signaling 

properties (Ilan and Madri, 2003). Indeed, CD31 has been shown to be an important 

scaffolding molecule for other proteins/receptors in platelets (Lee et al., 2006), macrophages 



EXPERIMENTAL WORK 

 76 

(Deaglio et al., 1998; Wang et al., 2011) and endothelial cells (Biswas et al., 2005), but little 

is known about CD31 molecular partners in human neutrophils. 

To study this aspect of the CD31 biology in neutrophils, we choose a proteomics approach 

in order to find CD31 partners in neutrophils without any a priori knowledge (Zhang et al., 

2013). We performed a co-immunoprecipitation on resting and fMLP-stimulated human 

neutrophils lysates using magnetic beads covalently-bound with a monoclonal antibody 

directed against CD31 domain 6 (clone MBC78.2) followed by a mass spectrometry 

proteomic analysis. For this experiment, the selection of detergent for cell lysis was critical, 

as we sought to solubilize the lipid rafts in which CD31 was supposed to translocate (Figure 

9e). Octyl β-D-glucopyranoside was our choice of election because it has a superior 

solubilizing power (compared to NP-40 and TritonX), while its non-ionic chemistry allows to 

maintain native protein-protein interactions (Kan et al., 2013).  

As indicated in Figure 12a, CD31 co-immunoprecipitated with CD177, a putative CD31 

molecular partner that was previously reported in the literature (Sachs et al., 2007). CD177 

is a GPI-anchored protein that belongs to the Ly-6 superfamily and its function has not been 

completely elucidated except that it has been proposed to play an important role in 

neutrophil-endothelial interactions (Bayat et al., 2010). Another CD31-associated protein 

was PR3 (Proteinase 3 or Myeloblastin), a serine protease whose expression is restricted 

to polymorphonuclear leukocytes. PR3 has already been found to be associated with CD177 

(Bauer et al., 2007; Jerke et al., 2017), but this is the first time that the proximity of PR3 and 

CD177 is reported in the same molecular complex with CD31. In the light of the cleavage 

findings, it is tempting to speculate that PR3 may act as the responsible protease on 

activating neutrophils, although in the present work we did not explore further this possibility. 

From a functional point of view, the most important finding was that b2-integrins were major 

CD31 molecular partners in human neutrophils in our experimental conditions. Strikingly, 

the association of b2-integrins with CD31 was dramatically reduced in fMLP-activated 

neutrophils. On the basis of our previous findings and of this observation, we hypothesized 

that the engagement of CD31 may modulate the function of b2-integrins and that cleavage 

of CD31, which results in the dissolution of its clusters and invalidated of its co-receptor 

functions, could be a rapid mechanism employed by the activated cell to release integrin 

from the regulatory CD31 pathway. 
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In order to visualize the association of CD31 with b2-integrins in real-time, we realized time-

lapse fluorescent microscopy experiments in which purified human neutrophils in 

suspension were labelled with different monoclonal antibodies and then placed onto a 

fibronectin-coated surface to allow their adherence and movements. As soon as the cell 

adhered to the surface, CD31 and CD11b rapidly reorganized at the uropod (Figure 12b), 

but a minor fraction of both molecules remained localized at the opposite, minor pole. Of 

note, the entire CD31 molecule (positive staining for both domain 6 and domain 1) was 

present at the uropod, whereas at the minor pole, CD31 molecules appeared to be cleaved 

(the staining for domain 6 was positive but that for domain 1 was negative) suggesting that 

the presence of an intact CD31 may be important for preventing integrin activity. Indeed, the 

adhesion-state is weak at the uropod so as to facilitate rear detachment during forward 

cellular movements (Hind et al., 2016). Instead, the cleavage of CD31 at the minor pole may 

be necessary in order to uncouple the integrin-regulatory function of CD31 and allow the 

integrins to exert their properties for the effective adherence of the neutrophils. 
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FIGURE 12. CD31 DYNAMICALLY PARTICIPATES TO INTEGRIN MOLECULAR COMPLEXES 

(a) Example of results from shotgun proteomic experiments used for the identification of CD31 

partner in human neutrophils. Peripheral blood-derived human granulocytes were treated with or 

without fMLP (10-7M) for 10 minutes at 37°C, in duplicates. Cells were next lysed in a modified 

RIPA buffer containing 1% Octyl-beta-d-Glucopyranoside for 30 min on ice. Nuclei and cellular 

debris were separated from solubilized proteins by centrifugation (14000 g, 10 min at 4°C). Pre-

cleared lysates were incubated with magnetic beads covalently bound with a monoclonal antibody 

directed against CD31 domain 6 (clone MBC78.2) for 2 hours at 4°C. After extensive washing with 

PBS-Tween (0.5%), bead-captured molecular complexes were digested with trypsin and 

processed for protein analysis with a LTQ Velos Orbitrap equipped with an EASY-Spray 

nanoelectrospray ion source coupled to an Easy nano-LC Proxeon 1000 system (Thermo Fisher 

Scientific). MS data were treated with Mascot® search server for protein identification. Probability 

thresholds were set greater than 90% probability for protein identifications, based upon at least 2 

peptides identified with 80% certainty. The score for each protein was normalized with the score 



EXPERIMENTAL WORK 

 79 

of the same protein obtained with a decoy immunoprecipitation in the same conditions using beads 

coupled with a control isotype antibody (preclearing step). Normalized scores were accepted as 

significant if greater than 10. (b) Time-frames images from a video of neutrophils stained with 

fluorophore-coupled monoclonal antibodies directed against CD11b (clone D12, APC-

conjugated), CD31 domain 1 (D1, clone WM59, FITC-conjugated), and domain 6 (D6, clone 

MBC78.2, PE-conjugated) for 10 minutes at room temperature. Cells were placed onto a 

fibronectin-coated surface (ibidi #80823) to allow their adherence/migration. Images were 

recorded for 10 minutes, starting from the addition of the neutrophil suspension to the ibidi wells, 

using a Zeiss Axiovert 200 M inverted microscope. 

 

 

8.1.5 CD31 signaling at the uropod may switch b2-integrin towards inactive 

forms 

 

Having described the co-localization of CD31 with b2-integrins, we hypothesized a role for 

CD31 in integrin-related signaling. Since integrins are key molecules involved in the process 

of adherence and detachment of moving neutrophils, we aimed at determining at a sub-

cellular scale whether CD31 was phosphorylated (and hence biologically active) at the sites 

of integrin clusters on the cell membrane. 

Purified polymorphonuclear cells from healthy donors were plated onto a polystyrene 

surface previously coated with ICAM-1 (the optimal ligand for b2-integrins) and IL-8 (with the 

aim to favor neutrophils movements and promote the inside-out integrin conformational 

opening). After fixation, cells were stained with different fluorescent monoclonal antibodies 

for multicolor confocal microscopy analysis. As shown in Figure 13, in agreement with the 

previous real-time fluorescent microscopy experiments, confocal analysis confirmed that 

CD31 molecules were mostly concentrated at the uropod of adhering neutrophils. 

Importantly, these CD31 clusters, at the cell rear, were phosphorylated on their ITIMs, as 

assessed by concomitant immunofluorescent staining using a monoclonal antibody directed 

against the phosphorylated CD31 Y713 (one of the two ITIM motifs present at the cytoplasmic 

tail of the protein), indicating that CD31 signaling is functionally engaged at the uropod 
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(Figure 13a). In addition, we found that the SH2-containing Inositol Phosphatase SHIP1 

(Figure 13b), which is one of the phosphatases that can be recruited and activated by the 

phosphorylated ITIMs of CD31 (Pumphrey et al., 1999), was also concentrated at the cellular 

rear, at the same site of the cellular membrane. These observations support our hypothesis 

that, during cell migration, an intact, functional CD31 is engaged at the uropod of neutrophils.  

Previous studies had already attempted to explore the role of CD31 in respect to integrin-

driven migration, but the different experimental designs that had been used in the past had 

led to puzzling and conflicting results. Indeed, by simply counting the number of cells that 

remain attached to a surface after stimulation followed by a washing step, it had been 

reported that the ligation of CD31 by specific monoclonal antibodies, augment b2-integrin-

driven adherence of neutrophils (Berman and Muller, 1995), while other experiments have 

shown, inversely, that CD31 homophilic engagement in human macrophages induced 

cellular detachment by transmitting “leave-me-alone” signals (Brown et al., 2002). 

In order to analyze the role of CD31 in regulating integrin activity during neutrophil migration, 

we reasoned that it was important to analyze in detail the conformation of the integrin at the 

site of CD31 localization. Indeed, integrins change their orientation during activation and 

switch from a low-affinity bent structure to an open state in which they present a high-affinity 

binding site (Campbell and Humphries, 2011). As shown in Figure 13c, the staining of 

neutrophils with an antibody that binds aLb2 integrins (LFA-1) – regardless their 

conformation – localized both at the uropod and at the focal zone, while at the lamellipodium 

the staining was more diffuse. We therefore used the reporter antibodies NKI-L16, the 

epitope of which is exposed only when this b2 integrins is extended (Lefort et al., 2012), 

whereas it is cryptic and not accessible on bent LFA-1. Interestingly, the staining for intact 

CD31 and for extended b2-integrins were mutually exclusive: NKI-L16 positive clusters 

(opened integrins) were localized exclusively at the migrating focal zones, were intact CD31 

was absent, whereas the staining with this antibody was absent at the uropod, where most 

intact CD31 was concentrated. The fact that CD31-positive clusters co-localize with integrin 

that display no reactivity towards NKI-L16 mAb, indicates that CD31 is enriched at the 

uropod together with inactive LFA-1, in contrast to activated integrins, which are restricted 

to the midcell zones. 
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stained with fluorescent-labelled monoclonal antibodies directed against CD31 D1/D2 (clone 

WM59, green) and (a) against the phosphorylated CD31 ITIM 713 (pY713, clone EPR8079, red), 

(b) against SHIP-1 (clone P1C1, red) or (c) against CD11a (clone TS2/4, white) and CD11a active 

conformation (clone NKI-L16, red). Cells were mounted in ProLong Gold® and Z-stack images 

were taken with a Zeiss Axiovert 200 M inverted microscope equipped with an ApoTome® module. 

Representative 3D reconstructions of top and side view are shown. Quantification of mean 

fluorescence intensities (MFI, gray values range 0-255) of the indicated staining along the cell axis 

is also shown (mean ± SEM [SEM bars in grey color]; n > 10 cells/staining; statistical comparisons 

between the 20 first frontal and 20 last posterior measurement points). P *<0.05 **<0.01 ***<0.001 

(Unpaired Student’s t-test). Images and quantifications are representative of 3 independent 

experiments with 3 different donors. 

 

 

8.1.6 Summary of Aim I section and graphical abstract 

 

The first part of this study was aimed at investigating the biology of CD31 in primary human 

neutrophils. We found that the CD31 is expressed on resting leukocytes in basal conditions. 

Nevertheless, after cell activation, the molecule rapidly (<5 min) translocate in detergent-

resistant membrane regions where it is enzymatically degraded during neutrophil activation. 

Surprisingly, the fact that a juxta-membrane portion of the molecule is still at the cellular 

surface suggests that the engaged CD31 has been subjected to a shedding process rather 

than being completely degraded. PR3 is a putative for completing the CD31 proteolysis 

since we found it to be associated with CD31 by MS analysis. This will have to be confirmed 

by supplementary experiments.  

We aimed next at rescuing the functionality of shed CD31 with an homophilic synthetic 

peptide derived from the first 8 amino acids belonging to the extracellular sequence of the 

protein. We could demonstrate that this peptide was able to specifically bind to its target and 

that the binding would be probably influenced by the presence of pre-existing CD31 

molecular complexes. Additionally, this peptide was able to maintain both CD31 clusters 

and CD31 ITIM phosphorylation (even after neutrophil activation), indicating that it is a bona 

fide agonist.  
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From a functional point of view, we uncovered the fact that CD31 interacts with b2-integrins 

and that this partnership is lost upon shedding, suggesting that CD31 might have a role in 

controlling integrin activity in human neutrophils. Given that integrins are implicated in 

cellular adhesion, we observed by fluorescence microscopy the dynamic localization of 

these proteins in motile neutrophils. As a matter of fact, functional CD31 rapidly redistributed 

at the uropod during cell migration, along with integrins which were in an inactive form. Given 

that the cellular rear is characterized by a low-adhesion state, as a whole our results suggest 

that CD31 might restrain integrin activity and thus might have a role in controlling neutrophil 

trafficking during inflammatory processes. 
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FIGURE 14. GRAPHICAL ABSTRACT OF AIM I SECTION 

(a) CD31 engagement results in molecular clustering mediated by the first distal domain 

and it is further stabilized by cis-interactions of the sixth domains. CD31 clusters are 

phosphorylated on ITIM motifs and co-localize at the uropod with bent/inactive integrins 

during neutrophil migration. (b) Neutrophil activation results in CD31 shedding that leave 

the sixth domain at the cell membrane. Proteolytic cleavage provokes CD31 

disengagement that shuts down its signaling and dissolves CD31 molecular clusters. Non-

functional, cleaved CD31 is present at the minor pole and co-localize with open, active 

integrins. (c) The binding of the CD31agonist on the lingering sixth domain, rescued CD31 

signalization and may restore its competence in controlling integrin adhesiveness. 
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8.2 Aim II: CD31 and neutrophil recruitment during the acute phase of 
inflammation 

 

8.2.1 Context of Aim II section 

 

Neutrophils are the most abundant leukocyte population in the blood and crucial immune 

effectors in the acute phase of inflammation (Kolaczkowska and Kubes, 2013). After their 

differentiation in the bone marrow, mature neutrophils incessantly patrol and scan 

endothelial cells in the microvasculature, searching for extravasation signals locally driven 

by the presence of noxious agents. The ability to establish strong interactions with activated 

endothelial cells, culminating in the complete arrest and breach across the endothelial 

barrier, is one of the most important step in neutrophil-mediated acute inflammatory 

response. The exit of neutrophils from the blood, which occurs primarily at the level of the 

post-capillaries venules (Muller, 2013), follows an ordered procedure referred to as 

“neutrophil recruitment”.  

The classical multistep cascade of neutrophil recruitment consists in (i) an initial capture of 

neutrophils onto activated EC, (ii) rolling on the endothelium, (iii) firm arrest, (iv) crawling, 

(v) transmigration across the endothelial layer, (vi) detachment from the vessel and (vii) 

migration towards the inflammatory site. During this process, the neutrophil must integrate 

a multitude and very complex amount of information, since each step provides continuous 

and overlapping instructions that influence the next one (Nourshargh and Alon, 2014). 

Neutrophil adhesion is principally mediated by their β2-integrins in a non-redundant manner, 
as the genetic deficiency of the β2 subunit (ITGB2) in humans leads to a severe pathology 

known as leukocyte adhesion deficiency (LAD), which results in recurrent bacterial 

infections (Hanna and Etzioni, 2012). 

While neutrophils infiltration to injured tissue is needed, their powerful cytotoxic potential, if 

not kept under check, can be disastrous and it can provoke tissue injury as documented in 

many inflammatory disorders including ischemia reperfusion (Yago et al., 2015), Alzheimer's 

disease (Zenaro et al., 2015) and rheumatoid arthritis (Wipke and Allen, 2001).  
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The present section will show the results we obtained in experimental settings aimed at 

studying the role of CD31 in controlling neutrophil trafficking towards the inflammatory site. 

 

 

8.2.2 Genetic deficiency of CD31 endows neutrophils with improved rolling 

capacities 

 

Mature neutrophils continuously circulate in blood vessels establishing weak, transient 

contacts with the selectins expressed by the endothelial cells, a process known as “fast 

rolling” in which the speed of the rolling neutrophils is of about 40 µm/sec in post-capillary 

venules. Leukocyte velocity is dramatically reduced to approximately 5 µm/sec on inflamed 

endothelial cells: in these conditions, the inside-out conformational activation of integrins 

allows the neutrophil to establish additional interactions with cell-adhesion molecules 

exposed on activated endothelial cells (Kuwano et al., 2010). Indeed, in resting conditions, 

circulating leukocytes ought not to stick to the healthy endothelium and thus maintain their 

integrins into an inactive state. When they need to establish strong interactions with the 

inflamed endothelial cells, they must decrease their speed and eventually stop, resisting 

against the force exerted on them by the blood flow.  

We hypothesized that CD31 could have a role in the control of the leukocyte adhesion on 

endothelial cells based on the following observations: (i) CD31 is a trans-homophilic receptor 

constitutively expressed at the surface of both leukocytes and endothelial cells, suggesting 

that it may play key functions in the regulation of the neutrophil-endothelial cell interactions 

that take place during the recruitment steps; (ii) CD31-CD31 interactions have previously 

been shown to actively drive cell-cell detachment of live cells (Brown et al., 2002); (iii) we 

found – as shown in the experimental part I (Figure 13) – that intact and functional CD31 

closely associates with closed integrins at the uropod of adherent neutrophils, whereas the 

CD31 molecules that associate with the active integrins at the migration front are truncated 

(cleaved, not functional). To test this hypothesis, we have setup an in vitro system in which 

primary microvascular endothelial cells deriving from C57BL/6 mice were seeded in micro-

fluidic channels and cultured under pulsatile flow. In order to study the rolling of neutrophils 

on these EC, we proceeded with an overnight TNF-α stimulation which resulted in the 
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loosening of the junctional organization (assessed by VE-cadherin expression) thus 

affecting the EC permeability (Figure 15a, left panels). Of note, the TNF-α-stimulation was 

necessary in order to provide the endothelial cells with suitable adhesive properties allowing 

to retain neutrophils under physiological venular shear stress (Figure 15a, right panels). 

This setting was therefore suitable to study whether and how the loss of the CD31 signaling 

pathway could modify the neutrophil adhesion steps. 

Experimental neutrophils were purified from WT and CD31-/- mice, stained with distinct 

fluorescent dyes and mixed together in order to study their behavior in the same 

experimental condition. To this purpose, the stained cells were placed in the flow chambers 

and allowed to run over the pre-activated endothelial cells in competition. The flow was set 

at a speed mimicking the post-capillary flow condition. These assays were performed using 

an equal number of WT and CD31-/- neutrophils within the same channel, in order to avoid 

a possible channel-to-channel bias. As shown in Figure 15b and c, compared with wild type 

cells, the rolling velocity of CD31 deficient neutrophils was significantly reduced, indicating 

that the interactions established by neutrophils with endothelial cells are stronger in the 

absence of CD31. Moreover, the total distance covered by each neutrophil was shorter 

(Figure 15d, e), indicating that the absence of CD31 favored the steps preceding the 

complete arrest. 

These findings indirectly indicate that the loss of CD31 provide neutrophils with an 

advantage during the adhesion steps. The “slow rolling” and “firm adhesion” steps are 

mediated by selectin and conformationally-opened integrins (Ley et al., 2007) thus we 

propose that CD31 may have a role in controlling the activation (conformation changes) of 

the integrins during neutrophil recruitment. 
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purified from C57BL/6 WT or CD31-/- bone marrows with using a negative immunomagnetic 

selection kit (STEMCELL #19762), following to the manufacturer’s instructions. Cells of the two 

genotypes were separately stained with distinct fluorescent probes (ThermoFisher CFSE 

#C34571 and Cell tracer violet #C34570) and then washed twice to discard residual extracellular 

dyes. Fluorescent WT and CD31-/- neutrophils were mixed 1:1 in the same cell suspension, in 

order to assess their rolling in a competitive manner. Neutrophils were allowed to run in 4 individual 

flow channels over the pre-activated endothelial cells during 5 minute and videos were acquired 

with a Zeiss Axiovert 200 M inverted microscope. In parallel conditions, the dyes used to trace the 

neutrophils purified by WT and CD31-/- mice were inversed, to ensure that fluorophores were not 

interfering with cell behavior. Rolling parameters were analyzed using an automated ImageJ 

Plugin (Trackmate) within each channel (CH1–CH4). Each point represents the velocity of one cell 

defined as its average speed during its tracking. (c) The percentages of relative frequency 

distribution of pooled rolling velocities of WT and CD31-/- neutrophils are also shown. (d) Cellular 

displacement of each of the 4 channels (CH1 through toCH4) was calculated with the Trackmate 

Plugin and data are expressed as the travelled distance of each neutrophil, from the start to the 

end of its track. (e) Cumulative frequency distribution was calculated with Prism GraphPad 

software. The percentage of frequency distribution of all neutrophil tracks, by WT and CD31-/- 

neutrophils is shown and data are expressed as individual points and mean (red dash) of all points 

in each individual channel. p *<0.05 **<0.01 ***<0.001 (Unpaired Student’s t-test). 

 

 

8.2.3 CD31 engagement by the peptide controls leukocyte-endothelial cells 

interactions in vivo 

 

In vitro flow chambers are powerful experimental tools to investigate cell rolling under 

“physiological flow” but they cannot reproduce the complexity of vessels’ structure nor the 

hemodynamics of the whole blood in the circulation. 

To explore in vivo the role of CD31 in leukocyte adhesion within the systemic circulation, we 

performed intravital microscopy experiments in wild-type or CD31-/- mice. The mesenteric 

microcirculation was chosen as the anatomical site of investigation because the surgery 

procedure to prepare the small intestine is quick and easy. Indeed, as the only surgical 
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incision is along the linea alba (which does not contain blood vessels), there are no risks of 

bleeding and thus the state of basal inflammation is reduced compared to other preparations 

like the cremaster muscle or the skinfold chambers, for which outstanding surgical skills are 

required to obtain reproducible tissues preparations (Secklehner et al., 2017).  

In order to study the early steps of adhesion, we followed leukocyte adhesion in real-time, 

by recording videos of the mesenteric venules under resting condition and after a topical 

application of ionomycin on the vessel. Among other dramatic signaling effects, ionomycin 

was chosen because it is able to instantaneously mobilize the Weibel-Palade bodies at the 

endothelial cell surface (Conte et al., 2015) allowing the exposure of high levels of P-Selectin 

on the vascular lumen (Harrison-Lavoie et al., 2006) and CXCL-1 (Oynebraten et al., 2004), 

both crucial to enable leukocyte slow-rolling.  

As shown in Figure 16, ionomycin application induced a rapid retention of leukocytes on 

endothelial cells which increased three-fold from baseline after only 3 minutes. Interestingly, 

intravenous administration of the CD31agonist resulted in a dramatic reduction of WT 

leukocyte adhesion (292.3±4.91 vs 117.7±13.32 leukocytes per field at 3 minutes, Figure 

16a) and an augmentation in rolling velocity (which passed from 4.97±1.50 µm/sec to 

12.89±2.10 µm/sec, Figure 16c). The fact that this effect that was not observed in CD31-/- 

mice, corroborates the specificity of the CD31-derived peptide. Although we did not observe 

differences between WT an KO mice in terms of total number of adhering leukocytes, CD31-

/- cells displayed a reduced rolling velocity (3,59±0.90 µm/sec vs 4.97±1.50 µm/sec), which 

confirmed the previous in vitro results.  

In conclusion, we found that CD31 loss-of-function by genetic invalidation confers to 

neutrophils an enhanced capacity to adhere to endothelial cells, while the CD31 gain-of-

function triggered by the peptide dramatically reduces rolling velocity and adhesion in vivo. 

Although the comprehension of the mechanisms controlling the activation of the adhesion 

cascade during neutrophil recruitment have been incremented (Ley et al., 2007), little is 

known regarding the negative regulatory pathways. We propose that CD31 may play a key 

role in such a negative regulatory pathway thereby controlling neutrophil recruitment. Our 

data suggests that one the possible mechanisms of action of CD31 in this setting consists 
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unfolded. Body temperature of the mice was kept at 37°C and surgically exposed tissue were kept 

moist with an isotonic buffered solution. Mice were subjected to intravital fluorescence video 

microscopy starting in resting conditions and continuing after local application of ionomycin (1µM) 

onto a segment of mesenteric venule. Some groups received 2,5 mg/kg of CD31agonist 

intravenously before surgery in order to investigate the effect of CD31 engagement on Leukocyte-

Endothelial cell interactions. Videos were performed with an upright fluorescence macroscope 

(MacroFluo®, Leica Microsystems) equipped with a thermostatic heating plate connected to a 

sCMOS camera (Orca-Flash-4.0, Hamamatsu Photonics). Images acquisition was performed 

using the Metamorph® software (Molecular Devices) and images post-processed with ImageJ® 

Software. (a) Quantification of total leukocytes rolling fraction (including adhering cells) in the 

image field one minute before (basal recording) and 3 minutes after the local application of 

ionomycin. Data are expressed as mean ± SD. p *<0.05 **<0.01 ***<0.001 (Unpaired Student’s t-

test). (b) Representative images before and three minutes after a local application of ionomycin in 

C57BL/6 mice treated or not with the CD31 agonist, showing the recruitment of leukocytes onto 

the inflamed mesenteric venule segment. (c) Cumulative frequencies of rolling velocities of 

rhodamine-labelled leukocytes interacting with activated endothelial cells were calculated with a 

cell tracker plugin of ImageJ. Data represent the mean rolling velocity of n>100 cells pooled from 

3 mice per group. For each mouse, recordings were performed on venules with similar calibers 

and surface areas (40-70µm). (d) Representative images of rolling displacement of cells in 

mesenteric venules of WT or CD31 KO mice treated or not with the CD31agonist peptide (Scale bar 

40µm). Cumulative frequency distribution was calculated with Prism GraphPad software. 

 

 

8.2.4 Neutrophil recruitment is accompanied by CD31 signaling, while its 

invalidation unexpectedly compromises cell accumulation at the 

inflammatory site 

 

Leukocyte rolling and arrest within the vasculature ultimately lead to the breaching of the 

endothelial barrier opening the access for the leukocytes towards the site of inflammation 

(Nourshargh and Alon, 2014). This phenomenon, known as trans-endothelial migration 

(TEM), occurs principally between adjacent endothelial cells (paracellular route) or, less 

frequently, across the body of endothelium [transcellular route (Muller, 2011)]. Our previous 
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data supported a role for the CD31 in negatively regulating leukocyte adhesion on activated 

endothelial cells and we sought to study whether its absence had also an effect on neutrophil 

extravasation. For this purpose, we choose to work with the IL-1b-induced peritonitis 

experimental model, wherein the intraperitoneal injection of the inflammatory cytokine elicits 

a local recruitment of neutrophils. In this sterile peritonitis model, the inflammatory site – 

being a cavity – allows the cellular exudate to be easily harvested as a single cell 

suspension, which is therefore readily suitable for accurate quantitative/qualitative 

characterization by flow cytometry.  

As shown in Figure 17a, the injection of IL-1b provoked a rapid systemic neutrophil 

mobilization in the circulating blood, which reached the plateau at two hours. In the basal 

condition, we could not detect any neutrophil within the peritoneal cavity, while, as soon as 

one hour after IL-1b injection, neutrophils (identified as Ly6G+ cells) start to egress into the 

peritoneal cavity (Figure 17b). Interestingly, the kinetics of transmigration into the 

inflammatory fluid was not linear, but rather exponential after 2 hours, and peaked at 4 hours 

in wild-type mice. We measured various potential chemokines in the blood and peritoneal 

fluids of experimental mice and found that CXCL-1 dramatically increased at 4 hours post-

IL1b, both in the blood and into the peritoneal cavity (Figure 17d). This has likely contributed 

to the mobilization of the neutrophils in the systemic circulation as well as their migration at 

the site of inflammation in the peritoneal cavity. Indeed, CXCL-1 is a chemokine specific for 

myeloid cells that has a potent neutrophil chemoattractant activity (Ritzman et al., 2010). 

We also evaluated the concentration of soluble CD31 in the plasma and we found that it 

rapidly increased after IL-1b injection (Figure 17c). Interestingly, soluble CD31 reached a 

plateau at two hours concomitantly with the peak of neutrophil systemic mobilization, 

whereas at four hours – when neutrophils have mostly egressed from the circulation and 

have reached the peritoneal cavity – it declines. It is therefore tempting to speculate that the 

increased soluble CD31 that we have detected in the circulating blood witnesses the 

shedding of CD31 that occurs during neutrophils TEM. In addition to the truncated form of 

CD31 that derives from activated leukocytes, another soluble form of CD31 that comprises 

all the 6 extracellular domains and the cytoplasmic tail is produced mostly by EC by the 

alternative splicing of the exon which encoded the transmembrane domain (Goldberger et 

al., 1994). Our test could not distinguish these two forms. However, considering that the de 

novo biosynthesis of CD31 takes about 3 hours (Goldberger et al., 1994), it is more likely 



EXPERIMENTAL WORK 

 96 

the increased plasma soluble CD31 that peaks at 2 hours after the induction of peritonitis 

derives from a proteolytic cleavage. 

In order to explore the distribution of CD31 and whether the signaling motifs of CD31 were 

engaged during neutrophil transmigration in this setting, we performed in situ 

immunofluorescence microscopy on whole-mount preparations of the omentum. Indeed, the 

omentum has been proposed to be the major site for neutrophil extravasation into the 

peritoneal cavity in experimental peritonitis (Buscher et al., 2016; Fukatsu et al., 1996). As 

shown in Figure 17e, we observed faint or absent CD31 staining on the endothelium along 

the vessels “hotspots” where neutrophils extravasation could be observed (harrow heads). 

This finding, suggesting that the faint staining is due to the cleavage of CD31, could explain 

the parallel rise in soluble CD31 plasma concentration.  

Remarkably, we found that neutrophils that were accomplishing trans-endothelial migration 

were positively stained with a monoclonal antibody specific for the phosphorylated CD31 

ITIM motif (pY713, red staining), allowing us to document for the first time that neutrophil’s 

CD31 is functionally engaged during TEM. Interestingly, Ly6G+ cells in close proximity with 

endothelial cells displayed the highest intensity for pY713 (Figure 17f). The latter observation 

can be significant, since neutrophils might indeed receive the most potent CD31-dependent 

cell signaling while crossing the endothelial cell junctions when one considers that (i) CD31 

activation is mediated principally by trans-homophilic interaction with other cells (Ilan and 

Madri, 2003), and (ii) CD31 expression is ten-times higher at the intercellular junctions of 

endothelial cells than anywhere else in the organism (Lertkiatmongkol et al., 2016; Newman, 

1994). 

This urged us to analyze how the extravasation of CD31 knock-out neutrophils would 

proceed, with using the same experimental setup. Unexpectedly, the number of Ly6G+ cells 

in the peritoneal exudate of CD31-/- mice at four hours was five-times less compared to wild-

type mice (0.5x106 ± 0.2x106 vs 2.4x106 ± 0.5 x106; Figure 17b). Although these data are in 

agreement with what had already been described in the literature (Duncan et al., 1999; 

Thompson et al., 2001), they are in apparent contradiction with our previous results showing 

that neutrophil rolling phase is rather favored by the absence of CD31 (Figure 16). Indeed, 

we expected that an enhancement in the adhesion cascade, due to the lack of CD31, would 

have been followed by an improved neutrophil egression into the inflammatory site. The 
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reason why CD31-/- neutrophils failed to reach the peritoneal cavity was puzzling, since we 

did not observe any difference in neutrophil systemic mobilization compared with wild-type 

neutrophils (Figure 17a), neither a defect of CXCL-1 release in the blood or in the peritoneal 

cavity of CD31-/-  mice (Figure 17d) that could explain this phenomenon. A difference in the 

expression of b2-integrins could also be supposed, but flow cytometry characterization of 

the cellular exudate did not support this possibility since the level of CD11b mean 

fluorescence was the same at surface of wild-type and CD31-/- knock-out Ly6G+ cells 

(Figure 17h). 

Considering that CD31 is highly-concentrated at the endothelial junctions (Albelda et al., 

1991), and that we found that CD31 becomes phosphorylated during neutrophil recruitment, 

we sought to assess whether the absence of CD31 was compromising the process of trans-

endothelial migration of neutrophils. Indeed, CD31-CD31 interactions between leukocyte 

and endothelial cell have been proposed to initiate the signaling pathway responsible for the 

calcium flux that is required for TEM (Muller, 2016). Nevertheless, we found that TEM was 

not impaired in CD31-/- mice, as documented by the fact that most of Ly6G+ cells could 

access the omental extravascular space at 4 hours after the induction of the peritonitis 

(Figure 17g). CD31 appears therefore to be dispensable for TEM itself, but it might however 

be important for the subsequent steps of neutrophil recruitment. Indeed, in CD31-/- omentum, 

several neutrophils were found to be tightly bound to the external side of the vessels, thereby 

reflecting a defect to detach from the basement membrane, in agreement with the function 

evoked by the authors that had first characterized CD31-/- mice (Duncan et al., 1999). 

Interestingly, regardless of their number, the shape of CD31-/- neutrophils that reached the 

peritoneal cavity displayed atypical morphological side-scatter features (Figure 17h). 

Considering that the side-scattering is largely imposed by granularity and intracellular 

complexity (Marina et al., 2012), our observations suggest that the absence of CD31 deeply 

affected the cellular morphology of infiltrated neutrophils that have succeeded in detaching 

from the basement membrane and that have reached the peritoneal cavity. 

Altogether, our data point at dual, and almost opposite, roles of CD31 during neutrophil 

extravasation: (i) a negative regulation of the adhesion of neutrophils on the luminal side of 

the vasculature, as revealed by the stronger adhesive contacts established by CD31-/- 

neutrophils on activated endothelial cells, and (ii) a positive role in promoting the detachment 
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from the basement membrane once the neutrophils have crossed the endothelial cell barrier, 

as revealed by the incapacity of CD31-/- neutrophils to detach from the external portion of 

the vessel and fully migrate toward the inflammatory site in the peritonitis model. Our data 

show that an intact and functional CD31 localizes at the uropod, where the integrins are in 

a closed conformation (Figure 13c), suggesting that the function of CD31 is necessary for 

the detachment of neutrophils. Indeed, uropod elongation has been demonstrated to be the 

final step for leukocyte detachment from the vessels in vivo (Hyun et al., 2012) and the fact 

that we found a deep change in their morphology of peritonitis-infiltrated CD31-/- neutrophils, 

suchlike they had lost part of their material, we next explored whether the absence of CD31 

could affect the polarization/elongation of the uropod of neutrophils during their interactions 

on constituents of the basement membrane. 
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based sandwich immunoassay. Data are expressed as mean ± SD. Statistical significance is 

indicated relative to previous time points. Unpaired Student’s t-test *<0.05 **<0.01 ***<0.001. ns 

not statistically significant. (d) Plasma and cell-free peritoneal liquid of CD31-/- and wild-type 

C57BL/6 mice were collected at 4 hours after IL-1b injection and CXCL1 concentration was 

evaluated by ELISA (R&D #DY453). (e) Confocal microscopy of WT omental vessel at 4 hours 

after IL-1b injection. Omentum were dissected and fixed in 4%PFA for 1 hour at room temperature. 

Tissues were blocked and permeabilized 1 hour at room temperature with a solution containing 

0.5% TritonX, 5% BSA and 0.1% fish gelatin. After extensive washes, samples were stained 

overnight at 4°C with purified monoclonal antibodies in PBS supplemented with 0.1% saponin. 

Detection was achieved using secondary f(ab’)2 antibodies coupled to fluorescent dyes (Cy3, 

A488, A647). Omentum were finally stained with DAPI and mounted with Prolong Gold. Z-stacks 

were taken with a Zeiss Axiovert 200 M inverted microscope equipped with an ApoTome module. 

Images are maximum intensity projections and show extravasating Ly6G-positive neutrophils 

(green, clone 1A8), CD31 (white, polyclonal R&D #AF3628), DAPI (blue) and the CD31 

phosphorylated 713 tyrosine (pY713 clone EPR8079, red). LUT colors refer to the pY713 

fluorescence intensity. Scale bar 50µm. (f) The intensity of CD31-pY713 was calculated in Ly6G-

positive regions of interest (8-bit images, gray scale values 0-255) and plotted against the 

perpendicular distance of the corresponding neutrophil from the closest post-capillary venule. 

Pearson correlation and linear regression (showing 95% confidence interval) was performed using 

GraphPad Prism Software. (g) CD31-/- omentum were harvested at 4 hours after IL-1b injection 

and stained with Ly6G (green, clone 1A8), DAPI (blue) and phalloidin (white) as previously 

described. Scale bar 50µm. (h) Flow cytometry analysis of cells harvested in the peritoneal cavity 

4 hours after IL-1b injection (AU arbitrary units, MFI median fluorescence intensity).  

 

 

8.2.5 CD31-/- neutrophils exhibit aberrant uropod polarization/elongation 

during migration on laminin in vitro 

 

Laminins are major components of the basement membrane (Yousif et al., 2013) and best 

studied in regard of their relevance in the process of leukocytes extravasation (Wang et al., 

2006). The preferred sites for extravasation for neutrophils are those characterized by 

Laminin a4 low expression at the level of postcapillary venules (Voisin et al., 2010), 
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indicating that intimate contacts established by the migrating neutrophils with the 

microvessel basement membrane are crucial for the correct trafficking of leukocytes that 

aim at reaching out to the inflammatory site. 

The effect of CD31 on the polarization of CD31-/- neutrophils onto the constituents of the 

basement membrane was studied in vitro by immunofluorescence microscopy. Purified 

neutrophils from WT or CD31-/- mice were placed onto Laminin a4-coated surfaces, in the 

presence of CXCL1. Unfortunately, we could not find any conformation-specific antibody for 

studying integrins activation state of mouse cells. We therefore observed the distribution of 

talin and actin filaments within the cells, in order to evaluate the polarization state of mouse 

neutrophils.  

As shown in Figure 18a, in wild type neutrophils the polymerized actin was largely localized 

at the lamellipodium, whereas talin was present at the opposite side (at the uropod). Talin 

is known to act as a bridge between the cytoskeleton and the exposed integrins (Calderwood 

et al., 2013) and the fact that talin is spatially far from F-actin at the cell rear, indicates that 

the integrins at the uropod of WT leukocytes are in a low-adhesive conformation state. In 

contrast, F-actin was concentrated along with talin also at the cellular rear of CD31-/- 

neutrophils, indicating a perturbation in the formation of the uropod in KO cells (Figure 18a, 

b). Moreover, we found that neutrophils lacking CD31 were more stretched and displayed 

elongated uropods compared to wild-type cells (Figure 18d), which may reflect an abnormal 

cellular locomotion in the absence of CD31. 

We have previously shown in human neutrophils that phosphorylated CD31 localized at the 

uropod with the inositol phosphatase SHIP1, indicating that this phosphatase might be 

responsible for the downstream CD31 signaling. Interestingly, SHIP1 has been shown to 

functionally dissociate talin from integrins, thus shifting activated integrins back to their 

inactivated state (Dai et al., 2016). Moreover, our observations in CD31-/- cells were similar 

to those reported in neutrophils genetically invalidated for SHIP1, which displayed altered 

cellular morphology and abnormal polymerized actin also at the cellular rear (Mondal et al., 

2012; Nishio et al., 2007). Therefore, we assessed the distribution of SHIP1 in WT and KO 

cells adhering to constituent of the basal membrane. Since CD44 has been documented to 

localize at the uropod during cellular migration, we used it to identify the cellular rear. We 

found that endogenous SHIP1 was preferentially localized at the detached uropod, together 
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FIGURE 18. ANALYSIS OF CD31-/-
 NEUTROPHILS PHENOTYPE ON LAMININ  

Neutrophils prepared from C57BL/6 WT or CD31-/- mouse whole bone marrows were purified with 

a negative immunomagnetic selection kit according to the manufacturer’s instructions 

(STEMCELL #19762). Cells were placed on recombinant mouse Laminin a4 (R&D #AF3837, 

overnight coating at 20µg/ml and blocked 1 hour with 1%BSA) and immobilized recombinant 

mouse CXCL1 (Biolegend #573702, 10ng/ml) for 5 minutes at 37°C. Cells were next fixed with 

2%PFA for 10 minutes on ice and stained with antibodies. Cells were mounted in ProLong Gold 

and Z-stack images were taken with a Zeiss Axiovert 200 M inverted microscope equipped with 

an ApoTome module. 3D reconstructions of top and side view are shown. Quantification of mean 

fluorescence intensities (MFI, gray values range 0-255) of the indicated staining along the cell axis 

(mean ± SEM [SEM bars in grey color]; n > 8 cells/staining; statistical comparisons between the 

20 first frontal and 20 last posterior measurement points) are shown. P *<0.05 **<0.01 ***<0.001 

(Unpaired Student’s t-test). (a), (b) Talin (Abcam, polyclonal #ab71333) and phalloidin (Thermo, 

#A22287) staining. (c) SHIP1 (clone PC1C) and CD44 (clone IM7) staining. (d) Quantification of 

uropod lengths of WT and CD31-/- neutrophils calculated as the distance from the backside of the 

nucleus to the end of the cellular tail. The area was calculated based on bright field images of the 

cells. 

 

 

8.2.6 Defective motility of CD31-/- neutrophils is restored by pharmacological 

inhibition of integrin adhesiveness in vivo 

 

Leukocyte adhesion onto biological surfaces is mediated largely by integrins (Sorokin, 

2010). Neutrophils that have successfully completed the rolling adhesion cascade and that 

have firmly adhered on endothelial cells, display integrins in their maximal adhesion state in 

order to resist to blood shear forces. Once they have crossed the endothelial cell barrier, 

leukocytes must detach from the vessel and move forward towards the static extravascular 

space. Neutrophils must therefore transit in two completely different microenvironments in 

a very short time and they likely should adapt their adhesive state in relation to the specific 

recruitment step. It is where the integrins might be tightly regulated. 
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We reasoned that, if the impaired migration in CD31-/- neutrophils resulted from a defective 

control of integrins adhesion on ECM ligands, reducing integrin interactions with the 

extracellular adhesive surfaces should improve neutrophil egress to the inflammatory site. 

To test this, we used different pharmacological strategies to dampen integrin adhesiveness 

so as to counteract the excessive neutrophil retention of CD31-/- neutrophils on BM/ECM 

components. As explained in Figure 19a, the pharmacological intervention was performed 

at two hours after the induction of inflammation, because this was the time point at which 

neutrophil systemic mobilization reached its plateau (Figure 17a) and at which leukocytes 

begin to transmigrate (Figure 17b). Furthermore, integrin inhibitors were injected 

intraperitoneally – rather than intravenously – in order to locally target cells that have already 

performed TEM, meanwhile minimizing the impact on intravascular leukocytes within the 

systemic circulation. 

As a first integrin inhibitor, we used the Arginine-Glycine-Aspartic tripeptide (RGD). RGD is 

a common integrin cell adhesion motif displayed on the vast majority of ECM proteins 

including fibronectin, collagens and laminins (Wang et al., 2013). Indeed, nearly half of the 

integrins recognize this sequence (Ruoslahti, 1996). When RGD peptides are administered 

as soluble, they act as a decoy for integrins binding site, preventing leukocyte retention to 

ECM surfaces thereby promoting cellular forward movements (Mondal et al., 2012). As 

shown in Figure 19b, the RGD administration to wild type mice (at 2 hours after induction 

of inflammation) did not modify neutrophil recruitment to the peritoneal cavity. This indicates 

that the intraperitoneal RGD administration did not compromise cell migration to the tissue, 

conversely to the i.v. route, which has been shown to reduce leukocyte extravasation in vivo 

by inhibiting the rolling cascade (Sarangi et al., 2012).  

Importantly, we found that the administration of RGD peptides restored neutrophil influx at 

the inflammatory site in mice lacking CD31, strongly indicating that the retention of CD31-/- 

neutrophils was due to an excessive integrin activation. Interestingly, transmigrated CD31-/- 

neutrophils treated with RGD displayed also higher side-scatter values (Figure 19d). The 

opposite phenomenon was indeed observed in Figure 17g, indicating that the 

morphological phenotype displayed by transmigrated KO neutrophils was likely due to 

excessive integrin-mediated adhesion. 
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RGD peptides are expected to interact with the majority of integrins, but leukocyte adhesion 

on constituent of the basement membrane and ECM proteins is reported to be dependent 

also by b1-integrins (Gao and Issekutz, 1997). Moreover, neutrophils genetically invalidated 

for b1-integrin reach the peritoneal cavity better than wild-type littermates (Sarangi et al., 

2012), indicating that b1-integrin as well might be a brake for leukocyte egression to the 

inflammatory site. Thus, we examined whether the migratory phenotype in CD31-/- mice was 

due to a defective control of the b1 integrin adhesive state. As shown in Figure 19b, 

pharmacological inhibition of b1-integrins re-conferred CD31-/- neutrophils with a normal 

migration phenotype, indicating that the restored motility observed with the RGD treatment 

was also due to b1-integrins targeting.  

Of note, treatment with the CD31agonist in wild type mice give opposite results depending on 

timing and way of administration. When injected systemically (i.v.), concomitantly with IL-

1b, the peptide significantly reduced the egression of Ly6G+ found in the peritoneum at two 

hours (Figure 19c), i.e. when neutrophils have almost finished the rolling phase and start to 

transmigrate. Conversely, the local (i.p.) injection at two hours – when leukocytes start to 

egress to the inflammatory site –, significantly enhanced neutrophils recruitment to the 

peritoneal cavity at four hours (Figure 19b). These findings demonstrate that CD31 is a key 

molecule involved in neutrophil integrin fine-tuning during their recruitment in vivo and its 

complex role lead to different outcomes depending on the step of leukocyte recruitment.  

The observation that in WT mice the CD31agonist was able to improve neutrophil recruitment 

while the RGD peptide was not, can be possibly explained by the fact that the two molecules 

act with different mechanisms. The RGD peptide physically prevents leukocyte retention on 

ECM components, while the CD31agonist operates by activating the CD31 protein through 

which many signaling pathways may be affected. 
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mice were sacrificed and peritoneal neutrophils were analyzed as described before. (b) 

Quantification of cellular exudate at four hours. Neutrophils were identified as CD45+, CD11b+ and 

Ly6G+ by flow-cytometry. (c) Sterile peritonitis was induced in C57BL/6 mice by the injection of IL-

1b i.p with the concomitant intravenous administration with CD31agonist or vehicle. In this 

experiment, cellular exudate was harvester at two hours and characterized as usual by flow-

cytometry. (d) Flow cytometry analysis of harvested cells at 4 hours in CD31-/- mice treated or not 

with RGD peptides. (AU arbitrary units, MFI median fluorescence intensity) (e) Dot plot 

representations of harvested peritoneal cells. Data are expressed as mean ± SD. Unpaired 

Student’s t-test *<0.05 **<0.01 ***<0.001. ns not statistically significant. 

 

 

8.2.7 CD31 engagement by the peptide favors neutrophil’s uropod 

detachment from the basement membrane and cellular locomotion in 

the tissue 

 

Since the CD31 engagement by the peptide significantly enhanced WT neutrophil 

recruitment to the peritoneal cavity at 4 hours, we sought next to observe neutrophil behavior 

in living mice treated with the CD31agonist. Among the established techniques to study cell 

trafficking in vivo, the direct observation of cells using multi-photon intravital microscopy 

(MP-IVM) is one of the most informative experimental approach (Hoover and Squier, 2013). 

The use of longer and more tissue-penetrating excitation wavelengths (>700nm) makes MP-

IVM less damaging for biological samples and allows deeper analyses within the tissues. In 

addition, laser wavelengths used by this technology can take advantage of the intrinsic 

physical properties of the tissues – like the second harmonic generation (SHG) – in order to 

visualize the extracellular matrix without the use of any additional staining (Jiang et al., 

2011). We choose to investigate inflammatory processes in the ear dermis, since it is richly 

vascularized, poorly affected by respiratory movements, no surgery preparation is required, 

and it is possible to perform image acquisition for long period of time in the same mouse. 

Finally, in order to study neutrophil behavior in vivo, we took advantage of the LysM-GFP 

mice strain, in which the intracellular expression of the green fluorescent protein is restricted 

specifically to myeloid cells (Faust et al., 2000). 
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As an initial step, we studied whether the CD31 gain-of-function with the peptide regulates 

neutrophil detachment from the vessel. As shown in Figure 20a, at one hour after the 

intradermal injection of IL-1b, GFP+ leukocytes crawled within the vascular lumen of post-

capillary venules of the ear dermis. In vehicle-treated mice, we confirmed previous findings 

demonstrating that extravasating leukocytes show delayed uropod detachment and become 

extremely elongated before disconnecting from the basement membrane (Hyun et al., 

2012). Indeed, we observed that, once neutrophils completed the transmigration process, 

they went forward within the extravascular space, but the uropod remained attached at 

cellular rear to the outside edge of the vessel. Importantly, the administration of the 

CD31agonist induced an accelerated detachment, resulting in a very efficient release from the 

outside part of the vessel which favored fast and multiple neutrophils entries within the tissue 

compared to the control condition (Figure 20b). These data support our hypothesis that 

CD31 engagement across endothelial cell junctions may reduce integrin adhesiveness in 

order to allow an efficiently neutrophil detachment from inflamed vessels. The administration 

of the peptide might promote this process. 

We sought next to investigate at later time points after the induction of the inflammation, the 

fate of extravasated neutrophils subjected or not to the peptide treatment. Interestingly, 

peptide-treated leukocytes moved faster at 3 hours (Figure 20e left panel) and displayed 

nearly half of the cellular length compared to the control groups (Figure 20c, e right panel), 

suggesting that cellular uropod is less adhesive on the ECM components. Moreover, they 

traveled a greater distance in the parenchyma (Figure 20d, f), indicating that the 

engagement of CD31 through endothelial cell junctions is important not only for the 

detachment from the basement membrane after the TEM, but also on late phases during 

which neutrophils travels within the tissue towards the inflammatory site. 

Taken together, these results describe – at the single cell level – the fact that the sustained 

CD31 signaling triggered by the peptide enhanced neutrophil egression by controlling 

integrin assets during their late migration phase towards the inflammatory site (Figure 19b). 
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images of post-capillary venules at one hour after IL-1b injection. Green color represents GFP+ 

leukocytes and blue color the collagen fibers imaged with the secondary harmonic generation 

(SHG). Images are representative of two independent experiments. Scale bar 20µm. (b) Cell 

motion visualized by time color-coded superposition of frames. Scale bar 50µm. (c) Interstitial 

leukocytes at 3 hours after IL-1b injection. Scale bar 40µm. (d) Time color-coded superposition of 

frames at 3 hours. Scale bar 50µm. (e) Quantification of migratory speed and cell length of 

leukocytes at 3 hours after IL-1b injection was performed with an automated ImageJ Plugin 

(Trackmate). (f) Track plots of LysM-GFP+ cells at 3 hours after IL-1b injection treated with vehicle 

(left) and treated with the CD31agonist (right) normalized to the starting position. Data are expressed 

as mean showing all points. P *<0.05 **<0.01 ***<0.001 (Unpaired Student’s t-test). n=60 cells 

from 2 independent mice per condition. 

 

 

8.2.8 Summary of Aim II section and graphical abstract 

 

In the second part of the present work, we explored the contribution of the CD31 signaling 

pathway in the recruitment of neutrophils out of the vessels and towards the inflammatory 

sites during the acute phase of inflammation, using genetically-invalidated mice as well as 

a gain-of-function approach by the CD31agonist administration. 

Our first result indicated that CD31 might be involved in controlling integrin function at the 

uropod where it concentrates and gets activated in proximity of “closed” integrins. 

Remarkably, we found that CD31 negatively modulate neutrophil adhesion, as cells lacking 

the CD31 molecule rolled slowly on activated endothelial cells under flow conditions. On the 

contrary, upholding the CD31 signaling pathway in WT neutrophils with the CD31agonist 

dramatically dampened their capacity to establish strong interactions with EC.  

We proceeded to study the involvement of CD31 in the trans-endothelial migration process 

and their homing to the inflammatory site. We found that CD31 engagement in neutrophils 

during the TEM, was accompanied by the phosphorylation of its ITIM motif, indicating that 

CD31 molecular pathway is strongly involved during the aforementioned processes. 

Nevertheless, we were surprised to observe that the better adhesion of CD31-/- leucocytes 
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was unexpectedly followed by a lower recruitment within the inflammatory site, out of the 

vessel, in vivo. This phenotype became more puzzling when we did not found any difference 

in neutrophil mobilization into the systemic circulation neither an evident abnormality in TEM 

across the endothelial barrier. These observations highlighted an unforeseen complex role 

of CD31, since its involvement seems to lead to opposite consequences depending on the 

leukocyte recruitment steps. Intriguingly, we noticed that extravasated CD31-/- neutrophils 

were specifically retained at the outside face of the vessel and displayed an abnormal 

polarization phenotype when placed in contact with constituents of the vascular basement 

membrane. We demonstrated that the failure to reach the inflammatory site in CD31-/- mice 

was due to their inability to correctly proceed to closing the uropod integrins, which therefore 

remain attached to the ECM after the TEM process. This hypothesis was supported by a 

competitive approach in which the application of decoy RGD peptides outside of the vessels 

was able to totally restore neutrophil efflux towards the peritoneal cavity. Finally, by the direct 

observation of leukocyte behavior by IV-MPM, we reported that CD31 promotes the uropod 

detachment thereby allowing an appropriate trafficking of leukocytes in vivo. 

All together, these data suggest that CD31 works as an integrin regulator. It is endowed with 

a dual-role on migrating neutrophils, both supervising integrin activation for the adhesion 

within the lumen of the microvessels at the site of TEM and controlling uropod detachment 

on their way out of the vessel, after their crossing the endothelial barrier. 

 





EXPERIMENTAL WORK 

 113 

8.3 Aim III: CD31 and neutrophil activation 

 

 

8.3.1 Context of Aim III section 

 

Neutrophils play a crucial role in the first line of defense against noxious agents. Central to 

their function, is the ability to rapidly exit the circulation and migrate to the site of 

inflammation where they must recognize the nature of the danger in order to get activated 

and exert appropriately responses. To accomplish this important task, they express a large 

array of cell surface receptors, some of which are directly capable of recognition of microbial-

associated structures and exert exquisitely “innate” functions, while others – such as Fc-

receptors – are linked to the adaptive immune response. The interaction of these receptors 

with their cognate ligands, triggers neutrophil effector functions which is also referred as 

“activation”. Because these effector functions are extremely potent and potentially harmful 

for the self, a tight molecular regulation is also mandatory in order to control the activation 

of neutrophils.  

In this part of my work, we aimed at assessing whether CD31 could exert its regulatory 

function to modulate neutrophil activation. Indeed, many ITAM pathways and their kinase 

molecular effectors are involved in triggering neutrophil activation, while the ITIMs motifs 

within cytoplasmic tail of CD31, through their capacity to recruit phosphatases, could 

interfere with the activation signaling pathways. 

The CD31 signaling pathway has already been described to control the ITAM-dependent 

activation by the Fc-Receptor CD32A [FcγRIIa, (Thai le et al., 2003)] and by the FcR 

common g-chain (Lee et al., 2006) in human platelets. This prompted us to consider the 

possibility that CD31 may regulate the activation triggered by the immunoglobulin Fc 

receptors in neutrophils. Fc receptors are pivotal for triggering important neutrophil effector 

functions such as the antibody-mediated phagocytosis and the antibody-dependent cell-

mediated cytotoxicity (Dallegri et al., 1983). 
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In the present section, I will present the experimental work that we have performed in order 

to study the role of the CD31 signaling pathway during Fc-receptor-mediated activation of 

human and murine neutrophils, in vitro and in vivo. 

 

 

8.3.2 CD31 regulates CD32A-mediated neutrophil oxidative burst through 

SHIP1 pathway in human neutrophils 

 

Antibody-dependent cell-mediated cytotoxicity (ADCC) critically relies on the Fc-receptor 

CD32A (Nagarajan et al., 2000) and it is no surprise that over-activation of the CD32A 

signaling pathway can cause ADCC-mediated tissue injury as exemplified in autoimmune 

diseases such as glomerulonephritis and rheumatoid arthritis. In these pathologies, both 

soluble and insoluble immune complexes provoke leukocyte activation, as indicated by the 

fact that neutrophils isolated from the synovial fluid of rheumatoid arthritis patients exhibits 

enhanced production of reactive oxygen species (Nurcombe et al., 1991). From a molecular 

point of view, the engagement of CD32A with immunoglobulins leads to FcR clustering that 

activates members of the Src kinase family. In turn, these tyrosine kinases trigger the 

phosphorylation of the cytoplasmic tail on the immunoreceptor tyrosine-based activation 

motif (ITAM) of CD32A (Rollet-Labelle et al., 2004) and this allows the recruitment of the 

spleen tyrosine kinase (Syk) by its tandem SH2 domains that starts an activation signaling 

pathway. The current molecular model states that ITAM-dependent kinase signaling can be 

regulated by counteracting pathways involving receptors that possess an immunoreceptor 

tyrosine-based inhibitory motif (ITIM) that, on the contrary, recruit phosphatases (Barrow 

and Trowsdale, 2006). CD31 being an ITIM-bearing molecule, we reasoned that its 

engagement could modulate CD32A activation of neutrophils. To test this hypothesis, we 

setup a series of in vitro experiments wherein the readout was the CD32A-mediated ROS 

production by human neutrophils. 

As explained in Figure 20a, we used a protein G-coated solid surface in order to control the 

orientation of the immobilized antibody that we used to crosslink neutrophil CD32A. It is 

important to highlight that this choice was made in order to avoid the interaction, through the 
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Fc portion of the crosslinking antibody, with the other Fc-receptors, such as the ITIM-

containing CD32B inhibitory receptor, that are also present on the neutrophil membrane. By 

forcing the Fc portion of the anti-CD32A antibody to bind on the protein G at the bottom of 

the well, we have ensured that the variable region of the crosslinking antibody CD32A was 

oriented to specifically target this Fc receptor at the surface of the neutrophils. As a readout 

for neutrophil activation we chose to evaluate the oxidative burst with a chemical substrate 

that becomes fluorescent upon oxidation (Oparka et al., 2016). 

As shown in Figure 22b, the strategy we used to trigger the activation by CD32A 

engagement was specific, since ROS production in the “control isotype” condition was 

undetectable (the signal was at the same level as when the neutrophils were plated on the 

protein G-coated surface alone, in the absence of antibodies). Furthermore, in our setting, 

the activation was strictly dependent on an ITAM pathway, as demonstrated by the fact that 

pharmacological inhibition of the ITAM-associated kinase Syk completely abolished the 

CD32A-mediated neutrophil oxidative burst. 

In this controlled, ITAM specific Fc receptor-mediated neutrophil activation setting, CD31 

engagement by the CD31agonist dampened cellular activation in a dose-dependent manner, 

indicating that signals delivered by CD31 downregulate ROS production upon CD32A 

stimulation.  

A stated before, CD31 does not possess intrinsic catalytic activities and needs to recruit 

SH2-containing phosphatases on its phosphorylated ITIM motifs to carry out its signaling 

functions (Ilan and Madri, 2003). The phosphatases described to interact with CD31 can be 

divided into two distinct subsets according to their enzymatic specificity. The first is 

composed by the tyrosine phosphatases SHP1 and SHP2, while the second belongs to the 

phosphatidylinositol phosphatases SHIP1. We reasoned that, if the CD31 signalization in 

the CD32A-induced neutrophil activation is mediated by one of these phosphatases, we 

would be able to abolish the CD31agonist effect by inhibiting the molecular partner responsible 

for CD31 downstream signalization. 

In order to assess whether the phosphatases recruited by CD31 during Fc-receptor 

mediated neutrophil activation was a tyrosine phosphatase, we used the sodium 

stibogluconate (NaSG), which is reported to inhibit both SHP1 and SHP2 at the dose of 

150µM (Pathak and Yi, 2001). As shown in Figure 22c, we confirmed that cell activation is 
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dependent on Syk and is inhibited by the peptide administration. Unexpectedly, NaSG did 

not impact on the effect of the CD31agonist treatment, suggesting that CD31 downstream 

pathway does not rely on SHP1 or SHP2. We proceeded by investigating the possible role 

of phosphatidylinositol phosphatases SHIP1. Indeed, we found that the inhibition of SHIP1 

inhibition alone by the compound 3AC resulted in a significant augmentation of the oxidative 

burst (Figure 22d), confirming that the metabolism of membrane lipids plays a fundamental 

role in controlling CD32A-neutrophil activation (Mondal et al., 2012). Importantly, the 

modulation of ROS production mediated by the CD31agonist – even at the dose of 100µg/ml 

–, was completely abolished with the concomitant administration of 3AC.  

These findings suggest that, in CD32A-activated human neutrophils, CD31 acts as a 

molecular platform to recruit SHIP1 in order to modulate neutrophils ROS production upon 

cellular activation. 
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inhibitor (BAY 61-3606, 150µM. Santa Cruz #202351), SHP1/2-inhibitor (NaSG, 150µM. 

Calbiochem #567565), SHIP1-inhibitor (3AC, 50µM. Calbiochem #565835) CD31agonist (p8RI, 

10µg/ml or 100µg/ml) and PMA (Phorbol 12-myristate 13-acetate, 50nM. Sigma #P1585). 

Neutrophils (100µl/well) were finally placed on functionalized plates and fluorescence was read at 

494nm/524nm using an Infinite 200 PRO Microplate Reader (Tecan. Männedorf, Switzerland) at 

37°C for 3 hours at 5 minute intervals. (b) AUC values of ROS probe during 3 hours of neutrophil 

stimulation on aCD32A-coated wells or control conditions (Isotype-coated wells and uncoated 

wells) in the presence or not of the CD31agonist. (c) CD31 modulation of Syk-dependent oxidative 

burst in the presence of the tyrosine phosphatase inhibitor NaSG or (d) in the presence of the 

phosphatidylinositol phosphatase SHIP1 inhibitor 3AC. Results are from 3 independent 

experiments with 3 different donors and each condition was performed in quadruplicate. Data are 

expressed as mean ± SD of the area under the curve (AUC) of relative fluorescence units (RFU) 

normalized on the control condition during the 3 hours of acquisition. P *<0.05 **<0.01 ***<0.001 

(Unpaired Student’s t-test). 

 

 

8.3.3 Neutrophil activation on immobilized immune complexes is modulated 

by CD31 in vivo  

 

Immune complexes (IC)-mediated inflammation is a common mechanism in autoimmune 

diseases and several studies have suggested that IC-driven engagement of Fcg receptors 

play a primary role in these pathologies (Nimmerjahn and Ravetch, 2008). In order to study 

the role of CD31 in neutrophil IC-driven activation in vivo, we choose an experimental model 

where the passive transfer of anti-glomerular basement membrane (GBM) immune serum 

causes glomerulonephritis (classified as a type-II hypersensitivity reaction). This model 

recapitulate the Goodpasture’s syndrome in human patients (McAdoo and Pusey, 2017), 

which is a pathology characterized by the production of autoantibodies directed against the 

a-chain of type IV collagen of the basement membrane (Borza, 2007).  

Since the glomerular endothelium is fenestrated, the antigen is directly accessible for 

autoantibodies and the i.v. administration of GBM-immune serum in mice readily causes the 

formation of insoluble IC in situ on the GBM. In these conditions, circulating FcgR-expressing 
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cells can also access the GBM and interact with the ICs in the lumen of the glomeruli 

capillaries. The intense neutrophils infiltration and local activation results in a damage of the 

endothelial barrier, the generation of edema, dysfunction of the glomerular filter and 

ultimately leads to kidney dysfunction. 

In this experimental model, tissue injury has been confirmed to be dependent from the 

function of antibody receptors, since FcgR-/- mice were shown to be completely protected 

from the disease (Park et al., 1998), whereas the complement system-dependent tissue 

damages were reported to be negligible with high anti-GBM serum titers (Tipping et al., 

1989). Moreover, the acute phase of the disease (2-6 hours after i.v. injection of the anti-

GBM antibodies) is entirely mediated by circulating neutrophils (Schrijver et al., 1990) and 

specific pharmacological inhibition of MPO results in a complete protection from renal 

damages in the acute phase (Zheng et al., 2015). The role of neutrophils in IC-induced injury 

clearly illustrates how the molecular armament used to destroy noxious agents can also 

inflict severe damages to the tissue. Neutrophil-derived reactive oxygen species and 

proteases are particularly deleterious to host cells in these settings. 

As shown in Figure 23a, the administration of the GBM-immune serum to both WT and 

CD31-/- mice resulted in a robust neutrophils mobilization in the systemic circulation 

compared to the group that received the control nonimmune serum (‘Non-Immune Serum’ 

group in which animals received the serum collected from the sheep without GBM 

immunization). As in the case of peritonitis (Figure 17a), we did not observe any difference 

between the two genotypes and the administration of the CD31agonist did not modify the initial 

phase of neutrophil mobilization either. As expected, the deposition of insoluble IC on the 

fenestrated glomerular endothelium resulted in local neutrophils recruitment (Figure 23b). 

It has been reported by MP-IVM, that the duration of leukocyte retention in the glomerulus 

was increased during the GBM-mediated GN (Devi et al., 2013) and this extended period of 

retention was suggested to be the cause of the neutrophil-dependent glomerular injury. 

As shown in Figure 23c, CD31-/- mice displayed a greater extent of neutrophil infiltration [≥ 

1 neutrophil was present in 70±8% of glomeruli analyzed (100-200 analyzed glomeruli per 

mouse, n=5/group) versus 58±5% in WT mice], while the CD31agonist treatment displayed no 

effect in CD31-/- mice. Conversely, administration of the peptide significantly reduced the 

number of Ly6G+ cells per glomerular unit in the WT group: in these settings, the number of 
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neutrophil-infiltrated glomeruli was further reduced from 58± 5% to 28±10% (Figure 23d). 

The surface area of glomeruli, which reflects the local edema provoked by the vascular 

damages, measured in each group (Figure 23e), was perfectly correlated with the 

glomerular neutrophil recruitment.  

Kidney function is essential for the homeostasis of the organism as it ensures the elimination 

a wide range of waste products and toxins from the blood. This task is accomplished by the 

kidney filtering units, called nephrons, which are large structures that contains the glomeruli. 

Glomeruli are the functional structures where plasma filtration occurs through the glomerular 

filter, which separates the blood from the primary urine. When the glomerular filter is intact, 

large molecules – like albumin – are not allowed to cross and hence not present in urines. 

We examined the presence of albumin in the urines in order to evaluate kidney dysfunction 

(Levey et al., 2015). Considering that urine dilution varies during the day, while creatinine is 

eliminated at constant rate in urines, we used the creatinine concentration as an internal 

control to normalize the albumin content.  

As shown in Figure 23f, administration of the GBM-immune serum caused a 30-fold 

increase of the albumin/creatinine ratio (ACR) compared to the NIS group, thereby indicating 

that the glomerular filter was acutely (only 4 hours after serum injection) and severely 

damaged. Although CD31-/- mice displayed a worse ACR score as compared to the wild-

type group (1331±457 vs 1048±264), it was not statistical significant (p=0.2). They may 

reach statistical significance by increasing the number of mice and/or by reducing the 

amount of immune serum administered. Indeed, the dose we used was so high that it could 

have provoked such devastating renal damages that could have masked the deleterious 

effect of the CD31 absence. On the other hand, WT mice that received the CD31agonist 

showed a significant improvement in the clinical score. This could be due to an effect of the 

CD31 signaling pathway on the regulation of neutrophil adhesion onto activated endothelial 

cells (as we shown previously in Figure 15, Figure 16) and/or on the regulation of Fcg-

receptor activation, as seen in the in vitro experiments described above. 

In conclusion, these experiments demonstrate, by genetic invalidation and molecular 

intervention with the peptide, that CD31 is involved in controlling neutrophil recruitment and 

activation onto immobilized molecular complexes in vivo. 
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FIGURE 23. ROLE OF CD31 IN ANTIBODY-MEDIATED GLOMERULONEPHRITIS MOUSE MODEL 

Experimental passive glomerulonephritis was induced in C57BL/6 or CD31-/- mice (males, 12-

weeks-old, n=5/group) by intravenous administration of 100µl of anti-glomerular basement 

membrane immune serum (a-GBM, Probetex #PTX-001) or control non-immune serum. Some 

groups received concomitantly an i.v. administration of CD31agonist at 2.5mg/Kg. (a) At 4 hours after 

the induction of glomerulonephritis, blood was collected and the blood formula was determined 

with an automated cell counter, while plasma was stored at -80°C for further analysis. (b) At 4 

hours, mouse kidneys were harvested and processed to obtain 8µm frozen-sections for IHC. 

Samples were stained with aLy6G antibody (clone 1A8) and asheep-A647 to visualize anti-GBM 

immune deposits. A representative image of an infiltrated glomerulus is shown. (c) Each section 

was entirely acquired with the NanoZoomer 2.0-HT (Hamamatsu) digital slide scanner and 

individual TIFF images were processed by computer-assisted image analysis using the QWIN® 

program (Leica) and a custom macro was written to count the number of Ly6G+ cells per 

glomerulus (the area of interest was determined by the GBM deposits and number of Ly6G positive 

cells was automatically counted). The same macro was also implemented to determine (d) the 

percentage of glomeruli infiltrated with at least one Ly6G+ cell and (e) the mean glomerular surface 

area. (f) Renal damage was estimated by the albumin/creatinine ratio in urines collected at 4 

hours. Albumin was quantified by ELISA (Bethyl Laboratories #E90-134) and creatinine levels 

were calculated by a colorimetric assay following manufacturer’s instructions (R&D systems 

#KGE005). Data are expressed as mean ± SD. P *<0.05 **<0.01 ***<0.001 (Unpaired 

nonparametric Wilcoxon-Mann-Whitney test). 

 

 

8.3.4 Injury triggered by aGBM-IC deposits is associated with CD31 

shedding on glomerular endothelial cells  

 

In most tissues, the leukocyte response begins in post-capillary venules and the 

inflammatory stimuli that have instructed the recruiting leukocytes are generally located 

outside the blood vessels. A minimal initial neutrophil activation is required to adhere to and 

transmigrate the endothelial barrier, while their full activation occurs when they reach the 
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source of inflammation in the extravascular space. In the GBM GN model, on the contrary, 

the inflammatory stimuli are (so to speak) entrapped in the vessel wall, which becomes the 

target of immune effectors and hence the final destination for them. 

CD31 trans-homophilic interactions – established by neutrophils and endothelial cells – are 

important to activate CD31 signalization (Figure 17e) and we know that the cleavage of the 

distal domains abolishes the CD31 functionality (Figure 9 and Figure 11). Thus, we next 

evaluated the CD31 integrity (functionality) in the inflamed glomeruli. As shown in Figure 

24a (left panel), glomerular endothelial cells were strongly positive for CD31 (yellow) in mice 

injected with the nonimmune serum (NIS), as expected, immune deposits were not detected. 

On the contrary, at four hours after the GBM-antiserum administration, in situ deposition of 

IC (violet) were accompanied by a diffuse and global loss of the glomerular CD31 staining 

(Figure 24a right panel).  

This finding contrast with the observations we made in another model of acute inflammation, 

– the IL1b-induced peritonitis – in which the loss of extracellular CD31 on the inflamed 

endothelium (and neutrophils extravasation) occurred at discrete “hotspots” sites (Figure 

17e). Contrariwise, in the GBM GN model, neutrophil recruitment is not performed on post-

capillary venules, but, as explained above, on capillary endothelial cells. The passage in the 

capillaries of the glomeruli implies a greater “physical effort” for the neutrophils. Capillaries 

are about 8µm in diameter, considerably smaller than neutrophils (about 12µm) and 

therefore the latter must deform in order to squeeze all the way through the glomerular 

vascular network. This implies that interactions of the neutrophils with the IC deposits in the 

glomeruli is intimate and prolonged eventually resulting in a massive activation, which is 

extremely deleterious for EC and the glomerular filter. In this perspective, I propose that the 

diffuse (instead of spotty) loss of CD31 by EC in glomerulonephritis might also reflect a 

secondary, wider endothelial activation due to a bystander vascular damage inflicted by 

activated neutrophils. 

As compared to concentration of soluble CD31 found in the plasma of control mice [4.1±1.5 

ng/ml (Figure 24b)], values were dramatically (3-fold) increased in the group that received 

the GBM-immune serum (12.5±2.5 ng/ml; p<0.001 vs NIS). Considering that the 

biosynthesis of soluble CD31 by EC takes about 3 hours (Goldberger et al., 1994), these 
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findings strongly suggest that the loss of staining on glomerular EC is likely due to an active 

shedding process. 

The administration of the peptide did not modify the amount of cleaved CD31 detected in 

the plasma (Figure 24b) but, as discussed in the previously (Figure 11), the peptide acts 

after (and requires) the cleavage of the CD31. It can only target those cells that have already 

engaged their native CD31 and does not bind on CD31 from resting cells. Therefore, it 

cannot prevent the initial activation and CD31 shedding, even though it could prevent a 

subsequent vague of activation and CD31 shedding. As expected, soluble CD31 was not 

detected in knockout mice, either by measure in the plasma (by our custom test based on 

the use of cytometric beads) in solubilized proteins from purified glomeruli [WB analysis 

(Figure 24c)]. 

Interestingly, we found the presence of endogenous (mouse) immunoglobulin deposits in 

the glomeruli of CD31-/- mice (Figure 24c) suggesting the possibility that an autoimmune 

IC-drive glomerulonephritis can occur in the absence of CD31, consistently with what has 

been reported by Wilkinson et al. (Wilkinson et al., 2002). The development of 

autoantibodies in CD31-/- mice has previously been observed and found to be related to a 

lowered activation threshold for B lymphocytes and the occurrence of a “spontaneous” 

hyper-responsive B-Cell activation with ageing. Indeed, the B-Cell Receptor (BCR) 

activation is also mediated by an ITAM/Syk-dependent signalization (Treanor, 2012) and it 

is tempting to speculate that the effect exerted by CD31 on FcgR/Syk-mediated activation 

that we have reported in neutrophils (Figure 22) could also account for the control of the 

signaling pathway downstream the BCR. 



EXPERIMENTAL WORK 

 125 

 

 

FIGURE 24. EVALUATION OF CD31 SHEDDING IN GBM GLOMERULONEPHRITIS 

(a) Frozen kidney sections (8µm thick) were stained for nuclei (Blue color, Hoechst), anti-GBM 

immune deposits (Violet color, a-goat) and for CD31 (Yellow color, clone 390). Z-stacks were 

taken with a Zeiss Axiovert 200 M inverted microscope equipped with an ApoTome module and 

images are shown as maximum intensity projections. (b) Plasma CD31 concentration was 

assessed by customized Luminex magnetic beads. Briefly, CD31 from EDTA-serum was captured 

with magnetic COOH beads (Bio Rad #MC10026-01) covalently immobilized with a polyclonal 

antibody directed against mouse CD31 (R&D #AF3628) with a custom conjugation kit (Bio Rad 

#171406001). After extensive washes, captured CD31 was revealed with a monoclonal antibody 

(MEC13.3) conjugated with PE. Fluorescence was read with the Luminex® 100/200TM system. 

Fluorescence was plotted against a standard curve obtained with recombinant mouse CD31 (R&D 
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#3628-PC) in order to determine CD31 concentrations. Data are expressed as mean ± SD. P 

*<0.05 **<0.01 ***<0.001 (Unpaired nonparametric Wilcoxon-Mann-Whitney test). (c) Kidneys 

were dissected and nephrons were purified using sequential sieving with metal meshes. Glomeruli 

were lysed in RIPA buffer and 20µg of total extracted proteins were separated by SDS-PAGE 

under reducing conditions. Proteins were blotted on a nitrocellulose membrane and stained with 

a polyclonal antibody directed against extracellular CD31 (Santa Cruz #sc8306), with a polyclonal 

antibody against sheep IgG (Thermo #A16041) or mouse IgG (Santa Cruz #sc-2005). GAPDH 

was used as an internal loading control. 

 

 

8.3.5 Neutrophils activation by IC drives an enhanced ROS production in 

the absence of CD31 

 

A basal state of oxidative stress is constantly present in aerobic metabolism and has 

important roles in normal cell physiology. However, in pathological conditions, increased 

levels of oxidants might be relevant for the initiation and propagation of deleterious 

inflammatory processes. This is particularly evident for neutrophils that, once activated, can 

undergo a phenomenon called “respiratory burst” [for a recent review, see (El-Benna et al., 

2016)]: a rapid, non-mitochondrial reduction of oxygen that forms highly-reactive oxygen 

species (ROS). ROS are essential to fight pathogens, as reflected by the fact that genetic 

defects of the NADPH oxidase results in a profound immunodeficiency and risk of infection 

in human patients (Holmes et al., 1967). Although pivotal for innate immunity, ROS cause 

damages to the host tissue in certain conditions. In the case of GBM glomerulonephritis 

model, the oxidative burst not only is directly toxic for the kidney, but ROS generated by 

FcgR-engagement recruit other neutrophils in loop, perpetuating the inflammatory process 

(Suzuki et al., 2003). Thus, we wanted next to characterize the molecular mechanisms of 

neutrophils activation by GBM-IC. As the immune complexes in vivo are formed by the 

deposition of antibodies on the basement membrane, we reproduced them in vitro by coating 

a Matrigel surface with the same GBM-immuneserum used in the murine model (Figure 

25a). “Matrigel” is a solubilized basement membrane preparation extracted from a murine 
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sarcoma and contains the most important BM constituents, including Collagen IV, which is 

the autoantigen in the GBM GN disease (Borza, 2007).  

As shown in Figure 25b, the interaction of purified neutrophils from WT mice with the aGBM-

Matrigel immune complexes, provoked a rapid (»25 minutes) increase of ROS production 

that reached the plateau at one hour. Conversely to the previous CD32A-crosslinking 

experiment (Figure 22), here we wanted to validate that neutrophil activation was actually 

supported by the Fc-receptor engagement and not by other interactions with ECM proteins. 

Blockade of Fc-receptors or Syk pharmacological inhibition (Figure 25b, c) completely 

inhibits the oxidative burst, indicating that neutrophil activation on GBM-IC strictly relies on 

ITAM-dependent Fc-receptor activation. Importantly, neutrophils lacking CD31 showed a 

prolonged oxidative burst, that reach its plateau after two hours (Figure 25b) and results in 

a significantly higher amount of released ROS compared to WT leukocytes (Figure 25c). Of 

note, the pharmacological inhibition of SHIP1 (the CD31 downstream phosphatase in this 

condition) in WT cells, provoked an overwhelming oxidative burst that was kinetically and 

quantitatively similar to that of CD31-/- neutrophils. 

These findings suggest that neutrophil activation on GBM-IC is completely dependent on 

the FcR-ITAM axis and that CD31 is an important regulatory protein involved in controlling 

oxidative burst. 
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Microplate Reader (Tecan. Männedorf, Switzerland) at 37°C for 3 hours at 5 minute intervals. (b) 

Real-time kinetics of fluorescent values during 3 hours of stimulation normalized to the Matrigel 

condition. (c) Normalized AUC values of ROS probe during 3 hours of neutrophil stimulation. Data 

are expressed as mean ± SD. P *<0.05 **<0.01 ***<0.001 (Unpaired t- test). 

 

 

8.3.6 Upholding of the CD31 pathway by the peptide controls neutrophil 

ITAM-dependent protease degranulation in vitro and in vivo 

 

Neutrophils are professional phagocytic cells; their primary role is to engulf pathogens and 

dead/damaged eukaryotic cells in order to destroy them by intracellular respiratory burst 

or by fusion of endocytic vesicles with preformed granules. Phagocytosis is mediated by 

a number of receptors, among which Fc-receptors are the most extensively studied 

(Freeman and Grinstein, 2014). While the phagocytosis of ingestible particles (0.5-10µm) is 

safely managed by neutrophils, interaction with larger objects (i.e. fungal hyphae or 

asbestos fibers) might results in cytotoxic release before the phagosome is completely 

sealed (Donaldson et al., 2010; Schafer et al., 2014). This phenomenon is known as 

“frustrated” (or failed) phagocytosis and leads to the leakage of granule proteins into the 

extracellular spaces. In GBM glomerulonephritis, neutrophils are faced to antibodies that 

cover large surfaces area with which they enter in contact for prolonged time period (Devi 

et al., 2013). Confronted to the solid antibody-coated surface that they cannot engulf, they 

likely behave as when they are confronted to large foreign bodies. The resulting frustrated 

phagocytosis can be followed by intense neutrophil degranulation that can severely 

damage the host tissue (Henson, 1971).  

In order to characterize these degranulation steps, we evaluated ex vivo the proteolytic 

activity in the kidneys of mice that had been subjected to the experimental passive 

glomerulonephritis. We used the in situ zymography, a unique technique that enables the 

localization of protease activity on histological samples by the addition of a substrate 

labeled with a quenched dye. The degradation of the substrate leads to the release of the 

quenched fluorescence, enabling the evaluation of the proteolytic activity with a 
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histological resolution (George and Johnson, 2010). Because the glomerulonephritis model 

that we used relies on anti-type IV collagen immunoreactivity (Borza, 2007), we 

investigated the protease activity directed against this collagen isoform. As shown in 

Figure 26a, we could not detect anti-collagen IV enzymatic activity in the kidneys of the 

mice that received the control serum. On the contrary, there was a massive digestion of 

the substrate in the tissues from mice injected with the anti-GBM serum, revealing the 

presence of a large amount of proteases. This intense proteolytic activity surely 

participates in the alteration of the GBM and contribute to explains the severe kidney 

dysfunction previously shown (Figure 23f). Thus, we sought to explore whether the 

protection seen in mice treated with the peptide might be explained also by a reduction of 

neutrophil degranulation. As shown in Figure 26a (bottom panels), the zymography 

performed on kidneys derived from mice treated with the CD31agonist revealed a dramatic 

reduction of collagenase activity. This clearly demonstrates that the CD31 signaling 

pathway toughly limits the neutrophil activation in vivo.  

We subsequently sought to characterize the molecular mechanisms controlling neutrophil 

degranulation on immobilized GBM-IC in vitro. We setup a real-time zymography 

experiment. As a readout, we used the elastase activity, a harmful protease stored in the 

azurophilic granules. Of note, azurophilc granules undergo limited exocytosis and they 

usually contribute to the intracellular degradation of microorganisms in the 

phagolysosome (Pham, 2006). Hence, we thought that the extracellular presence of 

elastase would likely reflect neutrophil frustrated phagocytosis. In support of this 

assumption, we failed to detect extracellular elastase activity in neutrophils challenged 

with the potent fMLP (in the initial experimental design, fMLP was supposed to be the 

positive control for degranulation). In striking contrast, the GBM-IC — mimicking the anti-

collagen IV surface to which are confronted neutrophils in the glomerulonephritis model 

— induced the immediate (15 minutes) release of elastase in the supernatant (Figure 

26b).  

Neutrophil activation on GBM-IC, completely relied on the Fc-dependent ITAM pathway 

since the blockade of the Fc-receptor interaction on IC or the pharmacological inhibition 

of Syk, prevented elastase release (Figure 26b, c). Finally, treatment with the CD31agonist 
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not only delayed degranulation (Figure 26b), but also weakened the amount of elastase 

release in the culture medium (Figure 26c). 

Altogether, these results indicate that sustaining the CD31 signaling pathway with the 

agonist peptide can significantly reduce ITAM-mediated neutrophil degranulation — and 

the release of cytotoxic compounds — triggered by the detection of IC. As a result, this 

limits the collateral damages to the host tissue. 
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FIGURE 26. EVALUATION OF IC-DEPENDENT DEGRANULATION  

(a) In situ zymography was performed on kidney sections with the DQTM IV collagenase assay kit 

(Life Technologies #D12052) following manufacturer’s instructions. Briefly, 8µm frozen sections 

were incubated with DQ substrate for 3 hours at 37°C. Slides were washed extensively with PBS 

and fixed in 4% PFA. Samples were next stained with DAPI and mounted with ProLong Gold 

antifade. Images were taken at 20X magnification with a Zeiss Axiovert 200 M inverted 

microscope. Scale bar 100µm, glomeruli are highlighted with dotted white circles. (b) Real-time 

kinetics of neutrophil elastase activity. 96-multiwell plates were coated with GBM-IC as previously 

described and purified mouse neutrophils were loaded with DQTM Elastin probe (20 µg/mL, Life 

technologies #e12056). Fluorescence was read at 490nm/525nm using an Infinite 200 PRO 

Microplate Reader (Tecan. Männedorf, Switzerland) at 37°C for 3 hours at 5 minute intervals. (c) 

Normalized AUC values of elastase probe during 3 hours of neutrophil stimulation. Data are 

expressed as mean ± SD. P *<0.05 **<0.01 ***<0.001 (Unpaired t- test). 

 

 

8.3.7 Summary of Aim III section and graphical abstract 

 

In the third and final part of this work, we were interested in studying the molecular 

contribution of CD31 to neutrophil effector functions, focusing our attention on ITAM-

dependent pathways. More precisely, we explored the hypothesis that CD31 ITIM pathway 

might regulate leukocyte Fcg Receptor-mediated neutrophil activation. The interplay 

between these two molecules had previously been reported in human platelets (Thai le et 

al., 2003). We started with an in vitro test of oxidative burst and we found that upholding 

CD31 signaling with the agonist peptide decreased the production of reactive oxygen 

species specifically triggered by the CD32A-ITAM pathway. The inhibitory function exerted 

by CD31 in this condition was found to be dependent by the activation of the 

phosphatidylinositol 5’-phosphatase SHIP1, at variance with the inhibitory function of CD31 

on other leukocytes, which were reported to depend on SH2-containing tyrosine 

phosphatases (Clement et al., 2014; Fornasa et al., 2010). 
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In order to evaluate the role of CD31 on effector functions of neutrophils in vivo, we setup 

model of anti-glomerular basement membrane glomerulonephritis by the passive transfer of 

a GBM-immune serum in mice. In this model, the glomerular capillary network become 

suddenly decorated with immune complexes directed against the underlying basement 

membrane. Since the glomerular EC are fenestrated, autoantibodies can have a direct 

access to their antigen within the lumen. As a consequence, neutrophils promptly interact 

with them in the vessels provoking the glomerulonephritis. We found that the administration 

of the GBM antiserum promptly caused an important blood neutrophilia and, as soon as four 

hours, glomeruli were massively infiltrated by neutrophils. Neutrophil recruitment and 

activation resulted in glomerular edema and degradation of local collagen, which was 

subsequently followed by severe kidney dysfunction. Intervention with the CD31agonist 

displayed no effect in mice lacking its molecular target, but resulted in a benefit for the clinical 

score in the wild-type group. This finding was indeed reflected by less neutrophil recruitment 

and activation on the IC. On the other hand, in CD31-/- mice all these parameters were 

exacerbated, indicating – by loss of function – that CD31 play an important 

immunomodulatory role in controlling neutrophil Fc-R activation also in vivo. Vascular 

damages in this pathology were found to be associated with an increase of plasmatic soluble 

CD31 and a concomitantly decrease of CD31 expression on glomerular endothelial cells. 

This process was likely to be dependent from a proteolytic mechanism and the peptide 

administration did not interfere with the shedding phase, indicating that it might act after it. 

From a functional point of view, we discovered that, besides inhibiting the oxidative burst, 

CD31 was also able to control specific granules (Collagenase) and the azurophilic granules 

(Elastase) release. IC-dependent degranulation of elastase was found to be a process 

mediated by ITAM pathway and the administration of the CD31agonist controlled it.  

On the whole, these results provide evidences that the ITIM-bearing receptor CD31 is 

involved in controlling the ITAM-FcR activation in neutrophils. Pharmacological strategies 

able to target CD31 can be therefore represent an interesting therapeutic option to treat the 

acute phases of neutrophil-related inflammatory diseases. 
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to antibodies direct access for the underlying glomerular basement membrane (GBM). Neutrophils 

interact with immune deposits with their Fc-receptors and release cytotoxic proteases and reactive 

oxygen species (ROS) within the lumen of glomerular capillaries. Activation of neutrophils cause 

severe damages to the tissue, which results in proteinuria and kidney dysfunction. (b) From a 

molecular point of view, the engagement of Fc-receptors with immune complexes leads to the 

phosphorylation of its ITAM motif by members of the Src family kinase (SFK). Phosphorylated ITAM 

tyrosines are able to dock the Spleen Tyrosine Kinase (Syk) at the cellular membrane, which can in 

turn initiate an intracellular pathway that rely on the Phosphatidylinositol 3 Kinase (PI3K). The 

conversion of the Phosphatidylinositol (4,5) bisphosphate in Phosphatidylinositol (3,4,5) 

trisphosphate, trigger downstream events that lead to neutrophil activation. CD31 ITIM motif, in 

parallel, acts as a molecular platform for the recruitment of the SH2-containinh Phosphatidylinositol 

5’-Phosphatase 1 (SHIP1) that convert PtdIns(3,4,5)P3 in PtdIns(3,4)P2, dampening the Fc-mediated 

activation. CD31-/- neutrophils displayed enhanced activation when interact with IC, while the use of 

CD31agonist in WT mice reduce the severity of the disease.  
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9 DISCUSSION 
 

The function of circulating leukocytes requires that they exit the circulation and travel across 

peripheral tissues to reach the sites of acute inflammation. This is a very complex process 

and implies several steps, all requiring a tight orchestration, in order to be correctly 

accomplished. Indeed, although the immune cells are “the” essential component that 

endlessly protect host homeostasis against an immensity of noxious agents, their 

overwhelming or aberrant recruitment/activation to the inflammatory site can itself be the 

cause of life-threatening conditions. Throughout my thesis work, I focused my attention on 

neutrophils, as they represent the first – and in my opinion one of the most formidable – line 

of defense against pathogenic stimuli. Considered their powerful arsenal, understanding the 

mechanisms that control their trafficking and activation is hence important to prevent 

undesirable bystander damages to the host. My working hypothesis was that CD31, a trans-

homophilic ITIM co-receptor constitutively expressed at the surface of circulating neutrophils 

– and of almost all the other cellular components that interact in the circulation – plays an 

important role in the regulation of the recruitment and activation of these leukocytes at sites 

of inflammation. 

I found that, likewise on other leukocytes, the CD31 inhibitory signaling is rapidly disabled 

by a proteolytic cleavage after neutrophil activation. However, I demonstrated that an 

effective signal transmission can still occur by targeting the lingering CD31 fragment with 

using a CD31-derived homotypic peptide. With this regard, the experimental findings that I 

could obtain with the use of this CD31agonist peptide, pointed at an interesting and unique 

immunomodulatory strategy in which the intervention restored the physiological pathway 

mediated by CD31 in spite of its cleavage. Therefore, in order to study the contribution of 

CD31 in the steps required for neutrophil recruitment and activation, I could use a dual 

experimental approach:  a “loss-of-function” strategy with using genetically-deficient mice, 

and a “gain-of-function” approach with the use of the agonist peptide. By using these 

opposites, but complementary strategies, I sought for coherent and reliable experimental 

results on which I could founded my thesis. 

The experimental data I obtained throughout this work point at a double regulatory role of 

CD31 in controlling the adhesion and detachment phases of migrating neutrophils. This role 
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appeared to be important from the very first steps, under the flow forces opposed by the 

blood stream, trough to the migration in static conditions, when the cells needs to detach 

from external surface of vessel and move forward into the interstitial tissue through to their 

final destination, the site of tissue inflammation. The role of CD31 continues beyond the 

migration steps as we found that the CD31 ITIM pathway is also involved in setting the 

activation threshold for effector functions of neutrophils, upon the recognition of activating 

stimuli such as immobilized immune complexes. 

In this section, I will try to discuss the principal findings of my work in a wider perspective, 

taking into account what is currently proposed in the literature. I will try also to consider the 

limitations of the experiments that I have performed and try to figure out what has yet to be 

done in order to address several additional questions that have raised from these 

experiments. 

 

9.1 The puzzling role of CD31 in neutrophil adhesion 

 

9.1.1 CD31 and the transendothelial migration 

 

Almost 30 years have passed since CD31 was cloned (Newman et al., 1990), and the 

function of this protein in leukocyte adhesion is still matter of debate as different 

experimental settings have been giving (apparently) conflicting results. Early studies 

performed by Berman and coworkers (Berman and Muller, 1995; Berman et al., 1996) 

suggested that CD31 act as a b2-integrings activator, a theory that has never been 

questioned. In those experiments, they found that the administration of an anti-CD31 mAb 

was able to drastically increase the adhesion of monocytes to fibroblast monolayers 

transfected with ICAM-1, a phenomenon that was inhibited with the concomitant 

administration of anti-CD18 antibodies. Although these results establish a clear link between 

CD31 and CD18 function, their interpretation can be dual and yield opposite conclusions: (i) 

the anti-CD31 monoclonal antibody, by ligating the receptor, may have acted as an agonist. 

As a consequence, the increased b2-dependent adhesion would imply that CD31 is a 

positive regulator of integrins, as suggested by the authors; (ii) the antibody could have at 
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the contrary blocked the function of the receptor and act as an antagonist. In this case the 

interpretation would be that CD31 is negative regulator of integrins. In order to draw firm 

conclusion, it is necessary to evaluate the conformation (functional) state of integrins upon 

the CD31-targeted intervention. Nowadays we have at our disposal different reporter 

antibodies with which the functional state of the b2-integrings can be directly assessed. By 

using this approach, we have shown that at the uropod of migrating neutrophils CD31 co-

localized with close/inactive LFA-1 (Figure 13c) strongly suggesting that functional CD31 

might indeed act to dampen adhesion, contrary to what has been hypothesized (Berman 

and Muller, 1995; Berman et al., 1996). The misinterpretation of these earlier studies has 

certainly been favored by the fact that, at the time of its cloning, CD31 has been assigned 

to the superfamily of Ig-like cell-adhesion-molecule (Newman PJ, Science 1990). This 

assumption was based on the structure of the extracellular portion of the molecule (presence 

of Ig like domains, suchlike in the known adhesion molecules at that time) and its dense 

presence at the EC cell-cell lateral borders. However, the relatively low (12.5 µM) 

dissociation constant of the homophilic CD31:CD31 interactions (Newton et al., 1999) could 

not support this hypothesis and indeed a few years later it was elegantly shown that a 

functional CD31 is involved contrariwise in cell-cell detachment, not in adhesion (Brown et 

al., 2002). 

When anti-CD31 antibodies were injected in vivo, leukocytes were surprisingly found to be 

trapped between the EC layer and the basement membrane (Wakelin et al., 1996). These 

results were confirmed after the generation of CD31 knockout mice, since genetically 

invalidated leukocytes were also observed to be trapped at the edge of the vessel wall in a 

model of sterile peritonitis (Duncan et al., 1999). The fact that the intravenous administration 

of anti-CD31 antibodies recapitulate exactly the same phenotype of knockout mice, 

however, strongly suggests that those antibodies actually acted as antagonist for CD31, an 

observation that has never been taken in consideration so far. Furthermore, chimeric mice, 

in which only hematopoietic cells were deficient in CD31, also showed reduced neutrophil 

egression in the inflamed peritoneal cavity (Dangerfield et al., 2002), indicating that the 

trans-homophilic CD31:CD31 interactions between the endothelial cell and the leukocyte 

may be crucial for an effective recruitment into the tissue. The authors of this work proposed 

that CD31-/- leukocytes were trapped on the basement membrane due to a defective CD31-

dependent upregulation of b1-integrins which was likely necessary after the breaching of the 
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endothelial wall (Dangerfield et al., 2002). This interpretation is however challenged by more 

recent findings showing that neutrophils genetically-deficient for b1-integrins do not display 

abnormalities in the TEM process and, on the contrary, their migration towards the 

inflammatory site was even four-time more efficient as compared to that of the WT 

littermates (Sarangi et al., 2012). 

A major issue with the interpretations of these earlier studies may resides in the fact that the 

authors have not taken into account the complex behavior of neutrophils that move, 

including when they have to cross the vessel wall. The cell movements in general and the 

process of leukocytes transmigration in particular, indeed involve an iterative sequence of 

adhesion of the leukocyte at its front on endothelial cells (Ley et al., 2007), as well as its 

detachment at the opposite pole at the rear and out from the vascular wall (Hyun et al., 2012; 

Zen et al., 2011). In this context, a protein that promotes the adhesion is likely to favor the 

rolling and arresting phase but, concomitantly, it will hamper the dissociation of the rear 

membrane from the support, including from the uropod of transmigrating neutrophils once 

they reach the outside part of the vessel. In our work, we tried to study these two phases 

separately and also to distinguish the adhesion phase in flow conditions on endothelial cells 

within the blood vessel from the adhesion in static conditions on extracellular matrix, outside 

the vessels. This sequential approach enabled us to reveal a finely tuning contribution of 

CD31 in the TEM process that may have been overlooked in the previous works where the 

interpretation was based on final, global readouts. For instance, we observed that the 

intravenous administration of the CD31agonist in the systemic circulation dampened the 

recruitment of neutrophils into the inflamed peritoneal cavity (Figure 19c) reliably by 

inhibiting the rolling cascade (Figure 16), but when it was administrated in the peritoneal 

space, outside of the circulation, it strongly favored the egression of transmigrating 

neutrophils that became readily detectable into the inflammatory peritoneal fluid (Figure 

19b). Indeed, our data suggest that this effect was related to an increased efficacy of the 

migrating neutrophils to detach from the vascular BM as observed by intravital multiphoton 

microscopy (Figure 20). In this regard, it will be interesting to observe by IVM the 

detachment of extravasating neutrophils also of CD31-/- mice, which has never been 

performed so far. Due to the current unavailability of a combined LysM-GFP/CD31-/- mouse 

strain, we could only study the effect of the CD31 agonist (gain-of-function) in CD31 WT 

LysM-GFP mice (in collaboration with Dr. P Maffia, Glasgow). To overcome this problem, 
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we plan to perform experiments in which CD31-/- neutrophils will be purified and labeled ex 

vivo prior to their injection in experimental mice. This approach will allow us to study directly, 

in vivo as we did for WT mice, the effect of the absence of CD31 on the detachment of the 

neutrophil uropod from the outside edge of the vessel and the interstitial locomotion.  

One aspect that needs to be further investigated is the molecular nature of the interactions 

that transmigrated neutrophils establish with the sub-endothelial matrix. Indeed, early 

studies clearly demonstrated that PMNs from patients whose leukocytes congenitally lack 

CD11/CD18 b2-integrins (i.e. LAD, leukocyte adhesion deficiency) exhibited a strong, but 

not total, reduction of adherence on laminin (Bohnsack, 1992). The same work was indeed 

the first to show that a6b1 (VLA-6) was the integrin responsible for the b2-independent 

adhesion of neutrophils to laminin. All these findings, however, point out at a major role for 

Mac1 in the interactions of neutrophils with laminin, whereas the role of b1 integrins appears 

to be minor. This could possibly explain why Dangerfield and coworkers did not find 

additional inhibitory effect in neutrophils extravasation when they injected intravenously in 

CD31-/- mice anti-a6b1 blocking antibodies (Dangerfield et al., 2002). With the same 

experimental approach used in this work, we plan to use specific integrin inhibitors in order 

to better dissect the role of each integrin type in the retention of the neutrophils on the 

basement membrane observed in CD31-/- mice. In my thesis, we focused on laminin as this 

is one of the most important component of the capillary and post-capillary vascular BM 

(Yousif et al., 2013), but the contribution of CD31 in modulating interaction on the others 

extracellular matrix components (fibronectin, collagens), as well as with NG2+ pericytes 

(Proebstl et al., 2012), remain to be investigated. 

 

9.1.2 Role of CD31 during the rolling phase  

 

The fact that phosphorylated CD31 localized at the uropod with b2-integrins in a bent 

conformation (Figure 13) prompted us to investigate the role of CD31 in the adhesion 

cascade, as we hypothesized that CD31 may be involved in regulating integrin inside-out 

activation. We demonstrated that neutrophil lacking CD31, exhibited a slower rolling speed 

(Figure 15), whereas at the opposite the administration of the CD31agonist dramatically 
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accelerated it (Figure 16). At the best of our knowledge, no work has previously investigated 

in depth the role of CD31 during the rolling phase of the adhesion cascade. The only 

reported information in this regard, come from Wakelin and coworkers, in a study of 

leukocyte transmigration during a sterile peritonitis in rats (Wakelin et al., 1996). They 

noticed that the injection of an anti-CD31 antibody blocked leukocyte passage through the 

basement membrane, but this treatment did not modify their rolling in the mesenteric 

microcirculation. A possible explanation of this discrepancy may come from the fact that 

they defined the “rolling” parameter as the count (i.e. the number) of cells that were visibly 

moving along the endothelium during the videomicroscopy recordings, but they did not 

quantify the speed of moving cells. Indeed, we neither have not found noticeable differences 

in terms of number of total rolling cells between WT and CD31-/- mice (Figure 16a), but the 

analysis of leukocyte speed revealed instead that CD31-/- cells moved slower compared to 

the control group (Figure 16b). The authors of the aforementioned work may have 

overlooked this phenomenon because the understanding of the steps involved in the 

adhesion cascade have considerably evolved only recently (Hogg et al., 2011). Another 

aspect that should be discussed, is the experimental approach that we used in order to study 

the adhesion cascade in the mesenteric microcirculation. It differs substantially from the 

common approach, which consists in regarding leukocytes rolling several hours after the 

experimental induction of inflammation in mice (Zarbock et al., 2008). The local stimulation 

with ionomycin allowed us to investigate the early dynamics of neutrophils’ interaction with 

endothelial cells. This phenomenon is essentially mediated by the endothelial upregulation 

of P-selectin (Harrison-Lavoie et al., 2006), while at two hours after the administration of a 

pro-inflammatory cytokine (TNFa or IL-1b), the rolling is supported also by the de-novo 

expression of E-selectin (Zarbock et al., 2007). Evaluation of rolling velocity in these 

experimental conditions needs to be undoubtedly done, though purified CD31-/-  neutrophils 

displayed enhanced slowly rolling also on endothelial cells treated overnight with TNFa in 

the flow chambers (Figure 15b), suggests that CD31 may have a role also on rolling on E-

selectin. 

Although we have evidences for an implication of CD31 in the adhesion cascade, the 

present work lack functional observations of integrin inside-out signaling in dynamic 

conditions. It will be interesting to study the expression of integrin activation epitopes – with 

different reporter antibodies – of neutrophil rolling in the presence or not of the CD31agonist 



DISCUSSION 

 145 

peptide (Kuwano et al., 2010). In this experiment, neutrophils that activate integrins during 

the adhesion cascade could be labelled by using the appropriate fluorescent reporter 

antibody. Such dynamic experimental conditions would allow us to evaluate whether the 

CD31agonist administration can consistently modify the reactivity toward the NKI-L16 mAb, 

providing direct indications for CD31 involvement in integrin closing. Unfortunately, since 

reporter antibodies are only available for human integrins, this approach is not feasible to 

study the effect of CD31 deficiency in vivo (in mice). 

Another important aspect that remains to be explored, is the signaling molecular partner 

responsible for the CD31-mediated control of neutrophil rolling velocity. For this purpose, I 

would evaluate the adhesion of neutrophils on activated EC in the presence or of specific 

SHP1/SHP2 or SHIP1 inhibitors together with the CD31agonist. If the CD31 signaling depends 

on one of these phosphatases, the effect of the agonist peptide should be abolished by the 

specific chemical blocker. Alternatively, we could envisage to explore the effect of the 

CD31agonist administration on neutrophil rolling (by intravital microscopy) in mice genetically 

invalidated for the aforementioned phosphatases, but the interpretation of such results might 

be biased by possible compensatory mechanisms that might have occurred because of the 

genetic manipulation. We expect that neutrophils knocked-out for the responsible 

phosphatase would behave as CD31-/- neutrophils (Figure 16), i.e. they would be insensitive 

to the effect of the agonist peptide. Strikingly, it has already been reported that SHP1-/- 

leukocytes exhibit enhanced slow rolling and (like in CD31-/- mice) SHP1-/- neutrophils failed 

to emigrate to the inflammatory site (Stadtmann et al., 2015). Since SHP1 is a soluble 

enzyme already described to interact with CD31 (Hua et al., 1998), it would be extremely 

exciting to investigate whether CD31 may actually be its membrane-docking protein. 

 

9.1.3 The complexity of CD31 and its functional domains 

 

The generation of knockout mice provides a way to alter a specific gene in order to better 

discern its biological role. Although this is a powerful approach, the fact that the loss of 

expression is generated among all the cells of the organism, does not allow to discriminate 

its cell-specific effects. The function of CD31 has always been studied, including us in the 
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present work, by using the only available CD31-/- mouse strain, which is the same that was 

created almost 20 years ago by the insertion of a resistance marker in an essential codon 

of the protein (Duncan et al., 1999). This approach causes a premature stop codon resulting 

in the complete absence of the protein, extended to all the cells of the body. With this type 

of knockout mice, the only way to study cell-specific effects is to use specific cell preparation 

from total knockout mice and use them in WT mice. One of the few works that tried to 

evaluate the contribution of CD31 in different cell types used the bone marrow 

transplantation approach: only the hematopoietic system of chimeric mice was KO, whereas 

the endothelial cells remained WT (Dangerfield et al., 2002). Nevertheless, neither this 

strategy cannot distinguish between the different hematopoietic cells and several questions 

are still unanswered.  

This is one of the main reason that prompted us to generate new CD31 KO mice with the 

cre-loxP system (Kos, 2004) by the insertion of two loxP sites at each side of the DNA 

segment that is meant to be deleted. This technology allows, by genetic cross with specific 

Cre recombinase transgenic mice, to create constitutive or inducible tissue-specific deletion 

of the protein so as to finely study the effect of the CD31 absence in all cell types in which 

is expressed. For example, by crossing the CD31 loxed around the exons 3/4 that we have 

generated (Figure 28) with platelet-specific Cre transgenic mice (for instance PF4-Cre, 

available in our laboratory) we plan to study whether the specifically absence of CD31 in 

platelets can modify the recruitment and activation of neutrophils since neutrophil-platelets 

interactions have recently emerged as being crucial to maintain the homeostasis in 

inflammatory-driven vascular damages (Gros et al., 2015). 

 

In my thesis work, we demonstrated that the trans-endothelial migration was accompanied 

by the phosphorylation of the distal (Y713) CD31 ITIM in neutrophils (Figure 17e). 

Nevertheless, we did not provide functional demonstration of the involvement of this 

signaling motif in the TEM process. For this purpose, we could use another CD31 loxed 

mouse that was generated in our laboratory driving the specific elimination of the exons 

encoding the ITIM motifs present in the mouse CD31 cytoplasmic tail (exons 13/14). With 

using these mice, the expression of the CD31 (the ectodomain as well as the cytoplasmic 

tail) is not affected, but the receptor cannot rely on it canonical signaling pathway.  
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Unfortunately, the backcrossing and expansion of these mice took more time than foreseen 

and suitable mice have become ready only recently, at the end of my PhD. It will be exciting 

to study whether the phenotype of retention on the basement membrane that we observed 

in CD31-/- mice in my thesis experiments, was actually due to a lack of the CD31-dependent 

signalization (CD31 exon 13/14 lox) or if the function of CD31 is barely resumed by its 

“adhesive” properties (no effect of the CD31 exon 13/14 lox and effect only seen with CD31 

exon 3/4 lox, where the trans-homophilic ectodomain will be absent). 

 

 

FIGURE 28. CHARACTERIZATION OF THE 

CD31LOX/LOX 
MICE STRAINS 

Western blot analysis of lung homogenates 

coming from the different CD31 lox strains, 

after crossing with constitutive (CMV) Cre 

recombinase transgenic mice. The blot was 

revealed with an antibody reactive toward 

extracellular and intracellular epitope of 

CD31. 13/14 KO mice display a slightly 

decrease of CD31 molecular weight due to 

the loss of the cytoplasmic portion which 

contains the ITIM domains. “Conventional”: 

the CD31-/- mice generated by Duncan et al. 

by the conventional homologous 

recombination technique. 

 

9.1.4 Neutrophils are finally the good, the bad or the ugly?  

 

Injured sites are accompanied by pain, redness, hotness, swelling and temporary loss of 

functions. These are indeed the cardinal signs of the acute phase of inflammation and are 

known since the dawn of time, although the underlying mechanisms have remained elusive 

for a long while. The dense presence of neutrophils at the site of acute inflammation has led 

to a paradigm stating that neutrophils are responsible for the inflammatory damage at sites 

of injury. As a shortcut, over the past decades, several clinical trials have attempted to 

disable mechanisms of neutrophil recruitment in the case of sterile-injury conditions [for a 
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review, see (Dirksen et al., 2007)]. However, despite a myriad of exciting results in 

preclinical studies in animal models, they were found disappointing to treat human patients. 

Monoclonal antibodies aimed to block b2-integrins in clinical trials – like Rovelizumab 

[aCD11a (Faxon et al., 2002)] and Erlizumab [aCD18 (Baran et al., 2001)] – were ineffective 

to reduce the infarct size, while in another case patients started coughing up blood and later 

died (Dove, 2000).  

In some cases, the failure of anti-adhesion therapies in the clinic may have resulted from 

problems in the trial design, such as the dosing and timing of treatment or the selection of 

patient populations and the clinical endpoints. Indeed, it should been considered that 

neutrophils start to adhere and activate into the circulation as soon as 30 minutes after the 

induction of the ischemic period in experimental models, while at one hour they have already 

extravasated into the tissue (Desilles et al., 2017). In the case of the aCD18 mAb, patients 

were enrolled into the clinical trials at <12 hours within the onset of symptoms associated 

with the myocardial infarction. In contrast with CD18-genetically deficient mice – in which 

b2-integrins are absent from the beginning of the ischemic period – the therapeutic strategy 

mentioned above might have targeted neutrophils too late to produce a clinical benefit. With 

this regard, although some compromise in host defense against microorganisms is an 

expected consequence of inhibiting leukocyte trafficking in acute inflammatory conditions, 

the occurrence of rare infections with anti-integrin treatment (Yousry et al., 2006) has raised 

concerns about the perturbation of the immune system in chronic diseases. 

Importantly, in light of recent advances, it is evident that the entry of neutrophils into injured 

sites and the ensuing acute inflammatory process, is the essential first step of wound healing 

(Jones et al., 2016). Thus, contrary to what proposed during the last ten years, avoiding the 

entry of neutrophils at injured sites would rather be deleterious for the long-term outcome. 

As an example, it has been recently shown that neutrophils’ entry into acute infarcted 

myocardial tissue is crucial to orchestrate the post-myocardial infarction healing, as the local 

release of neutrophil gelatinase-associated lipocalin (NGAL) favors the switch of infiltrated 

macrophages towards a reparative phenotype (Horckmans et al., 2017). Indeed, the 

processes that lead to the origin (and the end) of the peculiar signs of post-injury 

inflammation are beginning to be well understood at a cellular and molecular level, as 

summarized in a recent review (Basil and Levy, 2016). For the innate immune response to 
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begin wound healing, neutrophils must promptly move to the injured site, where they do their 

task as long as needed (until the triggering stimulus is cleared) and then stop to be recruited 

in order to allows macrophages to finish clearing cellular debris and dead neutrophils, switch 

to a reparative phenotype to end the inflammatory phase and properly start restoring the 

tissue homeostasis. The coordinated mechanisms of neutrophils trafficking, activation and 

extinction are crucial for the good outcome of the healing process. If any of these neutrophils’ 

states is not done properly, severe issues can ensue instead of tissue healing. 

Rather than intervention aimed at the complete prevention of neutrophil trafficking, we 

therefore suggest that molecular agents able to sustain the physiologic control of neutrophil 

recruitment and activation, such as the CD31 co-signaling ITIM pathway, could be more 

fruitful to prevent pathogenic inflammatory conditions. This would be in line with the modern 

“biomimetic” vision of therapeutic agents, which aims at reproducing the physiologic 

regulatory mechanisms of the natural defense system instead of systematically suppressing 

them (van der Vlist et al., 2016). In this perspective, immunointerventions aimed at 

sustaining CD31 functionality might have a great place on the stage: the collective data in 

our laboratory indicate that they would leave alone resting leukocytes whereas they would 

efficiently prevent further activation of already acting neutrophils at inflammatory sites 

(Annex II) and, importantly, promote the progression of the healing cascade to the 

subsequent steps (Annex I). 

 

9.2 Regulation of neutrophils activation by CD31 engagement  

 

9.2.1 Interaction with Immune Complexes 

 

Although neutrophils are of vital importance for the maintenance of host integrity against 

pathogens (van de Vijver et al., 2012), their deleterious role in inflammatory diseases is 

equally recognized and controlling neutrophil activation by pharmacological tools is 

increasingly becoming an attractive strategy (Segel et al., 2011). Likewise, the basic 

understanding of endogenous regulatory mechanisms can help the development of 
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strategies aimed to maintain their effector functions to an extend to be immunologically 

effective, but preventing at the same time an overwhelming and detrimental activation.  

Activation of neutrophils through ICs plays a central role in the pathogenesis of several 

autoimmune inflammatory conditions. In these diseases, immune complexes not only can 

occur as circulating soluble ICs, but can be formed on extracellular solid surfaces and are 

thus immobilized (Salama et al., 2001). Neutrophils express various FcR receptors through 

which they can get activated and contribute to tissue inflammation via the release of soluble 

mediators that increase vascular permeability, promote further immune cell recruitment and 

can directly injury the host. Among the classes of human FcgRs, FcgRIIA (CD32A) is a potent 

activator of inflammation. It is expressed by myeloid cells and platelets and contains its own 

immunoreceptor tyrosine–based activation motif (ITAM) in the cytoplasmic tail, in contrast 

to other FcgRs that need to associate with the ITAM-bearing common Fcg-chain as an 

adaptor to perform their signalization (Nimmerjahn and Ravetch, 2008). In the present work, 

we used the GBM glomerulonephritis as an experimental model to study in vivo the 

contribution of CD31 in modulating neutrophil activation by immobilized IC during the acute 

phase of the inflammatory condition (Figure 23) and have demonstrated that CD31 can 

reliably inhibit human CD32A-mediated neutrophil activation (Figure 22). Although we found 

a sharp kidney-protecting role for the use of the CD31agonist in this model (Figure 23f), it is 

important to consider that there is no CD32A orthologous in murine neutrophils (Bruhns, 

2012). Indeed, no murine activating FcgRs possess intrinsically an ITAM motif and they 

completely depend on the association to the Fcg-chain to transmit activation signals. To 

further support our hypothesis, it would be therefore interesting to investigate whether the 

protection exerted by the CD31 peptide in vivo can be replicated in a humanized mouse 

model in which the endogenous activating FcgRs are replaced by the human CD32A (Tsuboi 

et al., 2008). Nevertheless, our experiments mimicking the GBM IC on murine neutrophils 

in vitro (Figure 25) have shown that the activation cascade was dependent from FcgRs (as 

the blocking of those receptors maintain leukocytes in a resting state) and that it was 

mediated by an ITAM pathway (as Syk pharmacological inhibition completely avoid their 

activation).  

Although we formally demonstrated that CD31 was involved in controlling both the oxidative 

burst (Figure 25) and neutrophil degranulation (Figure 26) on immobilized GBM IC in vitro, 
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the in vivo findings have to be carefully evaluated as other factors may contribute to explain 

the beneficial effects of the CD31agonist peptide administration. In the second part of my 

thesis work we have studied the role of CD31 in the control of the adhesion and detachment 

of migrating neutrophils and, consistent with the hypothesis that CD31 reduces the adhesion 

and favors the detachment, we found that WT mice treated with the peptide have less 

neutrophils retained on the glomerular endothelium at four hours after the induction of the 

GN antiserum (Figure 23c, d). We cannot definitively conclude whether the CD31 role in 

this model is dependent exclusively in controlling FcgRs or by dampening at the same time 

the adhesion of neutrophil on immobilized ICs. It will be difficult distinguish this two 

phenomena, since the blockade of Mac1 (CD11b/CD18) in this model completely prevent 

the onset of the pathology by preventing the arrest of the neutrophils on the luminal side of 

the glomeruli (Devi et al., 2013), thus precluding the possibility to study the subsequent 

activation step. Moreover, the effect on b2-integrins and on FcgRs in neutrophil activation 

could be combined and could more difficult to understand than one may believe. The 

engagement of b2-integrins (especially Mac1), can itself positively support neutrophil 

activation on IC by sustaining specifically the CD32A antibody-dependent cell-mediated 

cytotoxicity (Liles et al., 1995; Zhou and Brown, 1994). FcRs indeed use signaling molecules 

associated with Mac-1 and crosstalk of both receptors are necessary for neutrophil 

activation and/or cytotoxic functions (Ortiz-Stern and Rosales, 2003; Tang et al., 1997).  

In conclusion, the neutrophil modulation exerted by the CD31agonist in the GBM GN model 

may be explained by both controlling the Fc-R pathway as well as integrin activation. 

 

9.2.2 Control of the oxidative burst 

 

Neutrophil activation can results in several effector function, among which, the oxidative 

burst is one of the most powerful to destroy pathogens (El-Benna et al., 2016). This is well 

illustrated by recurrence of life-threatening infections in patients affected the chronic 

granulomatous disease, a pathology due to congenital defects impacting on the oxidative 

burst process (Assari, 2006). When inappropriate however, the reactive oxygen species 
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unleashed in an oxidative burst response, can cause considerable collateral damages and 

are directly responsible for tissues injuries (Babior, 2000). 

In the present work, we provided evidences indicating that, while the absence of CD31 

resulted in an enhanced production of reactive oxygen species (Figure 25), upholding the 

CD31 molecular pathway reduced in a dose-response manner this specific neutrophil 

effector function (Figure 22a). Furthermore, we found that the CD31-mediated 

immunomodulation was dependent downstream by the phosphatidylinositol phosphatases 

SHIP1, as the pharmacological inhibition of its activity completely abolished the effect of the 

CD31agonist (Figure 22d). Although SHIP1 has been described to interact along with CD31 

in a human myeloid cell line (Pumphrey et al., 1999), its direct association with CD31 in 

primary neutrophils has never been explored so far. It will be therefore important to study in 

deeper details the interaction between these two partners and assess whether the inhibitory 

functions driven by the peptide is correlated with an enhanced docking of SHIP1 to the CD31 

ITIM motif by co-immunoprecipitation experiments. The fact that SHIP1 inhibition alone is 

associated with an augmented production of ROS by neutrophils activated on immobilized 

IC (Figure 22d), supports previous results indicating that this enzyme plays a central role in 

controlling FcR-mediated oxidative burst (Mondal et al., 2012). These findings also point at 

the metabolism of membrane lipid components as crucial for several neutrophil molecular 

pathways. Indeed, the production of PIP3 by the phosphatidylinositol 3-kinase (PI3K) is one 

of the first molecular event in the signaling cascade triggered by the Fc-R ITAM pathway 

and PI3K inhibition with wortmannin completely abolishes neutrophil oxidative burst 

(Condliffe et al., 1998). 

As depicted in the graphical abstract of the Aim II section, our current hypothesis is that 

CD31 would recruit SHIP1 at the cellular membrane where this enzyme would therefore 

reduce the local production of phosphatidylinositol(3,4,5)triphosphate (or PIP3) by 

dephosphorylating the inositol ring in the 5’ position. Reduced PIP3 generation can 

consequently prevent further downstream activator signaling, notably the Bruton’s tyrosine 

kinase (Bolland et al., 1998) and the Phospholipase Cg (Scharenberg et al., 1998) pathways. 

These two enzymes are indeed recruited at the cellular membrane by the interaction 

between their PH (Pleckstrin homology) domain and the PIP3. Once recruited on the 

membrane, PLCg is responsible for the production of soluble IP3 that, acting a second 
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messenger, induce the consequent release of Ca2+ from the endoplasmic reticulum stores 

into the cytoplasm (Putney and Tomita, 2012). In support of this, CD31 engagement has 

already been documented to be associated by a reduction of intracellular calcium in 

endothelial cells (Gurubhagavatula et al., 1998) and in T-lymphocytes (Newton-Nash and 

Newman, 1999). To evaluate this hypothesis, it will be important to assess by flow cytometry 

the calcium levels in activated neutrophil treated with the CD31 peptide or, in the same 

experimental settings, to study calcium flux in CD31-/- neutrophils challenged with IC.  

The molecular machine implicated in the generation of reactive oxygen species in 

neutrophils is the NADPH oxidase (NOX). NOX is a multi-domain enzymatic complex that 

catalyze the reduction of molecular oxygen to superoxide anion (O2
-), which is subsequently 

converted into the much more toxic hydrogen peroxide (H2O2) and – by the MPO – in 

hypochlorous acid. Under resting condition the different NOX constituents are segregated 

into the cytoplasm, but they are assembled at the membrane upon neutrophil activation 

(Panday et al., 2015). Of note, also the machinery assembly is largely dependent by the 

docking of its constituents at the membrane by the interaction of their PX (Phox Homology) 

domain on membrane’s phospholipids (Xu et al., 2001). It will be interesting study the sub-cellular 

distribution of NOX components in order to investigate whether the absence of CD31 (or its 

functional engagement by the agonist peptide) can affect it. 

In our experiments, we studied ROS production by using a chemical reporter derivate of the 

dichlorofluorescein (DCF), which become fluorescent upon oxidation by hydrogen peroxides 

(Rosenkranz et al., 1992). This is usually used as an indicator of a general oxidative stress 

and, however, the ROS molecular species with using this probe are quite unspecific as other 

free radicals – other than H2O2 – can oxidize it. Consequently, more specific tests should be 

done in order to study into details the contribution of CD31 in neutrophil-specific oxidative 

burst focusing also on the myeloperoxidase-dependent production of ROS.  

 

9.2.3 Control of neutrophil degranulation  

 

The other major neutrophil effector function explored in the present work was the 

extracellular release of antibiotic substances in the context of a sterile glomerulonephritis. 
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As presented in the introduction, one of the main feature of neutrophil is the segregation of 

its functional components into intracellular granules. These granules can be externalized 

and uncontrolled release into the extracellular environment is a common feature of many 

inflammatory disorders such as acute lung injury (Grommes and Soehnlein, 2011), 

rheumatoid arthritis (Wright et al., 2014) and septic shock (Sonego et al., 2016). Although 

granules mobilization and fusion with the cell membrane is a frequent mechanism in 

neutrophils effector functions, not all granules subtypes are supposed to release their 

content into the extracellular space. They are instead hierarchically discharged (secretory 

vesicles>gelatinase granules>specific granules), but azurophilic granules – due to their 

highly toxic content – are generally used to kill pathogens intracellularly. This was clear since 

almost 40 years, as the only experimental way to induce degranulation of azurophilic 

granules was to treat neutrophil with cytochalasin B (Bentwood and Henson, 1980). 

Cytochalasin B is an actin-depolymerization toxin that disrupt the neutrophils cortical actin 

(i.e. the actin shell just beneath the cell membrane), which is believed to act as a physical 

barrier that impede azurophilic granules to be exocyted (Jog et al., 2007). Therefore, it is 

not surprising that in our in vitro experiments neither the challenging with fMLP was able to 

induce the degranulation of the azurophilic elastase in murine neutrophils (Figure 26b). One 

of the few situations in which instead neutrophils release their antibiotic substances in the 

surrounding environment, is the case of a foreign object impossible to engulf. In the GBM 

GN, immune deposition is spread onto the entire luminal surface of the glomerular capillaries 

and neutrophils are therefore faced to ingest surfaces. We found indeed that immobilized 

GBM-IC were the only conditions able to induce a robust degranulation of azurophilic 

granules. Moreover, also this process was dependent of Fc-Receptors and their ITAM 

pathway (Figure 26c) and the administration of the CD31agonist peptide significantly reduced 

the release of elastase in vitro and the collagenase activity in vivo (Figure 26a). The role of 

neutrophil elastase in GBM GN is well known, as its pharmacological inhibition completely 

protected from proteinuria and glomerular degradation (Suzuki et al., 1998). It will be 

interesting to perform an in situ zymography also for elastase activity, to validate if the 

control of neutrophil frustrated phagocytosis by the CD31agonist is also a phenomenon that 

occur in vivo and that may contribute to explain the protection from kidney damages (Figure 

23f). It will be difficult, also in this case, separate the contribution of CD31 in controlling 

neutrophils adhesion onto the IC, from the subsequent control of frustrated phagocytosis. It 
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is tempting to speculate that, since each phenomenon is strictly related to the other, the 

clinical benefit of targeting CD31 with the peptide would results in the control of both. 

 

 

9.3 Shedding of CD31: implications and opportunities 

 

9.3.1 CD31 cleavage 

 

Proteolytic cleavage has emerged as a key mechanism in regulating the function of several 

receptors (Simon et al., 1995; Zen et al., 2013; Zen et al., 2011). The functionality of a given 

protein can indeed be affected by post-transcriptional modifications, by its 

compartmentalization or by its degradation. Considering the rapidity with which neutrophils 

exert their effector functions, it is not surprising that they may need to promptly adapt to a 

particular condition. Indeed, as explained in the introduction, they can rapidly upregulate the 

expression of a needed receptor by degranulation, while cleavage represents an equally 

effective way to get rid of another. This process concomitantly implies the loss of the original 

protein integrity, with the consequent release of its ectodomain. The truncated form of 

cleaved receptors often maintains biological activity, either by retaining its original function 

or by acquiring new ones. CD31 shedding was already found to occur in stimulated 

endothelial cells (Eugenin et al., 2006), platelets (Wong et al., 2004) and T cells (Fornasa 

et al., 2010), but its molecular reshaping in neutrophils has never been explored in details.  

We performed a phenotypic analysis by flow cytometry on human neutrophils, since for 

human cells we dispose of several monoclonal antibodies directed against all the different 

ectodomains (Fornasa et al., 2010), which unfortunately is not the case for mouse samples. 

This strategy not only allowed us to discover that neutrophils invalidate CD31 functionality 

upon activation, but also to assert that is due to a shedding phenomenon. Indeed, as the 

domain 6 persist at the neutrophil surface even after 30 minutes of fMLP exposure, we can 

conclude that the molecule is not completely lost (Figure 9a, c). Moreover, by WB analysis 

of neutrophil membrane, the cleavage appeared to be performed at one specific site, since, 
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if not, we might have seen a protein smear rather than the appearance of a specific single 

band (Figure 9e). This experiment allowed us also to refine the cleavage site, as the 

molecular weight of the band – 29 kDa – corresponded to a sequence spanning from the C-

terminal tail to the sixth (but not the fifth) domain. We conclude that circulating neutrophils 

express high level of CD31 in resting conditions, but they lose its expression after a strong 

cellular activation. However, whether CD31 expression on neutrophils is modified during 

(non-experimental) pathological conditions remains an unanswered question so far. 

During the last period of my PhD I started the collection of blood samples coming from 

patients affected by vasculitis and lung transplantation. With this samples, I have planned 

to perform an in-depth flow-cytometry characterization of CD31 expression 

(D1/D6/Cytoplasmic) on peripheral blood neutrophils in correlation of activator markers 

(CD11b/CD66b/MPO/PR3). The gold-standard technique to isolate leukocytes from whole 

blood is to perform a Ficoll gradient and a consecutive congelation in DMSO at -80°. Collect 

neutrophil with a such method, however, is inadequate, as Ficoll is not suitable to isolate 

cells with a buoyant density superior to 1.077g/ml (as is the case of granulocytes), while the 

thawing process is not tolerated by living neutrophils. To overcome this problem, we have 

developed an alternative procedure that consist in fixing the whole blood – in order to not 

modify protein expression at the neutrophil surface – and lysing the red blood cell with a 

hypotonic buffer. Preparing samples in such way will allow us to reduce the bias of gradient 

centrifugation and to include neutrophil in our collection.  

Another unaddressed question unexplored in this work, is the presence intracellular pool of 

CD31 in neutrophils granules. Indeed, even if preliminary, we may have indirect evidences 

of their presence. We have performed an experiment in which the shedding kinetics of CD31 

was evaluated with neutrophils treated with cytochalasin B. As discussed previously, this 

compound is a fungal cell-permeable toxin that block actin polymerization (MacLean-

Fletcher and Pollard, 1980) thereby paralyzing the cell, forcing neutrophil degranulation and 

preventing the intracellular recycling of membrane proteins by endocytosis (Bengtsson et 

al., 1991). As shown in Figure 29, after fMLP challenging we obtained a concomitantly 

increase of CD11b and a decrease of the distal CD31 domain (D1) as shown previously 

without the cytochalasin B treatment (Figure 9a). Surprisingly, we noticed also an 

augmentation of the signal reflecting the expression of CD31 6th domain, a finding that could 
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be explained by the externalization at the cellular surface of an intracellular pool of CD31. 

In the shedding kinetics without cytochalasin B, this phenomenon might be overlooked 

because of a dynamic recycling of membrane proteins, in a way that the absolute amount 

of CD31 at the cellular surface can result from a combination of protein shedding and de 

novo externalization of different pools. 

  

 

FIGURE 29. EVIDENCES FOR 

CD31 EXOCYTOSIS 

Flow cytometry analysis of CD31 

domains expression during 

activation of purified human 

neutrophils pre-incubated with 

cytochalasin B (2µM, SIGMA 

C6762). 

 

In order to have definitive evidences for CD31 intracellular pools, it will be necessary to 

perform a nitrogen cavitation followed by density centrifugation so as to obtain a subcellular 

fractionation of the different neutrophil granules. This approach would allow us to determine 

not only whether neutrophils possess intracellular stocks of CD31, but also were they are 

located. 

 

9.3.2 Who is the guilty? 

 

The proteases responsible for CD31 cleavage, regardless of cell type, is still unknown. 

Although important to enrich the understanding of CD31 in neutrophil biology, I did not 

investigate the enzyme(s) implicated in CD31 shedding during my PhD. One systematic 

approach would envisage the evaluation of CD31 expression during the fMLP challenging 

with different protease inhibitor, or a combination of them if we may found a redundancy 
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A mandatory aspect to consider is that the protease activity in an in vitro condition differs 

considerably from the complex environment of living organisms. Several endogenous anti-

proteases are indeed present in both the circulation and (less) within the tissues, thus their 

role in controlling proteolytic processes has to be taken into account (Law et al., 2006).  

Finally, in the case we succeed to find the enzyme implicated in CD31 degradation in vitro, 

it will be worthy to evaluate the presence of cleaved CD31 in the plasma (like we did in 

Figure 17d) of the corresponding knockout mice under neutrophil-mediated inflammatory 

conditions. These experiments could give a strong and complementary validating approach 

in vivo. 

 

9.3.3 Plasma soluble CD31: a novel biomarker for neutrophil activation? 

 

Our data demonstrated that the acute inflammation is accompanied with an increase of 

soluble plasmatic CD31 (Figure 17d and Figure 24b) and this phenomenon is likely to be 

dependent from a proteolytic cleavage. 

In order to quantify the amount of soluble CD31 in murine plasma, we developed a 

customized CBA assay (Cytometric Bead Array). The principle of this technique is similar to 

an ELISA, with the exception that the capture antibody is immobilized on a magnetic bead 

(rather than a plastic surface) and the detection is made with a fluorescent antibody by flow 

cytometry (and not by chemiluminescence). Furthermore, compared to a classical ELISA, 

this test provides several advantages: (i) use of minimal sample volumes, (ii) possibility of 

multiplexing with other analytes, (iii) is less time-consuming, (iv) the fluorescence detection 

by cytometry allows an enhanced sensitivity and (v) each test can be replicated several 

times. Every single bead corresponds indeed at one single test unit (an ELISA well) and, as 

an example, the cytometric acquisition of 300 beads reliably correspond to 300 technical 

replicates of the same biological sample (Morgan et al., 2004). The measured fluorescence 

intensities coming from samples are finally interpolated with a standard curve made with 

recombinant mouse CD31. Nevertheless, since the capture antibody was polyclonal, we 

were not able to discriminate the cellular origin of cleaved CD31.  
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Indeed, we know that soluble CD31 can take origin from distinct cellular processes.  

It can be:  

(i) released under physiological condition by endothelial cells as a soluble molecule 

due to a splicing of the transmembrane portion encoding exon (Goldberger et al., 

1994),  

(ii) cleaved below the 6th domain by activated endothelial cells (Ilan et al., 2001) and 

platelets (patent WO 2013/152919),  

(iii) cleaved below the 5th domain by lymphocytes (Fornasa et al., 2010) and 

neutrophils (Figure 9). 

Given the complexity of the molecular forms that can be found in the plasma, a 

comprehensive strategy should envisage the simultaneous detection of all CD31 domains 

in order to determine the precise origin of the soluble CD31. Unfortunately, this is not 

possible nowadays for murine cells due to the lack of monoclonal antibodies directed against 

the 5th and 6th domain. Even though the loss of the glomerular positivity for CD31 in 

immunohistology definitely suggested a cleavage on endothelial cells (Figure 24a), the 

plasmatic dosage that we performed in mice cannot be conclusive regarding the molecular 

nature of shed CD31 in the systemic circulation (Figure 24b). 

For human samples, however, several monoclonal antibodies have been purified and their 

epitope characterized. This is the reason why our laboratory has developed and patented 

(WO 2010/000756 A1) a CBA assay to study the CD31 shedding in human samples (Figure 

32). The beads are covalently functionalized with a monoclonal antibody directed against 

the first domain of CD31 – thus permitting the capture of all CD31 molecular forms –, while 

different fluorescent-labelled antibodies enable the scanning and the discrimination of the 

domains present on the captured protein.  

It will be interesting, therefore, to evaluate CD31 shedding in biological samples coming 

from patients affected by diseases in which the pathological role of neutrophils is 

established. Interesting pathologies associated with neutrophil activation would be 

rheumatoid arthritis (Wright et al., 2014), ischemia-reperfusion injury (Kettritz, 2012) and 

vasculitis (Schofield et al., 2013).  
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recombinant soluble CD31 (Groyer et al., 2007) or CD31-derived peptides (Clement et al., 

2015; Fornasa et al., 2012). 

Considered that our CD31agonist peptide has physicochemical characteristics which make it 

suitable for in vivo applications (Figure 10), we have tested its therapeutic potential a pre-

clinical experimental model of angiotensin-induced abdominal aortic dissection (Annex I, in 

preparation). This pathology is a life-threatening condition with a mortality of 50 % within the 

first 48 hours (Kurihara et al., 2012). Here, the outcome of tissue healing after the acute 

phase, essentially depends upon the resolution of the initial inflammatory which is mainly 

mediated by macrophages. Dr S. Delbosc, in our laboratory, has results indicating that the 

CD31agonist peptide can impact on the phenotype switch of macrophages (in vitro and in 

vivo), promoting the their polarization towards a “reparatory” M2 phenotype, which is 

necessary for collagen deposition and effective tissue repair (Novak and Koh, 2013). When 

the peptide was used for a curative purpose in this model, we found a significant increase 

of collagen deposition in the lesions and an accelerated healing of the dissected aortic wall. 

These results are encouraging and we would like to translate the use of this peptide from 

the bench to the bedside for the clinical management of inflammatory diseases. 

During my PhD, I also worked at another preclinical study aimed to target CD31 in a rat 

model of mesenteric ischemia-reperfusion injury (Annex II, under reviewing). Acute 

mesenteric ischemia is indeed a life-threatening condition in which the role of neutrophil 

activation is well established (Grootjans et al., 2010). Consistently, we found that the 

treatment with the CD31agonist peptide protected the small bowel from the damages 

associated with the reperfusion as well as neutrophil activation locally (in the intestinal 

tissue) and in the systemic circulation.  These results further confirm an immunomodulatory 

role of CD31 in neutrophil activation and open the possibility of developing a novel drug to 

treat the acute phase of a broad spectrum of inflammatory disease. 

In conclusion, the results of the experiments performed during my thesis work uncover an 

unpredicted crucial role for CD31 in the control of neutrophil trafficking, by working as an 

integrin regulator and of neutrophil activation, by rising its threshold. Of note, our preclinical 

data point at a potential clinical application of our work, identifying CD31 agonists as 

therapeutic tools to control excessive neutrophil activation in pathologic inflammatory 

conditions. 
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Structured Abstract 

Background 

Type B aortic dissection is a rare but life-threatening event and its management remains 

challenging due to lack of specific therapeutic agents aimed at favoring rapid tissue healing. 

We recently described a beneficial effect of a CD31 signaling in reducing the inflammatory 

response and prevent the occurrence of type B aortic dissection in apolipoprotein E 

knockout (E-/-) mice subjected to chronic angiotensin (Ang) II-infusion. 

Objectives 

Develop a drug-suitable CD31 agonist peptide to promote healing of acute aortic dissection 

in a curative pre-clinical study. 

Methods 

The candidate peptide drug was selected by functional in vitro screening of a peptide library 

built from the parent 23-mer peptide. A retro-inverso sequence of the best hit, termed P8RI, 

passed ADME-tox analysis. Male 28-week old E-/- mice were implanted with Ang II-releasing 

pumps and were randomly assigned to receive P8RI (2.5 mg/kg/d) or the vehicle (PBS), 

starting from day 14 (n=20/group). Leukocyte infiltrate and healing features of dissected 

aortic segments were analyzed by histology and immunofluorescence. The direct effect of 

P8RI on pro-reparative macrophages was evaluated in vitro. 

Results 

P8RI treatment promoted the resolution of the intramural hematoma and the production of 

collagen in dissected aortas. These pro-healing effects were associated with reduced iNOS+ 

MMP9+ Arginase-II+ and more Arginase-I+ CD68+ cells infiltrate, and the results of in vitro 

experiments showed that the peptide promotes the switch of pro-inflammatory macrophages 

towards the pro-reparative M2 phenotype. 

Conclusions 

CD31 signaling promotes the switch of macrophages from the pro-inflammatory to the 

reparative phenotype and favors the healing of experimental dissected aortas. Our data 
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suggest that periacute treatment with of the drug-suitable CD31 agonist peptide P8RI may 

improve the clinical management of Type B aortic dissection. 

Introduction 

Acute aortic dissection is a life-threatening disease with a mortality of 50 % within the first 

48 hours. In the absence of involvement of the ascending aorta (type B aortic dissection), 

the clinical management is essentially medical and directed at reducing as much as possible 

the systemic blood pressure and heart frequency in order to limiting the propagation of the 

false lumen and hence restrain the end-organ damage and risk of rupture (Suzuki, 2014).  

Due to the lack of specific therapeutic agents aimed at favoring rapid tissue healing, up to 

30% of the patients requires a subsequent intervention because of aneurysmal expansion, 

progressive dissection, and other complications from the unresolved dissection process 

(Lumsden, 2008). Interestingly, the rate of recurrent events is independent of the treatment 

(open surgery, endovascular repair or aggressive anti-hypertensive treatment) and occurs 

more frequently in patients affected by connective tissue disorders (Isselbacher, 2016), 

highlighting the importance of an appropriate arterial healing process for the long-term 

prognosis. 

The outcome of tissue healing after an acute injury essentially depends upon the resolution 

of the initial inflammatory phase and macrophages play a crucial role in this setting. Right 

after entering the wound, circulating monocytes contribute to the demolition phase by 

acquiring a pro-inflammatory phenotype but, for an appropriate tissue healing, they must 

exert a fundamental function consisting in the phagocytosis of apoptotic neutrophils and 

acquisition of a reparative phenotype (Mantovani, 2013). Importantly, recent work in this 

field suggest that if the wound contains blood-derived elements, as it is the case in dissected 

aortas, the switch from the proinflammatory to the reparative phenotype of the wound 

healing process may be consistently delayed and even remain unachieved (Sindrilaru, 

2011). 

The molecular mechanisms regulating the equilibrium between the different types of 

macrophages polarization in wound healing are not yet completely disclosed but a growing 

body of evidence suggests that macrophages are very plastic cells and that their phenotype 

strictly depends upon the balance between opposing outside-in signaling signaling 
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pathways downstream of the multiple surface receptors that can be engaged at the surface 

of active macrophages (Lawrence, 2011). Thus, the prevalence of stat1/IRF5 pathway leads 

to a pro-inflammatory (M1) phenotype and the switch towards the reparative (M2) phenotype 

that is needed for the resolution phase of tissue healing can only occur upon the repression 

of this pathway (Zhou, 2014). The uncoupling of the stat1/IRF5 pathway downstream of a 

activating receptor can be operated by tyrosine phosphatases, such as SHP-1, which can 

be recruited and activated by co-clustered ITIM bearing receptors, such as FCgRIIB and PD-

1 (Boekhoudt, 2007; Yao, 2014). 

CD31, widely used as an endothelial marker (Liu, 2012) is indeed an ITIM-bearing receptor 

(Newman, 1999) and may play a crucial role in the regulation of macrophage functions 

because, at variance with the other ITIM receptors, it is constitutively expressed by both 

macrophages and neutrophils and its trans-homophilic engagement is indispensable for 

efficiently engulfing dead neutrophils (Vernon-Wilson, 2007). The expression of an intact 

CD31 is also associated with anti-inflammatory and angiogenic macrophages (Kim, 2013). 

The latter, are essential hallmarks of the switch from pro-inflammatory to reparative 

macrophages (Roszer, 2015). 

In apolipoprotein E knockout (E-/-) mice subjected to chronic angiotensin (Ang) II-infusion 

model, an experimental model of abdominal aortic dissection (Trachet, 2015), the infiltration 

of macrophages at sites of aortic wounds is closely associated with the occurrence of 

dissection (Saraff, 2003) as well as with the subsequent aneurysmal transformation (Rateri, 

2011). Interestingly, the administration of a synthetic peptide derived from CD31 and 

endowed with immunomodulatory properties (Zehnder, 1995; Chen, 1997) is able to target 

wound infiltrated macrophages and prevent the incidence of aortic dissection in this model 

(Fornasa, 2012). However, the peptide sequence used in these previous studies is not 

suitable as a drug for clinical use. 

In order to evaluate the therapeutic potential of CD31 agonists in the clinical management 

of type B aortic dissection, we have developed a drug-suitable CD31 agonist peptide and 

evaluated its ability to promote healing of acute aortic dissection in a curative pre-clinical 

study. 
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Methods 

Identification of a drug-suitable CD31 agonist peptide 

In order to identify a drug-suitable CD31 peptide, we screened two peptide libraries 

“Truncation” library: offset=1, H-, -OH or both, n of peptides=94; and “Scanning” library: 8-

mer, offset=1, n of peptides=30, derived from the human (NHASSVPRSKILTVRVILAPWKK) 

and mouse (SSMRTSPRSSTLAVRVFLAPWK) parent peptides (Mimotopes, Australia (full 

list and sequences in supplementary table 1). Functional screening of the peptide libraries 

was performed by assessing the expression of the activation marker CD69 on single 

mononuclear cell suspensions deriving from mouse spleen and from human peripheral 

venous blood (Caligiuri, 2013). Briefly, human peripheral blood mononuclear cells were 

stimulated for 48h in vitro using 2µg/ml of coated anti-Human CD3 (clone UCHT-1, R&D 

Systems) and soluble anti-Human CD28 (clone 37407, R&D Systems), in complete medium 

[RPMI 1640 Glutamax (Life technologies), 10-5 M ß-mercaptoethanol, 2 mM L-glutamine, 

1X antibiotic/antimycotic solution (Gibco) and 10% decomplemented fetal calf serum (FCS, 

Biowest)]. Mouse spleens from OT-II mice (C57BL/6-Tg(TcraTcrb)425Cbn/Crl mice, from 

Charles River France Laboratories) were meshed through 70µm cell strainer (BD 

biosciences). After red blood cell lysis by hypotonic solution and several washes, single 

mononuclear cells were counted and plated (2x105cells/well) in round bottom 96-well plate, 

in complete medium for 48 hours, with 50 ng/ml of OVA peptide (329-337 epitope, from 

Anaspec). Peptides from the libraries were all diluted in PBS/0.1% of DMS and used at a 

final concentration of 50 µg/ml on both human and mouse mononuclear cells. The extent of 

cell activation of human (clone RPA-T4 coupled to APC) and mouse (clone GK1.5 coupled 

to APC) CD4+ T cells was analyzed by the mean fluorescence intensity obtained with PE 

anti-human (clone FN50) or anti-mouse (H1.2F3) CD69 antibodies by flow cytometry (all 

antibodies from BD Biosciences). ADME-Tox analysis was performed on the retro-inverso 

sequence of the best hit, termed P8RI. Potassium currents mediated by hERG (human 

ether-a-go-go related gene) channel were recorded with the conventional patch-clamp 

technique using the whole cell configuration on stably transfected HEK cells (Physiostim, 

Lautrec, France). Bacterial reverse mutation test was performed on Salmonella typhimurium 

TA 98 and TA 100 strains (CiToxLab, Evreux, FRANCE). Plasma concentrations of P8RI 

obtained after intravenous, oral and subcutaneous administration to C57BL6 mice were 
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used to determine its bioavailability and half-life (pharmacokinetic studies, Eurofins-ADME 

BIOANALYSES, Vergeze, FRANCE). In vivo toxicology was evaluated during a 14-day 

subcutaneous dose range study in C57BL6 mice (Centre de Recherches Biologiques, 

Baugy, FRANCE). Morbidity/mortality checks were performed twice daily. Clinical 

observations were performed before the first dosing and daily. Functional and 

neurobehavioural tests were performed before the first dosing, on D7 and on D14. Body 

weight was recorded at D-1, D1, D2, D5, D8, D11 and D14. Food consumption was 

measured weekly. Blood samples for hematology and clinical chemistry analysis were 

collected on D15. All animals were euthanized on D15. Kidneys, liver, heart and lungs were 

weighed, fixed and preserved at necropsy. 

Angiotensin II infusion in ApoE-/- mice 

Male, 28-week-old ApoE-/- mice (B6.129P2-Apoetm1Unc/Crl, Charles River France) were 

maintained on a regular chow diet under standard conditions. The experiments were 

repeated four times and included two groups of mice (n ≥10 mice/group) randomly assigned 

to receive daily a subcutaneous injection (50 µL) of either the peptide solution (‘peptide’ 

group, 2.5 mg/kg/day) or of the vehicle solution (‘control’ group). The treatment was started 

14 days after the beginning of the angiotensin II (Sigma, #A9525) infusion (1 mg/kg/day), 

thus well after the occurrence of aortic dissection which occurs within the first 7 days (Saraff, 

2003; Cao, 2010). At the end of the study, mice were euthanized by exsanguination under 

anaesthesia (i.p. injection of Ketamine-HCl 100 mg/kg and Xylazine 20 mg/kg, animals were 

considered as safely anaesthetized when no attempt to withdraw the limb after pressure 

could be observed). Blood was withdrawn from the right heart ventricle and collected in 

EDTA tubes for blood cell and plasma analysis. The heart and the aorta were dissected, 

photographed and mounted in cryomolds for further histomorphologic analysis on 

cryosections. All the investigations conformed to the Directive 2010/63/EU of the European 

Parliament and formal approval was granted by the Local Animal Ethics Committee (Comité 

d’éthique Bichat—Debré). 

Histology 

Detailed analysis was performed in aortas displaying evidence for the occurrence of an 

aortic dissection as detected by Perl’s staining of iron deposits (≥70% of experimental mice 

in all experiments). Collagen qualitative analysis was performed on sequential cross 
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sections of the dissected aortic segments, after staining with picrosirius red and observation 

under polarized light observation. Digital images were acquired using AxioVision® and a 

Zeiss Axioobserver Z1 microscope. The extent of collagen deposition (brilliant red staining) 

was quantitatively assessed using a program developed in Quips language (Leica, 

Cambridge, UK). 

Immunohistochemistry 

Selected cryosections of aortic roots and abdominal aortas close to dissection sites were 

fixed for 10 minutes in parafolmadehyde (4% in PBS) and incubated with one of the 

following: rat anti-mouse CD68 (clone FA-11, Serotec), rat anti-mouse CD11b, (clone 

M1/70, Abcam), rat anti-mouse iNOS-FITC (clone 6/iNOS/NOS TypeII, BD biosciences), 

rabbit anti-mouse Arginase I (Sigma), biotinylated polyclonal goat anti-mouse MMP9, rat 

anti-mouse Perlecan (clone A7L6, Thermo Scientific), rat anti-mouse IRF5 (clone 903430, 

R&D Systems), mouse anti-human/mouse SMA (clone 1A4, Sigma, used with the M.O.M™ 

"Mouse-On-Mouse" basic kit, Vector Laboratories); Primary antibodies were revealed by 

fluorescently labelled (AlexaFluor® 488, Rhodamine or AlexaFluor®647) F(ab')₂ Fragment 

Affinity-Purified Antibodies® from Jackson ImmunoResearch Laboratories directed to 

mouse, rabbit or rat IgG, or alexaFluor®647 streptavidin (Invitrogen), as appropriate; 

Sections were counterstained with Hoechst and cover-mounted with Prolong Gold® anti-

fade reagent (Invitrogen). 

Analysis of mouse macrophages polarization, in vitro 

Bone marrow-derived macrophages (BMDM) were prepared as previously described 

(Khallou-Laschet, 2010), from the femurs of 10 week-old WT (C57BL/6) and CD31 KO 

littermates (offspring of CD31+/- mice breeding) and were cultured for 24 hours in MEM 

medium (Invitrogen) supplemented with 10% FCS and 800 pg/mL Macrophage-Colony 

Stimulating Factor-1 (20% of a titrated L929 conditioned medium). Non-adherent cells were 

plated in 24-well plates (4x105 cells/well) for 7 days. For polarization studies, macrophages 

were stimulated overnight either with 100 ng/mL LPS (Sigma) and 100 U/mL IFN-γ (R&D 

System) in FCS-free medium to obtain inflammatory M1 macrophages or with 25 ng/mL 

interleukin-4 (IL-4, R&D System) to obtain alternative M2 macrophages. Non-polarized 

macrophages were maintained in complete medium. 
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The peptides were added during the polarization at a final concentration of 100 µg/ml. 

Culture supernatants were harvested for quantification of chemokines and cytokines, and 

cells were washed and lysed in TRIzol®. Total RNA was extracted and mRNA reverse 

transcription was performed using the iScript reverse transcriptase (Bio-rad). RT-qPCR was 

performed on a CFX 100 (Bio-Rad) cycler using the primers that are listed in the 

Supplementary table 2. We used 1ng of cDNA from each sample in a total volume of 22 µL 

that contained forward and reverse primers (250 nM) and SYBR Green Master Mix (Bio-

Rad). The amplification program was the following: 1 cycle: 50°C, 2 min; 1 cycle: 95°C, 15 

min; 50 cycles: 95°C, 40 s and 60°C, 1 min. Dissociation curves were analyzed at the end 

of the amplification, and the expression levels of the genes of interest were normalized to 

the expression of hypoxanthine-guanine phosphoribosyltransferase (HPRT). 

Multiplex analysis of soluble molecules 

Cell culture supernatants and plasma samples were subjected to multiplex analysis of 10 

different soluble molecules (custom 10-plex set, R&D Systems, including TNFa, MCP-1, 

VEGF, IL-10, RANTES, MIP-1a, IL-23, IL-6, IP-10, MDC), following the manufacturer’s 

instructions. Briefly, the different magnetic beads coupled with specific capture antibodies 

were mixed and incubated for 1 hour at room temperature with the individual biological 

samples. After several washes, a biotinylated detection antibody was added to the reaction. 

A streptavidin-phycoerythrin (streptavidin-PE) reporter complex was then added to reveal 

the biotinylated detection antibodies. PE fluorescence was then analyzed on a Bioplex-200® 

analyzer (Bio-Rad) and the concentration of the cytokines of interest was quantified using 

standard curves obtained with recombinant cytokines. 

Statistical methods 

The results are expressed as the means ± SEM. The differences between the groups were 

evaluated by one-way ANOVA with Fischer’s post-hoc tests or by Mann-Whitney non-

parametric tests, as appropriate. Any differences between groups were considered to be 

significant when the p value was <0.05. The analysis was performed with JMP® 6.0 

Software (SAS Institute Inc., USA). 

 

 



ANNEX I 

 196 

Results 

Inflammatory M1 macrophages are involved in the AngII-induced aortic dissection 

The sites of arterial wall dissection injury (detected as sites of elastin rupture) were 

consistently associated with the presence of macrophages, as detected by a densely rich 

CD68 positive area (Figure 1), further supporting the key role played by macrophages in the 

pathophysiology of aortic wall injury. Furthermore, the co-immunostaining of CD68 with 

iNOS and Arginase I revealed that most of these CD68 positive cells strongly express iNOS, 

whereas Arginase I was virtually absent in the area of these cells (Figure 1). 

This result suggests that iNOS positive macrophages, which are described as the pro-

inflammatory M1 macrophages, are actively involved in the pathologic processes associated 

with aortic dissection in this murine model. 

The absence of CD31 signaling promotes the development M1-like macrophages 

Since the CD31 signaling seems to influence the polarization of macrophages in vivo, we 

wanted to analyze its impact on macrophage polarization in vitro. To this purpose, bone 

marrow-derived macrophages were obtained from CD31 Wild Type (WT) and CD31 KO 

mice and polarized towards M1-like (LPS+IFNγ) or M2-like (IL-4) phenotypes. 

We found that the M2-polarized macrophages from CD31 KO mice present a decrease in 

Arginase I expression, as compared with M2 macrophages from WT mice. Accordingly, the 

absence of CD31 signaling on M1 macrophages increases their expression of iNOS, as 

compared with macrophages from WT mice (Figure 2A).  

Importantly, inflammatory cytokines produced by M1 macrophages, such as IL-6, MCP-1 

and MIP1α were significantly overproduced under M1 polarization conditions in absence of 

CD31 expression. On the contrary, IL-4 secretion was reduced in absence of CD31 

expression in M1 macrophages (Figure 2B). 

These findings suggest that the absence of CD31 potentiates and accentuates the 

inflammatory phenotype in M1 polarization conditions, while the phenotype of M2 

macrophages in M2 conditions is attenuated. 
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Identification of a drug-suitable CD31 agonist peptide 

Because of its poor solubility in water (Figure 3A) the parent CD31 23-mer peptide was not 

suitable for further development as a candidate drug molecule for clinical use. In order to 

identify a drug-suitable CD31 agonist peptide we screened two peptide libraries derived from 

the human and mouse parent sequences. The best hit was found within the most proximal 

extracellular sequence of the CD31 molecule (aa 564-574, Figure 3B), which is highly 

conserved between the two species. Within this conserved sequence, we identified an 8-

mer peptide (P8F, L-aminoacids, “forward” sequence) that was more readily soluble in water 

with minimal aggregated/degraded products (Figure 3C). The corresponding 8-mer 

retroinverso peptide (P8RI, D-aminoacids, inverse order sequence) displayed a very high 

water solubility and satisfying HPLC profile in saline solution (Figure 3D). P8F and P8RI 

peptides were as effective as the parent 23-mer peptide in reducing the extent of T-

lymphocyte activation (data no shown) and we therefore chose the peptidase-resistant 

P8RI, for further development and preclinical studies in mice. 

Since the parent peptide was biologically effective at 2.5mg/Kg subcutaneously in a previous 

study (Fornasa, 2010), we decided to use the same dose-range with this derived sequence. 

The calculated biodisponibility in the blood of a single injected subcutaneous dose of 50µg 

(2.5mg.Kg) is of 66% with a Cmax of 3.8 µg/ml detected 15 minutes after the subcutaneous 

injection (Supplementary Table 3). The injected peptide was detectable in the plasma up to 

8 hours after its injection (Figure 1E), which supported the administration of the peptide 

daily. 

In the perspective of pre-clinical studies and drug development, P8RI was subjected to 

ADME-tox analyses. As shown in Figure 1F, The IC 50 of the peptide doses on the hERG 

tail current amplitude was set at 150 µg/ml, which represents ≈40–fold the maximal 

detectable concentration of the drug in the plasma of mice having received the drug by a 

subcutaneous injection (Cmax). Of note, at the concentration of 5µg/ml, which is lower than 

the Cmax in the blood after a subcutaneous injection, the peptide has no effect on the tail 

amplitude of the potassium channel. The product is stable in solution for up to 100 days at 

room temperature. Bacterial reverse mutation test was completely negative both in non-

metabolic and metabolic conditions on the Salmonella typhimurium TA 98 and TA 100. In 

order to assess the toxicology profile of P8RI in the curative daily treatment schedule, the 
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peptide was injected (2.5, 10 and 30mg/KG) or its vehicle to C57Bl6 mice (male, 20 week 

old, n=3/group) once a day by the subcutaneous route for 14 days in a 50µl volume of PBS. 

Mortality, food consumption, body weight and temperature, organ weight, biochemistry, 

hematology, and coagulation parameters were all normal in all treatment groups. No 

relevant clinical findings were recorded during the course of the study (data not shown). 

CD31 peptide influences macrophages polarization towards M2 profile 

We next wanted to assess whether activating CD31 signaling using the CD31 peptide would 

have an effect on the polarization of bone marrow-derived macrophage from WT mice. We 

found that the stimulation of in vitro-polarized macrophages by the CD31 peptide strongly 

increased the expression of Arginase I by M2 macrophages while it dramatically reduced 

the expression of M1 markers, such as iNOS and Arginase II by M1 macrophages (Figure 

4C). Accordingly, the concentration of inflammatory cytokines produced by M1 

macrophages under LPS stimulation was decreased upon stimulation with the CD31 peptide 

(IL-12, IL-6, TNF-α) whereas the concentration of IL-10 was increased (Figure 4D).  

Altogether, those findings point out a critical involvement of CD31 signaling in macrophage 

polarization, and we believe that the regulatory properties of the CD31 molecule on 

macrophage are involved in tissue healing in the context of atherosclerosis and AngII-

induced abdominal aortic dissection. 

P8RI treatment promotes the healing of the dissected aortic wall through collagen 

production in the context of atherosclerosis and aneurysm formation 

We therefore wondered whether, when used in a curative purpose, the peptide would have 

an effect on tissue repair in the context of aneurysms and atherosclerosis. Sirius red staining 

on transverse cryosection of AngII-induced aneurysms revealed that treatment with the 

CD31 peptide significantly increased the amount of collagen fibers, as compared to 

treatment with the control vehicle (Figure 5A). The extent of collagen deposition was not 

dependent on the amount of iron deposits, which appeared similarly abundant in the two 

groups. We also found that collagen deposition in atherosclerotic lesions in the aortic sinus 

was also significantly increased in CD31-peptide-treated mice, as compared to control mice 

(Figure 5B). These results indicate that CD31 peptide promote tissue repair in AngII-induced 

atherosclerosis and aneurysm formation through the production of collagen fibers. 



ANNEX I 

 199 

CD31 peptide treatment is associated with the presence of “reparatory” M2-type 

macrophages in injured aortic walls. 

We have previously shown that mouse macrophages are extremely plastic cells that can 

easily switch from a pro-inflammatory M1 phenotype towards a more “reparatory” M2 profile, 

depending on the signals they receive from their environment (Khallou-Laschet, 2010). We 

therefore evaluated whether the induction of aortic tissue repair by the CD31 peptide would 

be mediated through its effect on aortic macrophages polarization, endowing them with an 

M2-like profile. 

To this end, we assessed the phenotype of tissue infiltrating macrophages on dissecting 

aneurysm deriving from CD31 peptide-treated mice as compared to control. As shown in 

Figure 6, the vast majority of CD68 positive macrophages co-expressed Arginase I — which 

is predominantly expressed by M2 macrophages — in tissue derived from CD31 peptide-

treated mice whereas the presence of iNOS macrophages could only be detected in vehicle-

treated mice. 

Similarly, we found that most of the CD68-positive macrophages in the aortic sinus were 

also Arginase I-positive (M2) in CD31 peptide-treated mice as compared to control mice in 

which macrophages, which were instead positive for iNOS, presented an M1 phenotype. 

These results strongly suggest that the CD31 peptide has an impact on the phenotype of 

macrophages, and that it promotes the polarization towards a “reparatory” M2 phenotype, 

which is known to provoke collagen deposition and further tissue repair. 
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Figure 2. Impact of CD31 deficiency on macrophage polarization. BMDM from WT and CD31 KO 

mice were differentiated in vitro with M-CSF and subsequently polarized into M1 macrophages, 

with LPS and IFNg or into M2 macrophages, with IL-4. A. The genetic disruption of CD31 signalling 

was associated with a stronger expression of iNOS (M1 marker) on macrophages after LPS+IFNg 

stimulation. On the contrary, the expression of Arg I (M2 marker) in response to IL-4 was 

diminished in CD31 KO macrophages compared to WT. Hence, in absence of CD31 signalling, 

macrophages are prone to polarize into M1 cells whereas the expression of the CD31 favours the 

M2 polarization. B. Analysis of soluble cytokines released by the cultured macrophages in the 

supernatant showed that CD31 KO macrophages produced more IL-6, MCP-1 and IL-1b than WT 

macrophages after LPS+IFNg stimulation. On the contrary, the production of IL-4 by CD31 KO M2 

macrophages was diminished as compared to WT macrophages. IL-10 production was reduced 

in M1 macrophages derived from CD31 KO mice but not in M2 cells. 
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Figure 3. Identification and characterization of a drug-suitable CD31 agonist peptide. A. The best 

hit was selected from the “truncated” peptide library (see methods) on the basis of its ability to 

reduce both mouse and human leukocyte activation. The best hit following these criteria was a 

sequence spanning from mouse CD31 aa 564 to 574 (10-mer). B. HPLC analysis of the 10-mer 

peptide 564 to 574 selected in A showed a poor water solubility (56% monomer) and the presence 

of aggregates and debris of variable size. C. The 8-mer forward (P8F) sequence aa 565-573 from 

the “scanning” peptide, fully comprised within the 10-mer sequence, showed an excellent water 

solubility (95%). D. The corresponding retro-inverso aa 565-573 sequence (P8RI) showed an even 

greater solubility (99%). E. Pharmacokinetic analysis of P8RI after a bolus administration by 

intravenous (IV, 1 mg/Kg) or subcutaneous (SC, 2.5mg/Kg) injection, or an oral 2.5mg/Kg dose 
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(per os, PO) in C57Bl/6 mice. F. In vitro analysis of the hERG tail current amplitude on a stable 

cell line showed that the IC 50 of P8RI corresponded to the concentration of 150µM (x40 fold the 

AUC following subcutaneous injection of a 2.5mg/Kg dose in mice). 

 

 

 

 

Figure 4. Impact of the CD31 agonist peptide on macrophage polarization. BMDM from WT mice 

were differentiated in vitro with M-CSF and subsequently polarized into M1 macrophages, with 

LPS and IFNg or into M2 macrophages, with IL-4. A. The expression of M2-associated genes 

(Arginase I, Ym1/2) and M1-associated genes (iNOS, Arginase II) were assessed in the presence 

or absence of the CD31 agonist peptide. B. Analysis of soluble cytokines produced by M2 

macrophages (IL-10) or M1 macrophages (IL-12, IL-6 and TNFa) were also evaluated. 
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Figure 5. Evaluation of P8RI treatment on angiotensin II experimental aortic dissection and 

atherosclerosis in ApoE-/- mice. A. Representative images of abdominal aortic aneurysm staining 

of collagen (Sirius red) and iron deposits (Persl/DAB) in vehicle or CD31 peptide-treated mice. B. 

Micrographs of collagen deposition in aortic sinus. 
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ABSTRACT 

Background: CD31 is a key transmembrane neutrophil immunoregulatory receptor. 

Mesenteric ischemia/reperfusion-induced neutrophil activation leads to a massive cleavage 

and shedding of the most extracellular domains of CD31 into plasma, enhancing the 

deleterious effect of neutrophil activation. We have evaluated the therapeutic potential of an 

engineered, drug-suitable synthetic octapeptide (P8RI), which restores the inhibitory 

intracellular signaling of cleaved CD31, in an experimental model of acute mesenteric 

ischemia/reperfusion. 

Methods: Mesenteric ischemia/reperfusion (I/R) was induced in Wistar rats by superior 

mesenteric artery occlusion for 30 min followed by 4 h of reperfusion. Three groups of rats 

were compared: I/R + saline infusion (I/R controls group, n=20), I/R + P8RI infusion (P8RI 

group, n=20) and sham-operated rats + saline infusion (sham group, n=14). We assessed 

intestinal I/R injury by histology and biomarkers of neutrophil activation, cell death, bacterial 

translocation and CD31 cleavage. Mann-Whitney U-test, Student's t-test, two-way ANOVA 

and principal component analysis were used for statistical analysis.   

Results: Compared to I/R controls, P8RI infusion significantly decreased intestinal 

ischemia/reperfusion injury (Chiu's score, P=0.01; epithelial area, P=0.001; intestinal 

bleeding, P=0.0006), neutrophil activation in plasma and intestinal wall (plasma matrix 

metalloproteinase-9, P<0.001; intestinal matrix metalloproteinase-9, P=0.03), cell death 

(plasma cell-free DNA, P<0.05), bacterial translocation (plasma Escherichia coli DNA, 

P=0.04) and CD31 cleavage (P<0.0001). 

Conclusion: Binding of P8RI to cleaved CD31 reduced neutrophil activation and 

ischemia/reperfusion-induced intestinal injury. Drug-suitable P8RI is potentially a promising 

therapy in human acute mesenteric ischemia. 
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INTRODUCTION 

Acute mesenteric ischemia is a life-threatening emergency with a high mortality rate, 

reaching 58% in intensive care unit patients1. It can lead to an overwhelming inflammatory 

response2, bacterial translocation3, digestive bleeding, intestinal necrosis, multiple organ 

failure4 and death. There is no specific therapy targeting intestinal ischemia/reperfusion 

injury.  

Neutrophils are key players in this pathology5,6. As in all leukocytes, the activation of 

neutrophils is tightly controlled by inhibitory co-receptors. Among the inhibitory receptors 

expressed by neutrophils, CD31 is a major target. Indeed, CD31 is a key leukocyte 

immunoregulatory receptor7 and neutrophils are among the cells that express the highest 

number of CD31 molecules8.  

CD31 is a 130-kDa transmembrane glycoprotein receptor also expressed by the other 

leukocytes, platelets and endothelial cells. Transhomophilic engagement of CD31 raises the 

activation threshold of these cells via activation of SH2 tyrosine phosphatase9. When 

submitted to activating stimuli strong enough to overcome the activation threshold, cell 

activation is accompanied by the cleavage and shedding into plasma of most of the 

extracellular CD31, thereby interrupting the downstream cell signaling and leaving cell 

activation unharnessed7. It is of interest that after shedding, a short portion of the 

membrane-proximal extracellular sequence remains exposed at the cell surface. We 

recently engineered a drug-suitable synthetic octapeptide (termed P8RI), which is able to 

bind to this short portion and to restore the inhibitory intracellular signaling of cleaved 

CD3110,11,12. This peptide is derived from a parent sequence that has previously been 

successful as an in vivo therapeutic agent13. Herein, we have evaluated the therapeutic 

potential of P8RI, via a putative protective effect on neutrophil activation, in an experimental 

model of acute mesenteric ischemia/reperfusion.  

 

MATERIALS AND METHODS 

Procedures and animal care complied with principles formulated by the National Society for 

Medical Research (animal facility agreement: n° B75-18-03, experimentation authorization 
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n° 75-101, APAFiS#8724). Eight week-old male Wistar rats were purchased from Janvier 

laboratory.  

Model of acute mesenteric ischemia/reperfusion 

Rats were randomized into 3 groups: an ischemia/reperfusion (I/R) group treated with saline 

infusion (I/R controls, 20 rats), an ischemia/reperfusion group treated with P8RI infusion 

(P8RI group, 20 rats) and a sham-operated group (sham group, 20 rats).  

Rat body temperature was maintained at 37.5°C by a heated surgical table. Non-fasting rats 

were anesthetized by intraperitoneal injection of 2 mg/kg of urethane. Cannulation of the 

right jugular vein and right carotid artery were performed for perfusion, blood sampling and 

arterial pressure measurements. After laparotomy, the superior mesenteric artery (SMA) 

was exposed but not occluded in the sham group. In the control and P8RI groups, the SMA 

was clamped. The clamp was removed after 30 min of ischemia, followed by 4 hours of 

reperfusion. A single 1 mg intravenous bolus of P8RI was administered 5 min before 

clamping SMA and was followed by a continuous perfusion at 1 mg/h until the end of 

reperfusion. The same procedure was performed for the control group, except for the 

infusion of P8RI, which was substituted by an equivalent volume of saline perfusion. The 

experimenter was blinded with regard to the treatment administered. Arterial blood pressure 

and diuresis were monitored throughout the experiment. Blood and peritoneal fluid were 

sampled in EDTA-tubes before the laparotomy and 30 min after clamping the SMA. Blood 

samples were also collected every hour during the reperfusion, and peritoneal fluid samples 

after 2 and 4 hours of reperfusion. Samples were centrifuged for 30 min at 16,000 g. 

Supernatants were used for assays. The small bowel was dissected out after rats were 

euthanized. The intestinal luminal content was collected for the quantification of intestinal 

bleeding. A mid-gut loop was resected and fixed in formalin and the remaining small bowel 

was homogenized. Homogenates were centrifuged for 30 min at 16,000 g and supernatants 

were used for assays. 

Assessment of mesenteric ischemia/reperfusion-induced intestinal injury 

Histological analysis of the intestinal mucosa 

Highly glycosylated mucins and nuclei were stained respectively with Alcian blue and 

nuclear fast red on transverse paraffin-embedded sections of the small intestine in 7 rats 
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per group. Histological evaluation was performed using the grading system described by 

Chiu et al.14, as described in the Supplemental Digital Content (Table E1).  

Morphometric analysis of the small bowel 

A morphometric evaluation of histological gut sections was performed using QWin software 

to determine the luminal area, epithelial and muscular layer areas, and the overall surface 

area in 7 rats per group, as described in the Supplemental Digital Content (see figure E1).  

Intestinal bleeding  

The intestinal bleeding was assessed by the quantification of heme concentration in the 

small intestine luminal content, using formic acid, in 7 rats per group, as described in the 

Supplemental Digital Content. 

Neutrophil activation in the small bowel tissue 

Neutrophil activation was assessed by the intestinal tissue concentrations of matrix 

metalloproteinase-9 (MMP-9) in 7 rats per group, using enzyme-linked immunosorbent 

assays, as described in the Supplemental Digital Content. 

Assessment of mesenteric ischemia/reperfusion-induced neutrophil activation in 

plasma 

Neutrophil activation in plasma was assessed by the plasma concentration of MMP-9 in 20 

rats per group using an enzyme-linked immunosorbent assay, as described in the 

Supplemental Digital Content. 

Assessment of mesenteric ischemia/reperfusion-induced cell death  

Cell death was assessed by the plasma concentration of cell-free DNA in 20 rats per group 

using a Quant-it Picogreen dsDNA Reagent Kit (Invitrogen), as described in the 

Supplemental Digital Content. 

Assessment of mesenteric ischemia/reperfusion-induced bacterial translocation  

Bacterial translocation was assessed by the quantification of plasma DNA from Escherichia 

coli in 7 rats per group at 4 hours of reperfusion after the onset of mesenteric ischemia, 

using a real-time PCR technique, as described in Supplemental Digital Content. 
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Assessment of the cleavage and shedding of CD31 in plasma  

The cleavage and shedding of CD31 into plasma was assessed by the assay of the soluble 

cleaved extracellular portion of CD31 in 7 rats per group using a cytometric bead array 

technology (CBA, BD). A polyclonal antibody targeting rat CD31 (R&D, #AF3628) and cross-

linked to magnetic beads (MC10035-01, BioRad) was incubated with EDTA-plasma for 90 

min at room temperature. Cleaved-circulating CD31 captured by the anti-CD31 cross-linked 

to beads was detected using a monoclonal antibody (clone TLD-3A12) coupled to 

phycoerythrin and incubated for 1 hour at room temperature. Median fluorescent intensity 

was analysed from 100 beads per sample (BioPlex 200 System, BioRad). A standard curve 

was obtained from serial dilutions of a recombinant mouse CD31 (R&D systems). 

Statistical analysis 

Quantitative data are expressed as medians with interquartile range (IQR) or means ± SEM. 

Mann-Whitney U-test, Student's t-test, two-way ANOVA with post-hoc multiple comparisons, 

Bonferroni test and Spearman correlation were performed as appropriate. Principal 

component analysis was performed to study how I/R conditions (controls, P8RI-treated and 

sham operated) impact the relationships (correlations) between the epithelial area, 

neutrophil activation, CD31 cleavage, intestinal bleeding, cell death and bacterial 

translocation.  

 

RESULTS 

No rats of any group died at the end of the 4 hours of reperfusion following mesenteric 

ischemia. Arterial blood pressure and diuresis were not significantly different between I/R 

controls, P8RI and sham groups (data not shown).  

Effect of P8RI on mesenteric ischemia/reperfusion-induced intestinal injury 

Histological analysis of the intestinal mucosa  

I/R greatly increased the intestinal mucosa injury as assessed by Chiu's score compared to 

sham-operated rats (3[3-4] vs. 1[0-1] respectively, P=0.003), and P8RI administration 

significantly limited this injury compared to saline injection (2[1-2]) vs. 3 [3-4] respectively, 
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P=0.01). Indeed, Chiu's score was not significantly different between the P8RI and sham 

groups (2[1-2]) vs. 1[0-1] respectively, P=0.07). (Figure 1A).  

Morphometric analysis of the small bowel 

Morphometric analysis confirmed histological results by showing that I/R markedly 

decreased the small bowel epithelial area compared to sham-operated rats (90μm2 [71-116] 

vs. 192μm2 [154-219] respectively, P<0.0001). P8RI infusion limited the abrasion of the 

epithelial area compared to saline injection (146μm2 [140-179] vs. 90μm2 [71-116] 

respectively, P=0.001), but it remained significantly lower than in the sham group (192μm2 

[154-219] in sham group, P=0.03 compared to P8RI group) (Figure 1B). The epithelial area 

was negatively correlated to the Chiu's score (r = - 0.72, p = 0.0002).  

I/R also increased smooth muscle layer injury since morphometric analysis showed that its 

area was decreased compared to the sham group (36μm2 [33-40] vs. 50μm2 [45-63], 

respectively, P=0.0008). P8RI infusion failed to limit smooth muscle layer thinning (39μm2 

[36-42] vs. 36μm2 [33-40] for saline injection, P=0.35). Indeed, the smooth muscle area 

remained significantly lower in the P8RI group than in the sham group (39μm2 [36-42] vs. 

50μm2 [45-63] respectively, P=0.002).  

Intestinal bleeding  

I/R led to significantly more intestinal bleeding, as assessed by the luminal concentration of 

hemoglobin, which was significantly higher than in sham-operated rats (224μg/mg total 

protein [122-326] vs. 97μg/mg total protein [54-124] respectively, P=0.0006).  P8RI 

administration greatly limited this bleeding as the hemoglobin concentration in the treated 

group was not significantly different from that in the sham group (99μg/mg total protein [89-

141] in P8RI group, P=0.0006 compared to I/R controls; 97μg/mg total protein [54-124] in 

sham group, P=0.4 compared to P8RI group. (Figure 1C). 

Cell death 

Before laparotomy, the plasma concentration of cell-free DNA was similar in the 3 groups. 

We found a significant overall effect of the treatment (P=0.007) and time (P=0.002) on the 

plasma concentration of cell-free DNA using a two-way ANOVA. After 4 hours of reperfusion 

following 30 min of ischemia, I/R significantly increased the plasma concentration of cell-
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free DNA compared to sham-operated rats (1282 ± 133 ng/ml vs. 549 ± 86 ng/ml 

respectively, P<0.001). P8RI administration partially prevented this increase but levels 

remained significantly higher than in the sham group (989 ± 111 ng/ml in P8RI group, P<0.05 

compared to I/R controls; 549 ± 86 ng/ml in sham group, P<0.05 compared to P8RI group). 

(Figure 1D).  

Effect of P8RI on mesenteric ischemia/reperfusion-induced neutrophil activation 

Neutrophil activation in the small bowel tissue 

Neutrophil activation, assessed by the intestinal tissue concentration of MMP-9, was 

significantly higher in I/R controls than in sham-operated rats (5.6μg/mg total protein [0.9-

12.7] vs. 1.4μg/mg total protein [1.2-2.0], respectively, P=0.03). P8RI administration 

significantly limited this intestinal MMP-9 increase as P8R1-treated rats presented MMP-9 

levels similar to those of sham controls (1.3 μg/mg total protein [0.9-2.0] in P8RI group, 

P=0.03 compared to I/R controls; 1.4 μg/mg total protein [1.4-2.0] in sham group, P=0.78 

compared to P8RI group) (Figure 2A). 

Neutrophil activation in plasma 

Before laparotomy, the plasma concentration of MMP-9 was similar in the 3 groups. We 

found a significant effect of the treatment (p = 0.0009) and time (P<0.0001) on the plasma 

MMP-9 concentration (two-way ANOVA). Plasma neutrophil activation assessed by the 

plasma concentration of MMP-9 was higher in the I/R controls than in the sham group just 

after ischemia (33.2 ng/ml [14.7-68.4] vs. 13.4 ng/ml [12.6-25.2] respectively, P<0.05) and 

at 2 hours (41.3 ng/ml [26.7-92.4] vs. 22.6 ng/ml [14.0-42.7] respectively, P<0.05), 3 hours 

(60.8 ng/ml [40.4-104.4] vs. 28.3 ng/ml [12.9-57.6] respectively, P<0.001) and 4 hours (69.6 

ng/ml [39.8-132.8] vs. 25.3 ng/ml [12.6-41.0] respectively, p < 0.001) of reperfusion. P8RI 

administration limited plasma MMP-9 compared to saline injection at 3 hours (26.1 ng/ml 

[14.2-56.0] vs. 60.8 ng/ml [40.4-104.4] respectively, P< 0.001) and 4 hours (33.3 ng/ml 

[19.3-51.8] vs 69.6 ng/ml [39.8-132.8] respectively, P< 0.001) of reperfusion. Plasma 

neutrophil activation was not significantly different between the P8RI and sham groups (P> 

0.05 after ischemia and after each time of reperfusion) (Figure 2B). 
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Effect of P8RI on mesenteric ischemia/reperfusion-induced bacterial translocation 

Four hours of reperfusion after 30 min of ischemia tended to increase the plasma 

concentration of DNA from Escherichia coli (1/Ct value) compared to sham-operated rats 

(0.029[0.026-0.030] vs. 0.026[0-0.028] respectively, P=0.1). P8RI administration limited the 

bacterial translocation compared to saline injection (0.024[0.021-0.029] vs. 0.029[0.026-

0.030] respectively, P=0.04) providing levels not significantly different from those of the 

sham group (0.024[0.021-0.029] vs. 0.026[0-0.028] respectively, P=0.56) (Figure 3).  

Effect of P8RI on mesenteric ischemia/reperfusion-induced cleavage and shedding of 

CD31 into plasma.  

Before laparotomy, the plasma concentration of soluble cleaved CD31 was similar in the 3 

groups. We found a significant overall effect of the treatment (P<0.0001) but not of time (P 

=0.93) on this parameter. The cleavage and shedding of CD31 into plasma increased after 

1 hour of reperfusion following mesenteric ischemia compared to sham-operated rats (24.3 

± 0.7 ng/ml vs. 18.7 ± 0.6 ng/ml respectively, P<0.001). P8RI infusion significantly limited 

this process at 1 hour (17.4 ± 0.9 ng/ml vs. 24.3 ± 0.7 ng/ml respectively, P<0.001), 2 hours 

(18.0 ± 1.1 ng/ml vs. 22.2 ± 0.9 respectively, P<0.05) and 4 hours (16.5 ± 1.2 ng/ml vs. 22.6 

± 1.5 ng/ml respectively, P<0.001) hours of reperfusion compared to saline injection. The 

plasma concentration of soluble cleaved CD31 was not significantly different between the 

P8RI and sham groups after ischemia and after each reperfusion time point (Figure 4).  

Effect of P8RI on neutrophil activation, CD31 cleavage, intestinal bleeding, cell death, 

bacterial translocation and epithelial injury induced by mesenteric 

ischemia/reperfusion.  

In P8RI, I/R controls and sham groups, principal component analysis showed a positive 

correlation between intestinal MMP-9, intestinal luminal hemoglobin, plasma cell-free DNA, 

plasma E coli DNA and plasma soluble cleaved CD31.  On the contrary, epithelial area was 

strongly negatively correlated to these parameters (Figure 5A). Principal component 

analysis allowed the identification of a clustering of the sham and P8RI-treated groups, 

which were widely separated from I/R controls (Figure 5B). This result illustrates the major 

role of CD31 cleavage in neutrophil activation and ischemia/reperfusion-induced intestinal 
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injury, and may explain the protective effect of P8RI, which restores the immunoregulatory 

functions of cleaved CD31.  

DISCUSSION 

In this study, we demonstrated a protective effect of P8RI binding to cleaved CD31 in an 

experimental model of acute mesenteric ischemia/reperfusion. P8RI is a drug-suitable 

CD31-derived peptide that restores the inhibitory function of cleaved CD31 resulting from 

the activation of leukocytes, endothelial cells, and platelets. Thereby, P8RI reinstates 

vascular homeostasis15.  

P8RI infusion protected the intestinal mucosa from ischemia/reperfusion-induced injury as 

we observed a significant limitation in the abrasion of the villi and capillaries. This effect was 

mediated by the decrease in neutrophil activation, as assessed by MMP-9 release into the 

small bowel tissue and bloodstream. Rosario et al. have shown that the higher protease 

activity in the intestinal wall after a mesenteric ischemia/reperfusion episode originated from 

the infiltration of neutrophils and the release of MMP-916. MMP-9 is the main protease stored 

in the tertiary granules of neutrophils, that at the occurrence can be mobilized under low 

chemotactic stimulation levels17. In addition, MMP9 is highly diffusible from the tissue to 

plasma18. MMP-9 activation is crucially involved in ischemia/reperfusion injury by modulating 

extracellular matrix turnover, by triggering inflammatory cell migration and pro-inflammatory 

mediator release and the stimulation of angiogenesis19.  

In contrast to the intestinal mucosa, we observed no protection against muscular layer injury 

by P8RI infusion. However, it has been shown that the neutrophil infiltration in the intestinal 

mucosa begins as early as 1 hour after ischemia/reperfusion, whereas it is delayed by 24 to 

72 hours in the muscular layer20. This could explain why we failed to detect a protective 

effect on the muscular layer at 4 hours of reperfusion after 30 min of ischemia.  

Cell-free DNA is a non-specific marker of tissue injury released into the bloodstream from 

necrotic cells21, and is an independent predictor of mortality and sepsis in critically ill 

patients22,23. In human acute mesenteric ischemia/reperfusion, cell-free DNA is associated 

with the severity of bowel inflammation and necrosis24. Remarkably, we found that P8RI 

decreased the plasma concentration of cell-free DNA after mesenteric ischemia/reperfusion, 

indicating that P8RI significantly reduced intestinal tissue damage. 
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A basal circulating form of CD31 was detected in I/R controls, P8RI and sham groups. It has 

been shown that, in normal human plasma, there exists a soluble form of mature CD31 

containing the cytoplasmic tail and reaching a concentration of 10 to 25 ng/ml, which is 

secreted only 48 hours after intracellular synthesis25. Thus, the soluble CD31 quantified here 

was more likely to result from the cleavage and shedding of CD31 after ischemia/reperfusion 

than to represent the mature form. 

The cleavage of CD31 strongly correlated with the epithelial layer injury, neutrophil activation 

and cell death. It emphasizes the important role of CD31 in maintaining the integrity of 

intestinal mucosa. The protective effect of P8RI could be related to the inhibition of CD31 

cleavage from neutrophils, thus decreasing their protease activity on the intestinal mucosa.   

Bacterial translocation is a specific feature reflecting the loss of epithelial cell integrity after 

mesenteric ischemia/reperfusion and is a trigger of the systemic innate immune response 

and sepsis26. We found that P8RI decreased bacterial translocation as assessed by the 

detection of DNA from Escherichia coli in plasma using a real-time PCR technique, a more 

sensitive assay than bacterial blood cultures27.  

This study has several limitations. P8RI has not been tested for curative treatment, but it 

was useful to assess its protective role on a "controlled" mesenteric ischemia/reperfusion, a 

clinical condition encountered in repair of the descending aorta28. In addition, the cell type 

responsible for the shed CD31 in plasma was not determined. It may originate from tissue 

and/or blood neutrophils, and/or endothelial cells and/or platelets. In humans, the 

extracellular domain of CD31 is shed at different sites depending on the cellular origin 

(neutrophils, platelets or endothelial cells) and released in the circulation as a soluble form 

of CD3129,30. Our laboratory has developed a cytometric bead array technology to identify 

and quantify different soluble fractions of shed CD31 according to their cellular origin31,32. 

Unfortunately, this technology is not available for use in rats. Instead, we used a polyclonal 

antibody that targeted all forms of shed CD31 in plasma. 

In conclusion, P8RI peptide binding to cleaved CD31 reduced neutrophil activation and 

ischemia/reperfusion-induced intestinal injury. Drug-suitable P8RI is potentially a promising 

therapy for preventing acute mesenteric consequences of ischemia/reperfusion.  
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Supplemental Information 

 

Table E1: Histological grading system: Chiu's score  

Grade Histological appearance  

0 

1 

2 

3 

4 

5  

Normal  

Subepithelial oedema, partial separation of apical cells 

Epithelial cell sloughing from tips of villi  

Progression of sloughing to base of villi  

Partial mucosal necrosis of lamina propria  

Total mucosal necrosis  

 

 

Figure E1: Morphometric analysis of the intestinal wall.  

Histological gut sections were scanned (slide scanner, Hamamatsu Nanozoomer) (A) and 

analysed using a custom QWin software (B). The luminal area (in blue) was defined by 

thresholding the space inside the intestinal ring whose external border was limited by the 

epithelium. The muscular layer (in red) was defined as extending from the basal side of the 

epithelial layer to the external border of the intestinal ring. The epithelial layer (in green) was 

defined as the area contained between the lumen and muscular layer.  
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for the detection of the antigen-antibody reaction. The absorbance was analyzed at a 

wavelength of 450nm using a Tecan monochromator plate reader. 

Assessment of cell death  

Plasma cell-free DNA concentration was determined using the Quant-it Picogreen dsDNA 

Reagent Kit (Invitrogen). The lambda DNA standard and 10 μL of the sample were diluted 

in TE buffer before the addition of 100 μL Picogreen dsDNA reagent. After mixing, 

fluorescence was measured using a micro-plate reader (excitation 480nm, emission 

520nm). 

Assessment of bacterial translocation 

Bacterial translocation was assessed by the quantification of genomic DNA from Escherichia 

coli in plasma. The technique used real time PCR (CFX96TM Real Time System, BioRad). 

DNA extractions were performed using 20μL of a dilution buffer and 0.5μL of a DNA release 

additive (Phire Tissu Direct PCR Master Mix, Thermo). After incubation at room temperature 

(5min), plasma was denatured at 98°C (2min) and centrifuged at 16,000 g (5min). One 

microliter of the supernatant was used to perform a real-time PCR with Escherichia coli’s 

specific primers (Eurogentec). The amplification was programmed for a first cycle at 50°C 

(2min), a second cycle at 95°C (15min), 50 cycles at 95°C (40sec) and a last cycle at 60°C 

(1min). The Ct value represented the number of cycles at which a sufficient quantity of 

amplified DNA had accumulated to yield a detectable fluorescence signal in plasma. The 

plasma concentration of Escherichia coli DNA was proportional to the inverse of the Ct value 

(1/Ct value). 
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Abstract 

 

Islet grafting restores endogenous insulin production in type 1 diabetic patients but long-term 

outcome remains disappointing due to the destruction of allogeneic islets by recipients’ adaptive 

immune system. In solid organ transplantation, humoral rejection is recognized as the first cause of 

transplant failure. However, the observation of a cohort of 27 islet graft recipients revealed that the 

rate of graft attrition was not accelerated by appearance of donor- specific anti-HLA antibodies 

(DSA), suggesting that islet graft may be resistant to humoral rejection. 

Murine experimental models showed that, while DSA bind to allogeneic targets expressed by islet 

cells and can readily induce their destruction in vitro, passive transfer of DSA did not impact islet 

graft survival in vivo. Live imaging studies using fluorescent and radiolabelled DSA, demonstrated 

that DSA were sequestrated in recipients’ circulation and unable to reach endocrine cells of grafted 

islets. Heart transplantation model confirmed that endothelial cells were the only accessible targets 

for DSA, which induced the development of typical microvascular lesions in allogeneic transplants. 

Interestingly, the vasculature of allogeneic islet grafts exposed to DSA was devoid of histological 

lesions. This was due to the fact that re-establishment of blood-flow in grafted islets occurs through 

sprouting of capillaries from recipient’s origin. We concluded that endothelial chimerism combines 

with vascular sequestration of DSA explains islet graft resistance to humoral rejection. Beyond the 

field of islet grafting, the reduced concentrations in immunoglobulin in interstitial tissue, confirmed in 

transplanted patients, may have important implications for biotherapies such as vaccines and 

monoclonal antibodies. 

 

Introduction 

 

Type 1 diabetes is one of the most prevalent chronic diseases of childhood. Epidemiologic studies 

have estimated that ~70,000 new cases are diagnosed every year and that the incidence of the 

disease increases annually by 2-5 % worldwide. 

Type 1 diabetes is caused by an autoimmune-mediated destruction of pancreatic β cells, one of the 

4 major types of cells present in the islets of Langerhans. β cells are unique cells in the pancreas 

that synthesize and secrete insulin, a key hormone for regulating glucose levels. β cells destruction 

therefore results in life-long dependence on exogenous insulin. Despite advances in insulin 

formulations, insulin delivery systems, and glucose monitoring, less than one-third of patients meet 

clinical care targets needed to prevent secondary end-organ complications such as retinal, renal, 

and neurological diseases1. 
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Interestingly, early rodent experiments have demonstrated that islets of Langerhans (in which β cells 

represent 65-80% of the cells) can be isolated from pancreas exocrine component and grafted into 

a diabetic mouse2. Advances in pancreatic islet isolation and refinement of immunosuppressive 

protocols allowed to obtain the first patient achieving insulin independence in 19903. In contrast to 

intensive insulin regimens and insulin pumps, pancreatic islet grafting allows restoring endogenous 

insulin secretion, which efficiently prevents, halts, or reverses the development or progression of 

secondary diabetes complications4,5. Unfortunately, islet function decreases over time such that by 

3 years post- transplant, less than 50% of the recipients remain insulin independent6. 

Identifying the causes of progressive attrition of grafted islets appears as a necessary step to 

improve long-term results. Involvement of recipient’s immune system is strongly supported by the 

observation that graft function is more resilient in autografts than allografts7. Alloimmune response 

drives rejection through two distinct effector arms: antibodies and cytotoxic T-cells. Donor-specific 

antibodies (DSA) are increasingly recognized as the prime cause of solid organ transplant failure8,9. 

As solid organ recipients, islet allograft recipients also develop DSA10–12, however the impact of DSA 

on islet graft function remains unclear. Indeed, the few studies that have investigated whether DSA 

generation correlated with decreased islet graft survival have reached conflicting conclusions10–13. 

Here, we describe the results of a translational study demonstrating that allogeneic islets are 

resistant to DSA-mediated rejection. Although DSA can destroy islet cells in vitro, the decline of islet 

graft function was not accelerated in patients that developed DSA. Using murine experimental 

models, we demonstrate that the resistance of allogeneic islets to humoral rejection is explained by 

the combination of i) vascular sequestration of DSA, which are unable to access the allogeneic β 

cells in vivo and ii) the fact that unlike vascularization of transplanted organs (which comes from the 

donor), islet graft vascularization develops from the recipient. 

 

Results 

 

DSA do not accelerate pancreatic islet graft attrition in the clinic 

In order to evaluate the impact of DSA on islet graft survival, we undertook a retrospective 

multicentric study. The medical files of all patients successfully grafted with allogeneic islets within 

the GRAGIL consortium between 2000 and 2013 were reviewed. Twenty-seven recipients had 

sufficient available clinical and biological material to be retrospectively analyzed. 

The β-score14 which integrates insulin requirements, C-peptide secretion, and glycemic control, was 

used to monitor the pancreatic islet graft function of the cohort longitudinally. As expected, β cell 

function decreased regularly over the follow-up period as reflected by the slope of linear regression 

(-0.5 β-score point per year; Figure 1A). 
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Among these 27 patients, 4 developed DSA while on immunosuppressive therapy with functional 

islet grafts. The rate of islet graft attrition of these 4 recipients with DSA was remarkably similar to 

the rate of islet graft attrition of patients without DSA (DSA vs no DSA: -0.53 vs -0.51, β-score point 

per year; Figure 1B). 

Although the low number of patients and the correlative nature of the study did not allow drawing 

definitive conclusions, these results suggested that, in contrast with solid organ transplants, grafted 

islets are resistant to humoral rejection. 

 

Murine model of intra-hepatic pancreatic islet grafting recapitulates the clinical findings 

Wild type C57BL/6 (H-2b) mice were rendered diabetic by administration of intraperitoneal injection 

of streptozotocin. Diabetic mice were used as recipients of purified pancreatic islets (Figure 2A), 

which were injected in the portal vein as to mimic the grafting procedure used in the clinic (Figure 

2B). Pancreatic islet morphology was assessed in the liver of syngeneic recipient mice 50 days post-

grafting. Morphologically intact islets were found scattered within hepatic parenchyma, close to blood 

vessels of the portal tract (Figure 2C). 

Grafted mice normalized their glycaemia within 4 days (Figure 2D). Wild type C57BL/6 (H- 2b) mice 

tolerated syngeneic islet grafts, as demonstrated by the fact that they remained euglycemic until the 

end of follow-up (Figure 2D). CBA islets (H-2k) triggered an allogeneic response in recipient mice, 

as reflected by the generation of DSA, which were detected in recipients' circulation and could be 

quantified using a customized flow cross match assay (Figure 2E). Recipient's allogeneic response 

led to the destruction of grafted islets as shown by return to hyperglycemia within 15 days (syngeneic 

vs allogeneic islets survival: p=0.0008, Log Rank test; Figure 2D). 

In contrast with wild type animals, C57BL/6 RAG2 KO mice, which lack T and B cells but have a 

functional innate immune system, did not reject CBA islet grafts (Figure 2F). These results 

highlighted the central role of adaptive immunity in islet graft rejection and indicated that our model 

could be used to evaluate separately the impact of the two effector arms of adaptive immune system: 

i.e. antibodies and T cells. 

In line with the latter idea, purified T cells were first transferred to C57BL/6 RAG2 KO recipients, 

which led to prompt rejection of allogeneic CBA islets, despite the absence of DSA. These data 

established that T cell-mediated response is sufficient to reject an allogeneic islet graft. 

The impact of the sole recipient’s humoral alloimmune response on islet graft survival was then 

evaluated using passive transfer of DSA. Intravenous (IV) infusions of pooled immune sera were 

started 15 days after grafting procedure to mimic the clinical situation of patients developing de novo 

DSA. The amount of immune sera infused was set as to match the peak of DSA with the median 

value of DSA concentration observed in wild type C57BL/6 islet recipients (Figure 2E). The frequency 
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of immune sera infusions (every 72 hours) was set to keep the titer of circulating DSA close to the 

median value of DSA concentration observed in wild type C57BL/6 islet recipients (Figure 2E). In 

contrast with recipients transferred with purified T cells, mice transferred with DSA maintained 

normal glycaemia for all the follow- up period (Figure 2F) despite the fact that grafted islets did 

express donors' H-2 molecules (Figure 2G). This finding is reminiscent of our observation made in 

the clinic and raises the question of why grafted islets are resistant to DSA-mediated destruction. 

 

Recipients' humoral response can destroy allogeneic islets in vitro 

Antibody-mediated rejection is widely recognized as the first cause of failure for transplanted 

organs8,9, including pancreas15,16. Beyond the mere quantity (i.e. the titer) of DSA, several recent 

clinical studies have highlighted the importance of the "quality" of DSA (i.e. the nature of heavy chain 

isotypes17 and the ability for DSA to activate the complement cascade18,19). A first possibility to 

explain the lack of deleterious impact of DSA on grafted islets is that the nature of the alloimmune 

humoral response triggered by a graft might differ from that triggered by a transplant. To test this 

hypothesis, DSA responses of wild type C57BL/6 mice receiving either a CBA islet graft or a CBA 

heart transplant were compared. Although the peak of DSA titer was less heterogeneous and 

significantly higher after heart transplantation (heart vs islet: 1059±210 vs 25±11 μg/ml, p<0.0001, 

Mann Whitney test; Figure 2E), the spectra of heavy chain isotypes of DSA generated in response 

to a graft and a transplant were remarkably similar (Figure 2H), as was the ability for the two kinds 

of sensitized sera to destroy the cellular targets in a complement-dependent lymphocytotoxicity test 

in vitro (Figure 2I). Of note, a DSA titer of 3.2 μg/ml (equivalent to the median value observed in wild 

type C57BL/6 islet recipients and used in transfer experiments, Figure 2E) was sufficient to destroy 

100% of allogeneic lymphocytes in vitro (Figure 2I). Finally this DSA titer was also sufficient to 

promote the destruction of 75% of allogeneic islet cells used as targets in a complement-dependent 

cytotoxicity assay in vitro (Figure 2J). 

These results suggest that the lower DSA titers are likely not the sole explanation to the resistance 

of grafted islets to humoral rejection. 

 

Optimizing experimental model to explore the mechanisms of islet graft resistance to DSA-mediated 

rejection in vivo 

Intra-portal injection of pancreatic islets leads to their dissemination in liver parenchyma, which 

precludes direct in vivo observation of grafted islets and makes impossible their retrieval for analysis 

(Figure 2C). To facilitate the identification of the mechanisms underlying islet graft resistance to 

DSA-mediated rejection in vivo, we relied on an alternative, well validated model of islet grafting20,21, 

where purified pancreatic islets are placed under the capsule of recipient's left kidney (Figure 3A). 
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Of note in this model, left nephrectomy (i.e. islet graft removal) at the end of follow-up period offers 

the unique opportunity to confirm the function of the graft and to rule out that glycemic control is due 

to neogenesis of insulin-producing β cells in native pancreas. Graft morphology analysis, performed 

50 days after the procedure, showed large insulin-producing endocrine aggregates connected to 

cortical kidney vascularization (Figure 3B). 

The subcapsular model of islet grafting recapitulated all the observations made when pancreatic 

islets were injected into the portal vein. Briefly: wild type C57BL/6 mice tolerated syngeneic islet 

grafts (Figure 3C). CBA islets were rejected by wild type C57BL/6 recipients (syngeneic vs allogeneic 

islet survival: p<0.0001, Log Rank test; Figure 3C), who generated DSA during the rejection process 

(Figure 3D). Finally, C57BL/6 RAG2 KO recipients did not reject CBA allogeneic islets (Figure 3E), 

even when they were infused twice weekly with DSA-containing immune sera (Figure 3E). 

The use of immune sera represented another limitation to dissect the mechanisms underlying the 

resistance of grafted islets to humoral rejection. The heterogeneity of humoral responses generated 

by recipient mice (Figure 2E and 3D) made indeed complex the standardization of DSA transfer 

experiments. Although we made important efforts to ensure that each recipient received similar 

amount of DSA (Figure 2E and 3D), it was difficult to control the stability of the "quality" (i.e. spectrum 

of heavy chain isotypes and ability to activate the complement) of the different batches of pooled 

immune sera. Immune sera also represented a limitation to track DSA in vivo. The use of a 

commercially available purified mouse anti-H-2k monoclonal antibody (mAb) allowed overcoming 

these technical hurdles. The HB13 mAb, a mouse IgG2a directed against H-2Kk and Dk major 

histocompatibility complex class I molecules, was chosen for its ability to promote antibody-mediated 

rejection lesions in H-2k heart transplants 22. In vitro, HB13 displayed comparable ability as pooled 

immune sera from wild type C57BL/6 islet recipients to trigger complement-dependent 

lymphocytotoxicity (Figure 3F). However, since HB13 was slightly less efficient than pooled immune 

sera to induce allogeneic islet cell destruction in vitro (Figure 3G), we set the amount of HB13 

transferred IV as to obtain a peak ~ a log higher than the median value of DSA concentration 

observed in wild type C57BL/6 islet recipients (Figure 3H). Infusion were performed IV every 72 

hours to ensure that the titer of HB13 stayed above the median value of DSA concentration observed 

in wild type C57BL/6 islet recipients (Figure 3H). Similar to passive transfer of immune sera, IV 

infusions of HB13 did not show any impact on CBA islet graft survival in C57BL/6 RAG2 KO 

recipients (Figure 3I). 

 

DSA do not induce microvascular lesions to pancreatic islet graft in vivo 

C57BL/6 RAG2 KO mice were used as recipients of either subcapsular CBA pancreatic islets or a 

CBA heart transplant. HB13 or PBS was infused IV twice weekly to recipient mice for 30 days and 
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grafts/transplants were harvested for histological analysis. PBS did not induce significant histological 

changes to heart transplants and islet grafts. Heart transplants exposed to DSA showed, as 

previously reported22,23, leukocyte margination in dilated capillaries (Figure 4A), which is typical of 

humoral rejection24,25. In contrast, pancreatic islet grafts exposed to DSA in vivo were devoid of such 

microvascular lesions (Figure 4A). Immunohistochemistry confirmed that, in contrast with heart 

transplants and despite the fact that they had similar density of microvessels, grafted islets did not 

develop endothelial turgidity, complement activation, or leukocyte infiltration upon DSA exposure 

(Figure 4B). Electron microscopy analyses further confirmed the integrity of both endothelial and 

endocrine cells of grafted islets exposed to DSA in vivo (Figure 4C). 

 

Endothelial chimerism protects grafted islets from DSA-induced vascular lesions in vivo  

In contrast with transplantation, where perfusion is immediately reestablished by surgical 

reconnection of arterial and venous vessels of the organ to recipient's circulation, the restoration of 

blood flow to grafted islets involves angiogenesis26–30. We postulated that this difference might 

explain the resistance of islet graft vasculature to the deleterious impact of DSA. 

Syngeneic (C57BL/6, H-2b) or allogeneic (CBA, H-2k) hearts were transplanted to C57BL/6 RAG2 

KO recipients. Four weeks after transplantation, the heart transplants were harvested and, following 

enzymatic digestion, the origin of hematopoietic (CD45+ CD31-), stromal (CD45- CD31-), and 

endothelial cells (CD45- CD31+) was assessed by H-2k expression using flow cytometry (Figure 

5A). As expected, the endothelial cells of heart transplants were all from donor origin (Figure 5A). 

The same conclusion was reached when the same approach was applied to freshly isolated islets 

(Figure 5B).  

Using the subcapsular model in C57BL/6 RAG2 KO recipients, we were able to micro-dissect grafted 

islets, which allowed performing the analysis at various time points (Figure 5C). Even in the absence 

of rejection in these immunocompromised recipients, a progressive replacement of donor endothelial 

cells by endothelial cells from recipient origin was observed within grafted islets (Figure 5D). Donor 

endothelial cells indeed represented less than 1/3 of intra-islet endothelial cells 6 weeks post-

grafting. Since recipient endothelial cells do not express donor-specific allogeneic targets, the 

establishment of this endothelial chimerism therefore explains the lack of microvascular lesions in 

pancreatic islet grafts exposed to DSA. Endothelial cells of pancreatic islets are not directly 

responsible for graft function (i.e. the maintenance of recipient's glycemic balance) that depends on 

the production of insulin by CD45- CD31- endocrine cells. In contrast with endothelial cells, 

endocrine cells of CBA islet grafts expressed H-2k 6 weeks post-grafting in C57BL/6 RAG2 KO 

recipients (Figure 5E), demonstrating that they were of donor origin. While the expression of 

allogeneic targets should make endocrine cells sensitive to DSA-mediated destruction, the lack of 
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impact of DSA transfers on islet graft function (Figure 2F and 3E) instead demonstrates that 

endocrine cells are resistant to humoral rejection. 

 

Increasing the expression of allogeneic targets on endocrine cells do not break islet graft resistance 

to humoral rejection in vivo 

A first possible explanation to explain the lack of sensitivity of graft endocrine cells to DSA was that 

these cells expressed significantly less allogeneic targets than endothelial cells (MFI of H-2k staining 

of endocrine vs endothelial cells: 2762±2573 vs 59215±43506, p=0.012, t- test). In vitro exposure of 

dissociated islet cells to 0.5 ng/ml interferon gamma (IFN- γ) boosted the level of expression of MHC 

molecules (MFI of H-2k staining before vs after IFN-γ: 5271±21932 vs 53535±53515, p<0.0001, t-

test; Supplementary Figure 3A). As expected, increasing the expression of allogeneic targets on 

dissociated islet cells made them more susceptible to DSA-mediated destruction in vitro (% of live 

cells without vs with IFN- γ: 48.7±4.9 vs 5.7±0.4, p<0.05, one-way ANOVA; Supplementary Figure 

3B). Similar findings were made when the experiments were conducted specifically with an insulin- 

producing β cell line (Supplementary Figure 3C and 3D). 

To determine whether increasing the expression of allogeneic targets on endocrine cells would be 

sufficient to break islet graft resistance to DSA in vivo, we relied on previously published works, 

which had reported that administration of polyinosinic:polycytidylic acid (poly I:C) to mice increased 

IFN-γ serum level up to a concentration of 1 ng/ml 31, similar to what we used for in vitro 

experiments. While intraperitoneal administration of 100 μg poly I:C reliably boosted MHC-I 

expression on pancreatic endocrine cells in vivo (MFI of H-2k staining without vs with poly I:C: 

2633±15306 vs 55077±54026, p<0.0001, t-test; Supplementary Figure 3E), co-injection of poly I:C 

with DSA did not increase the sensitivity of CBA pancreatic islet grafts to humoral rejection (Figure 

5F). These results indicate that the level of expression of allogeneic targets is not a key parameter 

explaining islet graft resistance to DSA-mediated rejection in vivo. 

 

Vascular sequestration of DSA protects islet grafts from humoral rejection in vivo 

The impossibility for circulating DSA to reach the allogeneic targets expressed by endocrine cells 

could be another explanation for in vivo resistance of islet grafts to humoral rejection. 

Immunoglobulins are indeed massive polar proteins, which may limit their ability to diffuse outside 

the vascular bed. In line with this theory was the observation that DSA-mediated lesions in transfer 

experiments were exclusively concentrated in the vasculature of heart transplants (Figure 4A and 

4B). HB13 and an IgG2a κ isotype control mAb were conjugated with small fluorescent tags that 

allowed in vivo tracking of labeled immunoglobulins. In vivo video-microscopy of mesenteric 

vasculature of C57BL/6 mice revealed that, following IV injection of DyLight 633-labeled isotype 
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control mAb, fluorescent mAb were only detected within blood vessels. Only a local application of 

histamine, an organic nitrogenous mediator known to increase vascular permeability32, resulted in 

progressive diffusion of the fluorescent mAb in the surrounding interstitial tissue. 

In vivo video-microscopy was then used to monitor the distribution of fluorescence within grafted 

pancreatic islets. DyLight 488-conjugated HB13 and DyLight 633-conjugated isotype control mAb 

were coinjected IV to C57BL/6 RAG2 KO recipients. Under baseline conditions, both fluorescent 

mAb were only detected in the blood vasculature of grafted islets (Figure 6A). Application of 

histamine solution on grafted islets induced the diffusion of both fluorescent mAbs within the 

interstitial tissue of islet grafts (Figure 6B). While DyLight 633 signal progressively faded as isotype 

control mAb was washed away by lymph flow, DyLight 488 fluorescence remained stable, 

demonstrating that following extravasation from the circulation, DSA were able to bind to allogeneic 

targets expressed by endocrine islet cells (Figure 6B). 

Although these findings supported the theory of a vascular sequestration of DSA, in vivo video-

microscopy did not allow extending the tracking of mAb beyond few hours. To rule out the existence 

of a slow diffusion of DSA within grafted islets, we conducted a second set of experiments, where 

DSA was labeled with a gamma-radioactive isotope of iodine-125 (HB13-125I). HB13-125I was injected 

IV to C57BL/6 RAG2 KO mice and the radioactive signal was kinetically assessed over 72 hours 

using SPECT/CT-imaging (Figure 6C). HB13-125I was only detected in the blood vasculature of the 

animals (Figure 6C). To further confirm the very limited ability of DSA to diffuse outside the vascular 

bed, we directly measured the radioactive signal emitted by various tissues of C57BL/6 RAG2 KO 

mice, 72H post IV injection of HB13-125I. In line with previous data, HB13-125I signal was almost 

entirely detected in the vascular system (i.e. spleen and blood; Figure 6D). Analyzing more precisely 

which fraction of the blood was containing the radioactive signal, we observed that HB13-125I was in 

plasma rather than in cellular fraction, ruling out the possibility that vascular sequestration of DSA 

was the consequence of immunoglobulin binding to Fc receptors of peripheral blood mononuclear 

cells (Figure 6D). Finally, HB13-125I was injected IV to C57BL/6 RAG2 KO recipient of either an islet 

graft or a heart transplant. While CBA heart displayed an increased radioactive signal as compared 

with control syngeneic heart (Figure 6E), islet to blood ratios were similar for CBA and C57BL/6 islet 

grafts, thereby demonstrating that allogeneic stromal cells from the graft are inaccessible targets for 

DSA. 

 

Vascular sequestration of DSA and complement components in transplanted patients 

In an attempt to validate the vascular sequestration of DSA in the clinic, we compared the 

composition of 32-paired plasma and lymph samples from recently transplanted renal recipients. 

Lymph samples, obtained from surgical drainage, were used as surrogates for interstitial fluid. SDS-
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PAGE analyses revealed that plasma contained significantly more proteins than lymph (Figure 7A). 

This difference was more pronounced for high molecular weight proteins, i.e. proteins whose 

molecular weight was > 80 Kda (Figure 7A). Accordingly, lymph/plasma protein ratio inversely 

correlated with molecular weight in a linear regression model (p<0.0001; Figure 7A). 

In line with these findings, lymph concentration of immunoglobulins G (IgG), whose molecular weight 

is 150 Kda, was only 1/3 of plasma concentration (plasma vs lymph: 7.85±1.94 vs 2.67±1.06 g/l, 

p<0.0001, paired t-test; Figure 7B). Seven patients from the cohort were sensitized against 

allogeneic human leukocyte antigen (HLA) molecules non- expressed by their renal allograft, which 

offered the opportunity to specifically evaluate the diffusion of anti-HLA antibodies in tissues. Of the 

72 distinct anti-HLA antibody specificities detected in these 7 plasma samples (52 anti-HLA II and 

20 anti-HLA I), 56 (78%) were also present in paired lymph samples but at lower titers (Figure 7C). 

Comparison of DSA titers for paired plasma and lymph samples, showed a positive correlation in 

linear regression model (p<0.0001; Figure 7D). Of the 16 anti-HLA specificities that were missing in 

the lymph, 9 (56%) were directed against HLA I, and 7 (44%) against HLA II. All 7 patients had at 

least 1 (range: 1 to 4) anti-HLA specificity missing in lymph repertoire. One patient had anti-HLA 

antibodies only in the circulation. 

Several recent clinical studies have highlighted the importance of the classical complement cascade 

in the pathophysiology of DSA-mediated rejection17–19. The binding of C1q to DSA complexed with 

alloantigens initiates the cascade, which results in the assembly of the classical pathway C3 

convertase. The latter cleaves C3 into C3a, a potent proinflammatory mediator that causes leukocyte 

recruitment, and C3b leading to the formation of membrane attack complexes. Interestingly C1q and 

C3 are both large proteins, whose molecular weights (respectively 400 and 186 Kda) exceed the 

molecular weight of IgG. Accordingly, these two activators of the classical complement cascade had 

even lower lymph/plasma concentration ratios than that of IgG (IgG vs C3 vs C1q: 0.35±0.11 vs 

0.24±0.11 vs 0.22±0.10, p<0.0001, one-way ANOVA; Figure 7E). 

These findings indicated that in human large proteins, including antibodies and activators of the 

complement cascade have limited ability to diffuse outside the vascular bed. Importantly, it shall be 

noted that vascular sequestration of large proteins is likely underestimated in our analyses because 

lymph samples were obtained from surgical drainages that were contaminated with trace of blood 

(as assessed by the presence of red blood cells: 123.103±203.103/mm3). 

 

Discussion 

Pancreatic islet grafting represents an attractive therapeutic alternative to pancreas transplantation 

for type I diabetic patients. Analyzing a cohort of 27 pancreatic islet graft recipients we observed 

that, although these patients can generate antibodies against donor- specific HLA molecules, DSA 
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appearance did not correlate with a shorten islet graft survival. This finding is in striking contradiction 

with the situation of solid organ transplantation8,9, including pancreas transplantation15,16, in which 

DSA-mediated rejection is unanimously recognized as the first cause of failure. 

Using murine experimental models of pancreatic islet grafting, we identified several synergizing 

factors that explain islet graft resistance to humoral rejection. First, although DSA generated in 

response to allogeneic islet graft had the same characteristics (heavy chain isotypes, ability to 

activate complement...etc) as DSA generated in response to solid organ transplant, DSA titers were 

consistently lower in graft recipients. A second contributing factor is that graft endocrine cells 

expressed constitutively low levels of allogeneic targets (i.e. donor MHC molecules). These two 

factors are however insufficient to solely explain islet graft resistance to humoral rejection since i) 

immune sera from islet graft recipients efficiently destroyed allogeneic islet cells in vitro, and ii) 

increasing MHC expression on islet cells failed to break the resistance of islet grafts to DSA in vivo. 

Instead we conclude that the resistance of allogeneic islets to humoral rejection is mainly the 

synergistic consequence of i) the vascular sequestration of DSA and complement activators that 

restrains the deleterious impact of recipient's humoral response to the allogeneic targets expressed 

by the vasculature, and ii) the fact that islet graft vascularization developed mostly from the recipient. 

Graft indeed differs from transplant inasmuch as no vascular anastomosis is performed at the time 

of the surgical procedure. Re-establishment of islet blood-flow, which is critical for survival and 

function of grafted islets, occurs through sprouting of capillaries from recipient’s origin26–28. Although 

some donor endothelial cells persist and can be integrated within newly formed microvessels29,30, 

they only represent a minor fraction of graft endothelial cells. The lack of accessible allogeneic 

targets on vasculature explains why grafts do not develop DSA- mediated microvascular lesions that 

characterize humoral rejection. However, in our experimental study passive transfer of DSA was 

only started 15 days after the grafting procedure to mimic de novo DSA generation. It is therefore 

possible that starting DSA transfer earlier, i.e. at a time when grafted islets still contain a high 

proportion of allogeneic endothelial cells33, might allow DSA to have deleterious impact on the graft. 

In fact, the variation of graft sensitivity to DSA due to dynamic changes in the origin of vascular bed 

has been proposed more than 30 years ago in a model of xenogeneic skin graft34. 

What could be the consequences of our findings in the clinic? The inexorable decline of islet graft 

function over time currently represents a major challenge in the field. Several lines of evidence 

indicate that, like in solid organ transplantation, recipient's alloimmune response is a major 

contributor to islet graft loss7,35. However, in contrary with transplanted organs, for which cellular 

rejection represents a marginal cause of graft loss36, our data instead indicate that cellular rejection 

is both necessary and sufficient for the destruction of grafted islets. This conclusion is in line with 

previously published works37,38 and carries important clinical implications. In solid organ 
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transplantation, histological examination represents the gold standard for the diagnosis of cellular 

rejection. In contrast, in clinical islet grafting, liver biopsies have not entered clinical routine for the 

monitoring of rejection. Indeed, only 5 to 10 g of purified pancreatic islets are injected in the portal 

vein of the recipient, leading to their dissemination within the 1.5 kg of liver parenchyma. As a 

consequence, the chance for a percutaneous needle biopsy to sample an islet is estimated below 

5/1000. Although several techniques have been developed to monitor anti-HLA reactivity of 

peripheral blood lymphocytes39–41, these surrogate approaches all imply the realization of labor-

intensive and complex in vitro assays precluding their use in routine. Hence, rather than the 

treatment, it is the diagnosis of cellular rejection that seems to represents the main hurdle to the 

improvement of islet graft survival. To differentiate into DSA-producing plasma cells, B cells need to 

receive the help of follicular helper T cells. DSA appearance in the circulation, which can be easily 

monitored42, therefore reflects the activation status of recipient’s allogeneic T cells. It is therefore 

conceivable that DSA, although devoid of direct pathogenic effect on grafted islets, could be valuable 

biomarkers for the diagnosis of T cell-mediated rejection (like autoantibodies in type I diabetes43). In 

line with this idea, two recent clinical studies have established that DSA monitoring reliably identified 

islet graft recipients with the higher risk for rapid graft failure12,13. DSA monitoring could therefore be 

used to guide initiation of rejection treatment in islet recipients. The validity of this concept has been 

nicely illustrated by the recent report that an islet graft recipient, who experienced a decline in graft 

function concomitant with the appearance of circulating DSA, experienced a favorable outcome after 

intensification of immunosuppression44. Interestingly, this patient received anti-CD20 monoclonal 

antibody, which efficiently depleted B cells but had little impact on DSA titer and repertoire45. The 

beneficial effect of anti-CD20 treatment was therefore likely due to its impact on antigen-independent 

B cell roles46. Another therapeutic option would be to directly target alloreactive T cells using anti-

CD3 mAb. This therapy, which has already proved successful to restore immune tolerance to self-

antigens in Type 1 diabetes47,48, could also be effective in the setting of graft rejection. Supporting 

this idea a study has demonstrated that a short low-dose course with anti-CD3 mAb started at the 

time of effector T cell priming to alloantigens, induced permanent acceptance of fully mismatched 

pancreatic islet grafts in a murine experimental model49. The beneficial effect of anti-CD3 mAb could 

be due to the fact that, while anti-CD3 mAb promoted the apoptosis of activated alloreactive T cells, 

regulatory T cells were spared from anti-CD3-induced depletion49,50. 

Finally, our study could also have more general implications in immunology. Our data indeed 

indicates that the reduced concentrations in several key components of the humoral response make 

interstitial tissue resistant to antibody-mediated lesions. This theory fits with seminal clinical 

observations made in the field of solid organ transplantation, in which humoral rejection was first 

named "vascular" rejection because most histologic damages were concentrated in the vasculature 
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of the transplants51. Physiologically, vascular sequestration of antibodies could contribute to the 

maintenance of immune tolerance in the presence of autoreactive B cell clones, which have 

repeatedly been observed in the humoral repertoire of healthy subjects52. It is also tempting to 

speculate that the difficulty for the immune system to transfer sufficient amount of antibody from the 

circulation to the site of tissue damage has been a driving evolutionary force for lymphoid 

neogenesis: the process by which ectopic “tertiary lymphoid organs” appear within chronically 

inflamed tissues53, including rejected grafts54, and serve as a site of local antibody generation54–57. 

Lastly, vascular sequestration of immunoglobulins and complement activators likely represents an 

important obstacle to the efficiency of biotherapies such as vaccines and monoclonal antibodies. 

Increasing vascular permeability of targeted tissue might represent an interesting approach to 

increase the therapeutic efficiency of these approaches. Supporting this concept, a recent 

experimental study has demonstrated that mice which have developed antibody against herpes 

simplex virus type 2 after vaccination, failed to survive to a new challenge with the virus in the 

absence of CD4+ T cells. The authors demonstrated that CD4+ T cells were indeed necessary to 

enable antibody delivery to the sites of infection by secreting IFN-γ and enhancing microvascular 

permeability 58. 

 

Materials and Methods 

 

Clinical studies 

To determine the impact of DSA on islet graft survival, we retrospectively reviewed the medical files 

of all patients that received an islet graft between 2000 and 2013 within the GRAGIL (Groupe Rhin-

Rhône-Alpes-Genève pour la Transplantation d'Ilots de Langerhans) Swiss-French multicenter 

network. Inclusion criteria were: i) successful islet grafting defined as insulin-independence post-

procedure for ≥2 years, ii) availability of biological material for analysis of DSA response (HLA typing 

of donor and recipient, plus exhaustive annual sera samples). Twenty-seven patients were identified 

(characteristics of the cohort are presented in Supplementary Table 1), among which 4 developed 

de novo DSA, all during the first year post-grafting. Islet graft function was monitored longitudinally 

using the ß-score, a validated composite score that integrates insulin requirements, C-peptide 

secretion and glycemic control14. 

To compare the concentrations of different proteins in plasma and lymph we enrolled 32 consecutive 

patients, who underwent kidney transplantation in Lyon University Hospital. Seven of these patients 

had preformed anti-HLA antibodies that were not directed to the donor. Lymph was obtained when 

surgical drain was withdrawn (post-operative day 3-7). On the same day, plasma was collected from 

routine blood examination. 
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All patients gave informed consent for scientific analysis of the samples. 

 

Comparison of lymph and plasma 

For SDS page analysis, 1 μl of plasma or lymph sample was mixed with 19 μl of loading buffer LDS 

(Invitrogen, Saint Aubin, France) and run on a Bolt® 4–12% Bis-Tris gel (ThermoScientific, Saint 

Aubin, France) in MOPS buffer (ThermoScientific). Proteins were stained with Bio-safe Coomassie 

stain (Bio-Rad, Marnes-la-Coquette, France) according to the manufacturer's instructions. 

The concentration of IgG and C3 were measured by immunonephelometry assay with BN ProSpec® 

(Siemens, Marburg, Germany) and C1q by Radial Immunodiffusion assays, kit for human 

complement functional assays (The Binding Site, Birmingham, UK). 

 

Detection and characterization of anti-HLA antibodies 

Centralized analyses were performed in a blinded fashion by a single trained immunobiologist (V.D.) 

at the French National Blood Service (EFS, Lyon, France). 

Sera and lymph samples were analyzed using Single Antigen Flow Beads (Lifecodes Single Antigen 

[LSA] class I and class II; Immucor, Norcross, GA). The mean fluorescence intensity (MFI) was 

measured on a LABscan 100 (One Lambda, Canoga Park, CA). 

Animals 

Wild type C57BL/6 (H-2b, CD45.2), C57BL/6 Ly5.1 (H-2b, CD45.1) and CBA (H-2k) mice aged 8-15 

weeks were purchased from Charles River Laboratories (Saint Germain sur l’Arbresle, France). 

RAG2 Knock Out mice on C57BL/6 background were obtained from CDTA (Cryopreservation 

Distribution Typage et Archivage animal, Orléans, France). All mice were maintained under EOPS 

(Exemption of Specific Pathogenic Organisms) condition in our animal facility: Plateau de Biologie 

Expérimentale de la Souris (http://www.sfr- biosciences.fr/plateformes/animal-sciences/AniRA-

PBES; Lyon, France). 

All experimental protocols were approved by the local ethical committee (CECCAPP). 

Experimental murine models 

Heterotopic heart transplantations were performed as in the literature59. 

Diabetes was induced by a single intraperitoneal injection of streptozotocin (170mg/kg). Recipient 

mice were considered diabetic if fasting glycaemia was measured >350mg/dL. Blood glucose level 

was monitored twice a week with FreeStyle Optium glucometer (Abbott, Rungis, France). 

For pancreatic islets isolation, collagenase type XI 2mg (Sigma-Aldrich, Saint Quentin Fallavier, 

France) dissolved in 2ml Hank’s solution was perfused into the pancreas of donor animal by 

cannulating the common bile duct. The pancreas was then removed and incubated at 37oC for 12 

minutes. Islets were isolated by gradient density with Histopaque 1077. 
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After isolation, islet equivalents (IEQ) were either injected into the portal vein of the recipient (550 

IEQ/recipient) or placed in the subcapsular space of left kidney (250 IEQ/recipient).  

Adoptive transfer of T lymphocytes 

For isolation of T lymphocytes, splenocytes from allosensitized C57BL/6 Ly5.1 mice were stained 

with phycoerythrin (PE)-conjugated antibodies against CD19 (1D3), B220 (RA3- 6B4), CD11b 

(M1/70), CD11c (HL3), NK-1.1 (PK136), Ter119/Erythroid cells (TER-119), CD117 (2B8) (1/200, all 

from BD Biosciences, Le Pont de Claix, France) and peridinin- chlorophyll protein (PerCP)- 

conjugated antibody against Thy1.2 (53-2.1) (BioLegend, London, United Kingdom). 

After staining, cells were negatively separated by LD magnetic columns with anti-PE Microbeads 

labeling (Miltenyi Biotec, Paris, France). The separated cell suspensions underwent cell sorting by 

using a FACS Aria cell sorter (BD Biosciences). Five million purified T lymphocytes were transferred 

intravenously (IV) to C57BL/6 RAG2 KO mice.  

 

Passive transfer of DSA 

Transferred DSA were either polyclonal (immune sera) or monoclonal (clone HB13 directed against 

H-2Kk and Dk; BioXcell, West Lebanon, USA). 

A single batch of immune serum was used for a given experiment. Each batch was prepared by 

pooling the serum of 6 C57BL/6 mice sensitized against H-2k. DSA titer was estimated for every 

batch using a custom flow cross match assay and a standard curve derived from known 

concentrations of HB13 (Supplementary Figure 1). 

DSA were passively transferred to recipients by retro-orbital injection until the end of follow- up. The 

amount of DSA transferred and the frequency of infusions was set to ensure that the titer of 

circulating DSA remained stable and similar to the median value observed in wild type recipients 

grafted with allogeneic islets. 

Flow cytometry 

Fresh islets were dissociated by trypsin (0.05%)-EDTA (0.02%) solution (Sigma-Aldrich). Islet grafts 

collected from subcapsular space of kidney were dispersed by mixture of dispase 

(0.8mg/ml)/collagenase P (0.2mg/ml) and 0.1mg/ml DNAase (all from Roche, Meylan, France). 

Heart transplants harvested from recipient were digested by 500 unit/ml collagenase type II 

(Worthington, Lakewood, NJ) and 1 mg/ml collagenase/dispase (Roche). 

Single cell suspensions were incubated with a blocking anti-mouse Fc receptor antibody (clone 

2.4G2) for 20 minutes at 4°C and then with relevant fluorescent monoclonal antibodies: CD31 (clone 

MEC 13.3, 1/200, BD biosciences), CD19 (clone 1D3, 1/200, BD biosciences), H-2Dk (clone 36-7-

5, 1/200, BD biosciences), kappa light chain (clone 187.1, 1/50, BD biosciences), IgG3 (clone R40-

82, 1/200, BD biosciences), IgG/IgM (polyclonal, 1/200, BD biosciences), CD45 (clone 30-F11, 
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1/400, BioLegend), IgG1 (clone LO-MG1-2, 1/200, Zymed, South San Francisco, CA) and IgG2b 

(polyclonal, 1/200, SouthernBiotech, Brimingham, AL)) for 10 minutes at 4°C. Before acquisition, 

0.1μg/ml 4’,6-diamidino-2- phenylindole (DAPI) was added to the cell suspension to stain dead cells. 

Samples acquisitions were made on a LSR II flow cytometer (BD Biosciences) and analyses were 

performed with FlowJo software version 10.0.8r1 (Tree Star Inc, Ashland, OR). 

In vitro cytotoxicity assay 

For in vitro cytotoxicity assay, CBA splenocytes, CBA islet cell suspensions or the H-2k restricted 

ßTC-tet cell line 60, were incubated with immune serum or HB13 mAb for 1 hour at 4°C. When 

indicated, target cells were pre-cultured 24 hours in 0.5ng/ml interferon-γ (INF-γ, Peprotech, Neuilly 

sur Seine, France) to enhance MHC class I expression. 

After washing of excess antibody, rabbit complement (Cedarlane, Burlington, USA) was added at 

1/16 dilution for one hour at 37°C. 

Dead cells were stained with DAPI and the percentage of viable cells was evaluated by flow 

cytometry. Survival rate is normalized on the results observed when cells were incubated with 

complement alone. 

Pathological analyses 

For analysis of H-2 expression by pancreatic islet cells, fresh islets isolated from C57BL/6 (H-2b) or 

CBA (H-2k) mice were embedded in Tissue-Tek OCT (Sakura Finetek, Villeneuve d’Ascq, France) 

and frozen in liquid nitrogen. Eight μm-thick cryosections were incubated for 20 minutes at 20°C with 

goat serum and then with 100μg/ml anti-H-2k mAb (clone HB13) overnight at 4°C. Sections were 

washed and then incubated with 20μg/mL AF488-conjugated goat anti-mouse IgG2a (Invitrogen) for 

1h at 4°C. DAPI 1μg/ml was added to the sections to stain cell nuclei. Images were taken at 20X 

magnification by Zeiss Axioimager Z1 (Zeiss, Marly le Roi, France) and acquired by software 

Metamorph version 7.8.13.0 (Molecular Devices LLC, Sunnyvale, CA). Images analysis was 

performed by ImageJ (NIH). Pathological analyses of grafted islets were made as follow. After 

euthanasia of mouse, followed by evacuation of blood by 40ml PBS infusion via abdominal aorta 

with incision of inferior vena cava, vessel painting was performed by infusing 300μg wheat-germ 

agglutinin conjugated with Alexa Fluo 488 (16μg/ml, Invitrogen) into abdominal aorta and then 4% 

paraformaldehyde (PFA) for fixation. Organs containing grafted islets (liver for model #1 or kidney 

for model #2) were harvested and 400μm-thick slices of fresh tissue were prepared with a vibratome. 

Tissue slices were postfixed in 4% PFA and permeated with 2% Triton-X 100 for 2 hours at 20°C. 

Afterwards, slices were incubated in 10% goat serum for blocking, followed by primary antibody 

incubation: polyclonal guinea pig anti-insulin antibody (1/50, Dako, Les Ulis, France) overnight at 

20°C. Goat anti-guinea pig IgG secondary antibody conjugated with AF647 (1/200, Invitrogen) was 

then used to reveal insulin-positive cells for 6 hours at 20°C. Nuclei were stained with 1μg/ml DAPI 
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for 1 hour at 20°C before applying specimens to slide and then immersed in the optical clearing 

solution RapidClear 1.52 (SunJin Lab, HsinChu, Taiwan). Images were taken at 5X magnification by 

Zeiss Axioimager Z1 and 20X magnification by LSM800 confocal microscope (Zeiss) with acquisition 

by software ZEN version 2.1 (Zeiss). Image analysis was performed by ImageJ. 

For histological assessment of DSA-mediated lesions, heart transplants or left kidney (containing 

grafted islets) were harvested 30 days after the beginning of DSA transfer, fixed in 4% buffered 

formalin for 24h and embedded in paraffin for hematoxylin and eosin stain and 

immunohistochemistry. Immunohistochemistry sections was performed as in the literature 61. 

Briefly, after antigen retrieval by heating in citrate buffer, the following primary antibodies were used: 

anti-mouse CD31 (1/50; Dianova, Hamburg, Germany), anti-C4d (1/50; DB Biotech, Kosice, 

Slovakia), and anti-mouse CD68 (1/200; AbD Serotec, Kidlington, UK) to stain respectively 

endothelial cells, C4d complement fraction, and macrophages. Sections were then revealed by 

Vectastain ABC HRP Kit (Vector, Peterborough, UK). The intensity of the staining was graded semi-

quantitatively (0 to 5) by a trained pathologist (P.B.). Transmission electron microscopy of left kidney 

(containing grafted islets) was performed as in the literature62. 

Intravital microscopy 

Mice were anesthetized by ketamine/xylene injection. Abdominal midline incision was made to pull 

the small intestine out or left flank incision was made to push left kidney out. Mesenteric vessels or 

left kidney (containing grafted islets) were exposed under upright fluorescence macroscope 

(MacroFluo, Leica Microsystems, Nanterre, France) equipped with a thermostatic plate and a 5X 

objective, which was connected to a sCMOS camera (Orca- Flash-4.0, Hamamatsu Photonics, 

Hamamatsu, Japan), and images were acquired by Metamorph and processed by ImageJ. HB13 

mAb labeled with DyLight 488 Fast Conjugation Kit (Abcam, Paris, France) and isotype control 

(mouse IgG2a kappa, BioLegend) labeled with DyLight 633 Fast Conjugation Kit (Abcam) were 

infused simultaneously by retro-orbital injection. When indicated 2μl of histamine (100nM) was 

applied on the optical field. 

Nuclear imaging 

HB13-125I was prepared using a direct iodination procedure with Iodogen® reagent (PerkimElmer, 

Waltham, USA) as oxidant. Briefly, 37 MBq of 125I were added to 20 μg of HB13 in phosphate buffer 

(50mM) and the mixture was then transferred into a precoated IODOGEN®. The reaction was 

allowed to proceed at room temperature for 15 minutes. Radioiodinated HB13 was then purified 

through a Micro-spin G-25 size-exclusion column. Dynamic single photon emission computed 

tomography (SPECT)/computed tomography (CT) acquisitions were performed immediately, 24, 48 

and 72 hours following an intravenous injection of 22.0 ± 3.6 MBq of HB13-125I. 
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Following SPECT/CT imaging, transplanted heart and recipient kidney were harvested along with 

major organs. Tissue samples were weighed and their radioactivity was determined by gamma-well 

counting. The results were expressed as a percentage of injected dose per gram of tissue (%ID/g). 

Recipients’ kidneys were then frozen, and 40μm-thick cryosections were obtained for 

autoradiographic imaging. Regions of interest were drawn in order to determine graft uptake. 

Transplanted heart and islet graft uptake were corrected to native heart or blood activity respectively. 

Statistical analyses 

For each data set, mean±standard deviation (SD) was calculated and was presented in the Results 

section of the main text. For graphical presentation of the same data sets, box plots were generated, 

using Prism software (Version 6.01; GraphPad Software Inc., La Jolla, CA), which present the entire 

data set distribution. The center line in the boxes shows the medians; box limits indicate the 25th 

and 75th percentiles, whiskers indicate the minimal and maximal values. 

Sample size was determined on the basis of local ethical committees and previous experiments in 

the lab. Thus the sample size was not calculated as to ensure adequate statistical power to detect 

hypothesized effect sizes. 

Differences between groups were evaluated (as indicated in relevant figure legends) by: Mann-

Whitney test, paired t-test, one-way ANOVA followed by a Tukey's post hoc test, or by two-way 

ANOVA followed by a Sidak's post hoc test, according to the size of the groups and the distribution 

of the variable. 

The differences between the groups were considered statistically significant for p< 0.05 and were 

reported with asterisk symbols (*: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001). 
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Figure legends 

 

 

Figure 1: DSA did not impact pancreatic islet graft function 

Pancreatic islet graft function of 27 patients was assessed every year using the ß score (mean±SD). Linear 

regression was used to estimate the relation between time and pancreatic islet graft function. A. The slope 

of regression line indicated the rate of islet graft attrition in the cohort. B. Four patients developed de novo 

donor-specific anti-HLA antibodies (DSA), all in the first year post-grafting. The rate of pancreatic islet graft 

attrition was estimated for the 4 patients with DSA (left: DSA+) and the remaining 23 patients without DSA 

(right: No DSA). 
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grafts are compared. ***: p=0.0008; Log Rank test. E. Flow cytometry cross match technique (described in 

Supplementary Figure 1) was used to quantify circulating DSA generated by wild type C57BL/6 recipients 

in response to a CBA heart transplant or an intraportal CBA islet graft. Individual values measured at the 

peak of humoral alloimmune response of 2 independent experiments (white and blue symbols) are shown. 

****: p<0.0001; Mann Whitney test. The same technique was applied to monitor the peak and trough level 

of circulating DSA 30 days after starting passive IV transfer of immune serum. F. Blood glucose level was 

measured twice weekly in C57BL/6 RAG2 KO recipients of an intraportal CBA islet graft. Evolution of 

glycemia (mean±SD) is shown for recipients transferred (green) or not (black) with immune serum. G. H-2k 

expression was assessed on CBA (H-2k, upper row) and C57BL/6 (H-2b, lower row) freshly isolated 

pancreatic islets (scale bar=100μm). H. Heavy chain isotype repertoire of DSA generated by wild type 

C57BL/6 recipients in response to a CBA heart transplant (grey) or an intraportal CBA islet graft (dashed 

black) were compared. DSA of different isotypes were quantified by flow cytometry, values are expressed 

in MFI (mean±SD). I. & J. The cytotoxic potential of immune serum was evaluated in vitro using complement- 

dependent cytotoxic assay. I. Cytotoxic potential of immune serum of wild type C57BL/6 recipients 

sensitized with either a CBA heart transplant (grey) or an intraportal CBA islet graft (black dashed) were 

compared. J. The cytotoxic potential of the immune sera used for in vivo transfer experiments was assessed 

on CBA pancreatic islet cell suspension in vitro. ***: p<0.001, one-way ANOVA. 
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islet grafts were compared. ****: p<0.0001 Log Rank test. D. Flow cytometry cross match technique was 

used to quantify circulating DSA generated by wild type C57BL/6 recipients in response to a CBA 

subcapsular islet graft. Individual values measured at the peak of humoral alloimmune response of 2 

independent experiments (white and blue symbols) are shown. The same technique was applied to monitor 

the peak and trough level of circulating DSA 30 days after starting passive IV transfer of immune serum. E. 

Blood glucose level was measured twice weekly in C57BL/6 RAG2 KO mice grafted under the kidney 

capsule with CBA pancreatic islets. Evolution of glycaemia (mean±SD) is shown for recipients transferred 

(green) or not (black) with DSA. F. & G. The cytotoxic potential of immune serum was evaluated in vitro 

using complement- dependent cytotoxic assay. F. Cytotoxic potential of immune serum of wild type C57BL/6 

recipients sensitized with a CBA islet graft (black dashed) and anti-H-2k mAb (clone HB13) 
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