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1 Introduction 

1.1 Atherosclerosis 

 Pathogenesis of atherosclerosis 1.1.1

Atherosclerosis, a chronic inflammatory disease, causes plaque formation and luminal 

narrowing in large and medium-sized arteries and can lead to ischemia of heart, brain, or 

extremities, resulting in infarction
1-4

. The cardiovascular diseases due to atherosclerosis 

are the leading cause of death in developed countries, although the mortality rates have 

fallen in recent years
5
. The risks of atherosclerosis are considered as interactions between 

genetic and environmental factors, such as high levels of low density lipoprotein (LDL), 

increased blood pressure and diabetes. Under these risk factors, atherosclerotic plaque is 

characterized by endothelial cell activation, lipids accumulation, inflammatory cells 

recruitment, macrophage and foam cell formation, smooth muscle cells (SMCs) 

migration and extracellular matrix deposition in arterial wall
2-4

.  

 

The large and medium-sized arteries has three morphologically layers (Figure 1). The 

intima (innermost and very thin layer) is composed of loose connective tissue 

(extracellular connective tissue matrix, primarily proteoglycans and collagen) and 

covered by a monolayer of endothelial cells on the luminal side. Bounded by internal 

elastic lamina with intima, the media (the middle layer) is consisted of SMCs with 

regular arrangement and some extracellular collagen. The adventitia (outer layer) consists 

connective tissues with few fibroblasts, SMCs, micro vessels, lymphatic vessels and 

nerves
1
. 

 

 

Figure1. The structure of normal 

large artery (Lusis AJ
1
). 

This diagram shows 3 layers of a 

muscular artery. Normal intima is very 

thin (exaggerated in this figure). 

Middle lay maintains vessel elasticity. 

Adventitia consists mainly of 

connective tissues
1
. 
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 Various stages of atherosclerosis 1.1.2

Under hyperlipidemia and systemic inflammation, endothelial cells (ECs) get activated 

and trigger the early plaque formation (known as fatty streak formation). After activation, 

ECs highly express leukocyte adhesion molecules, better for leukocytes rolling, adhesion 

and migration into the intima3, such as vascular cell adhesion molecule-1 (VCAM-1) 

upregulated before leukocyte recruitment to the areas of plaque development
6
. Moreover, 

ECs defect increases vascular permeability facilitating lipid components deposition, 

especially low-density lipoprotein (LDL). Sub-endothelial LDL is oxidized into oxidized 

LDL (oxLDL) and internalized by monocytes in plaque through overexpressed scavenger 

receptors, such as scavenger receptor A (SR-A) and CD367, 8. Lipid-laden monocytes 

transform into macrophages and undergo a series of changes into foam cells that 

ultimately form fatty streaks. Furthermore, oxLDL stimulates ECs to secrete various 

cytokines, which drive inflammatory cells infiltration into intima
7
. The intima becomes 

thicker under fluid dynamics changes at atherosclerosis-prone sites, such as artery 

branching points. Notably, many studies have shown that platelets play important roles in 

this early stage as the first blood cells arriving at a scene of inflammatory endothelium
3, 9

. 

 

Following fatty streak formation, a more complex lesion evolves, which leads to clinical 

complications. The advanced atherosclerosis plaques are characterized by accumulation 

of leukocytes, lipid-laden matrix, apoptotic cells, debris and cholesterol crystals to form a 

necrotic core, which is surrounded by a cap
7
. This cap is called fibrous cap composed of 

collagen-rich extracellular matrix, SMCs, macrophages and T cells. As more extracellular 

matrix components (EMCs) deposition, as plaque growth is promoted by cytokines, like 

interleukin (IL)-1 and 6, and tumor necrosis factor (TNF)-α
10

, and growth factors 

secreted from plaque cells. Eventually, the central core of mature plaques become 

necrotic, and neovascularization
11, 12

. As a result, the arterial lumen narrows (stenosis).   

 

During plaque progression, the matrix-degrading proteases and cytokines secreted from 

plaque cells cause fibrous cap thinning and erosion, which may ultimately lead to plaque 

rupture. Once plaque rupture, various pro-thrombotic materials are exposed to blood, 

such as collagen, plaque debris and tissue factor, which initiate coagulation cascade and 
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A. The early stage 

Endothelial cell activation in systemic 

inflammation leads to early platelet and 

leukocyte adhesion and increased 

endothelial permeability. 

B. The intermediate stage 

Monocytes i into intima and then 

internalize sub-intima accumulated 

lipids, transforming into macrophages 

or foam cells, which ultimately form 

fatty streaks. Continued mononuclear-

cell influx, matrix components 

deposition and SMCs emigration 

promote fibrous proliferation. 

C. The advanced stage 

Apoptosis of macrophages and other 

plaque cells leads to necrotic core 

formation, paralleled with a fibrous cap 

covering on the luminal side that 

consists of matrix and SMCs layer. 

Neovascularization can occur within 

plaque on the adventitial side, and 

leakage of these fragile vessels can lead 

to intra-plaque hemorrhage. 

thrombus formation, resulting in myocardial infarction, stroke or acute limb ischemia
2, 3

 

(Figure 2).    Figure 2: Atherosclerotic stages (Weber et. al
2
). 

 

 

 

  

 

B 

A 

C 

D 
D. The complication 

Thinning and erosion of the fibrous cap 

in unstable plaques, for example, owing 

to matrix degradation by proteases, 

ultimately results in plaque rupture, 

with debris release, coagulation system 

activation and thrombosis in artery. 

This results in arterial occlusion and 

myocardial infarction or stroke. 
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1.2 Neointimal hyperplasia following vascular injury 

Compared to chronic and lipid-induced atherosclerosis, acute mechanical injury also 

leads to arterial narrowing. The vascular stenosis, defined as narrowing more than 50% of 

luminal diameter, is a major clinical pathogen of various cardiovascular events associated 

with arterial ischemia. Current therapeutic approaches to restore blood flow mainly 

include percutaneous transluminal angioplasty (PTA), stenting and bypass surgery, which 

mechanically injury the vessel wall. Although these treatments effectively relieve 

stenosis after operation, the recurrence of stenosis (restenosis) becomes a main clinical 

challenge. The high incidence rate is 25-50% in patients after balloon angioplasty with 

the majority undergoing revascularization within 6 months13, 14. To limit the high rate of 

restenosis after balloon angioplasty, placing a stent into the stenosis was introduced. 

Coronary stenting significantly improved this outcome, as a 10% reduction of restenosis 

rate compared to angioplasty alone
15

. Currently the drug eluting stents are widely 

implemented, which have substantially reduced the restenosis rate. Despite considerable 

development of therapy progress, the mechanisms of restenosis (neointimal hyperplasia) 

remains incompletely understood. 

 

One hypothesis is used to describe some mechanisms that lead to restenosis. In this 

hypothesis, vascular injury causes endothelial denudation, exposure of extracellular 

matrix, platelet adhesion, thrombus formation, leukocytes infiltration
16

, and SMCs 

proliferation, migration and secretion of extracellular matrix
17

. Highly proliferative 

SMCs migrate into intima, undergoing phenotypic modification from contractile to 

synthetic
15

, and this is known as the main character of neointimal hyperplasia. It is drived 

by growth factors, such as transforming growth factor-β and platelet-derived growth 

factor (PDGF)
18

, and cell cycle genes, including upregulated proliferating cell nuclear 

antigen (PCNA) in SMCs to promote cell growth
19

, and highly expressed matrix 

metalloproteinases (MMPs) to facilitate SMCs migration from media to intima
20

. Despite 

this, the inflammatory concept is more and more accepted now.  
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Endothelium plays pivotal roles in suppression of neointimal hyperplasia by inhibition of 

inflammation, thrombus formation and SMCs proliferation and migration
21

. After injury, 

the wound healing process requires endothelial repair. Re-endothelialization was 

classically considered as the migration and proliferation of adjacent endothelial cells to 

cover injured vessel wall. However, mature resident vascular endothelial cells have very 

limited proliferation capacity
22

. Thus, the whole endothelial repair might also dependent 

on circulating bone marrow-derived cells, termed endothelial outgrowth cell (EOCs), 

which can be recruited to the sites of damaged endothelium and differentiate into ECs23. 

EOCs can be derived from circulating endothelial progenitor cells, hematopoietic stem 

cells and myeloid cells
24

. As an endogenous repair mechanism, they also play an 

important role to replace damaged endothelium
25

. Although re-endothelialization protects 

from neointimal formation, dysfunctional endothelial cells are also facilitating leukocytes 

recruitment under inflammatory conditions26. 

Platelets and leukocytes release cytokines, chemokines, vasoactive agents, and growth 

factors, which promote inflammatory response to vessel injury
27

. During neointimal 

formation, activated platelets secrete cytokines and growth factors, which promote 

inflammatory recruitment and SMCs accumulation
26

. Inflammation accompanies with 

neointimal formation after acute vascular injury and thrombus deposition during the 

chronic healing process
28

, which can be characterized by three stages: early thrombotic 

phase, intermediate recruitment phase, and late neointimal proliferation phase
29

. 

In early phase, angioplasty and stenting cause endothelial denudation and dysfunction. 

Consequently, sub-intima exposure activates platelet aggregation, followed by fibrin 

deposition and thrombus formation
30

. In turn, thrombus provokes inflammatory process. 

In intermediate phase, lots of leukocytes are recruited to damaged vessel wall by 

adhesion molecules and chemokines
15

. Firm adhesion and trans-platelet migration of 

leukocytes are mediated by integrins
31

. For example, integrin molecule MAC-1 

(CD11b/CD18) mediates leukocytes firm adhesion to endothelial counter ligands (eg, 

intercellular adhesion molecule-1 [ICAM-1]), to endothelial associated extracellular 

matrix proteins (eg, fibrinogen), or to glycosaminoglycans28, 32, and also to platelets via 

GPIbα
33

. Chemokines recruit leukocytes to vessel wall, which may ultimately lead to 
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neointimal formation. For example, monocyte chemoattractant protein 1 (MCP-1, CCL2) 

as an arrest chemokine is linked to adherent platelets, thus locally concentrated on the 

denudated endothelium, which can recruit monocytes34. Interestingly, CCL2 is 

upregulated in ECs and SMCs after stenting
35

 and the levels of CCL2 are persistently 

elevated in patients with restenosis
36

. In late phase, neointima is characterized by new 

extracellular matrix accumulation in intima, mainly collagen.  

 

Platelet plays a pivotal role in neointimal formation. Activated platelets release cytokines 

that activate endothelial proliferation, recruit leukocyte and promote SMCs migration 

from the media to the intima, thus it endows complicated functions. Recently, it was 

further characterized in wire-induced carotid injury of apoe
–/– 

mice. After carotid injury, 

CCL5 (RANTES) released from platelets and deposited on ECs in neointimal lesions 

facilitates monocyte migration. Treatment with selective CCR1 and CCR5 antagonist of 

Met-CCL5 clearly reduces macrophage infiltration and neointimal formation, consistent 

with inhibition of CCL5 expression in vivo. Furthermore, it has been found that CCR5 

but not CCR1 appears to be responsible for CCL5-mediated macrophage infiltration and 

neointimal formation
37, 38

.  

 

Junctional adhesion molecule-A (JAM-A) is widely distributed and expressed on platelets, 

erythrocytes, lymphocytes, neutrophils, and monocytes, which has recently been 

implicated in leukocyte recruitment on early atherosclerotic endothelium and promotion 

for neointimal formation
39

. The globally genetic deletion of JAM-A in apolipoprotein e–

deficient (aope–/–) mice significantly reduced neointimal hyperplasia, which was 

associated with a significant decrease of neointimal macrophages. Now we found the 

cell-specific roles of JAM-A in atherosclerosis
40

, indicating that JAM-A functions in 

different cell types might be potentially various in neointimal formation. 
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1.3 Leukocyte migration into the vessel wall 

During whole stages of atherosclerosis (Figure 3), leukocytes migration into vessel wall 

is the main driving force of plaque growth in combination with hyperlipidemia. Lots of 

leukocytes are found in plaques, particularly monocytes (macrophages) and T 

lymphocytes41-43. During attraction of leukocytes, many families of chemoattractant 

cytokines (chemokines) are defined and capable to recruit leukocytes into arterial intima, 

for example, CCL2 overexpressed in plaque can recruit monocytes to the lesion site
44, 45

. 

Targeting molecules involving in leukocyte recruitment would be a novel and beneficial 

therapy for atherosclerosis
46

.  

Leukocyte adhesion and transmigration through vessel wall consists many steps, 

including capture or tethering, slow rolling, arrest, intraluminal crawling and 

transmigration. The first adhesion step is tethering to endothelial cells, which is mediated 

by leukocyte-, platelet-, and endothelial- selectin (CD62-L, -P, and -E) binding to their 

ligands, platelet-selectin glycoprotein ligand-1 (PSGL-1) and other glycosylated ligands. 

Selectins bind to their ligands in a calcium-dependent manner. Leukocyte PSGL-1 

interacting with endothelial E- and P- selection and the same leukocyte L-selectin binding 

to endothelial PSGL-1 enable leukocyte captured and tethering to endothelium. 

Importantly, activated platelets also express P-selectin assisting leukocyte tethering47-49. 

The bonds of selectins with their ligands can be formed or broken dependent on the 

conditions of blood flow. For example, shear stress determinates L-selectin and P-selectin 

interactions with their ligands to support leukocyte adhesion; the tethering cells can 

detach from endothelium when blood flow is stopped
50, 51

, indicating inhibition of low 

shear stress to the interactions. Rapid ligand interaction and dissociation rate of selections 

enable leukocytes tethering or rolling along endothelium under blood shear flow
52

.  

During cell tethering, the leukocytes are rolling along endothelium to search for suitable 

adhesion sites, marked by chemokine gradients and characterized by high cell adhesion 

molecule (CAM) expression. Beside E- and P-selectin assisting leukocyte rolling, 

integrins also mediate leukocyte rolling and further firm adhesion, such as α4β7-integrin–

mucosal vascular addressin cell-adhesion molecule (MADCAM)-1 interaction, very late 
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antigen (VLA)-4–VCAM-1 interaction
53

 and lymphocyte function-associated antigen 

(LFA)-1–intercellular adhesion molecule (ICAM)-1 interaction
54

. Meanwhile cytokines 

activate inflammatory signaling pathways for subsequent steps in leukocyte adhesion 

cascade like adhesion stabilization, crawling and transmigration.  

After rolling step, integrin interaction with adhesion molecular mediates leukocytes arrest 

and firm adhesion on endothelium by increasing integrin affinity. For example, LFA-1 

and VLA-4 change their structures from a bent low affinity to an opened intermediate- or 

high affinity conformation, enabling them to bind their ligands ICAM-1 and VCAM-1 

respectively
55, 56

. Interestingly, activated endothelial cells and platelets can secrete lots of 

chemokines, which are presented on endothelium and interact with G-protein coupled 

receptors (GPCRs) to induce integrin conformation changing57-59. For example, CXC-

chemokine ligand 4 (CXCL4), CXCL5 and CC‑chemokine ligand 5 (CCL5; previously 

known as RANTES) secreted from platelets are deposited on the endothelium to interact 

with GPCRs on passing leukocytes inducing integrin high affinity states to facilitate 

leukocyte arrest
60, 61

. Chemokines trigger GPCRs-related signaling of integrin 

conformation changing, which is referred as inside-out signaling, in contrast to outside-in 

signaling, which is referred as ligand binding to activated integrin for cell adhesion 

strengthening and motility.   

Subsequent to firm adhesion of leukocytes on the endothelium, leukocytes crawl into the 

endothelial junctions or endothelial cell bodys. Leukocytes are stimulated by chemokines 

in intima to migrate through endothelial monolayer. This complicated step involves many 

molecules, such as CD9, CD151, CD81, cytoplasmic molecules like ERM (ezrin, radixin, 

moesin) proteins, and cytoskeletal components like vinculin, α-actin and talin-1. ICAM-1 

binding to integrin ligand MAC-1 can active the signaling cascade, through intracellular 

Ca
2+

, p38 mitogen-activated protein kinase (MAPK) and RAS homologue (RHO) 

GTPase, which can lead contraction of endothelial cells and opening of inter-endothelial 

junctions for leukocyte migration62-65.  

The last step of leukocyte adhesion cascade is leukocyte trans-endothelial migration, 

which takes less time (<2-5 minutes) than migration through the basement membrane 

(>5-15 minutes)66. During migration, the cell-cell junctions are opened transiently to 
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allow leukocyte crossing
67

. Actually, two routes of leukocyte diapedesis across 

endothelium are found: one paracellular route through junctions of adjacent ECs and one 

transcellular route through EC body directly68. However, paracellular pathway might be 

the dominant route, which is mediated by homophilic and heterophilic interactions 

between cell adhesion molecules and integrins. During paracellular migration, the 

junctional cell adhesion molecules can be re-localized away from cell-cell junction to the 

luminal site to weaken junctional barrier
69

 and facilitate firm adhesion of leukocytes to 

ECs67. ECs form “migratory cups” by integrins, such as ICAM-1 and VCAM-170, which 

are re-located and concentrated on endothelial surface. Leukocytes adhesion and binding 

to ICAM-1 and VCAM-1 cause endothelial actin stress-fiber formation and increased 

permeability controlled by GTPases RhoA, Rho1 and Rap1
71

. This progression involves a 

number of cell adhesion molecules interactions. Importantly, Junctional adhesion 

molecule (JAM)-A, JAM-B, JAM-C and endothelial cell-selective adhesion molecule 

(ESAM) also promote trans-endothelial migration via homophilic and heterophilic 

interactions with integrins
67, 72, 73

. Leukocyte migration though endothelial basement 

membrane across gaps between adjacent pericytes and regions of low protein deposition 

within extracellular matrix is facilitated by integrins and proteases, such as matrix 

metalloproteinase (MMPs). 
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Figure 3: The leukocyte adhesion cascade (Ley K et al
66

). 

The traditional three steps of leukocyte adhesion are marked in bold. Rolling is mediated 

by selectins. Activation is mediated by chemokines. Arrest is mediated by integrins and 

immunoglobulin-superfamily members. Progress of leukocyte infiltration into vessel wall 

is defined in many steps: capture (or tethering), slow rolling, adhesion strengthening and 

spreading, intravascular crawling, and paracellular or transcellular transmigration. 

Leukocytes are directed by chemokines in flow or by immobilized chemokines gradients 

to migrate across the endothelium.  

Important molecules are described. ESAM, endothelial cell-selective adhesion molecule; 

ICAM1, intercellular adhesion molecule 1; JAM, junctional adhesion molecule; LFA1, 

lymphocyte function-associated antigen 1; MAC1, macrophage antigen 1; MADCAM1, 

mucosal vascular addressin cell-adhesion molecule 1; PSGL1, p-selectin glycoprotein 

ligand 1; PECAM1, platelet/endothelial-cell adhesion molecule 1; PI3K, 

phosphoinositide 3-kinase; VCAM1, vascular cell-adhesion molecule 1; VLA4, very late 

antigen 4
66

. 
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1.4 Platelets in vascular inflammation 

Platelets, also called “thrombocytes”, are first characterized in 19
th

 century as “small, 

curious beads or grains which accumulate with each other to irregular cluster” and 

nowadays are well known as anucleate cellular fragment shaped like a lens. The resting 

platelets at a diameter of 2-4µm are derived from megakaryocytes in bone marrow and 

show a lack of genomic DNA
74

, but contain megakaryocyte-derived mRNA for protein 

synthesis
75

. Platelet was initially only believed to play a pivotal role in physiological 

hemostasis and pathophysiological thrombosis, protect against bleeding and promote the 

stable blood clots formation via the coagulation cascade. Then it is considered important 

for thrombus formation upon plaque rupture. Now, these concepts have been expanded 

that platelets also assist and modulate inflammatory reactions, immune response, and 

atherosclerosis progression
76-78

.  

 

The vascular inflammation is a key process of atherosclerosis, accompanied and 

amplified by platelet activation and consequent interactions of platelets with ECs and 

leukocytes. Platelet interactions with leukocytes and ECs are regarded as important factor 

in the development and progression of atherosclerosis and neointimal formation. In the 

lesion sites, platelet-derived chemokines, with upregulated adhesion molecules, promote 

platelet adhesion and leukocyte recruitment, which eventually migrate into vessel wall. 

Under inflammatory conditions, platelets may already become activated in circulation or 

form platelet-leukocyte complexes with augmented capacities of adhesion and 

migration
78

. For example, it has been found that activated platelets can trigger and 

accelerate atherosclerosis in hyperlipidemic apoe
–/– 

mice, involving platelet surface 

receptors to promote recruitment of monocytes
9, 60

. The mechanisms underlying platelet-

leukocyte interactions involve a number of important molecules, for instance, selectins 

with their ligands, and integrins binding to Ig-like cell adhesion molecules as well as to 

glycoprotein, importantly von willebrand factor (vWF), which can be found in plasma, 

extracellular matrix and activated endothelial cells. So the platelet can been considered as 

pivotal mediator in vascular inflammation. 
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Various studies show that platelets are initiators and propagators of atherosclerosis
60

, by 

release of cytokines and interactions with other cells, promoting recruitment of various 

inflammatory cells to the vessel wall and fostering processes such as atherosclerosis, 

neointimal formation and thrombosis, but also vessel repair and regeneration after 

vascular injury. For example, Henn and colleagues found that platelets expressed CD154 

within seconds after activation in vitro and in the process of thrombus formation in vivo. 

Interestingly, CD154 on platelets was found to stimulate ECs to secrete chemokines and 

express adhesion molecules, thereby generating signals for the recruitment and 

extravasation of leukocytes at atherosclerotic predilection sites. Thus, platelet can directly 

initiate an inflammatory immune response. In addition, IL-1β secreted by platelets can 

induce expression of CCL2 and ICAM-1 in ECs
79, 80

, indicating the alterations of 

chemotactic and adhesive properties of ECs due to platelet activation. In carotid arteries 

of apoe–/– mice, platelets were shown to interact with endothelium of atherosclerosis-

prone sites in GPIbα- and integrin αIIbβ3-dependent manner. These interactions appeared 

to precede expression of adhesion molecules and subsequent extravasation of monocytes, 

ultimately leading to plaque development
9
. Transient platelet-endothelium interactions 

are sufficient for the deposition of the chemokines CCL5 and CXCL4
81

, which further 

propagates plaque development60, 82.  Under transient interactions mediated by P-selectin, 

adherent platelets form an adhesive substrate for inflammatory cells, such as neutrophils, 

and subsequently secrete platelet-activating factor (PAF) to stimulate neutrophils 

adhesion and spreading on endothelium
83

. P-selectin on platelets also plays an important 

role in cell interactions and promotes the fatty streaks formation at atherosclerotic early 

stage84. Activated platelets activate endothelium, inhibit endothelial regeneration and 

promote foam cell development
85

, playing an important role in the vascular inflammation. 

1.5 Platelet interaction with endothelial cells and leukocytes 

The transient and stable interactions of platelets with ECs depend on different platelet 

receptors, which can result in the development and progression of atherosclerosis
78

. 

However, health, non-activated endothelium can prevents platelets adhesion by its 

antithrombotic properties, involving releasing platelet activation-inhibiting substances 
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such as NO, prostacyclin and cyclooxygenase-2
86

. After endothelial cell activation, it can 

change phenotype from anti-thrombotic properties to pro-thrombotic properties, 

characterized by releasing of platelet-binding and stimulating agents, such as ADP, vWF, 

tissue factor (TF) and adhesion molecules
87

. Firstly, transient rolling is mediated by 

platelets GPIb with P-selectin, which is a cell adhesion molecule expressed by platelets, 

ECs and macrophages
88

. P-selectin is stored in granules called Weibel-Palade bodies of 

un-activated ECs or in α-granules of un-activated platelets, which can be rapidly 

transported to cell surface after activation, allowing leukocytes and platelets interaction 

quickly with ECs during inflammation. Another primary ligand of P-selectin is P-selectin 

glycoprotein ligand-1(PSGL-1) expressed on almost all leukocytes, platelets and 

endothelial cells
89

. Beside the traditional way of platelet rolling mediated by P-selectin-

PSGL-1, transmembrane GP EMMPRIN (CD147) on activated platelets with endothelial 

counter-receptors GPVI90 and E-selectin91, can also mediate platelets rolling. 

Subsequently, stable adhesion of platelets to inflamed endothelium mediated by 

additional molecules, such as GPIb-IX-V with vWF and GPVI with collagen interactions 

respectively, results in platelet activation, characterized by integrins αIIbβ3 (GPIIbIIIa, 

fibrinogen receptor) and α2β1 (collagen receptor) activation
92

. The activated integrins are 

essential and required for stable adhesion of platelets to extracellular matrix and ECs.  In 

addition, the integrins on platelets can directly bind to collagen, vWF and endothelial 

adhesion molecules, or indirectly bind via additional bridging molecules, such as 

fibrinogen, fibronectin or vWF, to endothelial activated ICAM-1, αvβ3 integrin, and 

GPIb, respectively
93, 94

. Meanwhile, novel mechanisms have shown that membrane-

bound chemokine CX3CL1 expressed on inflamed endothelial cells can stabilize platelet-

endothelium interactions
95

. Except heterophilic interactions, platelets can also interact 

with ECs by molecular homophilic interactions, such as JAM-A-JAM-A interaction
96

.  

 

Platelet adhesion induces endothelium pro-inflammatory phenotype, marked by platelet 

spreading and activation, upregulated expression of adhesion molecules, such as P-

selectin, CD40L, TNFSF14 and secretion of pro-inflammatory substances, such as IL-1β 

and CXCL4
78, 97

. IL-1β can in turn induce ECs to secrete CCL2, GM-CSF, IL-6 and to 

upregulate expression of ICAM-1 and αvβ3 integrin, involving activated NF-κB 
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pathway
79, 98

. Additionally, CD40L (CD154), which is stored in significant amounts in 

platelets and released within seconds by αIIbβ3 activation, can bind to endothelial CD40, 

including increased secretion of endothelial CXCL8 and CCL2, expression of adhesion 

molecules, urokinase type plasminogen activator (uPAR) and matrix metalloproteinase 

(MMP)-2 and -9,  and production of reactive oxygen species (ROS)
99-101

.   

 

Except platelet-endothelium interaction, activated platelets also show robust interactions 

with leukocytes, characterized by increase of circulating platelet-leukocyte complexes. In 

particular, increased platelet-monocyte complexes (PMCs) have been observed in clinical 

conditions, such as peripheral vascular disease, hypertension
102

, acute or stable coronary 

syndrome
103-105

, stroke
106

, or diabetes
107

. Conversely, high dietary intake of omega-3 fatty 

acids reduces activated platelets and PMC levels, associated with reduction of 

cardiovascular events108. The presence of PMCs is not only a sensitive marker for platelet 

activation and cardiovascular diseases but is also regarded more and more as a 

cardiovascular risk factor
106, 109

.  

 

Platelets binding to monocytes shows more and initial faster, compared with neutrophils, 

so the researches focusing on PMCs are more intensive. P-selectin expressed on surface 

of activated platelets mediates the binding to monocytes via PSGL-1, which determinate 

the extent of PMCs formation
110

. The binding of platelets to monocytes via P-selection-

PSGL-1 induces L-selectin shedding from the monocyte surface and upregulates 

expression and activity of integrins α4β1 and αMβ2 (Mac-1)
111

, which in turn stabilizes 

the adhesion via MAC-1 to the GPIbα. Similarly, involvement of CD40-CD40L increases 

the expression of β1- and β2-integrin for platelet-monocyte adhesion and recruitment into 

the injured vessel wall
112

. In addition, activated platelets via P-selection-PSGL-1 or 

GPIbα-MAC-1 interactions can induce an inflammatory cascade in monocytes, such as 

upregulated expression and secretion of chemokines via NF-κB activity
113-115

. 

Furthermore, the chemokines from activated platelets can be deposited on monocytes in 

PMCs, which induce monocytes activation, adhesion molecules expression and cytokines 

secretion, such as TNF-α and CXCL8
116, 117

. Importantly, PMCs have been upregulated 
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integrin expression and activity compared with platelet-free monocytes and increased 

monocyte adhesion and transmigration capacity
118

.  

1.6 Platelet chemokines 

Chemokines are a family of small chemotactic cytokines, with a molecular weight 

ranging from 8-10 kDa, containing 60-100 amino acids. There are approximately 50 

different chemokines, which are classified into four subclasses, CXC-, CC-, C- and 

CX3C-chemokines, based on the relative position of the first consensus cysteins on N-

terminal part of proteins. Chemokines regulate cell functions, including immune survival, 

development, hematopoiesis, wound healing, inflammation, viral infections or 

metastases119. Especially, the trafficking and extravasation of leukocytes are governed by 

chemokines during immune surveillance and inflammation.  

 

Chemokine receptors are large proteins binding different chemokines and chemokines 

themselves are able to bind several different receptors. All chemokine receptors are 

specific cell surface G-protein-coupled receptors (GPCRs), consisting of about 350 

amino acid residues and sharing common structural features: an extracellular amino-

terminus (N-terminus), a polypeptide which loops across the membrane seven times to 

form three intracellular and three extracellular loops, a disulfide bond linking cysteine 

residue in the first and second extracellular loops and last an intracellular carboxyl-

terminus (C-terminus)120. Moreover, most chemokines also display a high affinity to a 

class of polysaccharide called glycosaminoglycans (GAGs). GAGs are present on all cell 

surfaces and in intracellular matrix, which can covalently attach to core proteins121. This 

bound facilitates chemokines immobilization and gradients formation
122

. When 

chemokine binds to its receptor, conformational changes are induced and result in 

receptor activation and signal transduction.  

 

Platelet-derived chemokines are synthesized in megakaryocytic precursor cells and stored 

in α-granules of mature platelets, regulating inflammatory progress, atherosclerosis, 

neointimal formation and angiogenesis. PF4 (CXCL4) was the first chemokine 
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discovered in releasates from platelets
123

, involving in proliferation, apoptosis and 

differentiation of immune cells
124

. CXCL4 can bind to a 200 kDa chondroitin sulfate 

proteoglycan on the surface of human neutrophils,125 and has also been shown to bind to 

CXCR3B, a splice variant of CXCR3, but not to CXCR3A, which is a receptor expressed 

on ECs and T cells, not on monocytes or neutrophils
126

. However, the chemotactic 

activity of human T cells towards to CXCL4 is mediated by both CXCR3 variants in a 

PTX-sensitive manner
127

. Human neutrophil adhesion in response to CXCL4 is blocked 

after treatment with a Src kinase inhibitor or other inhibitors for Syk, RAS and JNK, 

whereas PF-4-mediated exocytosis requires the additional activation of p38 MAP kinase 

and phosphatidylinositol 3-kinase
128

. These findings suggest that CXCL4 can trigger 

more than one signaling pathway. 

 

In atherosclerosis, CXCL4 was found in early and late lesions of carotid artery, 

correlating with clinical outcome
129

. CXCL4 deficiency in apoe
–/– 

mice or transplantation 

of CXCL4 deficient bone marrow into apoe
–/– 

mice decreased atherosclerotic lesions 

formation with reduced macrophage infiltration
82

. However, since highly purified 

CXCL4 lacks chemotactic activity for neutrophils, monocytes and T cells
130

, the 

mechanism of CXCL4 influence on atherosclerosis needs more investigation. 

Additionally, CXCL4 have been described to induce cells differentiation, such as 

monocyte differentiation to macrophages
131

 or specialized antigen-presenting cells
132

, 

apart from its potential role in conjunction with CCL5 in monocyte recruitment to vessel 

wall
133

. So CXCL4 may increase atherogenesis by promoting differentiation of 

monocytes into macrophages and foam cells.  Furthermore, CXCL4 induces higher 

phagocytic capacity as compared to GM-CSF-induced macrophages
134

. Some 

experiments found that CXCL4 can bind to the oxLDL particles, resulting in increased 

uptake by macrophages and foam cell formation
135

, which would be expected to promote 

foam cell formation in atherosclerotic lesion. Additionally, CXCL4 exerts effects on 

inhibition of cell proliferation and angiogenesis in ECs136. This inhibition was also shown 

that CXCL4 inhibits proliferation and cytokine release from activate T cells in vitro
137

. 
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CCL5 (RANTES) is a chemokine with a molecular mass of 7.8 kDa and secreted by 

various cell types such as ECs, SMCs, macrophages, activated T cells and platelets. 

Binding to CCR1, CCR3, CCR4 and CCR5 receptors and inducing transient calcium 

influx, CCL5 plays an important role in monocyte and T lymphocyte recruitment in 

inflammation and atherosclerosis
138, 139

.  The signal transduction induced by CCL5 in T 

cells results in focal adhesion and subsequent cell activation via a molecular complex 

containing focal adhesion kinase, the tyrosine kinase zeta-associated protein (ZAP) 70 

and paxillin
140

. Additionally, after exposure to CCL5, the intracellular intergrin-domain 

of monocytes and lymphocytes are phosphorylated for the adhesion
141

. In neointimal 

lesions after wire-induced carotid injury of apoe
–/– 

mice, CCL5 has been primarily 

detected on ECs and was possibly deposited from activated platelets and neointimal 

SMCs. Most notably, CCR5 has been shown as a potential therapeutic target of anti-

inflammation, for example, CCR5 antagonist maraviroc (UK-427857) is admitted as an 

HIV-inhibitor and was shown to reduce atherosclerosis in the murine system without 

affecting lipid levels
142

. 

1.7 Junctional adhesion molecules 

 Junctional adhesion molecules in inflammation 1.7.1

Junctional Adhesion Molecules (JAMs) are transmembrane proteins belonged to 

immunoglobulin superfamily. JAM-A (CD321, JAM-1 or F11 receptor) initially called 

F11 receptor was recognized as a receptor for platelet activating antibody F11
143

. Other 

family members are JAM-B, JAM-C, JAM-4, ESAM and JAM-like (JAM-L) proteins. 

They are expressed in tight junctions of endothelial and epithelial cells and also in 

circulating cells that do not form junctions, such as leukocytes and platelets. These 

proteins control vascular permeability by regulating barrier function of tight junctions 

and facilitate leukocyte transmigration across endothelium through homophilic, 

heterophilic and lateral interactions. Their expression, location and function are regulated 

by inflammatory cytokines and growth factors, and they also translate extracellular 

adhesive events into functional responses. Antibody-blocking studies and studies using 
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genetically modified mice have implicated JAMs functions in regulation of leukocyte 

recruitment to sites of inflammation and ischemia-reperfusion injury, and in vascular 

remodeling, such as growth-factor-mediated angiogenesis, atherosclerosis and neointimal 

formation. JAMs may regulate leukocyte recruitment by redistributing to luminal surface 

under inflammatory conditions and may promote leukocyte movement through 

intercellular junctions. However, the signaling cascades through JAMs remain 

incompletely clear. Furthermore, their functions are considerably various in different 

tissues under cell-specific and context-dependent conditions among different members of 

the JAMs (Figure 4)
73

. 

 

JAMs have an extracellular domain with two immunoglobulin-like domains (membrane-

distal V-type and membrane-proximal C2-type), a single transmembrane segment and a 

short cytoplasmic tail with a phosphorylation site for protein kinase C (PKC) and a PDZ-

domain-binding motif linking to tight junction-associated scaffold proteins such as zonula 

occludens 1(ZO-1), afadin 6 (AF-6), ASIP/Par3, cingulin.  

 

Increasing evidence points a role of JAMs in vascular inflammation. An up-regulation of 

JAMs expression on atherosclerotic endothelium and early lesions has indicated a role of 

JAMs in plaque formation, such as increased expression of JAM-A and JAM-C at the 

protein and transcript level induced by oxidized lipoproteins (rather than cytokines) under 

hyperlipidaemic conditions in apoe-deficient mice
144, 145

. JAM-C on atherosclerotic 

endothelium can mediate MAC1-dependent transmigration of leukocytes
98

, and a 

function of JAM-A in early atherogenesis was inferred by soluble JAM-A inhibiting 

leukocytes accumulation
138

. Furthermore, up-regulation of JAM-A expression in unstable 

human plaques concomitant with increased macrophage infiltration further implies its 

role at later stages of lesion development and progression
146, 147

, indicating its 

involvement in the rupture of atherosclerotic plaque. 

 

Apart from directly contributing to leukocytes recruitment, JAMs expressed on platelets 

have additional mechanisms that regulate atherosclerosis progression. Platelet JAM-C 

may promote atherothrombosis through the engagement of MAC-1 to mediate leukocyte-
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platelet interactions or to promote the recruitment of such complexes
148

. JAM-A on the 

surface of platelet was found to participate in platelet adhesion to endothelium under 

inflammatory conditions96. Transient interactions of platelets with early atherosclerotic 

endothelium can lead to endothelial deposition of platelet chemokines, such as CCL5, 

which trigger other platelet-dependent mechanisms and leukocytes recruitment to 

aggravate atherosclerosis
60, 81

. Moreover, PMPs shed from activated platelets mediate 

CCL5 deposition by transient tethers on activated endothelium, also involving JAM-A 

signals149. Indeed, CCL5 deposition by JAM-A deficient platelets on endothelium is 

impaired
39

. Thus, platelets use JAM-A engagement during interactions with ECs. In 

addition, JAM-A has also been identified on SMCs in atherosclerotic lesions, but its 

contribution remains unclear
145

. Most notably, how JAM-A regulates platelet activity in 

atherosclerosis attracts us to investigate. 

 

JAM-B expression is restricted to ECs and localizes mainly in the junctions of high 

endothelial venules and of heart, and not detected in leukocytes. Additionally, JAM-B is 

more expressed in chronic inflammatory tissues in asthma, bronchitis, interstitial 

nephritis, autoimmune hepatitis and alcoholic cirrhosis
150

. JAM-B heterophilically 

interacts with integrin VLA-4 and JAM-C, but JAM-B–VLA-4 interaction depends on 

JAM-C. For example, T cells lacking functional JAM-C did not show any JAM-B–VLA-

4 interaction
151, 152

. Furthermore, JAM-B and -C are involved in leukocyte extravasation 

to sites of inflammation, determined by the evidence that JAM-B and -C play a role in 

leukocyte extravasation to the inflammation of skin. JAM-B and -C have overlapping, but 

distinct functions in regulating leukocyte transmigration. JAM-B may predominately 

govern neutrophil transmigration, whereas JAM-C may govern edema formation, 

however, further studies are required to investigate molecular mechanisms of JAM-B and 

-C mediated leukocyte migration in vascular inflammation
153

. 

 

JAM-C is expressed in ECs and lymphocytes including monocytes, natural killer cells, 

dendritic cells, B cells and T cells. Through hemophilic and heterophilic interactions with 

JAM-B and MAC-1, JAM-C plays an important role in vascular inflammation through 

regulating leukocyte transmigration. Woodfin et al. found that JAM-C rather regulates 
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polarized leukocyte transmigration in a sense that it blocks leukocyte reverse endothelial 

transmigration
154

. Furthermore, increased expression of JAM-C was found in 

atherosclerotic lesions of apoe–/– mice, together with a re-localization away from 

endothelial cell junctions to the apical site
144

. Blocking JAM-C decreased neointimal 

hyperplasia after wire injury of carotid arteries
155

. 

            

 

Figure 4: Structural features, homophilic adhesion and extracellular ligands of 

JAMs. (Weber et al.
73

) 

A. JAMs structure contains two immunoglobulin-like domains in extracellular portion, a 

single transmembrane segment and a short cytoplasmic tail with a PDZ domain-binding 

motif (Phe-Leu-Val). The short linker sequence (Val-Leu-Val) connects two 

immunoglobulin domains to impose a bent conformation. The dimerization motif (Arg-

Val/Leu/Ile-Glu) in membrane-distal domain is essential for homodimer formation. B. 

Homophilic interactions of JAM-A in cis (via dimerization motif in the membrane-distal 

immunoglobulin domain) in a shape of an inverted ‘U’. These cis-homodimers bind in 

trans to JAM-A homodimers of an adjacent cell surface at intercellular junctions. C. 1) 

Homophilic and heterophilic interactions of JAM-A, JAM-B and JAM-C regulate 

endothelial permeability. 2) Homophilic interaction of JAM-A mediates platelet adhesion 

to endothelium. Heterophilic interactions of JAM-C–integrins support platelet adhesion 

to leukocytes. 3) Crosstalk of JAMs and integrins supports leukocytes binding to 

endothelium, such as the interactions of integrin lymphocyte function-associated antigen 

1 (LFA1) with JAM-A, very late antigen 4 (VLA4) with JAM-B, and JAM-C with 

MAC1. 

A B C 
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 Junctional Adhesion Molecule A  1.7.2

Murine and human JAM-A was first characterized in 1998 and 1999 respectively156, 157.  

JAM-A sharing about 70% amino acid identity is highly conserved among mammals
156

.  

In extracellular domain, two Ig-like domains are connected by a linker of 3 amino (val-

leu-val) to form a bent 125
0
 conformation, which is stabilized by hydrogen bonding. The 

membrane-distal V-type domain contains a dimerization motif, major for homodimer 

formation.  

 

JAM-A is mostly abundant in tight junctions of endothelial and epithelial cells in various 

organs including liver, kidney, pancreas, heart, brain, lymph nodes, intestine, lung, 

placenta and vascular tissue
156

. Furthermore it is expressed in lymphoid and myeloid 

origin157. Inflammatory cytokines regulate JAM-A junctional, such as TNF-α and IFN-γ 

treatment of endothelial cells leading JAM-A re-localization from intercellular junctions 

to luminal surface, although expression levels remains unchanged69, 156. In vivo, JAM-A 

expression is upregulated on atherosclerotic endothelium and in unstable atherosclerotic 

plaques
146, 158

. Similarly, JAM-A expression is increased on hepatic venular endothelium 

after ischemia-reperfusion injury
159

. JAM-A re-localization might be involved in 

atherosclerosis
40

. In another study on brain endothelial cells, CCL2 induced JAM-A re-

distribution from inter-endothelial cell area to apical surface, associated with 

internalization via micropinocytosis during para-cellular route opening. Internalization of 

JAM-A within a short time period (<10 min) and redistribution of most internalized 

JAM-A to the brain endothelial cell apical membrane involve Rho family kinase as well 

as actin reorganization
160

.  

 

JAM-A displays different patterns of homo- and heterophilic adhesions. The interaction 

and function of JAM-A with its partners play an important role in regulation of 

endothelial permeability and are therefore a pivotal component of inflammatory reactions. 

An over-expression of JAM-A increases endothelium barrier function by interaction in a 

homophilic manner with neighboring molecules (in cis) and in dimeric state with other 

dimers from adjacent cells (in trans), forming a tight, zipper-like structure. It also 



Introduction 

22 

 

interacts with β2 integrin leukocyte function-associated antigen 1 (LFA-1; integrin αLβ2; 

CD11a; CD18), which is associated with trans-endothelial cell migration and leukocytes 

recruitment, such as monocytes and neutrophils (figure 4)161. A typical feature of JAM-A 

in endothelial-leukocyte interactions is a contribution to specific ring-like structure that 

forms on ECs surrounding a transmigrating leukocyte. Another evidence showed that 

JAM-A, together with CD99 and CD31, forms a transient ring structure facilitating 

leukocyte transmigration
73

. The ring-like structures play an active role in organizing 

leukocytes transmigration.  

 

JAM-A also play a role in angiogenesis. Naik and his colleagues found that basic 

fibroblast growth factor (bFGF)-induced angiogenesis depends on JAM-A/αvβ3 integrin 

complex through JAM-A signaling
162, 163

.  In addition, JAM-A on CD34
+
 stem cells 

mediates adhesion to the vessel wall after injury and differentiation into endothelial 

progenitor cells to facilitate re-endothelialization
164

. JAM-A is crucial for correct 

endothelial cell motility, directional movement and focal contact formation and CD34
+
 

stem cell differentiation, and thereby might be involved in angiogenesis in endothelial 

recovery after vascular injury.  

 

Endothelial JAM-A is expressed in tight junction and re-localized to the apical surface 

under inflammatory conditions. Using a blocking monoclonal antibody against JAM-A 

on cultured endothelial cells inhibit monocyte transmigration
156

. Furthermore, treatment 

with a monoclonal antibody against JAM-A significantly inhibit leukocyte accumulation 

in cerebrospinal fluid and infiltration in brain parenchyma165. In atherosclerosis, 

endothelial JAM-A facilitates plaque formation. In early lesions of carotid arteries from 

apoe-deficient mice, endothelial JAM-A mRNA and protein expression increased
145

, 

similar in human atherosclerotic plaque
158

.  The increase of endothleial JAM-A in human 

atherosclerotic plaque also was validate by microarray technique
146

, which might 

facilitate leukocytes infiltration and increase plaque volume. Recently, we demonstrated 

that JAM-A has a cell type-specific impact on atherosclerotic plaque formation. Whereas 

endothelial JAM-A promoted plaque formation by enhanced luminal availability under 

pro-atherosclerotic conditions, thus guiding monocytes to sites for plaque development. 
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The expression and luminal enrichment of JAM-A was exacerbated by disturbed flow 

conditions, as encountered at predilection sites, conversely, laminar shear flow induced 

microRNA-145 to repress JAM-A expression, indicating the contribution of limiting the 

susceptibility to atherosclerosis
40

. This gave a novel explanation of the higher 

susceptibility to atherosclerosis in regions with disturbed shear flow. Targeting 

endothelial JAM-A may serve as a feasible option to protect against vascular 

inflammation.  

JAM-A on circulating leukocytes, including monocytes, lymphocytes, dendritic cells and 

neutrophils, mediates cells migration together with their integrins, but it shows cell-

specific impact. On monocytes, not much is known about the specific roles of JAM-A. 

The only evidence is reduced monocyte adhesion to atherosclerotic endothelium of 

carotid artery perfused with monocytes pretreatment of soluble JAM-A.Fc in a VLA-4 

independent manner
145

. On T cells, pretreatment of JAM-A antibody or soluble JAM-

A.Fc in vitro assays reduced T cell arrest under flow conditions and trans-endothelial 

chemotaxis towards SDF-1
145

. However, JAM-A on polymorphonuclear cells reduced 

diapedesis with impaired de-adhesion and polarized motility in peritonitis and ischemia-

reperfusion injury
166

. Recently, our group found that JAM-A deficient monocytes indeed 

displayed defects in de-adhesion and complete trans-endothelial migration, likely a result 

of persistently increased activity of β2 integrins, because monocytes were entrapped 

between the endothelial cell layer and the basement membrane and may thereby cause 

vascular damage. Leukocyte JAM-A might limit lesion formation by enabling 

physiological de-adhesion and migration of mononuclear cells
40

.  

 

On dendritic cells, JAM-A deficiency caused an increased random motility and 

transmigration across lymphatic ECs but not microvascular ECs. In vivo, JAM-A
–/–  

mice 

showed enhanced DC migration to lymph nodes, whereas endothelial JAM-A deficiency 

did not alter dendritic cell transmigration
167

,  indicating a specific role of JAM-A in 

dendritic cell migration. 
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On neutrophils, JAM-A deficiency leads to defective uropod retraction and trans-

endothelial migration in inflammatory models of peritonitis and heart 

ischemia/reperfusion as well as in adhesion and tans-migration assays166. Additionally, 

JAM-A
–/– 

neutrophils adhered more efficiently to ECs and basement membrane proteins 

and their polarized movement was strongly reduced. Thus, JAM-A control neutrophil 

diapedesis through vessel wall. On activated neutrophils, JAM-A concentrated in a 

polarized fashion at the leading edge and uropod, while a significant amount of JAM-A is 

internalized and co-localized with integrin β1. JAM-A–/– neutrophils are unable to 

internalize integrin β1 upon chemotactic stimuli and this leads impaired uropod retraction 

and polarized cell motility. These phenotypes indicate that JAM-A is required for the 

internalization and recycling of integrins during neutrophil migration and might explain 

that the directional migration of JAM-A
–/– 

neutrophils is impaired
168

. The small GTPase 

Rap-1 plays a role in integrin internalization and it´s activity is reduced in JAM-A–/– 

neutrophils
169

. These evidences indicate that JAM-A on neutrophils controls the regulated 

migration cascade combined with integrins. 

 

Notably, the F11 receptor was found on the surface of human platelets and is a member 

of immunoglobulin superfamily170. A monoclonal antibody MabF11 against this 

membrane protein could cause platelet activation, such as platelet aggregation, granule 

secretion and phosphorylation of intracellular proteins
143

. In another study, this antibody 

activated platelets through cross-linking of JAM-A with FcγRII receptor on the 

membrane, triggering actin filament assembly with conversion of discoidal platelet to 

activated shapes and leading to platelet aggregation. The actin filament assembly is 

dependent on phosphoinositide-3 kinase activation
171

. Additionally, JAM-A was found to 

be phosphorylated in thrombin and collagen activated platelets, thus initially hinting 

towards a physiological role
172

, despite the adhesion function. Thus, intensive 

investigation about JAM-A on platelets has occured in past years. 

 

Human JAM-A cloned into Chinese hamster ovary (CHO) cells revealed that JAM-A 

accumulated on the cell surface and enhanced localization between two adjacent cells
170

. 

Furthermore, the intracellular tail of JAM-A was found to be co-localized with cortical f-
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actin, but not with cell-spanning stress fibers. Interestingly, less platelet adhered to 

immobilized JAM-A
–/– 

CHO cells compared with JAM-A expressing CHO cells, 

providing initial for cell–cell binding mediated by JAM-A hemophilic interactions170. 

Additionally, Babinska and colleagues found that platelets specifically adhered to a 

matrix made of immobilized JAM-A molecules. They also reported that platelets 

adhesion to cytokine-(TNF-α, INF-γ) activated HUVEC monolayers, is mainly mediated 

by homophilic interactions between JAM-A of platelets and EC
96

. Thus, JAM-A through 

homophilic interactions mediates platelet-platelet and platelet-endothelial cells adhesion. 

 

Mounting evidence suggests that JAM-A regulates platelet activation, dependent on 

integrin αIIbβ3. Interestingly, JAM-A-deficiency was shown to cause platelet 

hyperreactivity. On resting platelets, the conformation of integrin αIIbβ3 under low-

affinity is converted to a high affinity state after platelet activation, known as inside-out 

signaling
173

. Ligand binding to the activated integrin triggers cascade signaling events, 

named outside-in signaling
174

. Timely and rapid activation of integrin is pivotal for 

hemostasis, but unwanted activation can result in thrombosis
175

. However, the effects of 

unwanted or accidental activation of integrin in atherosclerosis, is unclear.  

 

Integrin outside-in signaling for platelet activity begins to be characterized. The signal 

molecule c-Src binding with integrin, a member of the Src family kinase (SFKs), plays an 

important role in outside-in signaling
176

. In resting platelets, Src is kept in inactive state 

through two intramolecular interactions, including the binding of the Src homology 3 

(SH3) domain to a polyproline type II helix and the other binding through its Src 

homology 2 (SH2) domain to a phosphotyrosine residue (Y
529

) in the C-terminal 

regulatory domain
177

.  Maintaining SFKs in an inactive state requires phosphorylation of 

the C-terminal inhibitory Y
529 

residue by cytoplasmic kinases Csk (C-terminal Src kinase) 

or Csk homologous kinase. SFKs dephosphorylation can trigger integrin outside-in 

signaling. However, Csk should be recruited nearly to sites of Src to suppress Src activity. 

Thus, the molecule, which recruits Csk to Src, becomes very important. It has been found 

that JAM-A binding Csk forms complex with integrin, so JAM-A as the linker between 

Csk and Src to form a complex (Csk-JAM-A- integrin αIIbβ3-Src) maintains Src Y
529
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phosphorylation in an inactive state
178

. After platelet activation, JAM-A detaches with 

Csk and is rapidly phosphorylated by PKC
179

, followed by the complex disruption. 

Losing CSK, Scr Y529 is dephosphorylated and triggers downstream signaling. However, 

the signaling pathway still need more research, such as Scr activity after detaching from 

the complex.  

 

Like other cell adhesion molecules (CAMs) as negative regulator for platelet activation
180

, 

JAM-A as a negative regulator controls platelet activity, such as protection from 

thrombosis
181

. JAM-A negatively regulates platelet function in vivo, which was certified 

by JAM-A–deficient
 

mice undergoing a pro-thrombotic phenotype. Additionally, 

transplantation of JAM-A–deficient
 
platelets into wild-type background also displays a 

pro-thrombotic phenotype. In these mice, JAM-A–deficient
 
platelets hyper-aggregate in 

response to a low dose of physiologic agonists, are named hyperreactivity. This 

hyperreactivity of JAM-A–deficient
 
 platelets is not due to augment of inside-out 

signaling, such as granular secretion, Thromboxane A2 (TxA2) generation and integrin 

activity, but due to the enhanced outside-in signaling as increased αIIbβ3 

phosphorylation
181, 182

. 

 

As more evidencs proposed that platelets are initiators and propagators of 

atherosclerosis
60

 and JAM-A might regulate platelet function during thrombosis and 

atherosclerosis
96, 171, 183

. Now we believed that platelet JAM-A displays two distinct 

functions. First, JAM-A mediates integrin αIIbβ3 dependent platelet activation. Second, 

JAM-A mediates platelet adhesion independent of integrins or fibrinogen receptors via 

homophilic JAM-A interactions with other cell types, thus playing a role in physiological 

processes important for platelet aggregation. But little is known the detailed functions 

about JAM-A regulating platelet in atherosclerosis. 
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2 The aims of this study 

Background: Platelets have an essential role in hemostasis and also act as immune cells 

to spark vascular inflammation. As the first circulating cells adhering to atherosclerotic 

predilection sites and to injured vessel wall, platelets promote leukocyte migration into 

vessel wall, which is the main driving force of vascular inflammation and remodeling. 

Platelets can bridge leukocyte adhesion to endothelium and also secrete cytokines for 

leukocytes recruitment. Thus, platelets are implicated as initiator and propagator of 

vascular remodeling. Although loss of platelet function reduces atherosclerotic plaque 

formation in hyperlipidemic mice60, 77, in fact, very few studies can address whether 

platelet hyperreactivity augments vascular inflammation and remodeling or not. 

 

JAM-A as an adhesion molecule regulate endothelial permeability, platelet activity and 

leukocytes migration. But it shows cell-specific roles in different cell types. Somatic 

deficiency of JAM-A led to decreased neointimal formation, but no effect on plaque 

formation. JAM-A on endothelial cells and leukocytes appears to have opposite roles for 

plaque formation
40

. Thus, it is worthwhile to investigate functions of platelet JAM-A in 

vascular remodeling. Furthermore, JAM-A inhibits platelet activity through outside-in 

signaling of integrin αIIbβ3. Deletion of JAM-A in platelets caused hyperreactivity181, 182, 

but whether a lower activation threshold of platelets leads to platelet-mediated increase of 

vascular inflammation in vivo needs to be investigated. In addition, the molecular basis 

for the regulation of integrin signaling by JAM-A is not yet fully characterized. 

 

The aims of this study were: 

 

1. To find out whether trJAM-A–deficiency affects atherosclerotic development and 

neointimal formation after vascular injury in hyperlipidemic mice. 

2. To determine how trJAM-A–deficiency causes platelet hyperreactivity.  

3. To investigate the interactions among JAM-A-deficient platelets, leukocytes and 

inflammatory endothelium in the context of vascular inflammation. 

4. To find out how platelet hypereactivity affects chemokine secretion. 

5. To elaborate the signaling cascade of JAM-A regulating platelet activity through 

integrin αIIbβ3. 
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3 Materials and Methods 

The general chemicals were purchased from Fluka (Buchs, Switzerland), Sigma 

(Deisenhofen, Germany) or Roth (Karlsruhe, Germany) in analytical grade quality, unless 

indicated otherwise. All reagents, buffers and solution were prepared with double 

distilled water (Heraeus Destamat, Heraeus, Germany) or Millipore water (Milli-Q Plus 

ultrapure purification, Millipore, MA). All protocols were adapted from standard 

protocols unless otherwise described. 

3.1 Materials 

 Instruments 3.1.1

Equipment Manufacturer 

Balance  Analytical Plus, Ohaus, Pine Brook, USA 

Centrifuge Centrifuge5415 R, Eppendof 

Heraeus®Multifuge®3S-R, Thermo Scientific 

Digital camera Leica DFC365 FX, Leica Microsystems, Germany 

Embedding machine Leica EG1160, Leica biosystems, Germany 

Flow cytometers FACS Canto II, BD Biosciences, San Jose, CA, 

USA 

Hematology analyzer ScilVet ABC, scil Animal Care 

Hematology analyzer ScilVet ABC, scil Animal Care 

Microscope Leica DM RBE, Leica Microsystems, Germany 

Multiplate® platelet analyzer Roche Diagnostics, Mannheim, Germany 

Microplate reader GENios,Tecan, Männedorf, Switzerland 

PH-meter InoLab level 1,WTW, Weilheim, Germany 

Stereomicroscope Leica S6, Leica Microsystems, Germany          

Stemi:2000-c,  Zeiss 

Tissue Processor(dehydration) Leica ASP200 S, Leica biosystems, Germany 
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 Reagents and materials 3.1.2

General Reagents and materials Catalog number Manufacturer 

4% buffered formaldehyde P087.3 Carl Roth 

4'.6-diamidino-2-phenylindole(DAPI) H-1500 Vector Labs 

Adenosine diphosphate (ADP) 50704 Biopool 

Antigen retrieval solution S1699 Dako 

Antagonist(antiamzolhydrochlorid) 400936 Cp-pharma 

Bovine serum albumin (BSA) 11922 SERVA 

CCL5/RANTES ELISA Kit DY478 R&D Systems 

Cholesterol-CHOD-PAP kit 12016630122 Cobas 

Citrate-coated tubes 352052 BD Falcon 

CXCL4/CXCL4 ELISA Kit DY595 R&D Systems 

DC protein assay kit 500-0111 Bio-Rad 

Dimethyl sulfoxide (DMSO) A994.1 Roth 

EDTA-coated tubes 41.1504.005 Sarstedt 

Elastica van Gieson (EVG) staining kit 12739 Morphisto 

Ethanol 9065.3 Roth 

FACS tubes 352052 BD Falcon 

Fixation/permeabilization solution kit 554714 BD Bioscience 

Fibrinogen CT15 Oxford Biomedical 

Research 

Goat serum X0907 Dako 

Hank's Balanced Salt Solution (HBSS) 14065-049 Life Technologies 

Isopropanol 109634 Merck millipore 

KB SRC4 (Src inhibitor) 4660 Tocris 

Ketamine 618926 pfizer 

2x Laemmli Sample Buffer 161-0737 Bio-Rad 

Medetomidine 45081 Pfizer 

Oil Red O O0625-100G Sigma Aldrich 

PP2 (Src inhibitor) 529573 Merck millipore 



Materials and Methods 

30 

 

Protein G-coupled magnetic beads 10003D Life Technologies 

PTP inhibitor IV 540211-10MG Merck millipore 

PTP1B inhibitor 539741 Merck millipore 

SHP1/2 PTPase inhibitor (NSC-87877) 565851 Merck millipore 

SU6656 (Src inhibitor) S9692 Merck millipore 

Surgical suture 7/0 IO 051391 Serag Wiessner 

Suture clips BN507R Aesculap 

TBS-Roti-block solution A151.1 Carl Roth 

Tirofiban Aggrastat® MSD 

Thrombin  T7513 Sigma Aldrich 

Triglycerides-GPO-PAP kit 11488872216 Cobas 

Tween
®

 20 P1379 Sigma-Aldrich 

Xylol/Xylenes 582698 Sigma Aldrich 

Tris-(hydroxymethyl)-aminomethan 2449.3 Carl Roth 

12-Well Plate 3512 Coring 

 Antibodies 3.1.3

Main Antibodies Clone  Manufacturer 

anti-CD41 PE 558040 BD Pharmingen 

anti-CD41 FITC MWReg30 eBioscience  

anti-CD31 eFluor®450 390 eBioscience 

anti-CD45 eFluor®450 30-F11 eBioscience 

anti-CD115 PE AFS98 eBioscience 

anti-ESAM AB4319 Merck Millipore 

Anti-Von Willebrand Factor A0082 Dako 

anti-mouse IgG DyLight 550 ab96880 Abcam 

anti-JAM-A AF488 H202-106 AbD Serotec 

anti-JAM-C PE FAB7050P R&D systems 

anti-human/mouse CD3 A0452 Dako 

anti-human/mouse SMA 1A4 Dako 
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anti-Ly6G PerCP-Cyanine 5.5 RB6-8C5 eBioscience 

anti-mouse MAC-2 CL8942AP Cedarlane 

anti-mouse phosphp-Src (Y418) eFluor660 50-9034-41 eBioscience 

anti-phosphotyrosine  4G10 Merck Millipore 

anti-rat IgG DyLight 488 ab96887 Abcam 

anti-rabbit IgG DyLight 650 ab96926 Abcam 

   

3.2 Methods 

 Mouse models  3.2.1

Mice carrying cre-recombinase under the control of platelet factor 4 (PF4)-promoter were 

a gift from Dr. R.C. Skoda, University Hospital Basel
184

 and were backcrossed in an 

apolipoprotein e (apoe)-deficient background (C57Bl/6) at least ten generations. These 

mice were crossed with JAM-A
flox/flox

apoe
–/–

 mice to obtain platelet-specific        

(tr)JAM-A–/–apoe–/– mice40. Littermates not containing the PF4-cre transgene were used 

as (tr)JAM-A
+/+

apoe
–/–

 controls. All animal experiments were approved by local 

authorities (Regierung von Oberbayern, Munich, Germany). In atherosclerosis research, 

mice were put on high fat diet (HFD, 21% fat, 19.5 % casein, 0.15% cholesterol, ssniff, 

Soest, Germany) for 2, 6 or 12 weeks. For neointimal formation research, mice were put 

on HFD for 1 week before and 2 weeks or 4 weeks after wire-injury operation. 

 Wire-injury in mouse carotid artery 3.2.2

The wire-injury in carotid artery of trJAM-A
+/+

apoe
–/–

 and trJAM-A
–/–

apoe
–/–

 mice is to 

denudate endothelium completely without internal lamina broken38. After mouse 

anesthesia (ketamine 80 mg/kg and medetomidine 0.3 mg/kg), ointment is applied to the 

eyes to prevent cornea drying. The mouse was fixed on a heating plate (tempcontrol 37-2 

digital) at 37 ˚C. Following midline neck incision, the left carotid artery and branches 

were exposed under Stereomicroscope (Stemi: 2000-c linked with the KL 1500 LCD; 

Zeiss). The left common carotid artery and internal and external carotid arteries were 

ligated proximally using 7/0 surgical suture (Serag Wiessner, IO 051391) without tying 

off. Proper suture tension is just for interrupting blood flow. Additional suture was added 
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around distal external carotid artery near bifurcation without tying off. After crosscutting 

a very small hole on external artery between those 2 sutures around the external artery, a 

flexible angioplasty guide-wire with 0.36mm diameter was inserted into common carotid 

artery and advanced about 1 cm. Complete and uniform endothelial denudation was 

achieved by 3 passes back and forth along common carotid artery and with 3 times of 

rotating motion. The wire must move freely and should not get caught at a hole in the 

vessel during motion. After injury, the proximal and distal sutures around external carotid 

artery were tied off and other sutures were moved out gently. The blood flow recovered 

to flow across the carotid artery. To check carotid artery whether clotting, the common 

carotid artery can be monitored for pulsation and color of blood. The skin incision was 

closed by two suture clips (Aesculap, BN507R). After operation, mice were injected 

antagonist (antiamzolhydrochlorid, 0.03mg/kg) to recovery and then put on HFD for 2 

weeks or 4 weeks. 

 Mouse blood collection and analysis 3.2.3

Mice were anesthetized and blood was retro-orbitally collected into EDTA-coated tubes 

(sarstedt, 41.1504.005) for cell counts, plasma isolation, flow cytometry or two-photon 

laser scanning microscopy experiment. Blood was collected into citrate-coated tubes 

(sarstedt, 41.1506.005) for platelet function assessment (platelet aggregation assay). Cell 

counts and mean platelet volume (MPV) were measured using an automated hematology 

analyzer (scil Animal Care). 

3.2.3.1 Leukocytes isolation 

Mice blood was taken from retro-orbital plexus into citrate-coated tubes and centrifuged 

at 1600 rpm for 10 minutes with break (Eppendof, Centrifuge 5415 R). The supernatant 

was taken out without any erythrocytes, just yellow supernatant for platelet isolation. 1ml 

erythrocytes-lysis buffer (8.4g NH4Cl, 0.84g NaHCO3, 1L H20, pH=7.2-7.6, RT) was 

added to the rest (all other cells in the pellets) and then transferred into labeled FACS 

tubes (BD Falcon, Cat.352052) with additional 2 ml erythrocytes-lysis buffer. After 

incubation for 5 min, the sample was centrifuged at 300 g for 5 minutes with break 

(Thermo Scientific, Heraeus® Multifuge® 3S-R Centrifuge). The supernatant was 
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dumped. The pellets were re-suspended in new 3 ml erythrocytes-lysis buffer. These lysis 

steps were repeated twice until pellet turns white. When all the erythrocytes are lysed, the 

pellets are peripheral blood mononuclear cells (PBMCs) for flow cytometry. 

3.2.3.2 Platelet isolation 

Mice platelets were isolated and washed by centrifugation as described
185

. The 

supernatant separated with leukocytes above was centrifuged at 1000 rpm for 6 minutes 

without break (Thermo Scientific, Heraeus® Multifuge® 3S-R Centrifuge). The 

supernatant (Platelet Rich Plasma, PRP) was saved and added citrate buffer (80mM 

sodium citrate tribasic, 52mM citric acid, 183mM glucose, filled and stored at 4˚C). The 

working volume of citrate buffer is 1/25 (v/v) of whole solution volume. Then, the 

sample was centrifuged at 5600 rpm for 5 minutes with break. The supernatant was 

discarded and the pellet was re-suspended in 200µl PBS with 1/25 citriate buffer for 

platelet experiments. 

3.2.3.3 Plasma isolation 

Mice blood was taken from retro-orbital plexus into EDTA-coated tubes and centrifuged 

at 1500 rpm for 15 min. The supernatant (platelet-rich-plasma, PRP) was taken out and 

centrifuged again at 13000 rpm or 5 min. The supernatant (platelet-poor-plasma, PPP) 

was stored in -20˚C. 

 Mouse organ samples collection and process 3.2.4

1) Dissection:  

Mice were anesthetized and blood was retro-orbitally collected in citrate-coated 

tubes. Dissection was done under stereomicroscope (Leica S6) to expose mice 

hearts and vasculature. A catheter was inserted into left ventricle and linked a 

syringe to perfuse cold PBS and cold 4% buffered formaldehyde (PFA, Carl Roth, 

Karlsruhe, Germany), as least 5ml, into mouse circulation. Exclusively, if the 

artery is prepared for protein, DNA or RNA extraction, only cold PBS is used 

without PFA.  
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2) Fixation:  

If necessary, the aorta and carotid arteries were carefully excised without 

peripheral tissues, especially fat tissue. Heart into Eppendorf 
® 

Tube, carotid 

arteries straightly in a small tissue cassette coated inside with paper tissue and 

aorta on a plastic plate using needles to fix, all were put overnight in 4% PFA.   

3) Dehydration and embedding:  

After fixation, the hearts were cut off in the middle and put in tissue cassettes. 

Then, hearts and carotid arteries were placed into histokinate (Leica, ASP200S) 

for dehydration procedure automatically following dehydration solutions 70%, 

70%, 96%, 96%, 100%, 100% to 100% ethanol. Then, the samples were 

immersed in xylene and covered with paraffin. At last, samples were embedded in 

embedding machine (Leica, EG1160) to form paraffin blocks. Carotid arteries 

should be kept standing up straightly in a mental chamber full with melted wax. 

Heart should be put the apical side to the bottom of the mental chamber. 

4) Tissue serial sections:  

The paraffin blocks were cut in sectioning machine (Leica, RM2155). The aortic 

root with 3 valves up 300μm length was cut into 4µm transverse section as each 

piece and left common carotid artery up to 1cm from bifurcation was cut and 

prepared for histology analysis. 

 Histological staining  3.2.5

3.2.5.1 EVG staining 

Elastica van Gieson (EVG) staining kit (Morphisto, Art.-Nr.12739) is used to 

demonstrate elastic fibers in tissue sections for plaque or neointimal area quantification. 

The plaques in aorta roots and neointima in injured carotid arteries were visualized and 

quantified by Leica Qwin Imaging software (Leica Microsystems, Wetzlar, Germany). 

The paraffin sections were chosen out intermittently from each mouse and were 

submerged in the following solutions for de-paraffinization: xylol for 15 minutes in twice, 

ethanol for 5 minutes twice, 96% ethanol for 5 minutes, 70% ethanol 5 minutes and then 

washed in PBS for 5 minutes. The deparaffinized sections were then stained in the 
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following solutions: incubated in Resorcin-Fuchsin (staining elastic fibers) for 20 minutes, 

rinsed for 1 minute in running tap water, incubated for 20 minutes in Weigert's iron 

hematoxylin solution (staining nuclei), rinsed for 10 minutes in running tap water, put in 

1% Hydrogen chloride/70% ethanol solution for 10 seconds (color differentiation), 

washed for 5 seconds in water, incubated in Van Gieson's Solution for 1 minute (staining 

connective tissue), washed in water for 5 seconds, and then incubated in 96% ethanol for 

5 minutes in twice, Isopropanol for 2 minutes, xylol for 5 minutes in twice. The sections 

were covered with mounting solution (Roti-HistoKit II, Carl Roth GmbH) and pictures 

were taken under microscopy (Leica DM RBE). The areas for plaque and aortic root, 

carotid artery lumen and internal and external elastic lamina were measured by Lica 

software (Leica Application Suit V4).  

3.2.5.2 Aortic oil-red-o staining 

The oil-red-o staining was used to quantify aortic plaque in en face. The oil-red-o 

stocking solution was prepared as 1g oil-red-o powder dissolved in 200ml 99% 

isopropanol. The working solution was made up freshly from the stock solution each time: 

75ml stocking solution was diluted with 50ml distilled water and stood for 1 hour, then 

filtered with filter paper. 

After dissection of complete aorta, from aortic root to iliac branch, the aorta is 

longitudinally opened and stapled on a black plastic plate by small needles in 4% PFA for 

overnight. In the next day, aortic adventitial tissue was striped gently and completely. 

Then, the aorta was dipped in 60% isopropanol for 10 times. After that, aorta was 

incubated in the oil-red-o working solution for 15 min. Then, the excess oil-red-o 

solution was removed by dipping the sections 10 times in 60% 2-propanol. The aorta was 

moved onto glass slide and mounted with glycerol (Cat.3783.5, Carl Roth). The pictures 

were taken in a series from a complete aorta under 2.5x objective magnification of 

microscope (Leica DM RBE). The pictures of different parts of the aorta were merged to 

construct en face aorta using photoshop software. The percentage of plaque in whole 

aorta area was quantified using by Lica Microsystems (Leica Application Suit V4). 
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3.2.5.3 Immunofluorescence staining 

Immunofluorescence (IF) staining was used to test JAM-A, CXCL4 and CCL5 

expression in platelets and cell composition in plaque and neointima, such as MAC2
+
 

macrophage, CD3
+
 T cell, α-SMA

+
 smooth muscle cell (SMC) and von Willebrand 

Factor (vWF) staining.  

IF staining of platelet 

Isolated platelets as described185 from mice blood was fixed and permeabilized with 

500µl Cytofix/Cytoperm (BD Bioscience, 554714) for 20 minutes. After centrifuged 5 

minutes at 2200rpm, the pellet was re-suspended in 250 µl 1x Perm/Wash Buffer (BD 

Bioscience, 554714). This washing step was repeated. Primary Antibodies, anti-CXCL4 

(R&D Systems, Minneapolis, MN) and anti-CCL5 antibodies (both R&D Systems, 

Minneapolis, MN), were incubated for 2 hours at room temperature in the dark. Then, 

washing step was followed. Secondary antibodies conjugated with DyLight®-488, -550 

or -650 (all Abcam, Cambridge, UK) were incubated for 1.5 hours at room temperature in 

the dark. After washed twice, the pellet was re-suspended in 100µl PBS. 20 µl of platelet 

suspension was mounted on the glass slide with Vectashield mounting medium (Vector 

Labs). The pictures are taken under fluorescence microscope (Leica DM 6000) with a 

monochrome digital camera (Leica DFC365 FX). 

IF staining of plaque and neointima 

The sections of aortic root and injured carotid arteries were deparaffinized as the same as 

in EVG staining protocol. Then, heat-induced antigen retrieval was done. The samples 

were boiled at 180 watt in 1 x target retrieval solution (Dako, S1699) by microwave and 

then cooled down for at least 20 minutes at room temperature. After antigen retrieval, the 

samples were put in distilled water for 5 minutes, then in PBS for 5 minutes. The liquid 

around sections was removed on the slide very carefully with a paper towel without 

touching the sections (the sections were kept moisture in the whole procedure). Then, 

blocking non-specific binding to the antibodies, for example, the secondary antibody was 

produced from goat, so the blocking solution was 10% goat serum (Dako, X0907) diluted 

in PBS and 50µl of the blocking solution was put on each sample for 20 minutes at room 

temperature. Then, the liquid around samples was removed as before. The first antibodies 
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cocktail were incubated with samples. In this experiment, rat anti-mouse MAC-2 

(2.5µg/ml, CL8942AP, Cedarlane) and rabbit anti-human CD3 (2.7µg/ml, A0452, Dako) 

were diluted in 0.5 % goat serum/PBS and added on the samples for incubation over 

night at 4°C in humid chamber. On the next day, samples were washed in PBS 3 times. 

Then, incubation with secondary antibodies cocktail: the liquid around was removed. In 

this experiment, goat anti-rat IgG DyLight 488 (5µg/ml, ab96887, Abcam) and sheep 

anti-rabbit DyLight 650 (5µg/ml, ab96887, Abcam) were diluted in 0.5% goat 

serum/PBS and incubate for 45 min at room temperature in dark. For smooth muscle cells 

staining, the antibodies are mouse anti-human smooth muscle actin (1:100 dilution, clone 

1A4, Dako) incubated for 1 hour and goat anti-mouse IgG DyLight 550 (5µg/ml, 

ab96880, Abcam) incubated for 1 hour. The same procedure is used in von Willebrand 

Factor staining (1:600, Dako, A0082). At last, after washing in PBS for 5 minutes, 

sections were mounted with Vectashield 4'.6-diamidino-2-phenylindole (DAPI, Hard Set 

Vector Labs) and covered by cover slides. Images were taken under fluorescence 

microscope (Leica DM6000) with the camera (Leica DFC365 FX). The quantification 

was done by Leica Microsystems (Leica Application Suit V4). For background 

assessment, samples were stained instead of primary antibodies with appropriate IgG, 

followed by the secondary antibodies. 

 Multiplate® platelet aggregation measurement  3.2.6

Platelet aggregation in response to adenosine diphosphate (ADP, biopool) and thrombin 

(Sigma Aldrich) was assessed using mouse whole blood within 2 hours after isolation. 

Multiple electrode aggregometry technology in a Multiplate® platelet analyzer was 

according to manufacturer's instructions (Roche Diagnostics, Mannheim, Germany)
186

.  

Blood was collected into EDTA-coated tubes. The multiplate machine was switched on 

and warmed up in 20-30 minutes. Saline solution must be preheated for at least 10 

minutes. The test cells were inserted into the measuring position and attached to sensor 

cables. 150µl 0.9% saline and 150µl blood were added in to the test cell. In some 

experiments, platelets were pretreated with αIIbβ3 integrin antagonist tirofiban 

(Aggrastat®, MSD, 1µg/ml) or the Src kinase inhibitor PP2, SU6656 and KB Src 4 

(Merck Millipore or Tocris, 20, 2.5 and 0.09 µmol/l respectively). The incubation time 
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was 3 minutes. After incubation, the stimulus, such as ADP (0.5µm/l, 1 µm/l, 2µm/l 

respectively) or thrombin (0.021U/ml, 0.11U/ml, 0.51U/ml, 1U/ml respectively), was 

added into the bottom of plastic cells and the test was started. Then, the process of 

platelet aggregation was recorded as curve in image. Platelet aggregation was presented 

as area under the curve in aggregation units (AU), expressed as AU*min, which was 

quantified. 

 Protein extraction 3.2.7

The mice platelets pellets were lysed on ice using the lysis buffer: 50mM tris pH7.4, 

150mM NaCl, 5mM EDTA, 0.1mM DTT, 1% NP-40, 1% CHAPS.  

Protein concentrations of platelet lysis were determined by Bio-Rad protein assay. 

 Immunoprecipitation  3.2.8

Immunoprcipitation was used for testing trJAM-A phosphorylation and related kinase 

involved in trJAM-A de-phosphorylation after platelet stimulation by fibrinogen. Isolated 

washed platelets from mice were incubated on immobilized heat-inactivated Bovine 

serum albumin (BSA, 5mg/ml, SERVA 11922) or mouse fibrinogen (0.1mg/mL, Oxford 

Biomedical Research) for 90 minutes at 37°C, respectively as described
178, 187

. 

The platelets were stimulated on immobilized fibrinogen. The fibrinogen-coated wells 

(Costar
®

12 Well Plates, Corning, 3512) were prepared for stimulating platelets. Mouse 

fibrinogen (1mg/ml stock solution, -80°C, Oxford Biomedical Research) is diluted in 0.9% 

NaCl solution (1:10, working concentration 100μg/ml) and then poured into the wells to 

cover the bottom (about 400µl/well). The control group used 0.5% heat-inactivated BSA. 

After incubation at 37°C for 1 hour, the fibrinogen solution was dropped out and 0.5% 

inactivated BSA blocking solution was added into the wells for 20 minutes at 37°C. Note: 

0.5% BSA working solution should be inactivated previously at 56°C for 45 minutes in 

water bath.  

The isolated platelets was re-suspended in 1/25 (v/v) citrate buffer and measured in the 

automated hematology analyzer (scil Animal Care). Then, platelets were diluted in 1/25 

(v/v) citrate buffer to the concentration 1x 108/ml. In some experiments, protein tyrosine 
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phosphatase inhibitors: IV (20µmol/L), XXXI (30µmol/L), NSC-87877 (0.7 or 10µmol/L) 

and PTP1B inhibitor (8µmol/L), or vehicle (DMSO) were mixed with platelet suspension 

and then pipetted into fibrinogen- or inactivated BSA coated wells during adhesion 

process. The platelets were incubated for 90 minutes at 37°C (cover with the lid) and 

lysed using platelet lysis buffer, as described above.  

JAM-A was immunoprecipitated from platelet lysis, by specific antibody (clone H2O2-

106, AbD Serotec) and protein G-coupled magnetic beads (Dynabeads, Life 

Technologies). It analyzed in western blotting. 

Dynabeads® Protein G binds antibody via their Fc region and was separated using a 

Dynal® magnet. In this experiment, 5µg anti-mouse JAM-A rat monoclonal was diluted 

in 200µl PBS/0.05% Tween 20, with the beads for 1hour. After washing in 200µl 

PBS/0.05% Tween 20, platelet lysis (protein amount 25µg) was added and incubated 

with rotation for 2 hours at room temperature to allow JAM-A to bind to beads-antibody 

complex. After washing bead-Ab-Ag complex three times using 200 µl PBS each time, 

20µl 2x Laemmli Sample Buffer (Bio-Rad, 161-0737) was added to the bead-Ab-Ag 

complex and denatured by heating for 10 minutes at 95˚C. After loading samples, 

western blotting was done. After transferring the proteins to nitrocellulose membrane, the 

primary antibody: anti-phosphotyrosine mouse monoclonal (clone 4G10, Merck 

Millipore) and HRP-conjugated secondary antibody were incubated. After detecting 

protein bands, the anti-phosphotyrosine antibody and secondary antibody were stripped 

from the membrane by the Restore Western Blot Stripping Buffer (Thermo Scientific, 

46430) for 15 minutes at room temperature. After blocking the membrane again, anti-

mouse JAM-A rat monoclonal antibody (clone H2O2-106, AbD Serotec, Düsseldorf, 

Germany) was incubated to perform next western blotting steps. This step was to detect 

the immunoprecipitated protein (JAM-A). 

 Enzyme-linked immunosorbent assays (ELISA) 3.2.9

ELISA is used for testing concentrations of cytokines, chemokines and other antigens 

that are secreted or released into plasma from cells. The coupled antibodies with easily-

assayed enzyme produce a colored substrate indicating a positive reaction.    
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Concentrations of chemokines CXCL4 and CCL5 were measured in platelet poor plasma 

(PPP) from mice fed a HFD for 2, 6 and 12 weeks using Enzyme-linked immunosorbent 

assays (ELISA) kits (both R&D Systems, Minneapolis) accordance with the 

manufacturer´s instructions. The capture antibody specific for the antigen of interest is 

pre-coated onto a 96-well microplate and incubated over night at RT. After aspiration and 

washing 3 times using the 0.05% Tween 20 in PBS, plate was blocked with 1% BSA in 

PBS for 1 h. After washing, the standards or samples were added for binding to capture 

antibody and incubated for 2 h. Following the wash, the detection antibody was added 

and incubated for 2 h at room temperature. After washing, the streptavidin-HRP was 

added and incubated for 20 minutes. Avoid placing the plate in direct light. Last, when 

the substrate solution was added and incubated at room temperature, the reaction yielded 

blue then turns to yellow. After 20 minutes, the stop solution (2N H2SO4) was added. The 

optical density was determined using a microplate reader set to 450 nm/570 nm. A 

standard curve was generated for each set of assayed samples and concentrations of the 

samples were calculated according to standard curve. 

 Enzymatic colorimetric method  3.2.10

Total cholesterol and triglycerides concentrations were analyzed using enzymatic 

colorimetric method (Cholesterol-CHOD-PAP kit and Triglycerides-GPO-PAP kit, both 

Roche Diagnostics) according to the manufacturer’s instructions. 

Prepare the standard, which can be used for cholesterol and triglycerides tests. The stock 

concentration of the standard for cholesterol and triglycerides is 4.35 and 1.44 mm/L, 

respectively. A standard curve was created using 2-fold serial dilutions in 0.9% NaCl. 

Dilute the samples (if necessary) in 0.9% NaCl. Add 50µl of standard or samples and 

150µl reactant reagent per well. Incubate 30 minutes at 37˚C in dark. Cool down for 5 

minutes at RT and microplate reader set to 510 nm. 

  Flow Cytometry 3.2.11

The laser based flow cytometry is a biophysical technology for analyzing cells by their 

size, granularity and allows for detection of protein expression. In a fluid sheath stream, 

one cell at a time passes by an argon laser, which excites fluorescently labeled cells. 
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Measurements of the size (forward scatter) and granularity (sideward scatter) are 

independent from fluorescence signals.  

In this study, the flow cytometry technique was utilized for testing platelet JAM-A, JAM-

C and ESAM expression and counting complex formation in vitro of platelets with 

monocytes or neutrophils. Phosphorylated c-Src was detected using an eFluor®660-

conjugated mouse monoclonal antibody, specific for mouse/human Src phosphorylation 

at tyrosine 418 residue (Y418) (eBioscience). For assessment of JAM-A expression in 

platelets, platelets were labeled with anti-JAM-A AF488-conjugated (AbD Serotec) and 

anti-CD41 PE-conjugated (BD Pharmingen) antibodies. For the platelet-leukocyte 

interactions, isolated platelets were activated by 0.5U/ml thrombin and added to isolated 

erythrocyte-free leukocytes for 20 minutes at 37°C. Finally, cells were stained with anti-

CD41 FITC-conjugated (eBioscience), anti-CD45 eFluor®450-conjugated (eBioscience), 

anti-CD115 PE-Cyanine 7-conjugated (eBioscience) and anti-Ly6G PerCP-Cyanine 5.5-

conjugated (eBioscience) antibodies. In some experiments, platelet-leukocyte interactions 

were analyzed after pretreatment of the platelets with αIIbβ3 integrin antagonist tirofiban 

(Aggrastat®, MSD, 1µg/mL). For the adhesion molecules expression, isolated platelets 

were stained with anti-JAM-A AF488-conjugated (AbD Serotec), anti-JAM-C PE-

conjugated and anti-endothelial cell-selective adhesion molecule (ESAM, Merck 

Millipore), incubated with DyLight®-650-conjugated secondary antibody (Abcam, 

Cambridge, UK). Samples were acquired by flow cytometry (FACSCantoII, BD 

Biosciences) after appropriate compensation settings and analyzed by FlowJo v.10 

software (Tree Star Inc.). 

  Two-photon laser scanning microscopy  3.2.12

Two-photon laser scanning microscopy (TPLSM) is a fluorescence imaging technique 

with deep tissue penetration, efficient light detection and reduced tissue damage
188

. 

TPLSM imaging was performed using a scanner Leica SP5MP (Mannheim, Germany) 

with a pulsed Ti-Sapphire laser (MaiTai HP, Spectra Physics, Mountain View, USA) 

tuned to 800 nm and a 20×NA1.00 water dipping objective (Leica). Emitted fluorescence 

signals were detected using photo-multiplier tubes (PMTs). Image processing was 
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performed using LAS software (Leica) and Image Pro Analyzer v7.0 software (Media 

Cybernetics, Rockville, MD).  

TPLSM was used to analyze platelet adhesion to atherogenic carotid artery wall. The 

trJAM-A
+/+

apoe
–/–

 and trJAM-A
–/–

apoe
–/–

 mice were fed a HFD for 2 weeks. Whole 

blood was retro-orbitally taken from the mice into citrate coated tubes and diluted with 

citrate buffer to adjust platelet count to 1×108 platelets/ml. Carotid arteries were carefully 

explanted, mounted in a customized perfusion chamber and pressurized at physiological 

pressure of 60-80 mmHg. Prior to perfusion, the endothelium was labeled with anti-CD31 

eFluor®450-conjugated antibody (3.5µg/ml, eBioscience) and diluted blood was 

incubated with anti-CD41 FITC-conjugated antibody (3.7µg/ml, eBioscience) for 30 

minutes. Then, blood was perfused along the mounted and pressurized vessel for 10 

minutes at 0.5ml/min. In a second set of experiments, diluted blood was pretreated with 

integrin αIIbβ3 antagonist tirofiban (Aggrastat®, MSD, 1µg/mL) prior to perfusion. The 

first 500µm close to mounting pipettes were excluded due to possible handling damage. 

The corresponding wavelengths was using an acousto-optical beam splitter: 400-440 nm 

for second-harmonic generation (SHG); 460-490 nm (eFluor® 450) and 510-560 nm 

(FITC). Adherent platelets were recorded by TPLSM and counted per field of view of Z-

stack maximum projections (FOV=240µm
2
; voxel size: 0.23 x 0.23 x 1µm

3
). Z-stacks 

were acquired at 0.1 Hz including two-fold frame averaging. 

TPLSM was used to analyze platelet adhesion to wire-injured carotid artery. The trJAM-

A
+/+

 apoe
–/–

 and trJAM-A
–/–

apoe
–/–

 mice were fed a HFD for 1 weeks. Then, the wire-

injury operation was carried out on left carotid artery as described above. One hour after 

wire injury, the injured carotid artery was carefully explanted, mounted in a customized 

perfusion chamber and pressurized at physiological pressure of 60-80 mmHg. To detect 

whether endothelium denudation complete, endothelium was labeled with anti-CD31 

eFlour488 or 450 (3.5µg/ml, eBioscience), and platelet was stained by CD41-PE 

(3.5µg/ml, BD Pharmingen) for 30 minutes. TPLSM was performed using a Leica 

SP5MP system. Emitted fluorescent signals were detected by PMTs tuned for the 

corresponding wavelengths using an acousto-optical beam splitter: 400-440nm for 

second-harmonic generation (SHG); 460-490nm (eFluor® 450), 510-540nm (Alexa 
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Fluor®488) and 570-600nm (PE). Z-stacks were acquired at 0.1 Hz over time including 

two-fold line averaging; One field of view (FOV=330μm2; voxel size: 0.32 x 0.32 x 

1μm3) was recorded. All pictures were processed using LAS software (Leica) and Image 

Pro Analyzer v 7.0 software (Media Cybernetics, Rockville, MD). More than 3 FOVs 

without endothelium signals in each carotid artery were taken for platelet quantification. 

The software (Lecia Application Suite X) constructed 3-D pictures for platelet volume 

measurement and automatically calculate the volume of platelet positive signal. 
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4 Results 

4.1 Adhesion molecule expression in the vasculature 

To investigate the Junctional adhesion molecule A (JAM-A) expression in cardiovascular 

system, we implemented trJAM-A
–/–

apoe
–/– 

mice and compared them to their control 

littermates (trJAM-A
+/+

 apoe
–/–

). The results showed that platelet-specific JAM-A was 

knockout (trJAM-A
–/–

). 

 JAM-A deletion on platelets  4.1.1

Immunofluorescence staining shows CD41 as a marker of platelets and JAM-A expressed 

on isolated platelets from trJAM-A
+/+

apoe
–/–

 mice, but only CD41, not JAM-A, 

detectable on trJAM-A
–/–

apoe
–/–

 mice (Figure 5A). In line, flow cytometry showed that 

CD41 was expressed on isolated platelets from trJAM-A
+/+

apoe
–/–

 mice and trJAM-A
–/–

apoe
–/– 

mice, but JAM-A was not detectable on platelets from trJAM-A
–/–

apoe
–/–

 mice 

(Figure 5B). The percentages of positive platelets expressing JAM-A were depicted in 

upper right quadrant of graphs, which is almost zero from trJAM-A
–/–

apoe
–/– 

mice, 

displaying genetic deletion of JAM-A. These data illustrate efficient knockout of trJAM-

A in trJAM-A
–/–

apoe
–/–

 mice. 
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Figure 5: JAM-A deletion on platelets. JAM-A expression on isolated platelets from 

trJAM-A
+/+

apoe
–/–

 and trJAM-A
–/–

apoe
–/– 

mice were detected by immunofluorescence 

staining (JAM-A: green, CD41: red) and flow cytometry (B). Scale bar=20µm (A). 

Representative pictures of more than 3 independent experiments. 

 JAM-A expression in arterial wall 4.1.2

To localize JAM-A expression in vessel wall, we did immunofluorescence staining in 

carotid arteries from trJAM-A
+/+

apoe
–/–

 and trJAM-A
–/–

apoe
–/–

mice. vWF as a marker of 

ECs was co-localized in intima with JAM-A (Figure 6A). In arterial media, JAM-A 

signal was detectable in SMCs and merged with α-SMA signal (Figure 6B). To quantify 

JAM-A expression in arterial wall, western blot showed JAM-A bands from homogenates 

of aortae or carotid arteries at same level of expression in both groups (data shown in our 

paper). This means that specific genetic deletion of platelet JAM-A did not affect JAM-A 

expression in arterial wall.  

A 

B 
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Figure 6: JAM-A expression in arterial wall. Immunofluorescence images of carotid 

arteries from trJAM-A
+/+

apoe
–/–

 and trJAM-A
–/–

apoe
–/– 

mice. ECs (A, overlays, JAM-A: 

green, vWF: red and nuclei: blue) and SMCs (B, overlays, JAM-A: green, SMCs: red and 

nuclei: blue). Scale bar=20 µm. Independent experiments were repeated more than 3 

times.  

 Related adhesion molecules expression on platelets 4.1.3

To search the effects of trJAM-A deletion on the expression of related adhesion 

molecules, JAM-C and ESAM were stained by fluorescence antibodies and the 

expression levels on platelets were depicted as mean fluorescence intensity by flow 

cytometry. JAM-C was detected on isolated platelets from trJAM-A
+/+

apoe
–/–

 and trJAM-

A–/–apoe–/– mice and quantification of JAM-C expression on platelets by mean 

fluorescence intensity showed no significant difference between trJAM-A
+/+

apoe
–/–

 and 

A 

B 
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trJAM-A
–/–

apoe
–/– 

mice (Figure 7A). Although ESAM expression on platelets was 

showed a slight decrease trend in trJAM-A
–/–

apoe
–/– 

mice compared with trJAM-A
+/+ 

apoe–/– mice, but there was no significant difference (Figure 7B). Hence, the absence of 

trJAM-A did not affect related adhesion molecules expression on platelets.  

 

Figure 7: JAM-C and ESAM expression on platelets. JAM-C (A) and ESAM (B) were 

stained by fluorescence antibodies on isolated platelets from trJAM-A
+/+

apoe
–/–

 (blue 

curve) and trJAM-A–/–apoe–/– mice (black curve), compared with controls (grey curve) 

and their fluorescence intensity was measured by flow cytometry. N=3 mice per group. 

Fluorescence intensity was quantified and represented as mean±SEM, P values were 

calculated by Student's t-test. 

A 

B 
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4.2 Platelets and white blood cells counts in mouse blood  

To determine effect of trJAM-A deficiency on blood cell populations, blood in EDTA-

anti-coagulated tubes was isolated from trJAM-A+/+ apoe–/– and trJAM-A–/– apoe–/– mice 

fed HFD for 0, 2, 6, 12 weeks. According to table1, platelet number in blood displayed 

no significant difference between trJAM-A
+/+

apoe
–/–

 and trJAM-A
–/–

apoe
–/– 

mice 

(P<0.05), but platelet count increased with the course of HFD. 

Mean platelet volume (MPV) as a measurement of average platelet size in blood indicates 

platelet production in bone marrow. Once MPV is higher, it means the body is producing 

more platelets. Table 1 showed that MVP was in normal range (4.6-7.3 femtoliter) and 

there was no significant difference between trJAM-A
+/+

apoe
–/–

 and trJAM-A
–/–

apoe
–/– 

mice (P>0.05) at different time points of HFD.  

The number of white blood cells showed stable and little variation between trJAM-A
+/+ 

apoe
–/–

 and trJAM-A
–/–

apoe
–/– 

mice (P>0.05) fed HFD for 0,  2, 6 or 12 weeks. Among 

them, the populations of lymphocytes, monocytes and neutrophils displayed no 

significant difference after platelet JAM-A deletion (P>0.05).  Hence, trJAM-A 

deficiency did not alter the numbers of white blood cells in blood. 

genotype platelets MPV WBC lymphocytes monocytes neutrophils 

trJAM-A+/+, w/o HFD 386±148 6.57±0.35 5.08±0.85 5.25±0.60 0.225±0.03 1.63±0.23 

trJAM-A–/–, w/o HFD 499±157 6.00±0.17 5.50±0.15 5.73±0.07 0.303±0.03 1.47±0.15 

p-value 0.63 0.23 0.22 0.38 0.09 0.62 

trJAM-A+/+, 2w HFD 719±36.9 6.00±0.05 6.23±0.48 4.56±0.39 0.231±0.03 1.44±0.09 

trJAM-A–/–, 2w HFD 766±64.9 5.97±0.06 6.18±0.38 4.47±0.25 0.241±0.03 1.48±0.19 

p-value 0.56 0.66 0.94 0.83 0.81 0.40 

trJAM-A+/+, 6w HFD 765±130 6.67±0.31 4.75±0.67 3.18±0.25 0.167±0.07 1.40±0.43 

trJAM-A–/–, 6w HFD 839±125 6.66±0.41 5.24±0.38 3.66±0.26 0.211±0.03 1.38±0.14 

p-value 0.78 0.71 0.24 0.26 0.21 0.26 

trJAM-A+/+,12w HFD 947±124 6.76±0.17 4.84±0.47 3.03±0.33 0.193±0.03 1.62±0.02 

trJAM-A–/–,12w HFD 1286±146 6.45 ± 0.13 4.40 ± 0.46 2.77 ± 0.28 0.164 ± 0.03 1.46 ± 0.17 

p-value 0.09 0.18 0.37 0.58 0.47 0.57 

 

Table 1: Platelet, mean platelet volume (MPV) and white blood cell counts (WBC). 

The whole blood was isolated into EDTA tubers from trJAM-A
–/–

apoe
–/–

 and trJAM-

A
+/+

apoe
–/–

 mice fed without (w/o) HFD and with HFD for 2 weeks (2w), 6 weeks (6w), 

12 weeks (12 w). Values are shown as (mean ±SEM)*109 cells/L blood, except MPV as 
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(mean ±SEM)*femtoliter. N=7-14 mice per group and all P values were calculated by 

Student's t-test. 

4.3 Lipid metabolism after platelet–JAM-A deletion 

All mice were used in this project with apoe gene deficiency background, which caused 

hypercholesterolemia as the main driving force of lesion growth. Lipid metabolism 

indicated by plasma levels of cholesterol and triglycerides was measured. The data 

showed that there was no significant difference (P>0.05) between trJAM-A
–/–

apoe
–/–

 and 

trJAM-A
+/+

apoe
–/–

 mice fed HFD for 2 weeks or longer.  

genotype cholesterol (mg/dl) triglycerides (mg/dl) 

trJAM-A
+/+

apoe
–/–

, 2w HFD 984 ± 132 164 ± 40.9 

trJAM-A+/+apoe–/–, 2w HFD 1105 ± 125 141 ± 20.5 

p-value 0.51 0.62 

trJAM-A
+/+

apoe
–/–

, 6w HFD 918 ± 132 165 ± 31.5 

trJAM-A
+/+

apoe
–/–

, 6w HFD 951 ± 161 184 ± 48.8 

p-value 0.88 0.96 

trJAM-A
+/+

apoe
–/–

,12w HFD 1222 ± 121 178 ± 26.5 

trJAM-A
+/+

apoe
–/–

,12w HFD 1349 ± 146 222 ± 30.5 

p-value 0.51 0.29 

   

Table 2: Plasma cholesterol and triglyceride levels. Plasma was isolated from  trJAM-

A–/–apoe–/– and trJAM-A+/+apoe–/– mice fed HFD for 2 weeks (2w), 6 weeks (6w) and 12 

weeks (12 w). The levels of cholesterol and triglyceride in plasma are expressed as (mean 

±SEM)*mg/dl. N=7-13 mice per group and all P values were calculated by Student's t-

test.  
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4.4 JAM-A deficiency results in platelet hyperreactivity  

 JAM-A deficiency increases platelet aggregation  4.4.1

To assess platelet aggregation upon activation, multiplate was used to measure platelets 

aggregation under agonist stimulation. Whole blood was isolated retro-orbitally from 

trJAM-A
+/+

 apoe
–/–

 and trJAM-A
–/–

apoe
–/–

 mice into citrate-coated tubes. After dilution, 

blood was added agonist, such as thrombin and ADP, and measured under multiplate. 2 

curves per sample (as internal control) depicted platelet aggregation progress and area 

under the curves as aggregation degree (Figure 8A, B). Under lower concentrations of 

thrombin, from 0.02 U/ml to 0.5 U/ml, JAM-A
–/–

apoe
–/–

 platelets aggregated faster and 

the degree showed significantly elevated, compared with JAM-A
+/+

apoe
–/–

platelets, but 

there was no significant difference under 1U/ml thrombin (Figure 8C). Similar results 

were displayed under ADP stimulation (Figure 8D). The enhanced aggregation to 

different agonists revealed JAM-A
–/–

apoe
–/–

platelet hyperreaction, which was consistent 

with previous findings
181, 182

. These results suggest that JAM-A acts an endogenous 

inhibitor of platelet function. 
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Figure 8: Platelet hyperreactivity in trJAM-A
–/–

apoe
–/–

 mice.  Representative images 

of thrombin activation (0.5 U/mL) to JAM+/+apoe–/– (A) and JAM-A–/–apoe–/– platelets 

(B). Platelet aggregation due to thrombin (C) and ADP (D) activation is presented as area 

under the curve in aggregation units (AU) in 5 minutes, expressed as (mean ±SEM) 

AU*min. N=8-15 mice per group. P<0.05 showed significant difference and all P values 

were calculated by ANOVA with Tukey's post test. 

 JAM-A negatively regulates platelet activity through Integrin αIIbβ3 4.4.2

Previous observations have shown that platelet aggregation is mediated by integrin 

αIIbβ3, which bind with vWF or fibrinogen triggering outside-in signaling. To address 

whether the hyperaggregation of JAM-A
–/–

apoe
–/–

 platelets was also mediated by integrin 

αIIbβ3, its specific antagonist tirofiban was used. After tirofiban inhibition, the 

aggregation of JAM-A–/–apoe–/– platelets was suppressed under 0.5 U/mL thrombin 

stimulation (Figure 9A, B) and quantification of areas under the curves showed 

significantly decrease (P<0.05, between 2 black bars in Figure 9C). Notably, the 

A B 

C 
D 
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enhanced aggregation of JAM-A
–/–

apoe
–/–

 platelets (P<0.01, Figure 9C left) was 

normalized by tirofiban to the level of JAM-A
+/+

apoe
–/–

 platelets, as there was no 

significant difference between JAM-A+/+apoe–/– platelets and JAM-A–/–apoe–/– platelets 

(P>0.05, Figure 10C right). To further validate this observation, ADP stimulated platelets 

also showed similar results (Figure 10D).  Tirofiban dramatically suppressed JAM-A
–/–

apoe
–/–

 platelet aggregation under ADP activation (Black bars) and showed no significant 

difference with JAM-A
+/+

apoe
–/–

 platelets (P>0.05, Figure 10D right). These data indicate 

that integrin αIIbβ3 mediates hyperreaggregation of JAM-A–/– apoe–/– platelets. 

 

Figure 9: Integrin αIIbβ3 controls platelet activity.  Representative images of 

thrombin (0.5 U/mL) activation (A) and tirofiban (1 µg/mL) inhibition (B) to JAM-A–/–

apoe
–/–

 platelets are shown. Curves in the images recorded the process of platelet 

aggregation. Aggregation of JAM-A
+/+

apoe
–/–

 and JAM-A
–/–

apoe
–/–

 platelets activated by 

A B 

C D 



Results 

53 

 

thrombin(C) or ADP (D) in absence or presence of tirofiban is presented as area under 

the curve in aggregation units (AU), expressed as (mean ±SEM) AU*min. N=8-15 mice 

per group and all P values were calculated by ANOVA with Tukey's post test. 

 JAM-A inhibits c-Src activity in integrin αIIbβ3 outside-in signaling 4.4.3

After platelet activation, integrin αIIbβ3 conformation converted from its low-affinity 

state to a high-affinity state is referred as inside-out signaling173. Ligand binding to the 

activated integrin triggers cascade signaling events to stabilize platelet aggregates, named 

outside-in signaling
174

. To investigate the downstream molecule cascade of integrin 

αIIbβ3 outside-in signaling, the role of Src kinase in platelet aggregation was assessed by 

multiplate. PP2 as an inhibitor of Src significantly blocked the increased aggregation of 

JAM-A–/–apoe–/– platelets, compared with JAM-A+/+apoe–/– platelets stimulated by ADP 

(Figure 10A) or thrombin(Figure 10B).  DMSO, as solvent of PP2, was used additionally 

as control. JAM-A
–/–

apoe
–/–

 platelets still showed significant hyperreaggregation 

compared with JAM-A
+/+

apoe
–/–

 platelets (Figure 10A, B), which indicated that DMSO 

did not affect platelet function. These data revealed that Src combined with integrin 

αIIbβ3, confirmed by previous observations181, 182, regulates platelet aggregation. Taken 

together, Src might regulate platelets aggregation in signaling downstream of integrin. 

Src activity was further explored, which is reflected by Src phosphorylation state at 

residue Y418. Under non-activated conditions, the state of Src Y418 phosphorylation in 

isolated JAM-A
–/–

apoe
–/– 

platelets showed no significant difference with JAM-A
+/+

apoe
–/–

 

platelets. Additionally, the quantification of fluorescence intensity of Src Y418 showed 

that JAM-A deficiency did not affect Src Y418 phosphorylation after thrombin 

stimulation (Figure 10C, D), as thrombin activates platelets leading integrin to high 

affinity state through inside-out signaling. The statistic comparison showed no difference 

(P>0.05, Figure 10C, D) suggested that Src activity and JAM-A was not involved in 

integrin αIIbβ3 inside-out signaling. 

As the ligand of integrin αIIbβ3, Fg can trigger integrin outside-in signaling and activate 

platelets. Isolated platelets adhered to BSA- (as control) or Fg-coated dishes and then Src 

Y418 phosphorylation in platelet activation was measured in flow cytometry. In BSA 
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group, there was no significant difference of Src Y418 phosphorylation in platelets with 

or without JAM-A expression. In addition, with and without Fg stimulation, JAM-

A+/+apeo–/– platelets showed no significant difference of Src Y418 phosphorylation 

(Figure 10F, 2 white bars). In contrast, without JAM-A expression, Fg stimulated 

platelets showed higher Src Y418 phosphorylation, as the fluorescence intensity in JAM-

A
–/–

apoe
–/–

 platelets displayed stronger (Figure 10E), and the data showed significantly 

increased in trJAM-A
–/–

apoe
–/–

 mice (P<0.001, Figure 10F). It illustrates that Src activity 

was increased by JAM-A deficiency during integrin ligating to Fg. In another words, 

JAM-A might decrease the thresholds of Src activation in integrin outside-in signaling. 

Taken together, JAM-A deficiency led to platelet hyperreactivity due to elevated Src 

activity in integrin αIIbβ3 outside-in signaling. 
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Figure 10: JAM-A suppressed c-Src activity in integrin αIIbβ3 outside-in signaling.  

Aggregation of JAM-A
+/+

apoe
–/–

 (white bars) and JAM-A
–/–

apoe
–/–

 (black bars) platelets 

A B 

C D 

E F 



Results 

56 

 

treated with DMSO (as control) or Src inhibitor PP2 (20µM) after activation by 1 µM 

ADP (A) or 0.5 U/ml thrombin (B). Representative flow cytometry histogram (C) of 

phosphorylated c-Src Y418 residue staining in thrombin-activated platelets (red: control, 

blue: trJAM-A
+/+

apoe
–/–

, orange: trJAM-A
–/–

apoe
–/–

) and quantification of phosphorylated 

c-Src mean intensity in non-activated and thrombin-activated platelets was shown (D). 

Representative flow cytometry histogram (E) of phosphorylated c-Src Y418 residue 

staining in adherent platelets to Fg (red: control, blue: trJAM-A
+/+

apoe
–/–

, orange: trJAM-

A
–/–

apoe
–/–

) and quantification of phopho-c-Src mean intensity in platelets adhered to 

BSA or Fg was shown (F). The data represent mean ± SEM. N=4-7 mice per group and 

all P values were calculated by ANOVA with Tukey's post test. 

 PTP1 catalyzes JAM-A de-phosphorylation after platelet activation 4.4.4

In resting platelets, tyrosine phosphorylated JAM-A (p-tyr/JAM-A) maintains c-Src 

inactivity by recruitment of c-Src-inhibiting kinase CSK to integrin αIIbβ3, to form JAM-

A/CSK/c-Src/integrin αIIbβ3 complex. Upon ligation of integrin αIIbβ3, JAM-A is 

dephosphorylated followed by CSK dissociation from the complex and loses the 

maintenance of Src inactivity
2
. How JAM-A is dephosphorylated remains unclear, so we 

performed immunoprecipitation to investigate the related enzymes using human and 

mouse platelets.  

Protein tyrosine phosphates (PTPs) are responsible for tyrosine de-phosphorylation. 

Among 20 PTPs in platelet signaling events, PTPN1 (PTP1B) was shown to associate 

with integrin complex and regulates platelet outside-in signaling
187

.   In human platelet 

lysates, JAM-A and PTPN1 were detectable, but the antibody against phosphotyrosine 

was not able to detect the p-tyr/JAM-A in western blot (data shown in our paper). 

Immunoprecipitation revealed that p-tyr/JAM-A was co-precipitated with JAM-A 

detectable in resting and activated platelets, but it decreased in Fg-activated platelets, 

which was inhibited by broad-spectrum PTP inhibitor IV (Figure 11 A). This suggested 

that JAM-A de-phosphorylation was catalyzed by PTPs after integrin activation. 

To confirm our observation, we performed JAM-A immunoprecipitation using mouse 

platelets under specific PTPs inhibitors (Figure 11B). p-tyr/JAM-A in Fg activated 
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platelets showed obviously decrease versus in resting platelets, which can be reversed by 

broad-spectrum PTP inhibitor XXXI, PTP1 specific inhibitor or 10 µM NSC-87877. 

Interestingly, NSC-87877, an inhibitor of PTPN6 and PTPN11 (SHP1 and SHP2) at 

lower concentration (0.7 µM), did not affect JAM-A de-phosphorylation. At higher 

concentration (10 µM) of NSC-87877 also blocks PTPN1 suppression of JAM-A de-

phosphorylation (Figure 11B). Taken together, PTPN1 might be responsible PTP that 

catalyzes JAM-A de-phosphorylation during Fg-triggered integrin outside-in signaling. 

Other PTPs might be involved in JAM-A de-phosphorylation to a lesser extent.  

Upon these results, JAM-A as a member of CSK/c-Src/integrin αIIbβ3 complex 

negatively regulates integrin αIIbβ3 outside-in signaling. In other words, JAM-A 

deficiency results in platelet hyperreactivity through decreased threshold of c-Src activity 

in platelet outside-in signaling. After integrin activation, JAM-A de-phosphorylation is 

catalyzed by PTPN1. 

 

Figure 11: JAM-A de-phosphorylation by PTPN1 in integrin outside-in signaling.  

Platelets were isolated from human (A) or mouse (B) blood. Representative immunoblots 

of immunoprecipitated JAM-A were from adherent platelets on BSA- or fibrinogen (Fg)- 

coating dishes with PTP inhibitor or vehicle (veh). Antibodies against to phosphotyrosine, 

JAM-A or PTPN1 were used. IgG was used as control. Broad-spectrum PTP inhibitor IV 

(inh.IV) and XXXI (inh. XXXI). NSC-87877 (NSC 0.7 µM) as an inhibitor of PTPN6 

and PTPN11. NSC at concentration of 10 µM blocks PTPN1. PTPN1 specific inhibitor 

was shown as PTPN1-inh. This experiment was repeated 3 times.  

A B 



Results 

58 

 

4.5 Platelet–JAM-A deficiency enhances vascular inflammation 

 Augmented adhesion of JAM-A–deficient platelets to atherogenic 4.5.1

vessel wall 

To study platelet interaction with atherogenic wall under JAM-A regulation, left carotid 

arteries were explanted from trJAM-A+/+apoe–/– and trJAM-A–/–apoe–/– mice fed a HFD 

for 2 weeks and mounted in a chamber for TPLSM ex vivo. After whole blood incubation 

with anti-CD41-FITC antibody and vessel wall labeled with anti-CD31-eFluor450, blood 

was perfused across the lumen of carotid artery (blood and carotid artery from the same 

mouse). TPLSM images demonstrated that endothelium (blue) was intact and not 

damaged by handling. Notably, platelets adhered to endothelium and more JAM-A–/–

apoe
–/–  

platelets adhered to carotid arterial wall, compared to JAM-A
+/+

apoe
–/– 

 platelets, 

according to the absolute JAM-A
–/–

apoe
–/– 

platelet number per field (in certain area). This 

indicates that JAM-A negatively regulates platelet interaction with atherogenic 

endothelial cells (Figure 12A, B).   

To further confirm that JAM-A regulates platelet interaction with atherogenic vessel wall, 

tirofiban, as the specific inhibitor of integrin αIIbβ3 was applied in the perfused blood.  

Tirofiban diminished JAM-A
–/–

apoe
–/– 

platelet
 
adhesion on ECs (Figure 12C). The 

quantification showed that JAM-A–/–apoe–/–  platelets on ECs significantly decreased after 

tirofiban inhibition, compared to JAM-A
+/+

apoe
–/–

 platelets. There is no significant 

difference of adhesion between JAM-A
+/+

apoe
–/– 

 and JAM-A
–/–

apoe
–/– 

platelets inhibited 

by tirofiban, suggesting that tirofiban can inhibit the hyperreactivity of  JAM-A
–/–

 apoe
–/–   

platelets through integrin αIIbβ3 (Figure 12D).  

Upon vitro, ex vivo or vivo experiments, platelet and leukocyte were co-localized on 

inflammatory endothelium and atherogenic vessel wall. Additionally, platelet 

hyperreactivity due to JAM-A deficiency increased platelets and leukocytes adhesion to 

endothelium, indicating increased leukocytes recruitment to atherogenic sites (data are 

published in Karshovska E, Zhao Z et al, Circ Res. 2015 Feb. 13; 116(4):587-99).  



Results 

59 

 

Taken together, JAM-A deficiency caused platelet hyperreactivity and increased platelet 

adhesion to atherosclerosis-prone endothelium through integrin αIIbβ3. 

 

Figure 12: Increased adhesion of JAM-A
–/–

apoe
–/– 

platelets to atherogenic 

endothelium. TPLSM images of adherent platelets (CD41, green) on endothelium (CD31, 

blue) in carotid arteries ex vivo from trJAM-A
+/+

apoe
–/– 

and trJAM-A
–/–

apoe
–/– 

mice fed a 

HFD for 2 weeks. Isolated left carotid artery labeled with anti-CD31 eFluor®450-

conjugated antibody (3.5µg/ml, eBioscience) from the mouse was mounted in a chamber 

and perfused by its whole blood incubated with anti-CD41 FITC-conjugated antibody 

A 

C D

B 
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(3.7µg/ml, eBioscience) for 30 minutes without (A, B) or with tirofiban (1µg/mL, C). 

Blood was perfused along the mounted and pressurized vessel for 10 minutes at 

0.5ml/min. Background color was from autofluorescence in vessel wall. Adherent platelet 

number per visual field was counted. Each carotid artery was imaged more than 6 fields 

(D). Scale bar=20µm (A, B, C). N=5-8 mice per group and P values were calculated by 

Kruskal-Wallis test with Dunn´s post test. 

 Increased plasma levels of chemokines due to JAM-A–deficient 4.5.2

platelets 

As previous studies, platelets store and release many inflammatory proteins, including 

various kinds of chemokines, such as platelet factor 4 (PF4, CXCL4) and regulated on 

activation, normal T cells expressed and secreted (RANTES, CCL5), which can increase 

recruitment of mononuclear cells to the inflamed vessel wall
82, 189

. Thus, CXCL4 and 

CCL5 were chosen out as the investigated targets in atherosclerosis.  

Immunofluorescence staining showed that CXCL4 was rich on the surface and in 

cytoplasm of platelets and its expression level was higher than CCL5 in JAM-A wild type 

mice (Figure 13A, C). Interestingly, CXCL4 and CCL5 in JAM-A
–/–

 platelets diminished, 

as fluorescence intensity was weaker in JAM-A
–/– 

apoe
–/– 

 platelets compared to JAM-

A
+/+

apoe
–/– 

platelets (Figure 13A, C), indicating that JAM-A deficiency elevated 

chemokines release from platelets.  

Notably, ELISA data showed that CXCL4 concentration in plasma increased in trJAM-

A
–/–

apoe
–/–  

 mice compared to trJAM-A
+/+

apoe
–/– 

mice, significantly in advanced stage of 

atherosclerosis (HFD 12 weeks). As the disease progression, the plasma level of CXCL4 

increased from 2 weeks to 12 weeks HFD in trJAM-A
–/–

apoe
–/– 

mice, while it was stable 

in trJAM-A
+/+

apoe
–/– 

mice (Figure 13B).  

Plasma CCL5 concentration was markedly raised in trJAM-A–/–apoe–/– mice verses in 

trJAM-A
+/+

apoe
–/– 

mice during earlier stages of atherosclerosis (HFD 2 weeks, 6weeks), 

although there was no significant difference at late stage (Figure 13D), indicating that 

trJAM-A deficiency might augment CCL5 secretion from platelets. However, the 

baseline levels of CCL5 and CXCL4 in plasma without HFD showed no significant 
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difference between trJAM-A–/–apoe–/– and trJAM-A+/+apoe–/– mice (data no shown), 

suggesting that the increased CCL5 and CXCL4 in plasma might require HFD co-

stimulation with JAM-A deficiency on platelets.   

These data revealed that trJAM-A deficiency under hyperlipidemia led to intracellular 

CXCL4 and CCL5 release in platelets paralleled with higher levels in plasma during the 

context of atherosclerosis. Taken together, it implied that JAM-A deficiency might 

augment chemokines (CXCL4 and CCL5) secretion from platelets into plasma. In turn, 

increased chemokines might recruit more leukocytes to atherosclerosis-prone sites. 

 

Figure 13: Role of platelet–JAM-A in Chemokines release. Representative images of 

CXCL4 in platelets from trJAM
+/+

apoe
–/–

 and trJAM
–/–

apoe
–/–

 mice fed 12 weeks (A). 

CCL5 staining in platelets from trJAM+/+apoe–/– and trJAM–/–apoe–/– mice fed 2 weeks (C). 

Scar bar: 20µm. Each experiment was repeated more than 3 times. The levels of CXCL4 

and CCL5 in platelet poor plasma isolated from trJAM
+/+

apoe
–/– 

and trJAM
–/–

apoe
–/– 

 

mice fed 2 weeks, 6 weeks or 12 weeks (B, D). CXCL4 concentration in plasma 

represents (mean±SEM) µg/mL and CCL5 concentration in plasma represents 

(mean±SEM)*102 pg/mL. N=7-14 mice per group. All P values were calculated by 1-way 

ANOVA with Bonferroni´s post test.  

A 

C

B 

D
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 Enhanced interactions of JAM-A–deficient platelets with leukocytes 4.5.3

Previous studies have found that activated platelets can form complexes with leukocytes 

in cardiovascular disease
105, 190, 191

. To address whether JAM-A
–/–

apoe
–/– 

platelets 

hyperreactivity contributes to the interactions with leukocytes, isolated platelets were 

activated by thrombin and then incubated with leukocytes. Flow cytometry measured the 

percentage of complexes, platelet-monocyte (Figure 14A) and platelet-neutrophil (Figure 

14B) in total leukocytes and found that JAM-A
–/–

apoe
–/– 

platelets combined to leukocytes 

more than JAM-A
+/+

apoe
–/– 

platelets. The statistic results showed that complex 

percentage of JAM-A
–/–

apoe
–/–

 platelets with monocytes was significantly elevated, 

compared to JAM-A+/+apoe–/– platelet-monocyte complexes. To further explore the 

molecular mechanisms, tirofiban blocking integrin αIIbβ3 diminished the enhanced 

interactions between JAM-A–/–apoe–/– platelets and monocytes (Figure 14A, C). The 

similar results of platelet-neutrophil complex formation were also found (Figure 14B, D). 

These data indicates that trJAM-A deficiency can promote platelet-leukocyte complex 

formation, which can facilitate leukocyte tethering on endothelial cells190, 191. It implies 

that platelet hyperreactivity due to JAM-A deficiency might increase leukocyte 

recruitment from blood to the atherogenic sites through platelet-leukocyte complex 

formation in blood circulation. 
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Figure 14: platelet–JAM-A deficiency enhanced platelet-leukocyte complex 

formation. Representative flow cytometry histograms of platelet (CD41
+
)-monocyte 

(CD115
+
) interactions (A) and platelet-neutrophil (ly6G

+
) complexes (B) in absence or 

presence of tirofiban (1 µg/ml). Platelets were activated by thrombin (0.5U/ml) and then 

incubated with isolated leukocytes (CD45
+
). Quantification of complexes percentage was 

shown (C, D). Data: mean±SEM (n=7-14) and all P values were calculated by 1-way 

ANOVA with Bonferroni´s post test. 

A 

B 

C D 
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4.6 Platelet–JAM-A deficiency accelerates atherosclerosis 

To investigate the gain-of-function of JAM-A–deficient platelets during atherosclerotic 

progress, the plaques were assessed in trJAM-A
–/–

apoe
–/– 

and trJAM-A
+/+

apoe
–/–

 mice fed 

HFD for 2 weeks, 6 weeks or 12 weeks.  

 JAM-A–deficient platelets propagate aortic atherosclerosis 4.6.1

To clarify the effect of trJAM-A deficiency in atherosclerosis, aortic plaques were 

measured to assess atherosclerotic burden.  trJAM-A
–/–

apoe
–/– 

and trJAM-A
+/+

apoe
–/– 

mice were fed for 2 weeks, 6 weeks or 12 weeks to represent different stages of plaque 

formation. After HFD, isolated complete aorta from each mouse was stained by oil-red-O 

to visualize plaque area. According to the representative pictures of aortas, the plaque 

size enlarged progressively with time of HFD (Figure 15A, B, C). The quantification 

showed that plaque formation in aortic arch was significantly increased after 2 weeks 

HFD in trJAM-A
–/–

apoe
–/– 

mice (Figure 15D). Similarly, aortic plaque formation in 

trJAM-A
–/–

apoe
–/– 

mice was significantly enhanced, compared to trJAM-A
+/+

apoe
–/– 

mice 

fed HFD for 6 weeks and 12 weeks (Figure 15E, F). These results suggest the 

atheroprotective role of platelet JAM-A in aortic atherosclerosis.  

 

A B C 

D E F
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Figure 15: trJAM-A deficiency augmented aortic atherosclerosis. trJAM-A+/+apoe–/– 

and
 
trJAM-A

–/–
apoe

–/– 
mice were fed HFD for 2 weeks, 6 weeks or 12 weeks. Oil-red-o 

staining visualized plaques in complete aortas (A, B, C). Percentages of plaque areas in 

aortic arch after 2 weeks HFD (D) and in whole aorta after 6 weeks´ (E) and 12 weeks 

HFD (F) were quantified. Data represents mean±SEM (N=7-12) and all P values were 

calculated by Student´s t-test.  

 Platelet–JAM-A deficiency enhances early-stage atherosclerosis in 4.6.2

aortic root 

To further verify the effects of JAM-A in atherosclerosis,  plaques in aortic roots from 

trJAM-A
–/–

 apoe
–/– 

and trJAM-A
+/+

apoe
–/– 

mice fed HFD for 2 weeks, 6 weeks or 12 

weeks to imitate different stages of atherosclerosis were visualized and quantified. 

According to the representative pictures and the average size of plaques, hyperlipidemic 

mice had grown plaques from 2 weeks to 12 weeks in 2 groups (Figure 16). Importantly, 

trJAM-A deficiency promoted this progression, especially at early stage of 

atherosclerosis, as the quantification showed significant increase of plaque size in trJAM-

A
–/– 

apoe
–/–  

mice compared to trJAM-A
+/+

apoe
–/– 

 mice fed HFD for 2 weeks (Figure 

16A). However, there was no marked difference after 6 weeks and 12 weeks HDF 

(Figure 16B, C). These results suggest that platelet hyperreactivity due to JAM-A 

deletion enhance atherosclerosis, especially at early stage.  
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Figure 16: JAM-A–deficient
 
platelets accelerated early-stage plaque formation in 

aortic root. Representative pictures of EVG staining in aortic root from trJAM-A
–/– 

 and 

trJAM-A
+/+ 

mice fed 2 weeks (A), 6 weeks (B) or 12 weeks (C). Scale bar=500µm. 

Plaque quantification was expressed as size percentage of plaque area in aortic luminal 

area (mean±SEM). N=7-12 mice per group and all P values were calculated by Student´s 

t-test.  

 

A 

B

C 
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 trJAM-A absence increases leukocyte infiltration into early-stage 4.6.3

plaques 

The plaque cell composition was analyzed using immunofluorescence staining in aortic 

roots. The number of MAC-2
+
 macrophages in early plaques (2 weeks HFD) displayed a 

marked increase in trJAM-A
–/–

apoe
–/– 

mice, compared to the control group (Figure 17A). 

Similarly, CD3
+
 cells staining revealed significantly higher infiltration of T cells in 

plaques of trJAM-A
–/–

apoe
–/– 

mice, compared with control littermates (Figure 17B).  The 

data suggests that trJAM-A deficiency promotes inflammatory progress at early-stage of 

atherosclerosis. SMCs (α-SMA
+
 cells) in plaque significantly increased in aortic roots of 

trJAM-A
–/–

apoe
–/– 

mice fed 2 weeks HFD (Figure 17C). These increased cell contents in 

plaques contributed to the enhanced atherosclerosis at early stage. 

 

Figure 17: Plaque cell compositions at early stage of atherosclerosis. 

Immunofluorescence staining of MAC-2 (A, green), CD3 (B, pink) and α-SMA (C, red) 

A B C
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in aortic roots from trJAM-A+/+apoe–/– and trJAM-A–/–apoe–/– mice fed 2 weeks HFD. 

Dashed lines represent plaque boundary. Asterisks show aortic lumen and arrows direct 

CD3 positive T cells. Nuclei (blue) were stained by DAPI. Scale bar=100µm. 

Quantifications display the positive cells number in plaque area (n=7-12). P<0.05 

indicates significant difference and all P were obtained by Student´s t-test with (A, C) or 

without (B) Welch correction. The means ± SEM are shown.  

 Platelet–JAM-A deficiency does not alter cell composition in advanced 4.6.4

plaques 

To study whether platelet JAM-A affects plaque phenotype until later stages, the cell 

composition in plaques was quantified in aortic roots in trJAM-A
+/+

apoe
–/–  

and trJAM-A
–

/– 
apoe

–/–  
mice fed 6 weeks or 12 weeks. Platelet JAM-A deletion did not influence 

Mac2
+
 macrophage and CD3

+
 T cells content in plaques. It indicated that relevance of 

platelet JAM-A diminished at later stages of atherosclerosis, compared to early 

inflammatory progress. Additionally, SMCs in plaques also showed no difference in 

trJAM-A
–/–

 apoe
–/–  

mice versus trJAM-A
+/+

 apoe
–/–  

mice (Figure 18).  

Taken together with the observation at early stage (2 weeks), platelet JAM-A inhibited 

atherosclerosis, especially at initial stages, by suppressing inflammatory cell infiltration 

into plaques and SMC accumulation in plaques. However, this contribution declined 

during plaque progression.  
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Figure 18: Plaque cell composition in advanced plaque. Immunofluorescence staining 

of MAC-2 (A, green), CD3 (B, pink) and α-SMA (C, red) in aortic roots from trJAM-

A
+/+

apoe
–/–  

and trJAM-A
–/–

apoe
–/–  

mice after 12 weeks. Dashed lines represent plaque 

boundary.  Asterisks show aortic lumen and arrows direct CD3 positive cells. Nuclei 

(blue) were stained by DAPI. Scale bar=200µm (A, C) and 100µm (B). Quantifications 

display the positive cells number in plaque area (n=7-12). P<0.05 indicates significant 

difference and all P were obtained by Student´s t-test. The means ± SEM are shown. 

A B C 
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4.7 Platelet–JAM-A deficiency facilitates neointimal formation  

It has been found that JAM-A deficiency reduced neointimal lesion formation and 

monocyte infiltration in atherosclerosis-prone mouse model with somatic JAM-A 

deletion
39

. But there is no evidence about cell-specific role of platelet JAM-A in vascular 

remodeling after acute injury. As platelets are the first cells arriving at inflammatory 

sites
9
, it is important to clarify the importance of platelet hyperreactivity in neointimal 

formation.  

 JAM-A
 
deficiency encourages platelet adhesion on injured arterial wall 4.7.1

To investigate JAM-A
–/–

apoe
–/–  

platelets adhesion on endothelium-denuded vessel wall, 

TPLSM was applied to detect platelets adhesion 1 hour after wire-induced injury in 

carotid arteries ex vivo from trJAM-A
+/+

apoe
–/– 

and trJAM-A
–/–

apoe
–/–  

mice fed 1 week 

HFD. The adherent platelets on artery wall were constructed into 3-D images and 

measured as volume in each field. The intact endothelium in carotid artery was shown as 

CD31 staining (Figure 19A, left), compared to endothelium-denuded artery wall covered 

by platelets labeled with anti-CD41-PE antibody (Figure 19A, middle and right). The 

complete endothelium-denuded area (no CD31 staining) for platelets measurement in 3-D 

image was depicted as schematic diagram from surface and cross-sectional views of 

artery wall (Figure 19B). JAM-A–/–apoe–/– platelets adhesion to the vessel wall increased 

according to 3-D images, compared to JAM-A
+/+

apoe
–/– 

platelets. Statistic data showed 

that JAM-A–/–apoe–/– platelets adhesion to the endothelium-denuded vessel wall was 

significantly increased versus JAM-A
+/+

apoe
–/– 

platelets. 
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Figure 19: JAM-A deficiency improved platelets adhesion to acute injured vessel 

wall. 3-D images from HPLSM show normal and endothelium-denuded carotid arteries 

(A) 1hour after injury in trJAM-A
+/+

apoe
–/–  

and trJAM-A
–/–

apoe
–/–  

mice fed 1 week HFD. 

Endothelium labeled by anti-CD31-eFluor450 antibody (Blue) and platelets stained by 

anti-CD41 antibody (Red). Green color is from autofluorescence in the vessel wall. 

Schematic diagrams from the surface and cross-sectional views of artery represent 

measurement of adherent platelets (B). Scale bar: 50µm. Quantification of platelet 

volume (µm
3
) in each certain field was showed (>3 fields/mouse). Data: the average 

volume in each field per mouse expressed as mean±SEM. N=4 mice per group. P<0.05 

indicates significant difference and P values were obtained by Student´s t-test.  

 

 

A 
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 Promoted neointimal formation at early stage by platelet–JAM-A 4.7.2

deficiency 

Vascular injury causes endothelial denudation and exposure of extracellular matrix, 

which is followed by platelet adhesion, thrombus formation, leukocytes infiltration
16

, and 

SMCs proliferation, migration as well as secretion of extracellular matrix
17

. JAM-A 

deficiency augmented platelets adhesion to the vessel wall after 1 hour injury, which 

might contribute to neointimal formation at early stage. The neointimal formation after 

wire-induced injury 2 weeks in the left carotid artery from trJAM-A
+/+

apoe
–/– 

and trJAM-

A–/–apoe–/– mice was quantified using EVG staining (Figure 20). The data shows 

significantly increase of neointimal formation in trJAM-A
–/–

apoe
–/–

 mice, compared to the 

control group, indicating that trJAM-A might suppress neointimal formation at early-

stage after vascular injury. 

 

Figure 20: Platelet–JAM-A deficiency increases neointimal formation at early stage. 

Carotid artery sections from trJAM-A+/+apoe–/– and trJAM-A–/–apoe–/– mice after wire-

injury 2 weeks were visualized by EVG staining to delineate neointimal lesion (A, B). 

Before 1 week and after 2 weeks of wire-injury, mice were put on HFD. Scale bars: 100 

µm. Neointima was measured and average size was expressed as (mean± SEM) µm
2 

per 

mouse (C). N=4-6. *P<0.05. P values were obtained using two-tailed Student’s t-test. 
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 Platelet–JAM-A does not affect neointimal formation at advanced 4.7.3

stage 

Acute endothelial injury will cause the vessel wall remodeling, characterized by 

neointimal formation. We have found that platelets adhesion increased due to JAM-A 

deficiency in this acute response. To address whether platelets with JAM-A deficiency 

promotes neointimal formation continuously, the neointimal size was quantified after 

wire-induced injury 4 weeks in the left carotid artery from trJAM-A
+/+

apoe
–/– 

and trJAM-

A–/–apoe–/–  mice using EVG staining. The results showed that there was no significant 

difference between two groups (Figure 21), which indicates that the influence of platelet–

JAM-A deficiency was limited at advanced stage of vascular remodeling.  

 

Figure 21: Platelet–JAM-A deficiency did not alter neointimal formation at 

advanced stage. Carotid arterial sections from trJAM-A
+/+

apoe
–/– 

and trJAM-A
–/–

apoe
–/– 

mice after wire-injury 4 weeks were visualized by EVG staining to delineate neointimal 

lesion (A, B). Before 1 week and after 4 weeks of wire-injury, mice were put on HFD. 

Scale bars: 100 µm. Neointima was measured and average size was expressed as (mean± 

SEM) µm2 per mouse (C). N=11-13. NS: no statistically significant difference (P>0.05). 

P values were obtained using two-tailed Student’s t-test.  

 

 

 

A B C 



Results 

74 

 

 Platelet–JAM-A deficiency mildly affects neointimal cell composition 4.7.4

We investigated the cell composition in advanced neointimal lesion after platelet–JAM-A 

deficiency. Macrophages and SMCs were visualized by the immunostaining of MAC-2 

and α-smooth muscle actin (α-SMA). The quantification of cell number in plaques 

showed no significant difference (Figure 22A, B). However, the absolute CD3+ cells in 

neimtina significantly increased after platelet–JAM-A deficiency (Figure 22C). To 

address the effect of platelet–JAM-A on re-endothelialization after intimal injury 4 weeks, 

vWF as endothelial cell marker was stained in carotid arteries. The length of vWF 

positive lines in luminal circumferences was measured. The data showed no significant 

difference (Figure 22D). Taken together, trJAM-A deficiency mildly enhanced 

inflammatory cells infiltration into the neointima, especially T cells. The cell composition 

of neointima at early stage remains to be investigated. 
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Figure 22: Platelet–JAM-A deficiency mildly alters neointimal cell composition in 

advanced lesion. Representative pictures and quantifications of MAC-2 (A), α-SMA (B), 

CD3 (C) and vWF (D) stained in left carotid artery sections after wire-induced injury 4 

weeks from trJAM-A
+/+

apoe
–/– 

and trJAM-A
–/–

apoe
–/– 

mice. Neointimal areas were 

demarcated with dashed lines, MAC2- and CD3- positive cells were marked with arrows.  

B 

A 

C 

D 
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Nuclei were stained with DAPI (blue). Scale bar=100µm. The quantification of cell 

composition was expressed as MAC2
+
 or α-SMA

+ 
cells in total neointimal cells. Absolute 

CD3+ cells in neointima were compared. The length percentages of vWF+ lines in luminal 

circumferences were calculated. Data: mean±SEM. N=5-8 mice per group.*P<0.05 

indicates significant difference and P values were obtained by Student´s t-test. 

5 Discussion 
 

Atherosclerosis is characterized a chronic inflammatory disease leading to fatal 

complications such as myocardial infarction, stroke and peripheral artery disease.  During 

disease progression, atherosclerotic plaque is formed by endothelial cell activation, lipid 

accumulation, inflammatory cell infiltration, macrophage and foam cell formation, SMC 

and extracellular matrix accumulation in the intima2, 4. It is well known that platelet 

activation plays a substantial role in vascular inflammation and antiplatelet therapy is 

effective to prevent and treat cardiovascular events
192, 193

. Remarkably, some studies have 

indicated that platelets can function as initiators and propagators of atherosclerosis
60, 77

. 

However, there is little evidence to directly illustrate the role of platelet hyperreactivity in 

vascular inflammation and atherosclerotic formation.  So we implemented mouse models 

with platelet hyperreactivity due to JAM-A deficiency into the context of atherosclerosis, 

demonstrating platelet-mediated increase of vascular disease. We found that platelet-

specific JAM-A (trJAM-A) deficiency caused platelet hyperaggregation under 

hyperlipidemic conditions. To explore the function of JAM-A
–/–

 platelets in 

atherosclerosis, we found increased plasma levels of chemokines and enhanced 

interactions of platelet-leukocyte and platelet-endothelium in trJAM-A
–/–

apoe
–/– 

mice. In 

turn, elevated recruitment of JAM-A
–/–

apoe
–/–

 platelets with leukocytes to inflamed vessel 

wall was demonstrated and eventually led to aggregated atherosclerotic plaque formation 

in trJAM-A
–/–

apoe
–/– 

mice, particularly in early stages, compared to trJAM-A
+/+

apoe
–/–

 

mice. Notably, these pro-inflammatory effects of JAM-A–/–apoe–/– platelets could be 

abolished by inhibition of integrin αIIbβ3 signaling in vitro. 
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Despite atherosclerosis, platelets also play pivotal roles in neointimal formation. 

Activated platelets release cytokines to activate endothelial cells and recruit leukocytes 

into the injured vessel wall37, indicating platelet regulated vascular repair progress. 

Recently, we found that JAM-A has cell-specific role in atherosclerosis
40

 and a previous 

study showed that the globally genetic deletion of JAM-A in apoe-deficient mice 

decreased neointimal hyperplasia
39

, suggesting the role of platelet-specific JAM-A on 

neointimal formation potentially important. According to our data, platelet–JAM-A 

inhibited neointimal formation at early stage (2 weeks), but not at advanced stage (4 

weeks) after vascular acute injury. The mechanism remains to be clarified. 

 

Taken together, the hyperreactivity of platelets due to JAM-A deficiency promotes 

vascular remodeling, especially at early-stage.  

5.1 Platelet-specific JAM-A knockout 

To determinate the efficiency of JAM-A gene knockout in platelet-specific (tr)JAM-A
–/–

apoe–/– mice40, 184, we checked the JAM-A expression on platelets, leukocytes as well as 

in vessel wall (Figure 5,6 and additional data referred to our paper) and found that 

platelet JAM-A was specifically deleted in trJAM-A
–/–

apoe
–/–

 mice without affecting 

JAM-A expression on leukocytes and SMCs. After JAM-A deficiency in platelets, JAM-

C and ESAM expression was not altered (Figure 7), suggesting remaining functions of 

JAM-A–/–apoe–/– platelets unaffected. Additionally, mean platelet volume (MPV) showed 

that platelet production was not altered, as same as leukocyte numbers in blood of trJAM-

A–/–apoe–/– mice (Table 1). Importantly, there was no significant difference in cholesterol 

and triglyceride levels between trJAM-A
–/–

apoe
–/–

 mice and the control group, indicating 

that platelet JAM-A might not affect lipid metabolism. These data revealed that platelet-

specific JAM-A deficiency did not influence the homeostasis in our mice model, which 

rendered the reliability to investigate the role of platelet–JAM-A in vascular remodeling.  
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5.2 JAM-A–deficient platelets gain hyperreactivity  

 

Figure 23: JAM-A inhibiting platelet activation via integrin αIIbβ3 signaling. In 

resting platelets, one complex is formed as CSK–JAM-A–αIIbβ3–c-Src on the cell 

membrane. JAM-A is phosphorylated and recruits CSK to this complex to inhibit c-Src 

activation in cytoplasmic side. After platelet activated by stimuli, such as ADP via 

P2Y1/P2Y12 in mice and thrombin via PAR3/PAR4, the inside-out signaling is triggered 

and induces integrin αIIbβ3 activation for fibrinogen binding, which initiates outside-in 

signaling. Consequently, JAM-A and CSK dissociate from the complex and c-Src is 

activated. After dissociation, JAM-A is dephosphorylated by PTPN1and transduces 

unknown signals into platelet. The activated inside-out and outside-in signaling 

eventually result in platelet shape change, aggregation as well as degranulation via PI3 

kinase-, PLC- and RhoGAP-mediated pathways with increased cytoplasmic levels of 

Ca2+. JAM-A: Junctional adhesion molecular-A. c-Src: Tyrosine-protein kinase. CSK: c-

src tyrosine kinase. PTPN1: Tyrosine-protein phosphatase non-receptor type 1. (This 

pathway bases on the findings of Naik et.al181) 
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Platelets are important player in chronic pathological processes including the 

atherosclerotic remodeling
9
. The interaction of platelet receptors with adhesion 

molecules, such as vWF recptor–GPIb/V/IX and collagen receptor–GPVI, facilitates 

platelet adhesion and activation at sites of inflamed vascular wall
194

, which in turn 

induces inside-out activation of integrins to strengthen the adhesion, including integrin 

αIIbβ3 (GPIIb/IIIa) or α2β1 (GPIa/IIa)
194, 195

. Once the initial signals have been triggered, 

platelets will release a variety of mediators to amply platelets activation, such as ADP, 

and thromboxane A2. Interestingly, on the surface of activated platelets, the formation of 

mature thrombin is triggered and further promotes platelet activation
196

.  These diffusible 

mediators binding to G-protein-coupled receptors (GPCRs), involving 3 major G proteins 

Gq, G13 and Gi, amplify the initial signals
197

. ADP stimulates platelet intracellular 

signaling through G protein-coupled receptors, P2Y1 and P2Y12, whereas thrombin via 

protease-activated G-protein-coupled receptors PAR1/PAR4 (human) or PAR3/PAR4 

(mouse), resulting in platelet shape change, degranulation and multiple platelet/platelet 

interactions (platelet aggregation)
197, 198

. Platelet aggregation is mediated by integrin 

αIIbβ3, which binds various extracellular macromolecular ligands, such as fibrinogen and 

vWF. Signals transduced by αIIbβ3 regulate platelet activity, such as shape change, 

aggregation and granule secretion199-201.  

 

JAM-A deficiency augments platelet aggregation. We used ADP and thrombin at 

different concentrations to investigate platelet activation. JAM-A
+/+

apoe
–/–

 platelet 

activation at low concentrations of thrombin showed no difference (Figure 8C), which 

might be due to the cofactor-assisted PAR activation on platelets, consistent with 

previous observations
202

. Notably, low concentrations of thrombin dramatically 

stimulated JAM-A
–/–

apoe
–/– 

platelet aggregation compared with JAM-A
+/+

apoe
–/–

 

platelets. This result was similar with ADP stimulated platelets (Figure 8). Thus, JAM-A
 

deficiency caused platelets to be easily activated by agonists. Naik and coworkers found 

that genetic ablation of JAM-A in mice enhanced thrombotic function of platelets in vivo 

with increased platelet aggregation
182

. Taken together, JAM-A inhibits platelet function, 

analogous to other adhesion molecules such as endothelial cell-selective adhesion 

molecule (ESAM), which down-regulated platelet aggregation and thrombus 
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formation
203

. In addition, CD31 on platelets suppressed platelet aggregation as its 

crosslinking reduced agonist-induced platelet aggregation
204

 and genetic deletion of 

CD31 in platelets, not in endothelial cells, increased thrombus formation in vivo205. After 

CD31 activation by vWF binding to GPIb/IX/V complex, as a negative feedback loop, 

CD31 in turn suppresses GPIb-initiated platelet signaling responses, thus inhibiting the 

extent of platelet activation and aggregation
206

. 

 

It has been found that JAM-A regulates platelet activity through integrin αIIbβ3 outside-

in signaling
182

. In our study, tirofiban as a specific antagonist to integrin αIIbβ3 reversed 

the hyperaggregation of JAM-A
–/–

apoe
–/–

 platelets to the level of JAM-A
+/+

apoe
–/–

 

platelets (Figure 9). Thus, our data also confirm that JAM-A regulates platelet reactivity 

by inhibiting integrin αIIbβ3. Previous researches showed that some specific protein 

tyrosine kinases and phosphatases might be involved in the downstream of signal 

pathway in platelet activity. Especially, Src family kinases have been found pivotal in 

outside-in signaling in many cell types
207-210

. Thus, c-Src tyrosine kinases activity was 

assessed in our experiments, as it is well known that c-Src binds constitutively and 

selectively to β3 in platelets
178, 211

. Notably, PP2, as an inhibitor of c-Src, reversed the 

hyperreactivity of JAM-A–/–apoe–/– platelets effectively (Figure 10A, B). Furthermore, 

phosphorylation degree of Tyr-418 in the c-Src loop reflects the extent of c-Src activation 

in integrin outside-in signaling
211

. We used soluble thrombin to trigger inside-out 

signaling (without outside-in signaling stimulation) in isolated platelets and found that 

the extent of c-Src Y418 phosphorylation was not affected by JAM-A deficiency (Figure 

10C, D). This data support that c-Src and JAM-A might be not involved in integrin 

inside-out signaling. Conversely, c-Src Y418 phosphorylation was elevated in JAM-A
–/–

apoe
–/–

 platelets after Fg stimulation, which triggers outside-in signaling (Figure 10E, F). 

Taken together, c-Src as the signal molecule transduces outside-in signaling via integrin 

αIIbβ3, which is inhibited by JAM-A in platelets.   

 

JAM-A suppresses c-Src activity on platelets
182

. However, in resting JAM-A
+/+

apoe
–/–

 

and JAM-A
–/–

apoe
–/–

 platelets, there was no significant difference of c-Src Y418 

phosphorylation (Figure 10D, F), indicating that c-Src activity was not stimulated solely 
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due to JAM-A deficiency in resting platelets. In literature, c-Src can become partially 

activated in cell resting state, but not fully activated, after binding to the β3 integrin tail 

through Src homology 3 (SH3) domain211. Additionally, intramolecular interactions of 

SH3 binding to Src homology 2 (SH2) as well as other kinase domains regulate Src 

conformation and auto-inhibit Src activity
212, 213

. It has been shown that SH3 binding to 

integrin β3 tail in activated platelets disrupts fully intramolecular auto-inhibition of Src 

SH3 and increases Src activity
211, 214, 215

. Furthermore, full activation of c-Src requires 

ligand binding to β3 integrin, together with JAM-A dissociation from integrin αIIbβ330. 

To determinate how JAM-A suppresses c-Src activation initially described by Naik et al., 

they found the endogenous c-Src inhibitor CSK (C-terminal Src kinase) in the complex of 

integrin αIIbβ3–c-Src. Importantly, tyrosine-phosphorylated JAM-A recruits CSK 

binding to the complex, which in turn phosphorylates c-Src Y529 residue to constrain c-

Src activation178, 181. After ligand binding to integrin αIIbβ3, JAM-A and CSK dissociates 

from αIIbβ3, resulting in c-Src auto-phosphorylation for the transduction of outside-in 

signaling
211

.   

 

JAM-A was found tyrosine-phosphorylated in resting platelets (data shown in our paper), 

consistent with other studies179, 181, which gave the possibility of JAM-A interaction with 

its intracellular binding partner. In the present study, JAM-A was de-phosphorylated after 

platelet activated by Fg, which was inhibited by broad range protein tyrosine 

phosphatases (PTPs), indicating that PTPs are responsible for JAM-A de-phosphorylation. 

Furthermore, we found that JAM-A de-phosphorylation was blocked by specifically 

inhibiting the tyrosine phosphatase PTPN1 (PTP1B), but not PTPN6 and PTPN11 

(Figure 11A, B). Both in resting and activated platelets, JAM-A appeared to be associated 

with PTPN1 (Figure 12A), which can be recruited to integrin complex after integrin 

αIIbβ3 activation
187

. Additionally, Naik et al. have found that JAM-A is close proximity 

to the integrin αIIbβ3 complex. Therefore, PTPN1 is the phosphatase responsible for 

JAM-A de-phosphorylation after platelet activation, which might be a novel aspect of 

JAM-A regulating integrin outside-in signaling. However, the role and fate of de-

phosphorylated JAM-A after platelet activation remains to be elucidated. 
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Besides its interaction with integrin αIIbβ3, JAM-A regulates platelet activation through 

other mechanisms that are still unclear. In the present study, JAM-A deletion lowers the 

activation thresholds of integrin αIIbβ3 and elevates platelet activation state, which 

promotes vascular inflammation and atherosclerosis eventually. Integrin outside-in 

signaling can reinforce platelet aggregation by intracellular signaling cascade, which is 

triggered by platelet activation stimuli, such as ADP and thrombin, as a feedback loop of 

signaling pathways initiated by G protein-coupled receptors and integrins
216

. However, 

the mechanism of platelet–integrin αIIbβ3 regulating inflammatory response remains to 

be investigated. It has been shown that αIIbβ3 interaction with other integrins, such as 

GPVI, regulates platelet activation
217

. Non-specific blocking integrins, including αIIbβ3, 

showed long-term anti-inflammatory effects by suppressing the rise of circulating 

inflammatory markers, such as C-reactive protein and IL-6
218

. In the present study, 

tirofiban, as a specific inhibitor of αIIbβ3, suppressed platelet aggregation and adhesion 

to ECs. Conversely, it has been found that αIIbβ3 antagonists with active conformation 

inhibit inflammation by blocking platelet aggregation and reduce release of inflammatory 

mediators, such as soluble CD40 and CCL5
219, 220

. The different effects of integrin 

ligands might be dependent on their concentrations. Moreover, genetic αIIbβ3 in mice 

deficiency inhibited platelet adhesion to injured or atherosclerotic vessel wall and 

attenuated lesion formation
221

. Additionally, blocking αIIbβ3 using specific antibody or 

depletion of platelets using antiserum also reduced intimal hyperplasia, highlighting the 

pivotal role of platelet αIIbβ3 in vascular inflammation and remodeling
222

. A cohort study 

showed that a single nucleotide polymorphism (SNP) of αIIbβ3 increased risk of 

atherosclerotic plaque rupture223. In contrast to the augmenting the role of platelet αIIbβ3 

in atherosclerosis, Glanzman thrombasthenia patients with platelet αIIbβ3 deficiency did 

not show decreased atherosclerosis, despite intact functions of platelet adhesion and 

release of granule contents in response to adequate stimuli
224

. Together with the present 

study, JAM-A deficiency caused platelet hyperreactivity through up-regulated integrin 

αIIbβ3 signaling, which enhanced vascular inflammation and atherosclerosis.  Thus, 

JAM-A might inhibit platelet activity by suppressing integrin αIIbβ3 outside-in signaling 

to regulate vascular remodeling (Figure 23). 
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5.3 JAM-A
 
deficient platelets propagate vascular inflammation 

Various substrates and soluble mediators activate platelets under blood shear stress, such 

as oxLDL. Activated platelets upregulate adhesion molecules, such as GPIb/IX/V, P-

selectin, CD40, and release pro-inflammatory stimuli deposited on vascular cell surfaces, 

such as CXCL4 and CCL5. These inflammatory mediators facilitate leukocyte 

recruitment and modulate the pathogenesis of vascular diseases. Additionally, platelets 

can trigger chemokine secretion from different cells of vascular wall, which in turn 

enhance platelet aggregation and adhesion. Thus, platelets have been considered as potent 

inflammatory cells that propagate inflammatory responses in vascular remodeling
225-227

.   

 Platelet adhesion to atherogenic vessel wall is enhanced by JAM-A 5.3.1

deficiency 

The hyperreactivity of JAM-A
–/–

apoe
–/–

 platelets was reflected by increased adhesion to 

endothelium. Consistent with previous studies, we chose the carotid bifurcation as the 

pro-atherogenic site to be perfused with whole blood and then quantified platelet 

adhesion on endothelium by TPLSM ex vivo. The data represent that trJAM-A deficiency 

increased platelet adhesion to the vessel wall, compared to JAM-A
+/+

apoe
–/–

 platelets, 

which was inhibited by blocking integrin αIIbβ3 (Figure 12). Furthermore, cultured 

endothelial cells were activated by TNFα and perfused with thrombin-activated platelets, 

showing that JAM-A deficiency dramatically boosted platelet binding to inflamed 

endothelium (Karshovska E, Zhao Z et al, Circ Res. 2015 Feb. 13; 116(4):587-99). 

Taken together, JAM-A deficiency augments platelet adhesion to inflammatory and 

atherogenic vessel wall.  

Platelet-endothelial cell interaction is mediated by adhesion molecules and some soluble 

mediators in plasma, including P-selectin to PSGL-1, GPIb to P-selectin or vWF, and 

integrin αIIbβ3 to endothelial ICAM-1. For example, integrin αIIbβ3 as an adhesion 

molecule mediates activated platelet arrest to ICAM-1 or αVβ3 on endothelium, through 

a bridge formed by Fg, vWF or fibronectin
94

.  Integrin αIIbβ links platelets to injured 

sites in vessels also by interaction with Fg and vWF88. Notably, blocking αIIbβ3 (by 

tirofiban) normalized the hyperadhesion of JAM-A
–/–

 platelets, indicating that αIIbβ3 is 
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important for platelet adhesion, but it did not significantly affect JAM-A
+/+

apoe
–/–

 

platelets adhesion (Figure 12C, D), suggesting that other adhesion molecules are also 

involved in platelet-endothelial interaction, such as GPIbα94, 228.  

Dysregulation of platelet-endothelial cell interaction was always found at atherosclerotic 

predilection sites, such as bifurcation of the carotid artery, where plaques develop earlier 

than at other sites of vessel wall9. JAM-A deficiency enhanced this process, as JAM-A–/– 

platelet adhesion to atherogenic vessel wall and inflamed endothelium was increased, 

which would further promote the pathophysiology of vascular remodeling
228, 229

. 

Adherent platelets then activate endothelial cells to express various inflammatory 

mediators, such as IL-1β, CCL2, macrophage inflammatory protein-1α and ICAM-1
230

. 

In addition, activated platelets upregulate CD40 ligands, which initiate endothelial 

inflammation through cognate receptor CD40 and stimulate endothelial cells to express 

inflammatory mediators
100, 185, 231, 232

. The inflamed endothelium generates crucial signals 

for leukocyte recruitment and extravasation at sites of vascular injury or initiating an 

inflammatory response of previously intact endothelium
100, 230

. Interestingly, CD40L on 

activated platelets can bind to αIIbβ3 triggering outside-in signaling in inflammatory 

process
231, 233, 234

, which might be enhanced by JAM-A absence. Conversely, endothelial 

cells also can stimulate platelets during inflammatory progress. For example, ADAM15 

expressed on endothelium can serve as an adhesion receptor for platelets via integrin 

αIIbβ3 binding, which in turn leads to platelet activation as well as secretion and 

promotes thrombus formation in cardiovascular disease235. Whether endothelium in 

trJAM-A
–/–

apoe
–/– 

mice augmented platelets activation via integrin αIIbβ3 in our model 

remains to be demonstrated. Briefly, JAM-A
–/–

apoe
–/– 

platelet adhesion to endothelial 

cells significantly increased, compared to JAM-A
+/+

apoe
–/–

 platelets (Figure 12), which 

might be responsible for increased atherosclerotic plaques in trJAM-A
–/–

apoe
–/– 

mice. 

Direct interactions of platelets with endothelial cells results in up-regulation of 

inflammatory mediators and exacerbates vascular inflammation. 

 



Discussion 

85 

 

 Plasma chemokine concentrations increase due to platelet–JAM-A 5.3.2

deficiency 

Upon activation, platelets release several pro-inflammatory mediators including 

chemokines, which can modulate endothelial cell activation and leukocytes recruitment 

to inflammatory sites in the vasculature. In trJAM-A
–/–

apoe
–/–

 mice, we found diminished 

granular staining of chemokines CXCL4 and CCL5 in platelets, which were paralleled 

with increased levels in plasma during the time course of HFD administration (Figure 13). 

These results suggest that increased circulating chemokines might be released from JAM-

A
–/–

apoe
–/–

 platelets during the time course of HFD, hinting JAM-A
–/–

apoe
–/–

 platelets at 

decreased activation threshold of granular release. More chemokines would be deposited 

onto the vessel wall in trJAM-A
–/–

apoe
–/–

 mice and lead to increased recruitment of 

leukocytes into plaques. Actually, lots of chemokines have been found in early and 

advanced atherosclerotic lesions, suggesting that persistent activation of platelets and 

their secretion contribute to the evolution of cardiovascular diseases
9, 185, 236, 237

.  

Leukocytes and endothelial cells are the first cells to be exposed to the chemokines 

released from platelets. Deposition of chemokines from platelets to their cognate 

receptors on vascular cell surfaces links platelet activation to the recruitment of immune 

cells and exacerbates vascular diseases88, 227, 238. JAM-A deficiency increased plasma 

levels of CCL5 and CXCL4, which can be delivered to endothelium and 

leukocytes/monocytes. The effective deposition of chemokines on cell membrane is 

facilitated by direct interactions of cells or by transfer from platelet microparticles to the 

vessel wall
60, 239

. As a result, chemokines binding to chemokine receptors (GPCRs) or 

GAGs on vascular cell surfaces leads to their immobilization and gradients formation for 

leukocytes recruitment
122

. Thus, we predicted that plasma levels of CCL5 and CXCL4 

might enhance leukocytes recruitment into plaques of trJAM-A
–/–

apoe
–/–

 mice. 

CXCL4 is stored predominantly within platelets and released upon platelet activation, 

which can be localized in atherosclerotic lesions and correlated with lesion severity as 

well as symptomatic atherosclerosis
129

. CXCL4 is known to promote atherosclerosis in 

CXCL4-deficient mice, which showed significant reduction of atherosclerotic plaques in 

the aorta
240

. Under conditions of arterial injury or possible endothelial dysfunction with 
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platelets attachment, CXCL4 is transferred rapidly into the media
241

. Then, CXCL4 

stimulates SMCs into an inflammatory phenotype, such as decline of differentiation 

markers, increase of cytokine production and cell proliferation, which promotes lesion 

formation after partial ligation of carotid artery
242

. In this study, we suggested that the 

increased plasma CXCL4 might contribute to the increased accumulation of SMCs at 

early-stage of plaque formation in trJAM-A
–/–

apeo
–/– 

mice. Although lacking of a 

chemotactic activity for neutrophils
243

 and monocytes
130

, CXCL4 initiates a signal 

transduction cascade leading to a broad spectrum of functions. On endothelium, CXCL4 

binds to endothelial cells via cell surface GAGs, promoting leukocyte adhesion by 

increasing expression of adhesion molecules. In the presence of appropriate costimuli, 

such as TNF-α, CXCL4 can activate neutrophils, cause exocytosis and promote adhesion 

to endothelium
125, 128, 244

. On monocytes, CXCL4 has a number of different effects, 

including anti-apoptosis effect and facilitating macrophage differentiation during 

inflammatory process
131

, increasing monocyte phagocytosis
130

 and inducing cytokines 

secretion
134

. For example, CXCL4 triggers many signaling pathways in monocyte 

survival and cytokine expression, controlled by Erk and JNK
134

.  

CCL5 has been found to cause the selective migration of human blood monocytes and T 

cells via CCR5 and CCR1 receptors
138

. Immobilized and presented on activated 

endothelium, CCL5 enhances monocyte recruitment
81

 and contributes to inflammatory 

response in vascular remodeling
88

. Conversely, inhibition of CCL5 results in decreased 

lesion size, both in atherosclerosis and vascular injury38, 60, 81, 149, 245. Thus, the present 

data indicates that increased levels of CCL5 due to platelet–specific JAM-A deficiency 

propagated vascular remodeling. Plasma CCL5 concentration in trJAM-A
–/–

apoe
–/–

 mice 

was significantly increased during 2 weeks or 6 weeks HFD feeding (Figure 13D). 

Notably, at early stage, we found that the abundance of macrophages and T cells in 

plaques of trJAM-A–/–apoe–/– mice significantly increased, compared to JAM-A+/+apoe–/– 

mice, which might be partly caused by the dramatically increased CCL5 in plasma 

enhancing leukocytes infiltration. However, at a more advanced stage of atherosclerosis, 

there was no significant difference of plaque size in aortic root and leukocyte contents in 

plaques between trJAM-A
–/–

apoe
–/–

 mice and trJAM-A
+/+

apoe
–/–

 mice, paralleled with no 

difference of plasma CCL5. Thus, the role of JAM-A–deficient platelets at advanced 
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stages of atherosclerosis was limited, which might be reflected by the decreased plasma 

CCL5 concentration.  

Interestingly, CCL5 and CXCL4 concentrations in trJAM-A
–/–

apoe
–/–

 mice showed 

different trends in the progress of atherosclerosis. Plasma CXCL4 levels in trJAM-A–/–

apoe
–/–

 mice increased continuously during HFD, different with the increased plasma 

levels of CCL5 only at early stages (Figure 13). It indicates that chemokines are released 

from activated platelets selectively according to different stages of inflammatory disease. 

In fact, several studies have reported differential, stimulus-specific packaging and release 

of platelet granules246, 247, which could potentially enable platelets to specifically release 

inflammatory granules
248

. For example, Italiano et al. reported differential release of the 

angiogenic factor vascular endothelial growth factor and endostatin after targeted 

stimulation of PAR1 and PAR4, respectively
100

. CXCL4 and CCL5 can interact and form 

a heterodimer. This complex in atherosclerosis has a more potent effect on monocyte 

arrest to stimulated endothelium than each chemokine alone133. Disrupting the 

CXCL4/CCL5 interactions by using a peptide inhibitor decreases monocyte recruitment 

and leads to a reduction of atherosclerotic lesions. Taken together, these studies 

demonstrate a synergic effect on monocyte recruitment by the CXCL4/CCL5 heterodimer 

complex
249

. We predicate that the increased plasma levels of CXCL4 and CCL5 in 

trJAM-A–/–apoe–/– mice might form more CXCL4/CCL5 complexes, which in turn 

reinforce leukocytes recruitment. 

 Leukocyte recruitment is augmented due to JAM-A–deficient platelets  5.3.3

Beside release of increased chemokines driving leukocytes recruitment, JAM-A–deficient
 

platelets also facilitated leukocytes interactions with vessel wall. In vitro and ex vivo 

experiments, we found that JAM-A–deficient  platelets showed significantly enhanced 

adhesion, paralleled with increased co-localization of leukocytes on the pro-

atherosclerotic and inflamed endothelium. The augmented firm arrest of monocytes was 

further demonstrated in vivo experiments (Karshovska E, Zhao Z et al, Circ Res. 2015 

Feb. 13; 116(4):587-99), which could be explained by previous studies that platelets 

‘carpet’ the endothelium during inflammation to form a ‘physical bridge’ via P-selectin-

dependent mechanisms to promote leukocytes recruitment to endothelium
250-252

. The 
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mechanisms of platelet adhesion to endothelium for leukocyte recruitment have been 

investigated. For example, plenty of P-selectin and other adhesion molecules are up-

regulated on the platelet membrane after activation, covering inflamed endothelium. 

Presented selectins promote not only the tethering and rolling of PSGL-1-expressing 

leukocytes, but also of additional platelets, thus amplifying the recruitment
253-255

. In fact, 

platelet-derived P-selectin, not endothelial P-selectin, has been identified as predominant 

ligand for leukocyte recruitment during the inflammatory process
256-258

. Blocking platelet 

interactions with endothelium and leukocytes by removal of platelet P-selectin effectively 

delays the onset of atherosclerotic disease
259

 and reduces neointimal formation after 

vascular injury
260

. The following step is firm adhesion and activation of leukocytes via 

Mac-1 to platelet GPIbα or to integrin αIIbβ3 in a fibrinogen-dependent manner, which in 

turn triggers release of pro-inflammatory mediators from adherent platelets, including 

CXCL4 and CCL5261. Thus, the up-regulated activity of platelet–integrin αIIbβ3 due to 

JAM-A deficiency could increase the interaction of platelets with leukocytes, resulting in 

exacerbated recruitment of leukocytes. 

Additionally, JAM-A-deficient platelets showed significantly increased aggregation to 

leukocytes, as more complexes of platelet-monocyte and platelet-neutrophil in blood, 

which was abolished by blocking platelet–integrin αIIbβ3 (Figure 14).  The increased 

aggregation of leukocytes with JAM-A–deficient platelets could promote leukocyte 

rolling and arrest
253-255

. Previous studies have shown that these complexes are relevant 

with inflammatory diseases and cardiovascular diseases262-264. Platelet interaction with 

leukocytes primarily occurs in a P-selectin/PSGL-1 dependent manner, and is 

bidirectional. Activated platelets induce activation of transcription factor NF-kB, 

leukocyte integrins and related gene products in leukocytes
103, 116, 265

, which amplify 

vascular inflammation. We found that platelet-neutrophil complexes in the blood of 

trJAM-A–/–apoe–/– mice were dramatically increased. In previous studies, these 

complexes may be short-lived, but induce signaling to activate neutrophil integrins, 

promote the degranulation, enhance phagocytosis
266, 267

, and boost neutrophil 

transmigration across endothelium
268-270

.  Additionally, platelets prime neutrophils for 

efficient adhesion to endothelium via the up-regulation of integrins, such as Mac-1 and 

enhance responsiveness to chemokines124, 125, which are required for the recruitment of 
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neutrophils to inflamed tissue. Activation of the integrin Mac-1 is known to be critical for 

mediating neutrophil adhesion and migration, involving the protein kinase C zeta 

(PKCζ)102. Beside recruitment promotion, activated platelets have been shown to inhibit 

neutrophil apoptosis
271

, which may  further enhance inflammatory roles of neutrophils in 

vascular disease. Remarkably, it has been clearly found that the interaction of activated 

platelets with neutrophils in circulation as well as on vessel wall, by the dynamic 

reorganization of neutrophil domains and receptors, initiates inflammatory responses
272

. 

Platelet-monocyte aggregates have been shown to be an early predictor for cardiovascular 

events
105

. The monocyte–platelet complexes form more abundantly, more rapidly and 

more stable than other platelet-leukocyte complexes. Despite P-selectin–dependent 

adhesion of platelets to monocytes, it has been inferred that PSGL-1/P-selectin 

interaction promotes the binding of monocyte VLA-4 to vascular cell adhesion molecule-

1 (VCAM-1) during the sequential cascade that regulates monocyte trafficking to 

inflammatory and atherosclerotic lesion
273

. In addition, platelet-derived pro-inflammatory 

mediators deposited on the endothelium causes increased monocyte arrest, mediated by 

integrin activation38, 60, 81. Interaction of monocytes with platelets increases the adhesive 

properties and recruitment of monocytes towards inflamed or atherosclerotic 

endothelium
111, 274, 275

, which could explain our observations that more JAM-A
–/–

 platelet-

monocyte complexes in blood were paralleled with enhanced monocytes adhesion to the 

endothelium in vivo experiment. Platelet-activated monocytes are shifted to a pro-

inflammatory phenotype, are recruited and transmigrate more efficiently at sites of 

inflammation, and tend to differentiate towards a dendritic cell type
265

. The interaction of 

platelets and pro-inflammatory macrophages has also been demonstrated to enhance 

macrophage activation
276

. Thus, crosstalk in monocyte–platelet complexes promotes 

monocyte phenotypic changes as well as extravasation, eventually promoting foam cell 

formation277, which might be responsible for the increased number of Mac2+ 

macrophages in plaques of trJAM-A
–/–

apoe
–/– 

mice (Figure 17A).  
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5.4 Platelet–JAM-A deficiency promotes vascular remodeling 

 Atherosclerosis is accelerated due to platelet–JAM-A deficiency 5.4.1

Platelets can also initiate and propagate vascular inflammation, which may lead to the 

development of atherosclerotic plaques
232, 278

.  In the present study, we found that JAM-A 

deficient platelets markedly exacerbated atherosclerosis in aortas of trJAM-A
–/–

apoe
–/–

 

mice, compared to trJAM-A+/+apoe–/– mice, fed time-course HFD (2 weeks, 6 weeks and 

12 weeks), indicating that platelet-specific JAM-A-deficiency increased atherosclerotic 

burden in mice vasculature. Interestingly, plaque sizes in aortic roots of trJAM-A
–/–

apoe
–

/–
 mice fed 2 weeks HFD showed significant increase, compared to trJAM-A

–/–
apoe

–/–
 

mice, but not after 6 weeks and 12 weeks HFD (Figure 15, 16). These data indicate that 

the effects of JAM-A–/– platelets might decline during the progress of atherosclerosis in 

aortic root. The detailed roles of platelets in different stages of plaque formation are just 

emerging. Previous studies have implicated the role of platelets and their secretion 

products particularly in early phases of plaque development
9, 185, 236

. In early stages, the 

number of adherent platelets to endothelium consistently increase in the progress of 

atherosclerosis, which precede the development of manifest atherosclerotic lesions, as 

platelets  might initiate inflammatory responses of endothelium
185, 232

 and then recruit 

leukocytes to atherosclerotic predilection sites, such as the bifurcation of the carotid 

artery, where plaques develop
9
. Adhesion of activated platelets via P-selectin, GPIbα, and 

αIIbβ3 to endothelium induces endothelial expression of adhesion molecules, such as 

VCAM-1, E-selectin, chemokines (eg, CCL2, CXCL4 and CCL5), and matrix 

metalloproteinases (MMP-1, -2, and -9) 
9, 60, 81, 98, 227, 231, 233

. These factors triggered by 

activated platelets facilitate leukocyte infiltration into the vessel wall, thus initiating and 

accelerating atherosclerotic plaque formation. However, we found that the numbers of 

Mac2
+
 macrophages and CD3

+
 T cells were significantly increased in plaques of JAM-A

–

/–apoe–/– mice, paralleled with augmented SMCs accumulation, only at early-stage lesion 

(Figure 17). There was no significant difference of these inflammatory cell numbers in 

advanced plaques between trJAM-A
–/–

apoe
–/–

 mice and trJAM-A
+/+

apoe
–/–

 mice (Figure 

18), implying that JAM-A–deficient platelet-related effects on vascular inflammation 
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might become secondary. Other cell types, not affected by our model of platelet-specific 

deletion, might gain prominence as atherosclerosis progression.  

Yet the crucial roles of platelets in advanced stages of atherosclerosis were also 

demonstrated by previous studies. For example, inhibition of GPIb using a blocking 

antibody in apoe
–/–

 mice dramatically reduced plaque formation after 18 weeks of HFD
9
. 

Additionally, repeated infusion of activated platelets exacerbated atherosclerosis185 and 

integrin αIIbβ3 deficiency caused a significant reduction in plaque burden particularly 

after 12 weeks of HFD
221

. In this respect, although there was no significant difference of 

plaque formation and leukocyte infiltration in aortic roots after 12 weeks of HFD (Figure 

18), there was still marked increased plasma chemokine levels (CXCL4 and CCL5) and 

plaque burden in vasculature of trJAM-A–/–apoe–/– mice (Figure 13, 15). Thus, we 

hypothesize that platelet hyperreactivity, though present throughout the entire course of 

our study, might have the most pronounced effects on initial events of atherosclerosis, 

such as the induction of endothelial dysfunction, crosstalk with leukocytes in blood and 

propagation of leukocyte recruitment by increased plasma chemokine levels, but the 

effects of platelet-specific JAM-A–deficiency declined at advanced plaque formation, 

particularly in the aortic roots. The effects of JAM-A–deficient platelets at different 

stages of atherosclerotic plaque formation as well as at different locations of vasculature 

need to be further clarified. 

 

Taken together, platelet–JAM-A suppresses the activity of Integrin αIIbβ3, which is 

functional in inflammatory platelet functions and the development of atherosclerosis, 

consistent with previous studies
9, 99, 221

. However, the anti- or pro-atherosclerotic roles of 

αIIbβ3 are still controversial as patients with genetic deficiency of αIIbβ3 not protected 

from atherosclerosis
224

. Our results are limited to explain the role of integrin αIIbβ3 in 

atherosclerotic formation directly. Atherogenic effects of blocking platelet–integrin 

αIIbβ3 in JAM-A
–/–

apeo
–/–

 mice need further investigation.  
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 Platelet–JAM-A inhibits neointimal formation at early stage 5.4.2

The high incidence rate of restenosis is around 25-40% after PTA and stenting treatment 

in patients with obstructive atherosclerosis
13, 15

, which is caused by neointimal formation. 

The neointimal lesions consist mainly of SMCs and inflammatory leukocytes
279

. Vascular 

injury causes endothelial denudation and exposure of extracellular matrix. Following 

acute vascular injury, pathophysiological processes occur rapidly, which include platelet 

adhesion, thrombus formation, leukocytes infiltration
16

, as well as SMCs proliferation, 

migration and secretion of extracellular matrix
17

. Platelets, as the first adherent cells on 

the injured vessel wall, play a pivotal role in initiating the repair process and driving 

neointimal formation38.  We found that JAM-A deficiency increased platelet adhesion on 

endothelium-denudated vessel wall, which might promote lesion formation at early stage 

of the arterial repair progress. Lots of mechanisms are involved, such as enhanced 

interactions of JAM-A–deficient platelets with leukocytes and injured vessel wall, 

increased release of chemokines and augmented recruitment of leukocytes. Furthermore, 

it has been found that platelet–JAM-A mediates recruitment of progenitor cells to injured 

vessel wall, which promotes re-endothelialization
164

. Nevertheless, the mechanisms 

responsible for JAM-A–/–apoe–/– platelet–mediated neointimal formation have not been 

sufficiently elucidated. 

5.4.2.1 JAM-A deficiency increases platelets adhesion on the injured vessel wall 

After endothelium denuded, the extracellular matrix is exposed to the blood flow, which 

leads to platelet adhesion. We used HPLSM to image platelet adhesion on injured carotid 

artery ex vivo and calculated adherent platelet volume on vessel wall using the software 

Lecia Application Suite X. The data shows that the adhesion of JAM-A–deficient platelets 

to injured vessel wall after operation 1 hour was significantly increased, compared to 

control group (Figure 19).  

Platelet adhesion to the injured arterial wall is mediated by several cellular adhesion 

molecules with sub-endothelial extracellular matrix containing adhesive molecules, such 

as collagen, vWF and fibrinogen
280

. Under high sheer condition of blood flow, platelets 

adhesion is initiated by platelet vWF receptor GPIb/V/IX and collagen receptor integrin 

α2β1 as well as GPVI
194, 281

. Other adhesive proteins in extracellular matrix, such as 
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fibronectin, thrombospondin, laminin and vitronectin, also mediate platelets interaction 

with the endothelial denudated vessel wall. The interaction of these adhesion molecules 

results in the formation of platelet layer covering on the injured vessel wall. Especially, 

the signal transduction of GPVI activates FcRγ chain, which in turn triggers inside-out 

signaling to activate integrin αIIbβ3 or α2β1 for platelet firm adhesion
195, 282, 283

. We have 

demonstrated that JAM-A deficiency decreased the thresholds of integrin αIIbβ3 

activation, which might contribute to the enhanced integrin αIIbβ3–fibrinogen interaction. 

Thus, platelet JAM-A might suppress platelet adhesion to injured arterial wall via 

regulating αIIbβ3 activation. Subsequently, adherent platelets get activation and recruit 

more platelets, which cause platelet shape change and degranulation of fibrinogen, 

ADP/ATP as well as and thromboxane A2 (TxA2). These mediators as positive-feedback 

of platelet activation amplify the initial signals to result in integrin αIIbβ3-mediated 

aggregation of platelets. In the present ex vivo experiment, JAM-A as a negative regulator 

of integrin αIIbβ3 attenuates platelet aggregation on the endothelium– denudated vessel 

wall (Figure 19). 

5.4.2.2 trJAM-A deficiency exacerbate neointimal formation at early stage 

The functions of JAM-A in vascular remodeling have been characterized. For example, 

somatic deficiency of JAM-A in mice dramatically suppressed neointimal formation and 

leukocytes infiltration into the lesion
39

. In addition, the cell–specific roles of JAM-A in 

atherosclerosis have been demonstrated recently40. Furthermore, JAM-A deficient caused 

platelet hyperreactivity and promoted atherosclerosis, especially at early stage. Upon our 

previous studies, the same phenomenon was observed in neointimal formation. We found 

that platelet JAM-A deficiency increased neotintimal formation in carotid artery after 

wire-injury 2 weeks, but this effect was diminished after 4 weeks (Figure 20, 19). These 

data suggest that platelet hyperreactivtiy due to JAM-A absence initiates and propagates 

vascular remodeling, obviously at early stage. In later stages, these platelet-related 

activities might become secondary and other cell types might gain prominence. Similar 

with neutrophil, it was found to preferentially invade early-stage lesions, whereas the 

influence declines at advanced phases of vascular remodeling
236

. Acute vascular injury 

cause repair progress and inflammatory response, which is characterized by leukocytes 
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infiltration into the injured wall and SMCs migration as well as proliferation. In the 

present study, we found that platelet–JAM-A deficiency significantly increased the 

number of CD3+ T cells in advanced neointimal lesion, but the data of macrophages did 

not show marked difference between trJAM-A
+/+

apoe
–/–

 and trJAM-A
–/–

apoe
–/–

 mice 

(Figure 22). These data indicate that JAM-A–deficient platelet mildly augmented 

inflammatory responses at advanced stage of vascular repair after acute injury, but the 

mechanism of platelet–JAM-A regulating vascular repair in early stages remains to be 

investigated.  

Previous studies have shown that the mechanisms of activated platelets aggregating 

vascular inflammation and facilitate vascular remodeling
60

. In our mice model, we found 

the hyperreactivity of JAM-A–deficient platelets promoted atherosclerosis and neointimal 

formation, which is limited at advanced stage. In the process of vascular repair, the 

recruitment of leukocytes drives pathogenesis of neointimal formation
284

. Nevertheless, 

Platelets via leukocyte adhesion receptors or directly bridging between leukocytes and 

the vessel wall play critical roles for leukocyte infiltration
285, 286

. Thus, increased 

interactions of JAM-A–deficient platelets with leukocytes in blood flow (Figure 14) as 

well as endothelium-denudated vessel wall (Figure 19) would improve acute 

inflammatory responses. Furthermore, JAM-A deficiency increased platelet 

degranulation of chemoattractants, such as the elevated plasma level of CCL5 and 

CXCL4 (Figure 13). Deposition of chemokines from platelets to their cognate receptors 

on vascular cell surfaces links platelet activation to the recruitment of immune cells and 

exacerbates vascular diseases
88, 227, 238

.  These chemokines are also localized on the vessel 

wall, further enhancing inflammatory responses
37, 38

. These mechanisms might explain 

the increased neointimal formation in trJAM-A
–/–

apoe
–/– 

mice at ealy stage. At later 

stages, re-endothelialization might diminish platelet adhesion on vessel wall, thus 

suppressing the effects of JAM-A–deficient platelets on neointimal formation. However, 

the role of platelet–JAM-A in neointimal formation after arterial injury remains to be 

elucidated. 
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6 Summary 

Platelets play an essential role in hemostasis and also act as immune cells regulating 

inflammation. The deficiency of platelet function suppresses atherosclerosis in 

hyperlipidemic mice
60, 77

. In the present study, platelet hyperreactivity due to JAM-A 

absence promoted vascular remodeling, particularly in early phases. 

 

Although plenty of mechanisms are responsible for platelet activation, little is known 

about the signaling pathways that negatively regulate platelet function. Recently, JAM-A 

was found to inhibit platelet outside-in signaling through integrin αIIbβ3. Consistent with 

previous studies (Naik et al., Blood 2013), we also report that JAM-A suppresses platelet 

reactivity through down-regulating c-Src activity in integrin αIIbβ3 outside-in signaling. 

 

Specific deletion of JAM-A in platelets led to an enhanced response to various agonists, 

such as ADP or thrombin. As a result, interactions of JAM-A–deficient platelets with 

leukocytes as well as with inflamed vascular endothelium are increased. Remarkably, 

tirofiban as an inhibitor of integrin αIIbβ3 normalized the hyperreactivity of JAM-A–

deficient platelets. Furthermore, increased plasma levels of chemokines (CCL5 and 

CXCL4) and an increased recruitment of leukocytes was found in propagated plaques of 

trJAM-A–/–apoe–/– mice. Taken together, deletion of JAM-A caused a gain-of-function in 

platelets with lower activation thresholds. This promoted vascular inflammation and 

increased plaque formation, particularly in early stages. 

 

JAM-A–deficient platelets gained an increased aggregation on endothelium-denudated 

vessel wall, which might accelerate neoinitmal formation at early stage after vascular 

injury, but not at advanced stages. The detailed mechanisms of JAM-A–deficient 

platelets facilitating neointimal formation remain to be investigated. 

 

Taken together, Hyperreactivity of JAM-A–deficient platelets aggravates vascular 

inflammation and remodeling in hyperlipidemic mice, particularly at early stages. This 

highlights the detrimental role of activated platelets in preclinical phases of 

cardiovascular disease. 



References 

96 

 

7 References 
 

1. Lusis AJ. Atherosclerosis. Nature. 2000;407:233-241 

2. Weber C, Zernecke A, Libby P. The multifaceted contributions of leukocyte subsets to 

atherosclerosis: Lessons from mouse models. Nature reviews. Immunology. 2008;8:802-

815 

3. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. The New 

England journal of medicine. 2005;352:1685-1695 

4. Libby P. Inflammation in atherosclerosis. Nature. 2002;420:868-874 

5. Global, regional, and national age-sex specific all-cause and cause-specific mortality for 

240 causes of death, 1990-2013: A systematic analysis for the global burden of disease 

study 2013. Lancet. 2014 

6. Li H, Cybulsky MI, Gimbrone MA, Jr., Libby P. An atherogenic diet rapidly induces 

vcam-1, a cytokine-regulatable mononuclear leukocyte adhesion molecule, in rabbit 

aortic endothelium. Arteriosclerosis and thrombosis : a journal of vascular biology / 

American Heart Association. 1993;13:197-204 

7. Weber C, Noels H. Atherosclerosis: Current pathogenesis and therapeutic options. Nature 

medicine. 2011;17:1410-1422 

8. Manning-Tobin JJ, Moore KJ, Seimon TA, Bell SA, Sharuk M, Alvarez-Leite JI, de 

Winther MP, Tabas I, Freeman MW. Loss of sr-a and cd36 activity reduces 

atherosclerotic lesion complexity without abrogating foam cell formation in 

hyperlipidemic mice. Arteriosclerosis, thrombosis, and vascular biology. 2009;29:19-26 

9. Massberg S, Brand K, Gruner S, Page S, Muller E, Muller I, Bergmeier W, Richter T, 

Lorenz M, Konrad I, Nieswandt B, Gawaz M. A critical role of platelet adhesion in the 

initiation of atherosclerotic lesion formation. The Journal of experimental medicine. 

2002;196:887-896 

10. Kishikawa H, Shimokama T, Watanabe T. Localization of t lymphocytes and 

macrophages expressing il-1, il-2 receptor, il-6 and tnf in human aortic intima. Role of 

cell-mediated immunity in human atherogenesis. Virchows Archiv. A, Pathological 

anatomy and histopathology. 1993;423:433-442 

11. de Boer OJ, van der Wal AC, Teeling P, Becker AE. Leucocyte recruitment in rupture 

prone regions of lipid-rich plaques: A prominent role for neovascularization? 

Cardiovascular research. 1999;41:443-449 

12. Brogi E, Winkles JA, Underwood R, Clinton SK, Alberts GF, Libby P. Distinct patterns 

of expression of fibroblast growth factors and their receptors in human atheroma and 

nonatherosclerotic arteries. Association of acidic fgf with plaque microvessels and 

macrophages. The Journal of clinical investigation. 1993;92:2408-2418 

13. Serruys PW, de Jaegere P, Kiemeneij F, Macaya C, Rutsch W, Heyndrickx G, 

Emanuelsson H, Marco J, Legrand V, Materne P, et al. A comparison of balloon-

expandable-stent implantation with balloon angioplasty in patients with coronary artery 

disease. Benestent study group. The New England journal of medicine. 1994;331:489-495 

14. Grech ED. Abc of interventional cardiology: Percutaneous coronary intervention. Ii: The 

procedure. BMJ. 2003;326:1137-1140 

15. Mitra AK, Agrawal DK. In stent restenosis: Bane of the stent era. Journal of clinical 

pathology. 2006;59:232-239 

16. Faxon DP, Sanborn TA, Haudenschild CC. Mechanism of angioplasty and its relation to 

restenosis. The American journal of cardiology. 1987;60:5B-9B 

17. Weintraub WS. The pathophysiology and burden of restenosis. The American journal of 

cardiology. 2007;100:3K-9K 



References 

97 

 

18. Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular smooth muscle 

cell differentiation in development and disease. Physiological reviews. 2004;84:767-801 

19. Ahn JD, Morishita R, Kaneda Y, Lee SJ, Kwon KY, Choi SY, Lee KU, Park JY, Moon IJ, 

Park JG, Yoshizumi M, Ouchi Y, Lee IK. Inhibitory effects of novel ap-1 decoy 

oligodeoxynucleotides on vascular smooth muscle cell proliferation in vitro and 

neointimal formation in vivo. Circulation research. 2002;90:1325-1332 

20. Cho A, Reidy MA. Matrix metalloproteinase-9 is necessary for the regulation of smooth 

muscle cell replication and migration after arterial injury. Circulation research. 

2002;91:845-851 

21. Wu L, Wang G, Tang S, Long G, Yin T. Protection of endothelial cells, inhibition of 

neointimal hyperplasia by beta-elemene in an injured artery. Cardiovascular drugs and 

therapy / sponsored by the International Society of Cardiovascular Pharmacotherapy. 

2011;25:233-242 

22. Fang S, Wei J, Pentinmikko N, Leinonen H, Salven P. Generation of functional blood 

vessels from a single c-kit+ adult vascular endothelial stem cell. PLoS biology. 

2012;10:e1001407 

23. Shi Q, Rafii S, Wu MH, Wijelath ES, Yu C, Ishida A, Fujita Y, Kothari S, Mohle R, 

Sauvage LR, Moore MA, Storb RF, Hammond WP. Evidence for circulating bone 

marrow-derived endothelial cells. Blood. 1998;92:362-367 

24. Urbich C, Dimmeler S. Endothelial progenitor cells: Characterization and role in vascular 

biology. Circulation research. 2004;95:343-353 

25. Werner N, Junk S, Laufs U, Link A, Walenta K, Bohm M, Nickenig G. Intravenous 

transfusion of endothelial progenitor cells reduces neointima formation after vascular 

injury. Circulation research. 2003;93:e17-24 

26. Schober A, Weber C. Mechanisms of monocyte recruitment in vascular repair after injury. 

Antioxidants & redox signaling. 2005;7:1249-1257 

27. Stocker R, Keaney JF, Jr. Role of oxidative modifications in atherosclerosis. 

Physiological reviews. 2004;84:1381-1478 

28. Welt FG, Rogers C. Inflammation and restenosis in the stent era. Arteriosclerosis, 

thrombosis, and vascular biology. 2002;22:1769-1776 

29. Hamid H, Coltart J. 'Miracle stents'--a future without restenosis. McGill journal of 

medicine : MJM : an international forum for the advancement of medical sciences by 

students. 2007;10:105-111 

30. Bennett MR. In-stent stenosis: Pathology and implications for the development of drug 

eluting stents. Heart. 2003;89:218-224 

31. Inoue T, Sakai Y, Hoshi K, Yaguchi I, Fujito T, Morooka S. Lower expression of 

neutrophil adhesion molecule indicates less vessel wall injury and might explain lower 

restenosis rate after cutting balloon angioplasty. Circulation. 1998;97:2511-2518 

32. Plow EF, Zhang L. A mac-1 attack: Integrin functions directly challenged in knockout 

mice. The Journal of clinical investigation. 1997;99:1145-1146 

33. Wang Y, Sakuma M, Chen Z, Ustinov V, Shi C, Croce K, Zago AC, Lopez J, Andre P, 

Plow E, Simon DI. Leukocyte engagement of platelet glycoprotein ibalpha via the integrin 

mac-1 is critical for the biological response to vascular injury. Circulation. 

2005;112:2993-3000 

34. Schober A, Zernecke A, Liehn EA, von Hundelshausen P, Knarren S, Kuziel WA, Weber 

C. Crucial role of the ccl2/ccr2 axis in neointimal hyperplasia after arterial injury in 

hyperlipidemic mice involves early monocyte recruitment and ccl2 presentation on 

platelets. Circulation research. 2004;95:1125-1133 

35. Furukawa Y, Matsumori A, Ohashi N, Shioi T, Ono K, Harada A, Matsushima K, 

Sasayama S. Anti-monocyte chemoattractant protein-1/monocyte chemotactic and 



References 

98 

 

activating factor antibody inhibits neointimal hyperplasia in injured rat carotid arteries. 

Circulation research. 1999;84:306-314 

36. Cipollone F, Marini M, Fazia M, Pini B, Iezzi A, Reale M, Paloscia L, Materazzo G, 

D'Annunzio E, Conti P, Chiarelli F, Cuccurullo F, Mezzetti A. Elevated circulating levels 

of monocyte chemoattractant protein-1 in patients with restenosis after coronary 

angioplasty. Arteriosclerosis, thrombosis, and vascular biology. 2001;21:327-334 

37. Krohn R, Raffetseder U, Bot I, Zernecke A, Shagdarsuren E, Liehn EA, van Santbrink PJ, 

Nelson PJ, Biessen EA, Mertens PR, Weber C. Y-box binding protein-1 controls cc 

chemokine ligand-5 (ccl5) expression in smooth muscle cells and contributes to neointima 

formation in atherosclerosis-prone mice. Circulation. 2007;116:1812-1820 

38. Schober A, Manka D, von Hundelshausen P, Huo Y, Hanrath P, Sarembock IJ, Ley K, 

Weber C. Deposition of platelet rantes triggering monocyte recruitment requires p-selectin 

and is involved in neointima formation after arterial injury. Circulation. 2002;106:1523-

1529 

39. Zernecke A, Liehn EA, Fraemohs L, von Hundelshausen P, Koenen RR, Corada M, 

Dejana E, Weber C. Importance of junctional adhesion molecule-a for neointimal lesion 

formation and infiltration in atherosclerosis-prone mice. Arteriosclerosis, thrombosis, and 

vascular biology. 2006;26:e10-13 

40. Schmitt MM, Megens RT, Zernecke A, Bidzhekov K, van den Akker NM, Rademakers T, 

van Zandvoort MA, Hackeng TM, Koenen RR, Weber C. Endothelial junctional adhesion 

molecule-a guides monocytes into flow-dependent predilection sites of atherosclerosis. 

Circulation. 2014;129:66-76 

41. Jonasson L, Holm J, Skalli O, Bondjers G, Hansson GK. Regional accumulations of t cells, 

macrophages, and smooth muscle cells in the human atherosclerotic plaque. 

Arteriosclerosis. 1986;6:131-138 

42. Hansson GK, Holm J, Jonasson L. Detection of activated t lymphocytes in the human 

atherosclerotic plaque. The American journal of pathology. 1989;135:169-175 

43. Stemme S, Holm J, Hansson GK. T lymphocytes in human atherosclerotic plaques are 

memory cells expressing cd45ro and the integrin vla-1. Arteriosclerosis and thrombosis : 

a journal of vascular biology / American Heart Association. 1992;12:206-211 

44. Gu L, Okada Y, Clinton SK, Gerard C, Sukhova GK, Libby P, Rollins BJ. Absence of 

monocyte chemoattractant protein-1 reduces atherosclerosis in low density lipoprotein 

receptor-deficient mice. Molecular cell. 1998;2:275-281 

45. Boring L, Gosling J, Cleary M, Charo IF. Decreased lesion formation in ccr2-/- mice 

reveals a role for chemokines in the initiation of atherosclerosis. Nature. 1998;394:894-

897 

46. Mackay CR. Moving targets: Cell migration inhibitors as new anti-inflammatory therapies. 

Nature immunology. 2008;9:988-998 

47. McEver RP, Cummings RD. Perspectives series: Cell adhesion in vascular biology. Role 

of psgl-1 binding to selectins in leukocyte recruitment. The Journal of clinical 

investigation. 1997;100:485-491 

48. Eriksson EE, Xie X, Werr J, Thoren P, Lindbom L. Importance of primary capture and l-

selectin-dependent secondary capture in leukocyte accumulation in inflammation and 

atherosclerosis in vivo. The Journal of experimental medicine. 2001;194:205-218 

49. Finger EB, Puri KD, Alon R, Lawrence MB, von Andrian UH, Springer TA. Adhesion 

through l-selectin requires a threshold hydrodynamic shear. Nature. 1996;379:266-269 

50. Marshall BT, Long M, Piper JW, Yago T, McEver RP, Zhu C. Direct observation of catch 

bonds involving cell-adhesion molecules. Nature. 2003;423:190-193 

51. Yago T, Zarnitsyna VI, Klopocki AG, McEver RP, Zhu C. Transport governs flow-

enhanced cell tethering through l-selectin at threshold shear. Biophysical journal. 

2007;92:330-342 



References 

99 

 

52. Alon R, Hammer DA, Springer TA. Lifetime of the p-selectin-carbohydrate bond and its 

response to tensile force in hydrodynamic flow. Nature. 1995;374:539-542 

53. Berlin C, Bargatze RF, Campbell JJ, von Andrian UH, Szabo MC, Hasslen SR, Nelson 

RD, Berg EL, Erlandsen SL, Butcher EC. Alpha 4 integrins mediate lymphocyte 

attachment and rolling under physiologic flow. Cell. 1995;80:413-422 

54. Salas A, Shimaoka M, Kogan AN, Harwood C, von Andrian UH, Springer TA. Rolling 

adhesion through an extended conformation of integrin alphalbeta2 and relation to alpha i 

and beta i-like domain interaction. Immunity. 2004;20:393-406 

55. Campbell JJ, Qin S, Bacon KB, Mackay CR, Butcher EC. Biology of chemokine and 

classical chemoattractant receptors: Differential requirements for adhesion-triggering 

versus chemotactic responses in lymphoid cells. The Journal of cell biology. 

1996;134:255-266 

56. Campbell JJ, Hedrick J, Zlotnik A, Siani MA, Thompson DA, Butcher EC. Chemokines 

and the arrest of lymphocytes rolling under flow conditions. Science. 1998;279:381-384 

57. Laudanna C, Kim JY, Constantin G, Butcher E. Rapid leukocyte integrin activation by 

chemokines. Immunological reviews. 2002;186:37-46 

58. Constantin G, Majeed M, Giagulli C, Piccio L, Kim JY, Butcher EC, Laudanna C. 

Chemokines trigger immediate beta2 integrin affinity and mobility changes: Differential 

regulation and roles in lymphocyte arrest under flow. Immunity. 2000;13:759-769 

59. Shamri R, Grabovsky V, Gauguet JM, Feigelson S, Manevich E, Kolanus W, Robinson 

MK, Staunton DE, von Andrian UH, Alon R. Lymphocyte arrest requires instantaneous 

induction of an extended lfa-1 conformation mediated by endothelium-bound chemokines. 

Nature immunology. 2005;6:497-506 

60. Huo Y, Schober A, Forlow SB, Smith DF, Hyman MC, Jung S, Littman DR, Weber C, 

Ley K. Circulating activated platelets exacerbate atherosclerosis in mice deficient in 

apolipoprotein e. Nature medicine. 2003;9:61-67 

61. Arnaout MA, Mahalingam B, Xiong JP. Integrin structure, allostery, and bidirectional 

signaling. Annual review of cell and developmental biology. 2005;21:381-410 

62. Barreiro O, Zamai M, Yanez-Mo M, Tejera E, Lopez-Romero P, Monk PN, Gratton E, 

Caiolfa VR, Sanchez-Madrid F. Endothelial adhesion receptors are recruited to adherent 

leukocytes by inclusion in preformed tetraspanin nanoplatforms. The Journal of cell 

biology. 2008;183:527-542 

63. Carman CV, Springer TA. A transmigratory cup in leukocyte diapedesis both through 

individual vascular endothelial cells and between them. The Journal of cell biology. 

2004;167:377-388 

64. Rohlena J, Volger OL, van Buul JD, Hekking LH, van Gils JM, Bonta PI, Fontijn RD, 

Post JA, Hordijk PL, Horrevoets AJ. Endothelial cd81 is a marker of early human 

atherosclerotic plaques and facilitates monocyte adhesion. Cardiovascular research. 

2009;81:187-196 

65. Tejera E, Rocha-Perugini V, Lopez-Martin S, Perez-Hernandez D, Bachir AI, Horwitz AR, 

Vazquez J, Sanchez-Madrid F, Yanez-Mo M. Cd81 regulates cell migration through its 

association with rac gtpase. Molecular biology of the cell. 2013;24:261-273 

66. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of inflammation: The 

leukocyte adhesion cascade updated. Nature reviews. Immunology. 2007;7:678-689 

67. Muller WA. Leukocyte-endothelial-cell interactions in leukocyte transmigration and the 

inflammatory response. Trends in immunology. 2003;24:327-334 

68. Feng D, Nagy JA, Pyne K, Dvorak HF, Dvorak AM. Neutrophils emigrate from venules 

by a transendothelial cell pathway in response to fmlp. The Journal of experimental 

medicine. 1998;187:903-915 

69. Shaw SK, Perkins BN, Lim YC, Liu Y, Nusrat A, Schnell FJ, Parkos CA, Luscinskas FW. 

Reduced expression of junctional adhesion molecule and platelet/endothelial cell adhesion 



References 

100 

 

molecule-1 (cd31) at human vascular endothelial junctions by cytokines tumor necrosis 

factor-alpha plus interferon-gamma does not reduce leukocyte transmigration under flow. 

The American journal of pathology. 2001;159:2281-2291 

70. Barreiro O, Yanez-Mo M, Serrador JM, Montoya MC, Vicente-Manzanares M, Tejedor R, 

Furthmayr H, Sanchez-Madrid F. Dynamic interaction of vcam-1 and icam-1 with moesin 

and ezrin in a novel endothelial docking structure for adherent leukocytes. The Journal of 

cell biology. 2002;157:1233-1245 

71. Hordijk PL. Endothelial signalling events during leukocyte transmigration. The FEBS 

journal. 2006;273:4408-4415 

72. Vestweber D. Regulation of endothelial cell contacts during leukocyte extravasation. 

Current opinion in cell biology. 2002;14:587-593 

73. Weber C, Fraemohs L, Dejana E. The role of junctional adhesion molecules in vascular 

inflammation. Nature reviews. Immunology. 2007;7:467-477 

74. Italiano JE, Jr., Shivdasani RA. Megakaryocytes and beyond: The birth of platelets. 

Journal of thrombosis and haemostasis : JTH. 2003;1:1174-1182 

75. Nieswandt B, Varga-Szabo D, Elvers M. Integrins in platelet activation. Journal of 

thrombosis and haemostasis : JTH. 2009;7 Suppl 1:206-209 

76. Weber C, Schober A, Zernecke A. Chemokines: Key regulators of mononuclear cell 

recruitment in atherosclerotic vascular disease. Arteriosclerosis, thrombosis, and vascular 

biology. 2004;24:1997-2008 

77. Lievens D, von Hundelshausen P. Platelets in atherosclerosis. Thrombosis and 

haemostasis. 2011;106:827-838 

78. Gawaz M, Langer H, May AE. Platelets in inflammation and atherogenesis. The Journal 

of clinical investigation. 2005;115:3378-3384 

79. Gawaz M, Brand K, Dickfeld T, Pogatsa-Murray G, Page S, Bogner C, Koch W, Schomig 

A, Neumann F. Platelets induce alterations of chemotactic and adhesive properties of 

endothelial cells mediated through an interleukin-1-dependent mechanism. Implications 

for atherogenesis. Atherosclerosis. 2000;148:75-85 

80. Lindemann S, Tolley ND, Dixon DA, McIntyre TM, Prescott SM, Zimmerman GA, 

Weyrich AS. Activated platelets mediate inflammatory signaling by regulated interleukin 

1beta synthesis. The Journal of cell biology. 2001;154:485-490 

81. von Hundelshausen P, Weber KS, Huo Y, Proudfoot AE, Nelson PJ, Ley K, Weber C. 

Rantes deposition by platelets triggers monocyte arrest on inflamed and atherosclerotic 

endothelium. Circulation. 2001;103:1772-1777 

82. Koenen RR, von Hundelshausen P, Nesmelova IV, Zernecke A, Liehn EA, Sarabi A, 

Kramp BK, Piccinini AM, Paludan SR, Kowalska MA, Kungl AJ, Hackeng TM, Mayo 

KH, Weber C. Disrupting functional interactions between platelet chemokines inhibits 

atherosclerosis in hyperlipidemic mice. Nature medicine. 2009;15:97-103 

83. Kulkarni S, Woollard KJ, Thomas S, Oxley D, Jackson SP. Conversion of platelets from a 

proaggregatory to a proinflammatory adhesive phenotype: Role of paf in spatially 

regulating neutrophil adhesion and spreading. Blood. 2007;110:1879-1886 

84. Johnson RC, Chapman SM, Dong ZM, Ordovas JM, Mayadas TN, Herz J, Hynes RO, 

Schaefer EJ, Wagner DD. Absence of p-selectin delays fatty streak formation in mice. The 

Journal of clinical investigation. 1997;99:1037-1043 

85. Daub K, Seizer P, Stellos K, Kramer BF, Bigalke B, Schaller M, Fateh-Moghadam S, 

Gawaz M, Lindemann S. Oxidized ldl-activated platelets induce vascular inflammation. 

Seminars in thrombosis and hemostasis. 2010;36:146-156 

86. Jin RC, Voetsch B, Loscalzo J. Endogenous mechanisms of inhibition of platelet function. 

Microcirculation. 2005;12:247-258 

87. van Hinsbergh VW. The endothelium: Vascular control of haemostasis. European journal 

of obstetrics, gynecology, and reproductive biology. 2001;95:198-201 



References 

101 

 

88. von Hundelshausen P, Weber C. Platelets as immune cells: Bridging inflammation and 

cardiovascular disease. Circulation research. 2007;100:27-40 

89. Jurk K, Kehrel BE. Platelets: Physiology and biochemistry. Seminars in thrombosis and 

hemostasis. 2005;31:381-392 

90. Seizer P, Borst O, Langer HF, Bultmann A, Munch G, Herouy Y, Stellos K, Kramer B, 

Bigalke B, Buchele B, Bachem MG, Vestweber D, Simmet T, Gawaz M, May AE. 

Emmprin (cd147) is a novel receptor for platelet gpvi and mediates platelet rolling via 

gpvi-emmprin interaction. Thrombosis and haemostasis. 2009;101:682-686 

91. Kato N, Yuzawa Y, Kosugi T, Hobo A, Sato W, Miwa Y, Sakamoto K, Matsuo S, 

Kadomatsu K. The e-selectin ligand basigin/cd147 is responsible for neutrophil 

recruitment in renal ischemia/reperfusion. Journal of the American Society of Nephrology : 

JASN. 2009;20:1565-1576 

92. Nieswandt B, Brakebusch C, Bergmeier W, Schulte V, Bouvard D, Mokhtari-Nejad R, 

Lindhout T, Heemskerk JW, Zirngibl H, Fassler R. Glycoprotein vi but not alpha2beta1 

integrin is essential for platelet interaction with collagen. The EMBO journal. 

2001;20:2120-2130 

93. Gawaz M, Neumann FJ, Dickfeld T, Reininger A, Adelsberger H, Gebhardt A, Schomig 

A. Vitronectin receptor (alpha(v)beta3) mediates platelet adhesion to the luminal aspect of 

endothelial cells: Implications for reperfusion in acute myocardial infarction. Circulation. 

1997;96:1809-1818 

94. Bombeli T, Schwartz BR, Harlan JM. Adhesion of activated platelets to endothelial cells: 

Evidence for a gpiibiiia-dependent bridging mechanism and novel roles for endothelial 

intercellular adhesion molecule 1 (icam-1), alphavbeta3 integrin, and gpibalpha. The 

Journal of experimental medicine. 1998;187:329-339 

95. Meyer dos Santos S, Klinkhardt U, Scholich K, Nelson K, Monsefi N, Deckmyn H, 

Kuczka K, Zorn A, Harder S. The cx3c chemokine fractalkine mediates platelet adhesion 

via the von willebrand receptor glycoprotein ib. Blood. 2011;117:4999-5008 

96. Babinska A, Kedees MH, Athar H, Ahmed T, Batuman O, Ehrlich YH, Hussain MM, 

Kornecki E. F11-receptor (f11r/jam) mediates platelet adhesion to endothelial cells: Role 

in inflammatory thrombosis. Thrombosis and haemostasis. 2002;88:843-850 

97. Otterdal K, Smith C, Oie E, Pedersen TM, Yndestad A, Stang E, Endresen K, Solum NO, 

Aukrust P, Damas JK. Platelet-derived light induces inflammatory responses in 

endothelial cells and monocytes. Blood. 2006;108:928-935 

98. Hawrylowicz CM, Howells GL, Feldmann M. Platelet-derived interleukin 1 induces 

human endothelial adhesion molecule expression and cytokine production. The Journal of 

experimental medicine. 1991;174:785-790 

99. May AE, Kalsch T, Massberg S, Herouy Y, Schmidt R, Gawaz M. Engagement of 

glycoprotein iib/iiia (alpha(iib)beta3) on platelets upregulates cd40l and triggers cd40l-

dependent matrix degradation by endothelial cells. Circulation. 2002;106:2111-2117 

100. Henn V, Slupsky JR, Grafe M, Anagnostopoulos I, Forster R, Muller-Berghaus G, 

Kroczek RA. Cd40 ligand on activated platelets triggers an inflammatory reaction of 

endothelial cells. Nature. 1998;391:591-594 

101. Urbich C, Dernbach E, Aicher A, Zeiher AM, Dimmeler S. Cd40 ligand inhibits 

endothelial cell migration by increasing production of endothelial reactive oxygen species. 

Circulation. 2002;106:981-986 

102. Nomura S, Kanazawa S, Fukuhara S. Effects of efonidipine on platelet and monocyte 

activation markers in hypertensive patients with and without type 2 diabetes mellitus. 

Journal of human hypertension. 2002;16:539-547 

103. Neumann FJ, Marx N, Gawaz M, Brand K, Ott I, Rokitta C, Sticherling C, Meinl C, May 

A, Schomig A. Induction of cytokine expression in leukocytes by binding of thrombin-

stimulated platelets. Circulation. 1997;95:2387-2394 



References 

102 

 

104. Furman MI, Benoit SE, Barnard MR, Valeri CR, Borbone ML, Becker RC, Hechtman HB, 

Michelson AD. Increased platelet reactivity and circulating monocyte-platelet aggregates 

in patients with stable coronary artery disease. Journal of the American College of 

Cardiology. 1998;31:352-358 

105. Furman MI, Barnard MR, Krueger LA, Fox ML, Shilale EA, Lessard DM, Marchese P, 

Frelinger AL, 3rd, Goldberg RJ, Michelson AD. Circulating monocyte-platelet aggregates 

are an early marker of acute myocardial infarction. Journal of the American College of 

Cardiology. 2001;38:1002-1006 

106. McCabe DJ, Harrison P, Mackie IJ, Sidhu PS, Purdy G, Lawrie AS, Watt H, Brown MM, 

Machin SJ. Platelet degranulation and monocyte-platelet complex formation are increased 

in the acute and convalescent phases after ischaemic stroke or transient ischaemic attack. 

British journal of haematology. 2004;125:777-787 

107. Elalamy I, Chakroun T, Gerotziafas GT, Petropoulou A, Robert F, Karroum A, Elgrably F, 

Samama MM, Hatmi M. Circulating platelet-leukocyte aggregates: A marker of 

microvascular injury in diabetic patients. Thrombosis research. 2008;121:843-848 

108. Din JN, Harding SA, Valerio CJ, Sarma J, Lyall K, Riemersma RA, Newby DE, Flapan 

AD. Dietary intervention with oil rich fish reduces platelet-monocyte aggregation in man. 

Atherosclerosis. 2008;197:290-296 

109. Lippi G, Montagnana M, Salvagno GL, Cicorella N, Degan M, Minuz P, Lechi C, Guidi 

GC. Risk stratification of patients with acute myocardial infarction by quantification of 

circulating monocyte-platelet aggregates. International journal of cardiology. 

2007;115:101-102 

110. Ahn KC, Jun AJ, Pawar P, Jadhav S, Napier S, McCarty OJ, Konstantopoulos K. 

Preferential binding of platelets to monocytes over neutrophils under flow. Biochemical 

and biophysical research communications. 2005;329:345-355 

111. da Costa Martins PA, van Gils JM, Mol A, Hordijk PL, Zwaginga JJ. Platelet binding to 

monocytes increases the adhesive properties of monocytes by up-regulating the expression 

and functionality of beta1 and beta2 integrins. Journal of leukocyte biology. 2006;79:499-

507 

112. Li G, Sanders JM, Bevard MH, Sun Z, Chumley JW, Galkina EV, Ley K, Sarembock IJ. 

Cd40 ligand promotes mac-1 expression, leukocyte recruitment, and neointima formation 

after vascular injury. The American journal of pathology. 2008;172:1141-1152 

113. Celi A, Pellegrini G, Lorenzet R, De Blasi A, Ready N, Furie BC, Furie B. P-selectin 

induces the expression of tissue factor on monocytes. Proceedings of the National 

Academy of Sciences of the United States of America. 1994;91:8767-8771 

114. Christersson C, Johnell M, Siegbahn A. Tissue factor and il8 production by p-selectin-

dependent platelet-monocyte aggregates in whole blood involves phosphorylation of lyn 

and is inhibited by il10. Journal of thrombosis and haemostasis : JTH. 2008;6:986-994 

115. Gawaz M, Neumann FJ, Dickfeld T, Koch W, Laugwitz KL, Adelsberger H, Langenbrink 

K, Page S, Neumeier D, Schomig A, Brand K. Activated platelets induce monocyte 

chemotactic protein-1 secretion and surface expression of intercellular adhesion molecule-

1 on endothelial cells. Circulation. 1998;98:1164-1171 

116. Weyrich AS, Elstad MR, McEver RP, McIntyre TM, Moore KL, Morrissey JH, Prescott 

SM, Zimmerman GA. Activated platelets signal chemokine synthesis by human 

monocytes. The Journal of clinical investigation. 1996;97:1525-1534 

117. Weyrich AS, McIntyre TM, McEver RP, Prescott SM, Zimmerman GA. Monocyte 

tethering by p-selectin regulates monocyte chemotactic protein-1 and tumor necrosis 

factor-alpha secretion. Signal integration and nf-kappa b translocation. The Journal of 

clinical investigation. 1995;95:2297-2303 



References 

103 

 

118. M J, McDonnell L, Regan S. Plant encoded 1-aminocyclopropane-1-carboxylic acid 

deaminase activity implicated in different aspects of plant development. Plant signaling & 

behavior. 2009;4:1186-1189 

119. Rot A, von Andrian UH. Chemokines in innate and adaptive host defense: Basic 

chemokinese grammar for immune cells. Annual review of immunology. 2004;22:891-928 

120. Graves DT, Jiang Y. Chemokines, a family of chemotactic cytokines. Critical reviews in 

oral biology and medicine : an official publication of the American Association of Oral 

Biologists. 1995;6:109-118 

121. Laguri C, Sadir R, Rueda P, Baleux F, Gans P, Arenzana-Seisdedos F, Lortat-Jacob H. 

The novel cxcl12gamma isoform encodes an unstructured cationic domain which 

regulates bioactivity and interaction with both glycosaminoglycans and cxcr4. PloS one. 

2007;2:e1110 

122. Johnson Z, Proudfoot AE, Handel TM. Interaction of chemokines and 

glycosaminoglycans: A new twist in the regulation of chemokine function with 

opportunities for therapeutic intervention. Cytokine & growth factor reviews. 

2005;16:625-636 

123. Brandt E, Ludwig A, Petersen F, Flad HD. Platelet-derived cxc chemokines: Old players 

in new games. Immunological reviews. 2000;177:204-216 

124. von Hundelshausen P, Petersen F, Brandt E. Platelet-derived chemokines in vascular 

biology. Thrombosis and haemostasis. 2007;97:704-713 

125. Petersen F, Brandt E, Lindahl U, Spillmann D. Characterization of a neutrophil cell 

surface glycosaminoglycan that mediates binding of platelet factor 4. The Journal of 

biological chemistry. 1999;274:12376-12382 

126. Lasagni L, Francalanci M, Annunziato F, Lazzeri E, Giannini S, Cosmi L, Sagrinati C, 

Mazzinghi B, Orlando C, Maggi E, Marra F, Romagnani S, Serio M, Romagnani P. An 

alternatively spliced variant of cxcr3 mediates the inhibition of endothelial cell growth 

induced by ip-10, mig, and i-tac, and acts as functional receptor for platelet factor 4. The 

Journal of experimental medicine. 2003;197:1537-1549 

127. Mueller A, Meiser A, McDonagh EM, Fox JM, Petit SJ, Xanthou G, Williams TJ, Pease 

JE. Cxcl4-induced migration of activated t lymphocytes is mediated by the chemokine 

receptor cxcr3. Journal of leukocyte biology. 2008;83:875-882 

128. Kasper B, Brandt E, Bulfone-Paus S, Petersen F. Platelet factor 4 (pf-4)-induced 

neutrophil adhesion is controlled by src-kinases, whereas pf-4-mediated exocytosis 

requires the additional activation of p38 map kinase and phosphatidylinositol 3-kinase. 

Blood. 2004;103:1602-1610 

129. Pitsilos S, Hunt J, Mohler ER, Prabhakar AM, Poncz M, Dawicki J, Khalapyan TZ, Wolfe 

ML, Fairman R, Mitchell M, Carpenter J, Golden MA, Cines DB, Sachais BS. Platelet 

factor 4 localization in carotid atherosclerotic plaques: Correlation with clinical 

parameters. Thrombosis and haemostasis. 2003;90:1112-1120 

130. Pervushina O, Scheuerer B, Reiling N, Behnke L, Schroder JM, Kasper B, Brandt E, 

Bulfone-Paus S, Petersen F. Platelet factor 4/cxcl4 induces phagocytosis and the 

generation of reactive oxygen metabolites in mononuclear phagocytes independently of gi 

protein activation or intracellular calcium transients. J Immunol. 2004;173:2060-2067 

131. Scheuerer B, Ernst M, Durrbaum-Landmann I, Fleischer J, Grage-Griebenow E, Brandt E, 

Flad HD, Petersen F. The cxc-chemokine platelet factor 4 promotes monocyte survival 

and induces monocyte differentiation into macrophages. Blood. 2000;95:1158-1166 

132. Fricke I, Mitchell D, Petersen F, Bohle A, Bulfone-Paus S, Brandau S. Platelet factor 4 in 

conjunction with il-4 directs differentiation of human monocytes into specialized antigen-

presenting cells. FASEB journal : official publication of the Federation of American 

Societies for Experimental Biology. 2004;18:1588-1590 



References 

104 

 

133. von Hundelshausen P, Koenen RR, Sack M, Mause SF, Adriaens W, Proudfoot AE, 

Hackeng TM, Weber C. Heterophilic interactions of platelet factor 4 and rantes promote 

monocyte arrest on endothelium. Blood. 2005;105:924-930 

134. Kasper B, Brandt E, Brandau S, Petersen F. Platelet factor 4 (cxc chemokine ligand 4) 

differentially regulates respiratory burst, survival, and cytokine expression of human 

monocytes by using distinct signaling pathways. J Immunol. 2007;179:2584-2591 

135. Nassar T, Sachais BS, Akkawi S, Kowalska MA, Bdeir K, Leitersdorf E, Hiss E, Ziporen 

L, Aviram M, Cines D, Poncz M, Higazi AA. Platelet factor 4 enhances the binding of 

oxidized low-density lipoprotein to vascular wall cells. The Journal of biological 

chemistry. 2003;278:6187-6193 

136. Struyf S, Burdick MD, Proost P, Van Damme J, Strieter RM. Platelets release cxcl4l1, a 

nonallelic variant of the chemokine platelet factor-4/cxcl4 and potent inhibitor of 

angiogenesis. Circulation research. 2004;95:855-857 

137. Fleischer J, Grage-Griebenow E, Kasper B, Heine H, Ernst M, Brandt E, Flad HD, 

Petersen F. Platelet factor 4 inhibits proliferation and cytokine release of activated human 

t cells. J Immunol. 2002;169:770-777 

138. Schall TJ, Bacon K, Toy KJ, Goeddel DV. Selective attraction of monocytes and t 

lymphocytes of the memory phenotype by cytokine rantes. Nature. 1990;347:669-671 

139. Montecucco F, Braunersreuther V, Lenglet S, Delattre BM, Pelli G, Buatois V, Guilhot F, 

Galan K, Vuilleumier N, Ferlin W, Fischer N, Vallee JP, Kosco-Vilbois M, Mach F. Cc 

chemokine ccl5 plays a central role impacting infarct size and post-infarction heart failure 

in mice. European heart journal. 2012;33:1964-1974 

140. Bacon KB, Szabo MC, Yssel H, Bolen JB, Schall TJ. Rantes induces tyrosine kinase 

activity of stably complexed p125fak and zap-70 in human t cells. The Journal of 

experimental medicine. 1996;184:873-882 

141. Szabo MC, Butcher EC, McIntyre BW, Schall TJ, Bacon KB. Rantes stimulation of t 

lymphocyte adhesion and activation: Role for lfa-1 and icam-3. European journal of 

immunology. 1997;27:1061-1068 

142. Cipriani S, Francisci D, Mencarelli A, Renga B, Schiaroli E, D'Amore C, Baldelli F, 

Fiorucci S. Efficacy of the ccr5 antagonist maraviroc in reducing early, ritonavir-induced 

atherogenesis and advanced plaque progression in mice. Circulation. 2013;127:2114-2124 

143. Kornecki E, Walkowiak B, Naik UP, Ehrlich YH. Activation of human platelets by a 

stimulatory monoclonal antibody. The Journal of biological chemistry. 1990;265:10042-

10048 

144. Keiper T, Al-Fakhri N, Chavakis E, Athanasopoulos AN, Isermann B, Herzog S, Saffrich 

R, Hersemeyer K, Bohle RM, Haendeler J, Preissner KT, Santoso S, Chavakis T. The role 

of junctional adhesion molecule-c (jam-c) in oxidized ldl-mediated leukocyte recruitment. 

FASEB journal : official publication of the Federation of American Societies for 

Experimental Biology. 2005;19:2078-2080 

145. Ostermann G, Fraemohs L, Baltus T, Schober A, Lietz M, Zernecke A, Liehn EA, Weber 

C. Involvement of jam-a in mononuclear cell recruitment on inflamed or atherosclerotic 

endothelium: Inhibition by soluble jam-a. Arteriosclerosis, thrombosis, and vascular 

biology. 2005;25:729-735 

146. Slevin M, Elasbali AB, Miguel Turu M, Krupinski J, Badimon L, Gaffney J. Identification 

of differential protein expression associated with development of unstable human carotid 

plaques. The American journal of pathology. 2006;168:1004-1021 

147. Papaspyridonos M, Smith A, Burnand KG, Taylor P, Padayachee S, Suckling KE, James 

CH, Greaves DR, Patel L. Novel candidate genes in unstable areas of human 

atherosclerotic plaques. Arteriosclerosis, thrombosis, and vascular biology. 

2006;26:1837-1844 



References 

105 

 

148. Santoso S, Sachs UJ, Kroll H, Linder M, Ruf A, Preissner KT, Chavakis T. The junctional 

adhesion molecule 3 (jam-3) on human platelets is a counterreceptor for the leukocyte 

integrin mac-1. The Journal of experimental medicine. 2002;196:679-691 

149. Mause SF, von Hundelshausen P, Zernecke A, Koenen RR, Weber C. Platelet 

microparticles: A transcellular delivery system for rantes promoting monocyte recruitment 

on endothelium. Arteriosclerosis, thrombosis, and vascular biology. 2005;25:1512-1518 

150. Wang SJ, La JL, Chen DY, Chen YH, Hsieh TY, Lin WY. Effects of cisapride on 

oesophageal transit of solids in patients with progressive systemic sclerosis. Clinical 

rheumatology. 2002;21:43-45 

151. Cunningham SA, Arrate MP, Rodriguez JM, Bjercke RJ, Vanderslice P, Morris AP, 

Brock TA. A novel protein with homology to the junctional adhesion molecule. 

Characterization of leukocyte interactions. The Journal of biological chemistry. 

2000;275:34750-34756 

152. Cunningham SA, Rodriguez JM, Arrate MP, Tran TM, Brock TA. Jam2 interacts with 

alpha4beta1. Facilitation by jam3. The Journal of biological chemistry. 2002;277:27589-

27592 

153. Ludwig RJ, Zollner TM, Santoso S, Hardt K, Gille J, Baatz H, Johann PS, Pfeffer J, 

Radeke HH, Schon MP, Kaufmann R, Boehncke WH, Podda M. Junctional adhesion 

molecules (jam)-b and -c contribute to leukocyte extravasation to the skin and mediate 

cutaneous inflammation. The Journal of investigative dermatology. 2005;125:969-976 

154. Woodfin A, Voisin MB, Beyrau M, Colom B, Caille D, Diapouli FM, Nash GB, Chavakis 

T, Albelda SM, Rainger GE, Meda P, Imhof BA, Nourshargh S. The junctional adhesion 

molecule jam-c regulates polarized transendothelial migration of neutrophils in vivo. 

Nature immunology. 2011;12:761-769 

155. Shagdarsuren E, Djalali-Talab Y, Aurrand-Lions M, Bidzhekov K, Liehn EA, Imhof BA, 

Weber C, Zernecke A. Importance of junctional adhesion molecule-c for neointimal 

hyperplasia and monocyte recruitment in atherosclerosis-prone mice-brief report. 

Arteriosclerosis, thrombosis, and vascular biology. 2009;29:1161-1163 

156. Martin-Padura I, Lostaglio S, Schneemann M, Williams L, Romano M, Fruscella P, 

Panzeri C, Stoppacciaro A, Ruco L, Villa A, Simmons D, Dejana E. Junctional adhesion 

molecule, a novel member of the immunoglobulin superfamily that distributes at 

intercellular junctions and modulates monocyte transmigration. The Journal of cell 

biology. 1998;142:117-127 

157. Williams LA, Martin-Padura I, Dejana E, Hogg N, Simmons DL. Identification and 

characterisation of human junctional adhesion molecule (jam). Molecular immunology. 

1999;36:1175-1188 

158. Babinska A, Azari BM, Salifu MO, Liu R, Jiang XC, Sobocka MB, Boo D, Al Khoury G, 

Deitch JS, Marmur JD, Ehrlich YH, Kornecki E. The f11 receptor (f11r/jam-a) in 

atherothrombosis: Overexpression of f11r in atherosclerotic plaques. Thrombosis and 

haemostasis. 2007;97:272-281 

159. Khandoga A, Kessler JS, Meissner H, Hanschen M, Corada M, Motoike T, Enders G, 

Dejana E, Krombach F. Junctional adhesion molecule-a deficiency increases hepatic 

ischemia-reperfusion injury despite reduction of neutrophil transendothelial migration. 

Blood. 2005;106:725-733 

160. Stamatovic SM, Sladojevic N, Keep RF, Andjelkovic AV. Relocalization of junctional 

adhesion molecule a during inflammatory stimulation of brain endothelial cells. 

Molecular and cellular biology. 2012;32:3414-3427 

161. Fraemohs L, Koenen RR, Ostermann G, Heinemann B, Weber C. The functional 

interaction of the beta 2 integrin lymphocyte function-associated antigen-1 with 

junctional adhesion molecule-a is mediated by the i domain. J Immunol. 2004;173:6259-

6264 



References 

106 

 

162. Naik MU, Mousa SA, Parkos CA, Naik UP. Signaling through jam-1 and alphavbeta3 is 

required for the angiogenic action of bfgf: Dissociation of the jam-1 and alphavbeta3 

complex. Blood. 2003;102:2108-2114 

163. Naik MU, Naik UP. Junctional adhesion molecule-a-induced endothelial cell migration 

on vitronectin is integrin alpha v beta 3 specific. Journal of cell science. 2006;119:490-

499 

164. Stellos K, Langer H, Gnerlich S, Panagiota V, Paul A, Schonberger T, Ninci E, Menzel D, 

Mueller I, Bigalke B, Geisler T, Bultmann A, Lindemann S, Gawaz M. Junctional 

adhesion molecule a expressed on human cd34+ cells promotes adhesion on vascular wall 

and differentiation into endothelial progenitor cells. Arteriosclerosis, thrombosis, and 

vascular biology. 2010;30:1127-1136 

165. Del Maschio A, De Luigi A, Martin-Padura I, Brockhaus M, Bartfai T, Fruscella P, 

Adorini L, Martino G, Furlan R, De Simoni MG, Dejana E. Leukocyte recruitment in the 

cerebrospinal fluid of mice with experimental meningitis is inhibited by an antibody to 

junctional adhesion molecule (jam). The Journal of experimental medicine. 

1999;190:1351-1356 

166. Corada M, Chimenti S, Cera MR, Vinci M, Salio M, Fiordaliso F, De Angelis N, Villa A, 

Bossi M, Staszewsky LI, Vecchi A, Parazzoli D, Motoike T, Latini R, Dejana E. 

Junctional adhesion molecule-a-deficient polymorphonuclear cells show reduced 

diapedesis in peritonitis and heart ischemia-reperfusion injury. Proceedings of the 

National Academy of Sciences of the United States of America. 2005;102:10634-10639 

167. Cera MR, Del Prete A, Vecchi A, Corada M, Martin-Padura I, Motoike T, Tonetti P, 

Bazzoni G, Vermi W, Gentili F, Bernasconi S, Sato TN, Mantovani A, Dejana E. 

Increased dc trafficking to lymph nodes and contact hypersensitivity in junctional 

adhesion molecule-a-deficient mice. The Journal of clinical investigation. 2004;114:729-

738 

168. Cera MR, Fabbri M, Molendini C, Corada M, Orsenigo F, Rehberg M, Reichel CA, 

Krombach F, Pardi R, Dejana E. Jam-a promotes neutrophil chemotaxis by controlling 

integrin internalization and recycling. Journal of cell science. 2009;122:268-277 

169. Cougoule C, Wiedemann A, Lim J, Caron E. Phagocytosis, an alternative model system 

for the study of cell adhesion. Seminars in cell & developmental biology. 2004;15:679-

689 

170. Naik UP, Naik MU, Eckfeld K, Martin-DeLeon P, Spychala J. Characterization and 

chromosomal localization of jam-1, a platelet receptor for a stimulatory monoclonal 

antibody. Journal of cell science. 2001;114:539-547 

171. Sobocka MB, Sobocki T, Babinska A, Hartwig JH, Li M, Ehrlich YH, Kornecki E. 

Signaling pathways of the f11 receptor (f11r; a.K.A. Jam-1, jam-a) in human platelets: 

F11r dimerization, phosphorylation and complex formation with the integrin gpiiia. 

Journal of receptor and signal transduction research. 2004;24:85-105 

172. Sobocka MB, Sobocki T, Banerjee P, Weiss C, Rushbrook JI, Norin AJ, Hartwig J, Salifu 

MO, Markell MS, Babinska A, Ehrlich YH, Kornecki E. Cloning of the human platelet 

f11 receptor: A cell adhesion molecule member of the immunoglobulin superfamily 

involved in platelet aggregation. Blood. 2000;95:2600-2609 

173. Hughes PE, Pfaff M. Integrin affinity modulation. Trends in cell biology. 1998;8:359-364 

174. Shattil SJ. Signaling through platelet integrin alpha iib beta 3: Inside-out, outside-in, and 

sideways. Thrombosis and haemostasis. 1999;82:318-325 

175. Rivera J, Lozano ML, Navarro-Nunez L, Vicente V. Platelet receptors and signaling in 

the dynamics of thrombus formation. Haematologica. 2009;94:700-711 

176. Inoue O, Suzuki-Inoue K, Dean WL, Frampton J, Watson SP. Integrin alpha2beta1 

mediates outside-in regulation of platelet spreading on collagen through activation of src 

kinases and plcgamma2. The Journal of cell biology. 2003;160:769-780 



References 

107 

 

177. Thomas SM, Brugge JS. Cellular functions regulated by src family kinases. Annual 

review of cell and developmental biology. 1997;13:513-609 

178. Obergfell A, Eto K, Mocsai A, Buensuceso C, Moores SL, Brugge JS, Lowell CA, Shattil 

SJ. Coordinate interactions of csk, src, and syk kinases with [alpha]iib[beta]3 initiate 

integrin signaling to the cytoskeleton. J. Cell Biol. 2002;157:265-275 

179. Ozaki H, Ishii K, Arai H, Horiuchi H, Kawamoto T, Suzuki H, Kita T. Junctional 

adhesion molecule (jam) is phosphorylated by protein kinase c upon platelet activation. 

Biochemical and biophysical research communications. 2000;276:873-878 

180. Jones CI, Barrett NE, Moraes LA, Gibbins JM, Jackson DE. Endogenous inhibitory 

mechanisms and the regulation of platelet function. Methods Mol Biol. 2012;788:341-366 

181. Naik MU, Caplan JL, Naik UP. Junctional adhesion molecule-a suppresses platelet 

integrin alphaiibbeta3 signaling by recruiting csk to the integrin-c-src complex. Blood. 

2014;123:1393-1402 

182. Naik MU, Stalker TJ, Brass LF, Naik UP. Jam-a protects from thrombosis by suppressing 

integrin alphaiibbeta3-dependent outside-in signaling in platelets. Blood. 2012;119:3352-

3360 

183. Babinska A, Kedees MH, Athar H, Sobocki T, Sobocka MB, Ahmed T, Ehrlich YH, 

Hussain MM, Kornecki E. Two regions of the human platelet f11-receptor (f11r) are 

critical for platelet aggregation, potentiation and adhesion. Thrombosis and haemostasis. 

2002;87:712-721 

184. Tiedt R, Schomber T, Hao-Shen H, Skoda RC. Pf4-cre transgenic mice allow the 

generation of lineage-restricted gene knockouts for studying megakaryocyte and platelet 

function in vivo. Blood. 2007;109:1503-1506 

185. Lievens D, Zernecke A, Seijkens T, Soehnlein O, Beckers L, Munnix IC, Wijnands E, 

Goossens P, van Kruchten R, Thevissen L, Boon L, Flavell RA, Noelle RJ, Gerdes N, 

Biessen EA, Daemen MJ, Heemskerk JW, Weber C, Lutgens E. Platelet cd40l mediates 

thrombotic and inflammatory processes in atherosclerosis. Blood. 2010;116:4317-4327 

186. Wurtz M, Hvas AM, Christensen KH, Rubak P, Kristensen SD, Grove EL. Rapid 

evaluation of platelet function using the multiplate(r) analyzer. Platelets. 2014;25:628-

633 

187. Arias-Salgado EG, Haj F, Dubois C, Moran B, Kasirer-Friede A, Furie BC, Furie B, Neel 

BG, Shattil SJ. Ptp-1b is an essential positive regulator of platelet integrin signaling. J. 

Cell Biol. 2005;170:837-845 

188. Megens RT, Bianchini M, Schmitt MM, Weber C. Optical imaging innovations for 

atherosclerosis research: Multiphoton microscopy and optical nanoscopy. 

Arteriosclerosis, thrombosis, and vascular biology. 2015 

189. Karshovska E, Weber C, von Hundelshausen P. Platelet chemokines in health and disease. 

Thromb. Haemost. 2013;110:894-902 

190. Alon R, Fuhlbrigge RC, Finger EB, Springer TA. Interactions through l-selectin between 

leukocytes and adherent leukocytes nucleate rolling adhesions on selectins and vcam-1 in 

shear flow. The Journal of cell biology. 1996;135:849-865 

191. Walcheck B, Moore KL, McEver RP, Kishimoto TK. Neutrophil-neutrophil interactions 

under hydrodynamic shear stress involve l-selectin and psgl-1. A mechanism that 

amplifies initial leukocyte accumulation of p-selectin in vitro. The Journal of clinical 

investigation. 1996;98:1081-1087 

192. Davi G, Patrono C. Platelet activation and atherothrombosis. The New England journal of 

medicine. 2007;357:2482-2494 

193. Angiolillo DJ. The evolution of antiplatelet therapy in the treatment of acute coronary 

syndromes: From aspirin to the present day. Drugs. 2012;72:2087-2116 

194. Jackson SP, Nesbitt WS, Kulkarni S. Signaling events underlying thrombus formation. 

Journal of thrombosis and haemostasis : JTH. 2003;1:1602-1612 



References 

108 

 

195. Nieswandt B, Watson SP. Platelet-collagen interaction: Is gpvi the central receptor? Blood. 

2003;102:449-461 

196. Heemskerk JW, Bevers EM, Lindhout T. Platelet activation and blood coagulation. 

Thrombosis and haemostasis. 2002;88:186-193 

197. Offermanns S. Activation of platelet function through g protein-coupled receptors. 

Circulation research. 2006;99:1293-1304 

198. Petrich BG, Marchese P, Ruggeri ZM, Spiess S, Weichert RA, Ye F, Tiedt R, Skoda RC, 

Monkley SJ, Critchley DR, Ginsberg MH. Talin is required for integrin-mediated platelet 

function in hemostasis and thrombosis. The Journal of experimental medicine. 

2007;204:3103-3111 

199. Shattil SJ, Kashiwagi H, Pampori N. Integrin signaling: The platelet paradigm. Blood. 

1998;91:2645-2657 

200. Phillips DR, Prasad KS, Manganello J, Bao M, Nannizzi-Alaimo L. Integrin tyrosine 

phosphorylation in platelet signaling. Current opinion in cell biology. 2001;13:546-554 

201. Gong H, Shen B, Flevaris P, Chow C, Lam SC, Voyno-Yasenetskaya TA, Kozasa T, Du 

X. G protein subunit galpha13 binds to integrin alphaiibbeta3 and mediates integrin 

"outside-in" signaling. Science. 2010;327:340-343 

202. Nakanishi-Matsui M, Zheng YW, Sulciner DJ, Weiss EJ, Ludeman MJ, Coughlin SR. 

Par3 is a cofactor for par4 activation by thrombin. Nature. 2000;404:609-613 

203. Stalker TJ, Wu J, Morgans A, Traxler EA, Wang L, Chatterjee MS, Lee D, Quertermous 

T, Hall RA, Hammer DA, Diamond SL, Brass LF. Endothelial cell specific adhesion 

molecule (esam) localizes to platelet-platelet contacts and regulates thrombus formation in 

vivo. J. Thromb. Haemost. 2009;7:1886-1896 

204. Cicmil M, Thomas JM, Leduc M, Bon C, Gibbins JM. Platelet endothelial cell adhesion 

molecule-1 signaling inhibits the activation of human platelets. Blood. 2002;99:137-144 

205. Falati S, Patil S, Gross PL, Stapleton M, Merrill-Skoloff G, Barrett NE, Pixton KL, 

Weiler H, Cooley B, Newman DK, Newman PJ, Furie BC, Furie B, Gibbins JM. Platelet 

pecam-1 inhibits thrombus formation in vivo. Blood. 2006;107:535-541 

206. Rathore V, Stapleton MA, Hillery CA, Montgomery RR, Nichols TC, Merricks EP, 

Newman DK, Newman PJ. Pecam-1 negatively regulates gpib/v/ix signaling in murine 

platelets. Blood. 2003;102:3658-3664 

207. Timpson P, Jones GE, Frame MC, Brunton VG. Coordination of cell polarization and 

migration by the rho family gtpases requires src tyrosine kinase activity. Current biology : 

CB. 2001;11:1836-1846 

208. Suzuki-Inoue K, Ozaki Y, Kainoh M, Shin Y, Wu Y, Yatomi Y, Ohmori T, Tanaka T, 

Satoh K, Morita T. Rhodocytin induces platelet aggregation by interacting with 

glycoprotein ia/iia (gpia/iia, integrin alpha 2beta 1). Involvement of gpia/iia-associated src 

and protein tyrosine phosphorylation. The Journal of biological chemistry. 

2001;276:1643-1652 

209. Klinghoffer RA, Sachsenmaier C, Cooper JA, Soriano P. Src family kinases are required 

for integrin but not pdgfr signal transduction. The EMBO journal. 1999;18:2459-2471 

210. Kaplan KB, Swedlow JR, Morgan DO, Varmus HE. C-src enhances the spreading of src-

/- fibroblasts on fibronectin by a kinase-independent mechanism. Genes & development. 

1995;9:1505-1517 

211. Arias-Salgado EG, Lizano S, Sarkar S, Brugge JS, Ginsberg MH, Shattil SJ. Src kinase 

activation by direct interaction with the integrin beta cytoplasmic domain. Proceedings of 

the National Academy of Sciences of the United States of America. 2003;100:13298-13302 

212. Sicheri F, Kuriyan J. Structures of src-family tyrosine kinases. Current opinion in 

structural biology. 1997;7:777-785 

213. Harrison SC. Variation on an src-like theme. Cell. 2003;112:737-740 



References 

109 

 

214. Sun G, Ramdas L, Wang W, Vinci J, McMurray J, Budde RJ. Effect of 

autophosphorylation on the catalytic and regulatory properties of protein tyrosine kinase 

src. Archives of biochemistry and biophysics. 2002;397:11-17 

215. Moarefi I, LaFevre-Bernt M, Sicheri F, Huse M, Lee CH, Kuriyan J, Miller WT. 

Activation of the src-family tyrosine kinase hck by sh3 domain displacement. Nature. 

1997;385:650-653 

216. Shen B, Delaney MK, Du X. Inside-out, outside-in, and inside-outside-in: G protein 

signaling in integrin-mediated cell adhesion, spreading, and retraction. Curr. Opin. Cell 

Biol. 2012;24:600-606 

217. Jones ML, Harper MT, Aitken EW, Williams CM, Poole AW. Rgd-ligand mimetic 

antagonists of integrin alphaiibbeta3 paradoxically enhance gpvi-induced human platelet 

activation. Journal of thrombosis and haemostasis : JTH. 2010;8:567-576 

218. Ray KK. Abciximab suppresses the rise in levels of circulating inflammatory markers 

after percutaneous coronary revascularization. Circulation. 2002;105:e74 

219. Nannizzi-Alaimo L, Alves VL, Phillips DR. Inhibitory effects of glycoprotein iib/iiia 

antagonists and aspirin on the release of soluble cd40 ligand during platelet stimulation. 

Circulation. 2003;107:1123-1128 

220. Welt FG, Rogers SD, Zhang X, Ehlers R, Chen Z, Nannizzi-Alaimo L, Phillips DR, 

Simon DI. Gp iib/iiia inhibition with eptifibatide lowers levels of soluble cd40l and rantes 

after percutaneous coronary intervention. Catheterization and cardiovascular 

interventions : official journal of the Society for Cardiac Angiography & Interventions. 

2004;61:185-189 

221. Massberg S, Schurzinger K, Lorenz M, Konrad I, Schulz C, Plesnila N, Kennerknecht E, 

Rudelius M, Sauer S, Braun S, Kremmer E, Emambokus NR, Frampton J, Gawaz M. 

Platelet adhesion via glycoprotein iib integrin is critical for atheroprogression and focal 

cerebral ischemia: An in vivo study in mice lacking glycoprotein iib. Circulation. 

2005;112:1180-1188 

222. Tseng CN, Chang YT, Lengquist M, Kronqvist M, Hedin U, Eriksson EE. Platelet 

adhesion on endothelium early after vein grafting mediates leukocyte recruitment and 

intimal hyperplasia in a murine model. Thrombosis and haemostasis. 2014;113 

223. Kucharska-Newton AM, Monda KL, Campbell S, Bradshaw PT, Wagenknecht LE, 

Boerwinkle E, Wasserman BA, Heiss G. Association of the platelet gpiib/iiia 

polymorphism with atherosclerotic plaque morphology: The atherosclerosis risk in 

communities (aric) study. Atherosclerosis. 2011;216:151-156 

224. Shpilberg O, Rabi I, Schiller K, Walden R, Harats D, Tyrrell KS, Coller B, Seligsohn U. 

Patients with glanzmann thrombasthenia lacking platelet glycoprotein alpha(iib)beta(3) 

(gpiib/iiia) and alpha(v)beta(3) receptors are not protected from atherosclerosis. 

Circulation. 2002;105:1044-1048 

225. Duchene J, von Hundelshausen P. Platelet-derived chemokines in atherosclerosis. 

Hamostaseologie. 2015;35 

226. Koenen RR, Weber C. Platelet-derived chemokines in vascular remodeling and 

atherosclerosis. Seminars in thrombosis and hemostasis. 2010;36:163-169 

227. Weber C. Platelets and chemokines in atherosclerosis: Partners in crime. Circulation 

research. 2005;96:612-616 

228. Chandraratne S, von Bruehl ML, Pagel JI, Stark K, Kleinert E, Konrad I, Farschtschi S, 

Coletti R, Gartner F, Chillo O, Legate KR, Lorenz M, Rutkowski S, Caballero-Martinez 

A, Starke R, Tirniceriu A, Pauleikhoff L, Fischer S, Assmann G, Mueller-Hoecker J, 

Ware J, Nieswandt B, Schaper W, Schulz C, Deindl E, Massberg S. Critical role of 

platelet glycoprotein ibalpha in arterial remodeling. Arteriosclerosis, thrombosis, and 

vascular biology. 2015;35:589-597 



References 

110 

 

229. Ross R. The pathogenesis of atherosclerosis: A perspective for the 1990s. Nature. 

1993;362:801-809 

230. Cha JK, Jeong MH, Bae HR, Han JY, Jeong SJ, Jin HJ, Lim YJ, Kim SH, Kim JW. 

Activated platelets induce secretion of interleukin-1beta, monocyte chemotactic protein-1, 

and macrophage inflammatory protein-1alpha and surface expression of intercellular 

adhesion molecule-1 on cultured endothelial cells. Journal of Korean medical science. 

2000;15:273-278 

231. Kotowicz K, Dixon GL, Klein NJ, Peters MJ, Callard RE. Biological function of cd40 on 

human endothelial cells: Costimulation with cd40 ligand and interleukin-4 selectively 

induces expression of vascular cell adhesion molecule-1 and p-selectin resulting in 

preferential adhesion of lymphocytes. Immunology. 2000;100:441-448 

232. Projahn D, Koenen RR. Platelets: Key players in vascular inflammation. J. Leukoc. Biol. 

2012;92:1167-1175 

233. Miller DL, Yaron R, Yellin MJ. Cd40l-cd40 interactions regulate endothelial cell surface 

tissue factor and thrombomodulin expression. Journal of leukocyte biology. 1998;63:373-

379 

234. Andre P, Prasad KS, Denis CV, He M, Papalia JM, Hynes RO, Phillips DR, Wagner DD. 

Cd40l stabilizes arterial thrombi by a beta3 integrin--dependent mechanism. Nature 

medicine. 2002;8:247-252 

235. Langer H, May AE, Bultmann A, Gawaz M. Adam 15 is an adhesion receptor for platelet 

gpiib-iiia and induces platelet activation. Thrombosis and haemostasis. 2005;94:555-561 

236. Drechsler M, Megens RT, van Zandvoort M, Weber C, Soehnlein O. Hyperlipidemia-

triggered neutrophilia promotes early atherosclerosis. Circulation. 2010;122:1837-1845 

237. von Hundelshausen P, Schmitt MM. Platelets and their chemokines in atherosclerosis-

clinical applications. Frontiers in physiology. 2014;5:294 

238. Newman PM, Chong BH. Heparin-induced thrombocytopenia: New evidence for the 

dynamic binding of purified anti-pf4-heparin antibodies to platelets and the resultant 

platelet activation. Blood. 2000;96:182-187 

239. Barry OP, Pratico D, Savani RC, FitzGerald GA. Modulation of monocyte-endothelial 

cell interactions by platelet microparticles. The Journal of clinical investigation. 

1998;102:136-144 

240. Sachais BS, Turrentine T, Dawicki McKenna JM, Rux AH, Rader D, Kowalska MA. 

Elimination of platelet factor 4 (pf4) from platelets reduces atherosclerosis in c57bl/6 and 

apoe-/- mice. Thrombosis and haemostasis. 2007;98:1108-1113 

241. Goldberg ID, Stemerman MB, Handin RI. Vascular permeation of platelet factor 4 after 

endothelial injury. Science. 1980;209:611-612 

242. Shi G, Field DJ, Long X, Mickelsen D, Ko KA, Ture S, Korshunov VA, Miano JM, 

Morrell CN. Platelet factor 4 mediates vascular smooth muscle cell injury responses. 

Blood. 2013;121:4417-4427 

243. Clark-Lewis I, Dewald B, Geiser T, Moser B, Baggiolini M. Platelet factor 4 binds to 

interleukin 8 receptors and activates neutrophils when its n terminus is modified with glu-

leu-arg. Proceedings of the National Academy of Sciences of the United States of America. 

1993;90:3574-3577 

244. Petersen F, Ludwig A, Flad HD, Brandt E. Tnf-alpha renders human neutrophils 

responsive to platelet factor 4. Comparison of pf-4 and il-8 reveals different activity 

profiles of the two chemokines. J Immunol. 1996;156:1954-1962 

245. Veillard NR, Kwak B, Pelli G, Mulhaupt F, James RW, Proudfoot AE, Mach F. 

Antagonism of rantes receptors reduces atherosclerotic plaque formation in mice. 

Circulation research. 2004;94:253-261 

246. Italiano JE, Jr., Richardson JL, Patel-Hett S, Battinelli E, Zaslavsky A, Short S, Ryeom S, 

Folkman J, Klement GL. Angiogenesis is regulated by a novel mechanism: Pro- and 



References 

111 

 

antiangiogenic proteins are organized into separate platelet alpha granules and 

differentially released. Blood. 2008;111:1227-1233 

247. Sehgal S, Storrie B. Evidence that differential packaging of the major platelet granule 

proteins von willebrand factor and fibrinogen can support their differential release. 

Journal of thrombosis and haemostasis : JTH. 2007;5:2009-2016 

248. White GC, 2nd, Rompietti R. Platelet secretion: Indiscriminately spewed forth or highly 

orchestrated? Journal of thrombosis and haemostasis : JTH. 2007;5:2006-2008 

249. Carlson J, Baxter SA, Dreau D, Nesmelova IV. The heterodimerization of platelet-

derived chemokines. Biochimica et biophysica acta. 2013;1834:158-168 

250. Kirton CM, Nash GB. Activated platelets adherent to an intact endothelial cell monolayer 

bind flowing neutrophils and enable them to transfer to the endothelial surface. The 

Journal of laboratory and clinical medicine. 2000;136:303-313 

251. Dole VS, Bergmeier W, Patten IS, Hirahashi J, Mayadas TN, Wagner DD. Psgl-1 

regulates platelet p-selectin-mediated endothelial activation and shedding of p-selectin 

from activated platelets. Thrombosis and haemostasis. 2007;98:806-812 

252. Dole VS, Bergmeier W, Mitchell HA, Eichenberger SC, Wagner DD. Activated platelets 

induce weibel-palade-body secretion and leukocyte rolling in vivo: Role of p-selectin. 

Blood. 2005;106:2334-2339 

253. Diacovo TG, Puri KD, Warnock RA, Springer TA, von Andrian UH. Platelet-mediated 

lymphocyte delivery to high endothelial venules. Science. 1996;273:252-255 

254. Larsen E, Celi A, Gilbert GE, Furie BC, Erban JK, Bonfanti R, Wagner DD, Furie B. 

Padgem protein: A receptor that mediates the interaction of activated platelets with 

neutrophils and monocytes. Cell. 1989;59:305-312 

255. Diacovo TG, Roth SJ, Buccola JM, Bainton DF, Springer TA. Neutrophil rolling, arrest, 

and transmigration across activated, surface-adherent platelets via sequential action of p-

selectin and the beta 2-integrin cd11b/cd18. Blood. 1996;88:146-157 

256. Singbartl K, Forlow SB, Ley K. Platelet, but not endothelial, p-selectin is critical for 

neutrophil-mediated acute postischemic renal failure. FASEB journal : official 

publication of the Federation of American Societies for Experimental Biology. 

2001;15:2337-2344 

257. Kuligowski MP, Kitching AR, Hickey MJ. Leukocyte recruitment to the inflamed 

glomerulus: A critical role for platelet-derived p-selectin in the absence of rolling. J 

Immunol. 2006;176:6991-6999 

258. Xu Y, Huo Y, Toufektsian MC, Ramos SI, Ma Y, Tejani AD, French BA, Yang Z. 

Activated platelets contribute importantly to myocardial reperfusion injury. American 

journal of physiology. Heart and circulatory physiology. 2006;290:H692-699 

259. Burger PC, Wagner DD. Platelet p-selectin facilitates atherosclerotic lesion development. 

Blood. 2003;101:2661-2666 

260. Phillips JW, Barringhaus KG, Sanders JM, Hesselbacher SE, Czarnik AC, Manka D, 

Vestweber D, Ley K, Sarembock IJ. Single injection of p-selectin or p-selectin 

glycoprotein ligand-1 monoclonal antibody blocks neointima formation after arterial 

injury in apolipoprotein e-deficient mice. Circulation. 2003;107:2244-2249 

261. Grommes J, Alard JE, Drechsler M, Wantha S, Morgelin M, Kuebler WM, Jacobs M, 

von Hundelshausen P, Markart P, Wygrecka M, Preissner KT, Hackeng TM, Koenen RR, 

Weber C, Soehnlein O. Disruption of platelet-derived chemokine heteromers prevents 

neutrophil extravasation in acute lung injury. American journal of respiratory and critical 

care medicine. 2012;185:628-636 

262. Totani L, Evangelista V. Platelet-leukocyte interactions in cardiovascular disease and 

beyond. Arteriosclerosis, thrombosis, and vascular biology. 2010;30:2357-2361 

263. Sarma J, Laan CA, Alam S, Jha A, Fox KA, Dransfield I. Increased platelet binding to 

circulating monocytes in acute coronary syndromes. Circulation. 2002;105:2166-2171 



References 

112 

 

264. Ott I, Neumann FJ, Gawaz M, Schmitt M, Schomig A. Increased neutrophil-platelet 

adhesion in patients with unstable angina. Circulation. 1996;94:1239-1246 

265. van Gils JM, Zwaginga JJ, Hordijk PL. Molecular and functional interactions among 

monocytes, platelets, and endothelial cells and their relevance for cardiovascular diseases. 

Journal of leukocyte biology. 2009;85:195-204 

266. Assinger A, Laky M, Schabbauer G, Hirschl AM, Buchberger E, Binder BR, Volf I. 

Efficient phagocytosis of periodontopathogens by neutrophils requires plasma factors, 

platelets and tlr2. Journal of thrombosis and haemostasis : JTH. 2011;9:799-809 

267. Page C, Pitchford S. Neutrophil and platelet complexes and their relevance to neutrophil 

recruitment and activation. International immunopharmacology. 2013;17:1176-1184 

268. Lam FW, Burns AR, Smith CW, Rumbaut RE. Platelets enhance neutrophil 

transendothelial migration via p-selectin glycoprotein ligand-1. American journal of 

physiology. Heart and circulatory physiology. 2011;300:H468-475 

269. Weissmuller T, Campbell EL, Rosenberger P, Scully M, Beck PL, Furuta GT, Colgan SP. 

Pmns facilitate translocation of platelets across human and mouse epithelium and 

together alter fluid homeostasis via epithelial cell-expressed ecto-ntpdases. The Journal 

of clinical investigation. 2008;118:3682-3692 

270. Vowinkel T, Wood KC, Stokes KY, Russell J, Tailor A, Anthoni C, Senninger N, 

Krieglstein CF, Granger DN. Mechanisms of platelet and leukocyte recruitment in 

experimental colitis. American journal of physiology. Gastrointestinal and liver 

physiology. 2007;293:G1054-1060 

271. Gocmen AY, Burgucu D, Karadogan I, Timuragaoglu A, Gumuslu S. The effect of trans-

resveratrol on platelet-neutrophil complex formation and neutrophil burst in 

hypercholesterolemic rats. Experimental and clinical cardiology. 2013;18:e111-114 

272. Sreeramkumar V, Adrover JM, Ballesteros I, Cuartero MI, Rossaint J, Bilbao I, Nacher 

M, Pitaval C, Radovanovic I, Fukui Y, McEver RP, Filippi MD, Lizasoain I, Ruiz-

Cabello J, Zarbock A, Moro MA, Hidalgo A. Neutrophils scan for activated platelets to 

initiate inflammation. Science. 2014;346:1234-1238 

273. Yago T, Tsukuda M, Minami M. P-selectin binding promotes the adhesion of monocytes 

to vcam-1 under flow conditions. J Immunol. 1999;163:367-373 

274. Ludwig A, Weber C. Transmembrane chemokines: Versatile 'special agents' in vascular 

inflammation. Thrombosis and haemostasis. 2007;97:694-703 

275. Ludwig A, Dietel M, Lage H. Identification of differentially expressed genes in classical 

and atypical multidrug-resistant gastric carcinoma cells. Anticancer research. 

2002;22:3213-3221 

276. Scull CM, Hays WD, Fischer TH. Macrophage pro-inflammatory cytokine secretion is 

enhanced following interaction with autologous platelets. J Inflamm (Lond). 2010;7:53 

277. Badrnya S, Schrottmaier WC, Kral JB, Yaiw KC, Volf I, Schabbauer G, Soderberg-

Naucler C, Assinger A. Platelets mediate oxidized low-density lipoprotein-induced 

monocyte extravasation and foam cell formation. Arteriosclerosis, thrombosis, and 

vascular biology. 2014;34:571-580 

278. Rondina MT, Weyrich AS, Zimmerman GA. Platelets as cellular effectors of 

inflammation in vascular diseases. Circ. Res. 2013;112:1506-1519 

279. Farb A, Weber DK, Kolodgie FD, Burke AP, Virmani R. Morphological predictors of 

restenosis after coronary stenting in humans. Circulation. 2002;105:2974-2980 

280. Ruggeri ZM. Platelets in atherothrombosis. Nature medicine. 2002;8:1227-1234 

281. Ruggeri ZM. Von willebrand factor, platelets and endothelial cell interactions. Journal of 

thrombosis and haemostasis : JTH. 2003;1:1335-1342 

282. Nieswandt B, Offermanns S. Pharmacology of platelet adhesion and aggregation. 

Handbook of experimental pharmacology. 2004:437-471 



 

113 

 

283. Marjoram RJ, Li Z, He L, Tollefsen DM, Kunicki TJ, Dickeson SK, Santoro SA, Zutter 

MM. Alpha2beta1 integrin, gpvi receptor, and common fcrgamma chain on mouse 

platelets mediate distinct responses to collagen in models of thrombosis. PloS one. 

2014;9:e114035 

284. Hay C, Micko C, Prescott MF, Liau G, Robinson K, De Leon H. Differential cell cycle 

progression patterns of infiltrating leukocytes and resident cells after balloon injury of the 

rat carotid artery. Arteriosclerosis, thrombosis, and vascular biology. 2001;21:1948-1954 

285. Mayadas TN, Johnson RC, Rayburn H, Hynes RO, Wagner DD. Leukocyte rolling and 

extravasation are severely compromised in p selectin-deficient mice. Cell. 1993;74:541-

554 

286. Subramaniam M, Saffaripour S, Watson SR, Mayadas TN, Hynes RO, Wagner DD. 

Reduced recruitment of inflammatory cells in a contact hypersensitivity response in p-

selectin-deficient mice. The Journal of experimental medicine. 1995;181:2277-2282 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Contribution statement 

114 

 

8 Contribution statement 
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