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ABSTRACT 

Role of Interleukin-19 And Allograft Inflammatory Factor-1 In Endothelial Cell 
Proliferation, Activation , Migration And Angiogenic Potential 

 
Surbhi Jain 

Doctor of Philosophy 
Temple University, 2009 

Doctoral Advisory Committee Chair: Dr. Alexander Tsygankov, Ph.D. 
 

Angiogenesis is an important process in maintaining normal physiology as well as in the 

pathology of many diseases. Angiogenesis based therapies have the potential to have a 

phenomenal impact on a diseases affecting more than one billion people worldwide, 

including all cancers, cardiovascular disease, blindness, arthritis, complications of AIDS, 

diabetes, Alzheimer’s disease, and more than 70 other major health conditions affecting 

children and adults, in developed and developing nations. In this study, we investigate the 

role of Interleukin-19 (IL-19) and Allograft inflammatory factor-1 (AIF-1) in endothelial 

cells (EC) proliferation, migration, activation and angiogenic potential. 

 IL-19 is a recently described member of the IL-10 family of anti-inflammatory 

cytokines. Nothing has been reported on the expression or mechanism(s) of IL-19 effects 

in endothelial cells.  We have found that IL-19 is expressed in aortic endothelium, and 

can be induced in cultured EC by serum and inflammatory cytokine challenge.  IL-19 is 

chemotactic for EC, and promotes cell spreading, migration, and wound healing.  IL-19 

pretreatment also enhances the migration of EC to Vascular endothelial growth factor 

(VEGF).  IL-19 activates the signaling proteins STAT3, p44/42 MAPK, and Rac1, and 

induces expression of Matrix Metalloproteinase-2, which is obligate for EC migration.  

IL-19 promotes tube -like structure formation on Matrigel by Human Umbilical Vein EC 
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(HUVEC), and promotes microvessel formation in mouse aortic ring assay.  Taken 

together, these data suggest that IL-19 is a chemotactic cytokine for, and promotes the 

proliferation, migration, activation and angiogenic potential of endothelial cells.  

AIF-1 is a cytoplasmic, calcium-binding, inflammation-responsive scaffold protein that 

has been implicated in the regulation of inflammation. The expression and function of 

AIF-1 in EC is uncharacterized. AIF-1 expression co-localized with CD31-positive 

endothelial cells in neointima of inflamed human arteries, but not normal arteries. AIF-1 

is detected at low levels in unstimulated EC, but expression can be increased in response 

to serum and soluble factors. Stable transfection of AIF-1 siRNA in EC reduced AIF-1 

protein expression by 73%, and significantly reduced EC proliferation and migration. 

Rescue of AIF-1 expression restored both proliferation and migration of siRNA 

expressing ECs, and AIF-1 over expression enhanced both of these activities, suggesting 

a strong association between AIF-1 expression and EC activation. Activation of MAPK 

p44/42 and PAK1 was significantly reduced in siRNA ECs challenged with inflammatory 

stimuli. Reduction of AIF-1 expression did not decrease EC tube-like structure or 

microvessel formation from aortic rings, but over-expression of AIF-1 did significantly 

increase the number and complexity of these structures. These data indicate that AIF-1 

expression plays an important role in proliferation, migration, signal transduction, and 

may have a role in angiogenesis. 
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CHAPTER 1 

INTRODUCTION 

 

Interleukin-19 

Interleukin-19 (IL-19) is a recently identified member of the interleukin-10 (IL-10) 

family.  It is a homologue of human IL-10 and has 21% amino acid identity with IL-10. 

Similar to the human IL-10 gene, IL-19 gene structure consists of five exons and four 

introns. It is located on chromosome 1q31 along with genes for IL-10 and Interleukin-24 

(IL-24). IL-19 mRNA has 2 forms, one with the leader sequence 30 amino acids longer 

than the other. The longer form is poorly secreted as compared to the shorter. IL-19 

mRNA has an amino acid motif, which makes it a substrate for the heat shock protein 

chaperoning pathway. IL-19 protein consists of 179 amino acids (MW 21 kda) with a 

signal peptide of 18 amino acids. It is known that IL-19 is secreted as a monomer 

(Gallagher et al., 2000). The crystal structure of IL-19 monomer has seven helices 

(Chang et al., 2003). IL-19, 20 and 24 have a very high homology and are grouped as IL-

19 sub family (Gallagher et al., 2000). They all bind and signal through the IL-20 

receptor (Dumoutier et al., 2001). There are two potential glycoslyation sites at position 

56 and 135. Hence the IL-19 band runs at 35-40 Kda on a SDS- PAGE gel. IL-19 mRNA 

can be induced in lipopolysaccharide (LPS) stimulated human monocytes (Gallagher et 

al., 2000). IL-19 regulates immunity through auto induction of IL-19 and production of 

IL-10 (Jordan et al., 2005). It alters the IL-4/Interferon gamma (IFNγ) balance in human 

T cells in favor of IL-4 thus promoting a Th2 type of response (Gallagher et al., 2004). A 
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basal amount of IL-19 is detected in human monocytes, B, and T lymphocytes, and can 

be up regulated in these cells by LPS treatment and G-CSF (Gallagher et al., 2000). IL-19 

is also expressed in keratinocytes (Kunz et al., 2006).  IL-19 mRNA levels is increased in 

lesional psoriatic skin suggesting a role in pathophysiology of psoriasis (Otkjaer et al., 

2005). 

 

IL-20 Receptor Complex 

IL-20 receptor consists of 2 chains IL-20 R1 and R2. IL-20 receptor was discovered by 

screening class II cytokine receptors expressed by human keratinocyte  cell line HaCaT , 

alone and in pairwise combinations. Zcytor 7 (designated IL-20 Rα or R1 ) and DIRS1 

(designated as IL-20 Rβ or R2 ) were determined to be IL-20 receptors (Blumberg et al., 

2001). IL-19 selectively binds to IL-20 receptor complex and is known to activate STAT 

proteins.  When HT-29 cells were transfected with both IL-20 R1 and IL-20 R2 cDNAs 

with luciferase construct, they were responsive to IL-19 and IL-20. Similar response was 

seen in HEK 23 cells transfected with same construct. The researchers also observed 

Stat3 phosphorylation on western blotting consistent with luciferase production. These 

results are obtained only when the cells express both the receptors R1 and R2. 

The IL-20R2 subunit can associate either with IL-20R1, leading to a functional receptor 

for IL-19, IL-20, and mda-7/IL-24 (type I IL-20R complex). IL-20R2 can also associate 

with the IL-22R subunit (type II IL-20R complex) and lead to a functional receptor for 

IL-20 and mda-7/IL-24, but not for IL-19, as schematically represented in Figure 

(Dumoutier et al., 2001). 
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(Dumoutier et al., 2001) 
 
 

Figure 1. Types of IL-20 Receptor Complex. 
 
 
 
 

IL-19 in Diseases. 
 
 

Rheumatoid arthritis 

Rheumatoid arthritis (RA) is characterized by synovial tissue leukocyte infiltration and 

angiogenesis. IL-19 and IL-20 receptor complex (IL-20R1 and R2) mRNA was detected in the 

synovial tissue of RA. IL-19 was shown to be expressed by immunohistochemical staining in the 

hyperplastic synovium. A recent paper shows that IL-19 is produced by synovial cells, promotes 
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joint inflammation by increasing IL-6 production, Stat3 activation and decreasing synovial cell 

apoptosis (Sakurai et al., 2008). 

 

Psoriasis 

IL-19 up regulated keratinocytes growth factor (KGF) transcripts on CD8+ T cells. IL-19 

expression was seen in basal and suprabasal keratinocytes in an uninterrupted pattern, 

and was increased in psoriatic epidermis. Over expression of IL-20 receptors was 

detected in the keratinocytes of the lesional skin of psoriasis.  These results suggest that 

IL-19 plays a role in the pathology of psoriasis (Otkjaer et al., 2005; Wei et al., 2005; Li 

et al., 2005).  

Shock 

The serum levels of IL-19 were significantly higher in sepsis patients than in healthy 

volunteers. In vitro experiments showed that IL-19 induced apoptosis in lung epithelial 

cells and reactive oxygen species production in liver cells. IL-19 also promoted 

neutrophil chemotaxis, reduced neutrophil apoptosis, and induced the production of 

proinflammatory cytokines and chemokines in lung epithelial cells. In LPS-challenged 

mice, transcripts of IL-19 and its receptors were up-regulated in heart, lung, liver, and 

kidney tissue. Mice electroporated with IL-19-soluble receptor plasmid DNA before LPS 

treatment had lower neutrophil infiltration in lung and liver tissue, and lower serum levels 

of alanine transaminase and aspartate transaminase compared with control mice. These 

results suggest that up-regulated IL-19 may be involved in lung and liver tissue injury in 

murine endotoxic shock (Hsing CH et al., 2008). 
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Asthma 

IL-19 expression is significantly higher in the serum levels and the airway epithelium of 

asthmatic patients as compared to patients with other diseases. Also, it has been shown 

that IL-19 induced Th2 cytokines and assisted the pathology of asthma (Liao et al., 2004; 

Hauang et al., 2008). 

 

Vascular Endothelial Cells 

Vascular endothelial cell (EC) line the entire circulatory system of the human body. ECs 

line vessels in every organ system and control the flow of nutrient substances, diverse 

biologically active molecules, and the blood cells themselves. This regulation is 

maintained by membrane bound receptors for proteins, lipids transportation particles, 

metabolites, hormones and by specific junctional proteins. EC migration is important for 

wound healing, embryogenesis and angiogenesis. EC lining the blood vessels are 

normally in a dormant state which helps them keep an anti thrombotic surface. Any 

inflammation, injury or shear induces their activated state. Activation of EC produces a 

procoagulant and antifibrinolytic micro-environment. ECs also secrete mediators that 

influence vascular hemodynamics in the physiologic state. ECs play a role in the 

regulation of blood pressure and blood flow by releasing vasodilators such as nitric oxide 

(NO) and prostacyclin (PGI2), as well as vasoconstrictors, including endothelin (ET) and 

platelet-activating factor (PAF). Their major biologic effects are regulated by localization 
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of specific receptors on vascular cells, through their rapid metabolism, or at the level of 

gene transcription (Douglas et al., 1998).  

Disruption of the continuity of the vascular endothelium plays an essential role in all 

stages of atherogenesis ranging from lesion initiation to plaque rupture. Under the 

influence of cardiovascular risk factors that disturb vascular homeostasis, the 

endothelium becomes dysfunctional resulting in enhanced production of cytokines and 

expression of cellular adhesion molecules by the endothelium. Adhesion molecules play a 

crucial role in the interaction of the endothelial surface with circulating leukocytes and 

mediate the recruitment of leukocytes and their accumulation in the intima of the vessel 

wall. This change from quiescence to activation and allowing the unopposed action of 

atherogenic factors on the vessel wall, dysfunctional endothelium is a major promoter of 

both atherogenesis and thrombosis and, consequently, cardiovascular events (Douglas et 

al., 1998) 

 

Cell Migration 

Endothelial cell migration has an important role in numerous physiological responses 

such as angiogenesis, wound healing and embryogenesis. Endothelial cell migration 

involves three major mechanisms, chemotaxis, haptotaxis and mechanotaxis. Chemotaxis 

is directional migration towards a gradient of soluble chemoattractants such as VEGF or 

FGF. Haptotaxis is migration towards a gradient of immobilized ligands such as integrin 

binding to extracellular matrix (ECM). Mechanotaxis is directional migration generated 
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by mechanical forces such as shear stress. We have shown that IL-19 promotes 

endothelial cell migration in a chemotactic manner. 

               Actin is a major cytoskeletal component of endothelial cells. It is composed of 

43 –kDA monomeric globular subunits (G-actin) that polymerize into helical filaments 

(F-actin). The constant remodeling of the actin cytoskeleton into filopodia, lamellipodia 

and stress fibers is essential for cell migration. Filopodia are membrane projections that 

contain long parallel actin filaments arranged in tight bundles.. They act as sensors of 

motile stimuli. The formation of filopodia is regulated by activation of small GTPase 

Cdc42 that associates with Wiskott-Aldrich syndrome proteins (WASPs). Lamellipodia 

are cytoplasmic protrusions that form leading edge of spreading or migrating cells. It is 

associated with important actin polymerization involving Rac and Arp complex 

(Lamalice et al., 2007). 

 

Angiogenesis 

Angiogenesis is the growth of new blood vessels from pre-existing vasculature and 

involves a series of events including endothelial cell proliferation, migration and tube 

formation. It is important in neovascularisation of injured myocardium, ischemic limbs 

and tumor growth. The list of known angiogenic factors includes, but is not limited to 

angiogenin, angiopoietin, fibroblast growth factor (FGF), interleukin-8, interleukin-20 

(IL-20), and vascular endothelial growth factor (VEGF) (www.angio.org).The process of 

angiogenesis occurs as an orderly series of events. Diseased or injured tissues produce 

and release angiogenic growth factors that diffuse into the nearby tissues. The angiogenic 
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growth factors bind to specific receptors located on the EC of nearby preexisting blood 

vessels. The growth factors bind to their receptors and activate the endothelial cells. In 

response to the activation by cascade of signal transduction, the endothelial cell's 

machinery produces enzymes. These enzymes dissolve tiny holes in the sheath-like 

covering (basement membrane) surrounding all existing blood vessels. The endothelial 

cells begin to proliferate, and they migrate out through the dissolved holes of the existing 

vessel towards the diseased tissue. Integrins (avb3, avb5) serve as grappling hooks to 

help pull the sprouting new blood vessel sprout forward. Additional enzymes (matrix 

metalloproteinases, or MMP) are produced to dissolve the tissue in front of the sprouting 

vessel tip in order to accommodate it. As the vessel extends, the tissue is remolded 

around the vessel. Sprouting endothelial cells roll up to form a blood vessel tube 

Individual blood vessel tubes connect to form blood vessel loops that can circulate blood. 

Finally, newly formed blood vessel tubes are stabilized by smooth muscle cells and   

pericytes that provide structural support. Blood flow then begins. (www.angio.org) 

 

Matrix Metalloproteases And Their Role In Angiogenesis 

As discussed above, proteolysis is essential for the degradation of the basement 

membrane of endothelial cells allowing invasion into the tissue; for cell migration and 

removal of obstructing matrix proteins; and for creating space in the matrix to allow 

generation of endothelial cell tubules. In addition to their substrate-specific destructive 

properties, proteases have a larger role in angiogenesis which involves the activation and 

modification of growth factors, cytokines and receptors, and the generation of matrix  
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(The Angiogenesis Foundation) 

 

 

Figure 2. Steps involved in angiogenesis. 
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protein fragments that inhibit angiogenesis (Egeblad et al., 2002; Van Hinsbergh et al., 

2006; Page-Mcgaw et al., 2007; Kalluri et al., 2003). 

 

MMPs are a part of a multigene family of zinc-containing endopeptidases. Twenty-three 

different MMPs have been identified in humans. They are of two types -secreted MMPs 

and membrane-type MMPs (MT-MMPs). The second group consists of four members 

with a transmembrane domain (MT1-, MT2-, MT3- and MT5-MMP) and two with a 

glycosyl-phosphatidylinositol-anchor (MT4- and MT6-MMP). Together, the MMPs have 

a broad spectrum of activities and are capable of degrading all known mammalian 

extracellular matrix proteins. Of these MMPs, MMP-2, MMP-9 and MT1-MMP, have 

been recognized as crucial regulators for angiogenesis (Kalluri et al., 2003; Sato et al., 

2004; Visse et al., 2003; Bauvois et al., 2004; Barret et al., 2004; Newby et al., 2005; 

Handsley et al., 2005 ). 

MMPs are inducible genes. Their basal levels in EC s are very low. These proteases are 

strongly induced and activated in capillary sprouts during wound healing, inflammation 

and tumor growth (Egeblad et al, 2002, Van Hinsbergh et al, Handsley et al 2005) and in 

activated endothelial cells in vitro (Hanemaaijer et al., 1993). MMP activities are 

controlled by a group of endogenous inhibitors known as TIMPs (Tissue Inhibitors of 

MetalloProteinases) and by RECK (REversion-inducing Cysteine-rich protein with Kazal  

motifs) (Bauvois et al., 2004; Handsley et al., 2005; Noda et al., 2003). Furthermore, 

MMP activities on the cell surface are regulated by their activation (removal of their 
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propeptide), complex formation with other proteins, and cellular internalization (Seiki et 

al, 2003).  

MMP-2, MMP-9, and MT1-MMP are essential in the initiation of angiogenesis in tumors, 

development and bone formation (Itoh et al., 1998; Bergers et al., 2000; Zhou et al., 

2000). These pro-angiogenic effects have been contributed to degradation of basement 

matrix, activation of growth factors and cytokines, degradation of inhibitors and 

recruitment of endothelial progenitor cells. MMP-2 is synthesized as a pro-enzyme and 

has to undergo catalytic cleavage of its NH2 terminal domain for its activation. MMP-2 

(also known as gelatinase A) hydrolyzes type IV collagen localized in the basement 

membrane. Rates of angiogenesis and experimental tumor growth and metastasis are 

markedly reduced in these gelatinase A-deficient mice (Itoh et al., 1998). MMP-9 (also 

known as gelatinase B) is required for the mobilization, homing and recruitment of 

progenitor endothelial cells to the area of angiogenesis (Heissig et al.,2002; Hessig et al., 

2005). The cell makes cellular protrusions with integrin-mediated matrix contacts to be 

able it to pull itself forward. After this process starts, cell movement will be stopped by 

existing cell-matrix interactions, which keep the cell fixed in its original position, or by 

the extracellular matrix network, usually collagen. For tumor cells invading a 3D-collagen 

matrix, while MT1-MMP is present at both the anterior adhesive and posterior proteolytic 

zones of the leading edge of invading cells, its collagenolytic activity was only present at 

the latter zone. This enabled the cell to generate pulling force between the leading end 

and the cell body without loosing grip, while movement was allowed in the adjacent area 

by proteolytic activity. Proteolytic activity was particularly present at sites where the 
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existing collagen fibres interfered with the forward movement of the cell (Wolf et al., 

2007). 

Interleukins and Angiogenesis 

The term interleukin was initially used by researchers for those cytokines whose 

presumed targets are principally leukocytes. It is now used largely for designation of 

polypeptide molecules secreted by multiple types of cells affecting the process of 

inflammation. The vast majority of these are produced by T-helper cells. The term 

chemokine refers to a specific class of cytokines that mediates chemoattraction 

(chemotaxis) between cells. Each cytokine binds to a specific cell-surface receptor. 

Subsequent cascades of intracellular signaling then alter cell functions. This may include 

the up regulation and/or down regulation of several genes and their transcription factors, 

in turn resulting in the production of other cytokines, an increase in the number of surface 

receptors for other molecules, or the suppression of their own effect by feedback 

inhibition. The effect of a particular cytokine on a given cell depends on the cytokine, its 

extracellular abundance, the presence and abundance of the complementary receptor on 

the cell surface, and downstream signals activated by receptor binding; these last two 

factors can vary by cell type. Cytokines are characterized by considerable "redundancy", 

in that many cytokines appear to share similar functions. 

Interleukins are known to have effects on a variety of cells which includes the endothelial 

cells. Most of the interleukins are known to be involved in endothelial cell migration, 

proliferation and angiogenesis. 
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IL-1 α promotes angiogenesis in vivo via the VEGFR pathway by inducing VEGF 

synthesis and secretion by the PBMC (Salven et al., 2002). IL-18 which belongs to the 

Interleukin-1 subfamily is also known to promote angiogenesis. It has been shown to 

increase human micro vascular endothelial cell migration, tube formation in vitro and 

increased vascularity in vivo in matrigel plugs in mice (Park et al., 2001).   

Interleukin-2 plays a significant role in T cell proliferation. IL-2 increased the ROS level 

and phosphorylation of Akt in human umbilical vein endothelial cells (HUVECs). IL-2 

increased angiogenesis in an animal model and tube formation in HUVECs. The effect of 

IL-2 on angiogenesis and tube formation was mediated by ROS and Akt (Bae et al., 

2008).  

Interleukin-8 (IL-8) is a chemokine produced by macrophages and other cell types such 

as epithelial cells. It is also synthesized by endothelial cells, which store IL-8 in their 

storage vesicles, the Weibel-Palade bodies (Wolff et al., 1998). IL-8 has been shown to 

play an important role in tumor growth, angiogenesis, and metastasis. It has been shown 

to increase endothelial cell survival, proliferation, mmp2 and mmp9 production and 

capillary tube organization. Incubation of endothelial cells with IL-8 inhibited endothelial 

cell apoptosis and enhanced antiapoptotic gene expression (Aihua et al., 2003). 

Interleukin-8 neutralising antibody (ABX-IL8) has been shown to inhibit angiogenesis, 

tumor growth and metastasis of human melanoma cells in mice. It has been shown to 

decrease MMP2 and increase apoptosis (Huang et al., 2002).  
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Interleukin-13 is a cytokine secreted mainly by T helper type 2 (Th2) cells and is an 

important mediator of allergic inflammation and disease. IL-13 has antiangiogenic 

activity as a result of JAK2 activation and subsequent STAT 6 activation (Nishimura et 

al., 2008). 

Interleukin-4 is a cytokine that induces differentiation of naive helper T cells (Th0 cells) 

to Th2 cells. IL-4 is known to have antiangiogenic activity in RA by inhibiting VEGF 

production by synovial fibroblasts (Hong et al., 2007). In rat adjuvant induced arthritis, 

IL-4 adenoviral gene therapy reduced synovial tissue vascularization via angiostatic 

effects (Haas et al., 2006) 

IL-17 is a CD4 T cell derived pro-inflammatory cytokine. It promotes EC migration and 

cord formation. IL-17 activates NFKB, ERK ½, c-jun, p38. It also increases expression of 

pro-angiogenic factors such as PGE1, PGE2, VEGF, MIP and NO by fibroblasts 

(Numasaki et al., 2003). 

IL-10 is an anti-inflammatory cytokine. It has anti-angiogenic activity and is associated 

with VEGF down regulation (Silvestre et al., 2000). 

IL-20 belongs to IL-10 subfamily. It is known to be expressed by endothelial and 

epithelial cells. It is known to promote angiogenesis. It increases EC proliferation, 

migration, tube formation in vitro and in vivo. It is known to up regulate expression of 

VEGF, FGF, MMP2, MMP9 and IL-8. It also phosphorylates p38, ERK and c-Jun 

(Hsiesh et al., 2006). The vascular function of IL-20 involves endothelial cell 
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organization, vessel maturation, and remodeling. Delivery of IL-20 to the ischemic 

muscle tissue significantly improves arteriogenesis and blood perfusion in a rat hind-limb 

model (Tritsaris et al., 2007).  

 

Rac1 In Cell Migration And Angiogenesis 

Rho family small GTPases, including Rho, Cdc42, and Rac, belong to the Ras 

superfamily of proteins that cycle between an active GTP-bound form and an inactive 

GDP-bound form, thereby functioning as molecular switches to turn on/off the 

downstream signal transduction processes. Rho proteins have been found to regulate 

many cellular activities besides the cytoskeleton and cell adhesion, such as cell polarity, 

endocytosis, vesicle trafficking, progression though the cell cycle, differentiation, 

oncogenesis, and gene transcription. Rho GTPases are integral components in actin 

cytoskeletal control, Cdc42 determines cell polarity, Rac stimulates motility through 

lamellipodia, and Rho stimulates contraction and force generation. Rac is required at the 

front of the cell to regulate actin polymerization and membrane protrusion and assembly 

of membrane ruffles depends on Rac activity. Activated Rac was shown to stimulate 

membrane ruffling while a microinjected dominant negative Rac1 (a permanently GDP-

bound N17 mutant) could block the ruffling induced by upstream signals from growth 

factors and Ras  (Benjamin et al., 2005; Tzima et al., 2006). 
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Cdc42 and Rac1 are essential for capillary lumen formation in three-dimensional 

collagen and fibrin matrices (Bayless et al., 2005). Lately, a matrix-integrin-cytoskeletal 

signaling pathway has been proposed involving both Rac1 and Cdc42 GTPases in 

controlling the process of lumen formation in three-dimensional collagen and fibrin 

matrices (Davis et al., 2003). Rac1 is reported to be involved in hypoxia-induced PI3K 

activation of HIF-1α (Hirota et al., 2001). Hypoxia-induced Rac1 expression also 

upregulates expression of HIF-1α and subsequently VEGF in gastric and hepatocellular 

cancer cell lines (Xue et al., 2004). 

 

Signal Transducers And Activators of Transcription 3 (STAT3) 

IL-20 receptor is a type II cytokine receptor. The intracellular domain of type II cytokine 

receptors is typically associated with a tyrosine kinase belonging to the Jnanus kinase 

(JAK) family. Signal Transducers and Activators of Transcription (STATs) are 

transcription factors that are phosphorylated by JAK kinases in response to cytokine 

activation of a cell surface receptor tyrosine kinase. Upon activation, the STATs dimerize 

and are localized to the nucleus where they activate transcription of cytokine-responsive 

genes. Cytokines that activate STAT3 include growth hormone, IL-6 family cytokines, 

and Granulocyte- Colony Stimulating Factor (G-CSF). 
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      (Author=Peter Znamenkiy, Permission=All right released, donated to public domain) 

Figure 3. Key steps of JAK-STAT pathway. 

 

Recent papers suggests a novel role for non-tyrosine-phosphorylated and cytoplasmically 

localized STAT3 in mediating cell migration by disrupting an interaction between 

microtubules and one of its partners, stathmin. The association of STAT3 with stathmin 

potentiates microtubule polymerization and cell movement (Dominic et al., 2006). Stat3 

is known to play a role in cell migration. Transfection with SOCS3 almost completely 

eliminated PDGF-induced STAT3 phosphorylation and reduced fibroblast migration to 

47% of control, indicating that SOCS3 acts as a negative regulator of PDGF-induced 

fibroblast migration. Studies carried out in STAT3 null cells clearly demonstrate that 

STAT3 represents an essential effector pathway of Rho GTPases in regulating multiple 

cellular functions including actin cytoskeleton reorganization, cell migration, gene 

activation, and proliferation (Simon et al., 2000; Masuda et al., 2007). Rac1, RhoA and 
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cdc42 all are known to activate stat3 (Simon et al., 2000; Marcella et al., 2007). Results 

from Masuda et al show that Stat3 up-regulates VEGF production, at least partially 

accounts for the association between Stat3 activation and tumor invasiveness in HNSCC. 

Previous studies have suggested that Stat3 plays an important role in angiogenesis (Niu et 

al., 2000; Aggarwal et al.,2006). It is constitutively active in tumor cells and regulates 

genes involved in proliferation, apoptosis and angiogenesis (Niu et al., 2000).   

 

Extracellular-Signal-Regulated Protein Kinase (ERK) 

 Many extracellular signals come together at a family of serine/threonine protein kinases 

called mitogen-activated protein kinases (MAPKs) (Johnson and Lapadat, 2002). All 

MAPKs contain a Thr-x-Tyr motif within the activation loop in the kinase domain. 

MAPKs are activated through a kinase cascade in which MAPKKKs activate MKKs, 

which in turn activate MAPKs by phosphorylating the threonine and tyrosine residues 

within the activation loop. MAPK family is classified into three groups based on the 

differences in the motifs within their activation loops. The extracellular-signal-regulated 

protein kinase (ERK/MAPK), which has a Thr-Glu-Tyr motif; p38, which has a Thr-Ala-

Tyr motif, and Jun N-terminus kinase (JNK), which has a Thr-Pro-Tyr motif. Recent 

studies have demonstrated that MAPKs including JNK, p38 and ERK, play crucial roles 

in cell migration. JNK regulates cell migration by phosphorylating paxillin, DCX, Jun and 

microtubule-associated proteins. Studies of p38 show that this MAPK modulates 

migration by phosphorylating MAPK-activated protein kinase 2/3 (MAPKAP 2/3), which 

appears to be important for directionality of migration.  
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The ERK MAPKs are the most extensively studied subfamily of MAPKs. The isoforms - 

p44 (ERK-1) and p42 (ERK-2) - both contain a Thr-Glu-Tyr motif within the activation 

loop of the kinase domain, and their activity is stimulated by a wide variety of growth 

factors and mitogens (Johnson and Lapadat, 2002). These activate the Ras-Raf-1-MEK-

1/2-ERK-1/2 signaling module (Seger and Krebs, 1995), in which Ras, activated by 

extracellular signals, recruits the MAPKKK Raf-1 to the membrane, where it is activated 

by other protein kinases. Raf-1 specifically phosphorylates and activates the MAPKKs 

MEK-1 and MEK-2, which are immediately upstream of ERK and phosphorylate the Thr 

and Tyr residues within the ERK1/2 Thr-Glu-Tyr motif (Seger and Krebs, 1995) ERK has 

been implicated in the migration of numerous cell types. The ERK pathway inhibitors 

PD98059 and U0126 inhibit the migration of diverse cell types in response to cell matrix 

proteins, such as fibronectin, vitronectin and collagen (Anand-Apte et al., 1997; Klemke 

et al., 1997; Webb et al., 2000), growth factors such as VEGF, FGF, EGF, insulin 

(Eliceiri et al., 1998; Xie et al., 1998; Cheresh et al., 1999; Cho and Klemke, 2000; Lai et 

al., 2001; Shono et al., 2001) A dominant negative mutant of MEK1 blocks cell migration 

induced by fibronectin, vitronectin and uPA (Anand-Apte et al., 1997; Nguyen et al., 

1999; Webb et al., 2000), and active MEK1 promotes cell migration in several cell types 

(Klemke et al., 1997; Webb et al., 2000; Krueger et al., 2001; Jo et al., 2002). Moreover, 

a dominant negative ERK mutant or inhibition of ERK by an antisense strategy also 

inhibits cell migration (Klemke et al., 1997; Lai et al., 2001). Activated ERK regulates 

membrane protrusions and focal adhesion turnover by phosphorylating MLCK and 

promotes focal adhesion disassembly by phosphorylating and activating calpain. 
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Phosphorylation of FAK and paxillin by ERK may regulate focal adhesion dynamics, 

probably by influencing the paxillin-FAK interaction. ERK is thus an important factor in 

the regulation of cell migration. 

 

 

 
 
 

(Huang C, Jacobson K, Schaller MD. MAP kinases and cell migration. (2004). J. 
Cell Sci., 15, 4619-28) 

 

Figure 4. Signaling pathways for cell migration mediated by ERK. 

PDGF: Platelet derived Growth    
Factor 

EGF: Epithelial Growth Factor 

FGF: Fibroblast Growth Factor 
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Allograft Inflammatory Factor-1 (AIF-1) 

 

Allograft inflammatory Factor-1 (AIF-1) is a 143 amino acid/ 17kd, calcium-binding 

protein. The human AIF-1 protein contains a 28 amino acid region corresponding to an 

EF-hand helix–loop–helix motif, a non-functional ancestral EF-hand motif, and 

consensus phosphorylation sequences for Casein Kinase II and Protein Kinase C (PKC) 

(Autieri et al., 2001). AIF-1 contains multiple PDZ domains which are suggestive of its 

function as a cytoplasmic signaling and scaffolding protein  (Autieri et al., 2000). AIF-1 

is known to have an important role in atherosclerosis, allograft rejection, rheumatoid 

arthritis and experimental autoimmune encephalomyelitis. Single nucleotide 

polymorphisms (SNPs) in the AIF-1 gene have been strongly linked to systemic sclerosis, 

a fibrotic microvascular disease (Del Galdo et al., 2006; Otieno et al., 2007). High levels 

of AIF-1 are constitutively expressed in inflammatory tissue and glial cells. In humans, 

AIF-1 gene maps to Class III MHC on chromosome 6p21.3 which is densely clustered 

with genes involved in the inflammatory response, including surface glycoproteins, 

complement cascade, TNFα and β, and NF-κB.  

Earlier studies from our lab have reported the expression of AIF-1 in medial and 

neointimal VSMC in human coronary arteries with coronary artery vasculopathy (CAV), 

a disease in which the endothelium of arteries in allografted human hearts are chronically 

inflamed. Constant expression of AIF-1 in cardiac allografts is associated with 

development of CAV (Autieri et al., 2000). Expression of allograft inflammatory factor-1 

is a marker of activated human vascular smooth muscle cells and arterial injury. The 
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ability of AIF-1 to activate human vascular smooth muscle cells is lost by mutations in 

the EF-hand calcium-binding region. Over expression of allograft inflammatory factor-1 

enhances proliferation of vascular smooth muscle cells by cell cycle deregulation and 

autocrine expression of G-CSF. AIF-1 promotes vascular smooth muscle cell migration 

by actin-polymerization and Rac1-activation. It also activates Rac 2, which is also one of 

the factors responsible for smooth muscle activation. AIF-1 transgenic mice have 

increased signal transduction, neointimal formation, and VSMC proliferation in injured 

carotid arteries. In addition to VSMC, our lab has shown that over expression and 

attenuation of AIF-1 expression in monocytes and T-lymphocytes leads to changes in the 

activation state of those cells (Kelemen et al., 2006; Tian et al., 2007). 

Multiple cell types, including VSMC, monocytes, lymphocytes, and endothelial cells 

participate in and contribute to the vascular response to injury, particularly 

atherosclerosis and restenosis. However, despite previous studies that have correlated 

increases in AIF-1 expression in arterial pathology, only one manuscript reports AIF-1 

immunoreactivity in CD31 cells (Dichtl et al., 1999). Further, characterization of AIF-1 

expression in EC has not been reported, and a defined function for this protein in EC 

pathophysiology and vasculogenesis has not been described. We want to study the effect 

of AIF-1 in endothelial cells. 

 

Hypothesis 

Previous work from our laboratory has shown that although not expressed in uninjured 

arteries, IL-19 and AIF-1 expression increases in the neointima in response to balloon 
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angioplasty or allograft injury. Expression and function of both these proteins in EC has 

not been yet reported.. We hypothesize in this thesis that  IL-19 and AIF-1 play a role in 

endothelial cell activation and pathophysiology. 
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CHAPTER 2 

MATERIALS AND METHODS 

Immunostaining  

For all slides, tissues were fixed in 10 % neutral buffered formalin, embedded in paraffin, 

sectioned at 5 µm , deparaffinized in xylene and rehydrated through graded alcohols. 

Antigen unmasking was performed. 

Immunoperoxidase Staining 

Endogenous peroxidase activity was blocked with 1.5% hydrogen peroxide in methanol 

for 15 mins. Non-specific sites were blocked with 5% normal horse serum. Sections were 

incubated with anti-IL-19 antibody (Santacruz Biotechnology) for 1 hour at room 

temperature at 2µg/ml. Sections were then incubated with biotinylated secondary 

antibody (1:200) followed by avidin-biotin peroxidase complex (Vector Labs). The 

reaction product was visualized using DAB (Vector Labs) as the chromogenic substrate, 

which produces a brown stain. The sections were counterstained with hematoxylin.  

Immunofluorescence Co-localization Experiments 

 The non specific sites were blocked with 2% rabbit serum, followed by incubation with 

IL-19 antibody (Santacruz) at 2 µg/ml. Sections were then serially incubated with rabbit 

anti goat IgG conjugated with Alexa fluor 568 (Red) (Molecular Probes), second serum 

block with 5% goat serum, antibody to CD 31 (Neomarkers) and goat antimouse IgG 

conjugated to Alexa Fluor 488 (green) (Molecular Probes). Finally a coverslip was 

mounted onto the slides and images were taken with a fluorescent microscope. All 

washes in between each step were done with PBS.  
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Immunohistochemistry 

 Tissue were obtained and processed as described (Autieri et al., 2002). Coronary arteries 

were removed from non-failing hearts from organ donors which were deemed not 

appropriate for transplantation, and hearts which needed to be removed from patients 

with severe CAV at the time of re-transplantation (Autieri et al., 2002). The length of 

time for heart removal due to CAV ranged from 3 to 7 years. Five different normal and 

seven different CAV arteries, from males and females, were tested with identical results; 

representative sections are shown. Tissue used in this study is from a tissue bank of 

sections obtained from standard Pathology tissue collection. Use of these tissue blocks 

were approved by the Institutional Review Board of Temple University Hospital. Human 

CD31 (endothelial cell marker) (Neo Markers, Inc, San Diego, CA) were used at a 

concentration of 2µg/mL. AIF-1 antibody, which has been previously described, was 

used at 1.0 µg/mL (Hung et al., 2002). Sections were then incubated with biotinylated 

secondary antibody (1:200) followed by avidin-biotin-peroxidase complex in a 

Vectastain Elite kit (both from Vector Labs, Burlingame, CA). The reaction product was 

visualized with DAB (Vector Labs) used as the chromogenic substrate, which produces a 

reddish-brown stain. The sections were counterstained with hematoxylin. For 

immunofluorescence, primary antibody incubation was followed by a 30-minute 

incubation with secondary antibody conjugated to AlexaFluor 568 (red) and AlexaFluor 

488 (green) (Molecular Probes, Inc., Eugene, OR). For JAM rearrangement, EC which 

over expressed AIF-1 or siRNA were grown on coverslips coated with collagen. Some 
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were unstimulated, others stimulated with bFGF for 30 minutes to induce JAM 

rearrangement, fixed with 4% paraformaldehyde, and immunostained with anti-JAM-A 

antibody as described (Naik et al., 2003). 

 

Cell Culture 

  Bovine Aortic Endothelial Cells (BAEC) and Human Umbilical Vein Endothelial Cells 

(HUVEC) were purchased from VEC technologies. BAEC were cultured in 1:1 ratio of 

MCDB-131 AB complete media (VEC technologies, Inc) and Dulbecco’s Modified 

Eagle Medium (DMEM) (Mediatech Inc, Herndon, VA.) supplemented with fetal bovine 

serum (FBS) (Mediatech Inc., Herdon, VA).  HUVEC were cultured in MCDB 131-AB 

complete medium (VEC Technologies). The cells were grown in a humidified incubator 

at 37°C with 5% CO2. Cells were used from passage 5 to 12. Cells were lifted with 

0.05% trypsin. Cells were frozen in media containing 50% FBS, 45% MCDB-131, and 5 

% DMSO (Sigma). 

For AIF-1 experiments primary HUVECs were obtained as cryopreserved secondary 

culture from Cascade Corporation (Portland, OR) and subcultured in 200 medium with 

Low Serum Growth Supplement. BAEC, also purchased from Cascade Biologics, were 

cultured in MCDB 131 medium with 10% FBS and 100 IU/ml penicillin and 50 mg/ml 

streptomycin. Cells in passage 3-5 were used in the described studies. Pre-confluent ECs 

were serum-starved in 0.3% FBS for 24 hours, and then exposed to 10% FBS, 15% T 

cell-conditioned media (Fisher Biotech), 5 g/ml oxidized LDL, 20ng/ml VEGF, 10ng/ml 

bFGF for another 72 hours, at which times samples were processed for protein isolation. 
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Some samples remained untreated and were used as controls. All cytokines were 

purchased from Sigma (St. Louis, MO). 

 

Migration Assay 

 Migration assays were done using a 48 well modified Boydens chemotaxis chamber 

(Neuroprobe, Gaithersburg, MD) with cells in DMEM containing 0.2% fatty acid free 

bovine serum albumin (FAF-BSA, Sigma). Three wells were used per condition and three 

0.36mm2  fields from each well were counted using Image Pro Plus software (Media 

Cybernetics, Silver Spring) as previously described (Panetti et al 2000). Collagen (ICN 

Biomedicals, Aurora, OH; 10µg/ml) was used to coat polyvinylpyrrolidone-free 

polycarbonate membranes (Corning / Costar)   with 8 µ pores overnight. The membranes 

were coated with 2 ml of collagen solution and rocked overnight. The membrane was 

then washed twice with PBS and air dried before use. 

33 µl of chemo attractants in DMEM with 0.2% fatty acid free BSA were added to 

bottom chamber 50 µl of cells (106cells /ml) suspended in the  same medium were added 

to top chamber. IL-19 (Fitzgerald Industries, Concord, MA) was used at 100ng/ml and 

VEGF (R&D systems, Minneapolis, MN) was used at 20 ng/ml. The top left side of the 

filter was cut (as a mark for orientation) and the shiny side of the filter placed face down 

on the lower chamber. Also, ensured that the chemo attractants were not mixed. Then the 

gasket was placed on top of the lower chamber followed by top chamber. The whole unit 

was held together by screws. 50 µl of BAEC /HUVECs (106 cells/ml) suspended in the 

same medium were added to top chamber. This chamber was incubated for 4 hours at 
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37°C in the incubator with 5% CO2. After 4 hours, the chamber was disassembled and 

unmigrated cells were scraped off the top of the filter. The cells on the underside of the 

filter were fixed in methanol for 2 minutes and stained with Hemacolor (EM Science, 

Gibbstown, NJ). The filter was rinsed in distilled water and air dried on a slide.  Cells 

were counted at 20X magnification, and three fields from each well were counted using 

Image Pro Plus software. In certain neutralizing experiments, IL-19 antibody was added 

along with IL-19 and kept at one hour at RT prior to adding it to the bottom chamber. 

For AIF-1 related experiments Boyden Chamber migration assays were performed as we 

described (Autieri et. al., 2003 ). 6.5-mm-diameter Transwell Boyden chamber plates 

(Fisher Biotech, Pittsburgh, PA) with 8-µm polycarbonate membrane pore size were 

seeded with stably transfected or adenoviral rescued cells (4×104 cells per membrane) in 

medium containing 0.5% FCS. Twenty nano grams of VEGF (Sigma) in medium was 

added to the lower chamber. 

 

Checkerboard Migration Assay 

 The migration assay was done as described above except that IL-19 was added either to 

the top, bottom or both in concentrations as indicated. 

 

 

Scratch Wounding Assay 

Cells were incubated for 3 hours at 37°C, at which time cells were fixed and stained in 

Dif- Quick Cell Stain (American Hospital Supply, Baltimore, MD). The upper layer was 
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scraped free of cells. Cells that had migrated to the lower surface of the membrane were 

quantified by counting 4 high-powered fields per membrane. Experiments were 

performed in triplicate from 3 independently transfected groups of bovine ECs. Scratch 

wounding was performed as we described (Autieri et al., 2003). Briefly, equal numbers 

of stable EC, and those infected with AIF-1 adenovirus 48 hours prior were grown in 

growth media on glass slides to confluence, at which time monolayers were scraped with 

a cell scraper to create a 3-mm track devoid of cells in the center of the chamber. The 

wound tracks were immediately washed to remove any detached cells and fresh media 

was added. At different times after wounding, cells were fixed and stained with 

hematoxylin. 

 

Cell Spreading 

 BAEC (105 cells/ml) were plated on glass cover slips precoated with collagen (10 

µg/ml). The cells were suspended in 0.5% charcoal stripped serum in DMEM and added 

to a 12 well plate with collagen coated glass cover slip on the bottom. The cells were 

stimulated for indicated time periods. Cells were fixed with 3.7% paraformaldehyde and 

permeabilized with 0.2% Triton-X 100. Rhodhamine phalloidin was added to stain 

filamentous actin. Cover slips were mounted on a slide using Antifade (Molecular 

Probes) Images were taken with an inverted microscope using epifluorescence. Cell 

spreading was calculated by tracing the cell and measuring the area using Image-Pro Plus 

software. 
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Western Blots 

Cells were grown in cell culture treated dishes/ plates and stimulated as per the individual 

experimental conditions. At the endpoint, the medium was removed and cells were 

washed with phosphate buffered saline (PBS). The PBS is also suctioned off and sample 

buffer is added to each well/plate. Using a cell scraper the sample buffer is thoroughly 

mixed with the cells to aid the lysis. The cell lysate is now collected in eppendorf tubes, 

sonicated for 10 seconds and boiled for 10 minutess. The lysates were stored in -20oC 

until further use. Protein concentration was determined with BCA kit. Equal amounts of 

protein were run on 10% or 10-20 %SDSPAGE gels and transferred to PVDF membrane 

or nitrocellulose membrane. The membrane was incubated with primary antibody 

solution at 4oC overnight on a rocker. After overnight incubation, the membrane is 

washed with 1 x TBS-T thrice for 5 minutes. The membrane is now incubated in 

horseradish-peroxidase conjugated secondary antibody solution for 1 hour at room 

temperature over a rocker. This is followed by TBS-T washes thrice. Protein was 

detected with Western Lightening Chemiluminescence reagent kit (Perkin Elmer). 

Densitometry was done with Image J software (NIH). 

Antibodies used are as follows: anti phospho MAPK (1:1000, Promega), anti phospho 

Stat3 (1:1000 Cell Signaling), anti Matrixmetalloprotease 2(MMP2) ( 1;500 Biosource), 

 horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5000, Santa Cruz 

biotechnology, Santa Cruz, CA). 

For AIF-1 related experiments, to detect activation of intracellular signaling proteins, 

cells were rinsed with PBS, starved in 0.3% MCDB for 24 hours, and stimulated with 
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10% fetal bovine serum for the indicated times. Cell extracts were prepared as described 

(Autieri et al., 2001). Extract proteins were separated by SDS-PAGE, transferred to a 

nitrocellulose membrane, and blocked. AIF-1 rabbit polyclonal antibody (1:3000 

dilution) has been described (Autieri et al., 2000). PECAM and JAM-A (Santa Cruz Inc, 

Santa Cruz, CA), Anti-phospho p44/42, and anti-phospho PAK, and antibody to the total 

protein of each of these kinases were from Cell Signaling Technology (Beverly, MA), 

and a 1:2000 dilution of secondary antibody were used. Equal loading of protein extracts 

on gels was verified by Ponceu S staining of the membrane and normalization to either a 

housekeeping gene (GAPDH) or in the case of phosphoprotein, total protein. Blots were 

then stripped and reprobed with the housekeeping proteins anti-actin (1:1000 dilution, 

Neomarkers, Inc.) or anti- GAPDH (1:5000 dilution, Biolegend, Inc., San Diego, CA). 

Reactive proteins were visualized using enhanced chemiluminescence (GE Healthcare, 

Piscataway, NJ.). 

 

Rac1 Assay 

Principle of assay: The Rho family of proteins function by alternating between an active 

GTP-bound and an inactive GDP-bound state.  p21 activated kinase( PAK) and Cdc42/ 

Rac interact with each other. Active Rac/Cdc42 have a  high affinity for PBD region of 

PAK. This assay utilizes this PBD region of PAK as a tool to pull down active or GTP 

bound Rac/Cdc42. The PAK-PBD protein used to pull down Active rac1/Cdc42 consists 

of this interactive PBD region in the form of a GST fusion protein, which allows it to 

pull-down the PAK-PBD/GTP-Rac (or GTP-Cdc42) complex with glutathione affinity 
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beads.  The assay therefore provides a simple means of measuring Rac or Cdc42 

activation in cells.  The amount of activated Rac is determined by a Western blot using a 

Rac-specific antibody.             

 

Rac1 assay was done using the Rac1 activation assay biochem kit (Cytoskeleton, 

BK#035) according to the printed instructions. BAEC were grown to confluence, serum 

starved for 24 hours and then stimulated with 100ng/ml IL-19 for 0. 5, 10 and 20 

minutes. Cells were lysed and the active GTP Rac1 was pulled down by incubating with 

GST tagged PAK PBD protein beads for 2 hours at 40C on a rocker. The beads were then 

washed twice with lysis buffer and Laemelli buffer was added to them. This bead in 

Laemmlli buffer mix was then boiled for 10 minutes and stored at -200 C until further 

use. The amount of active Rac1 was determined by a Western blot using Rac1 specific 

antibody (1:1000 BD Transduction). Densitometry was done with Image J software 

(NIH) and is expressed as ratio of active Rac to total Rac. 

 

In Vitro Matrigel Angiogenesis Assay 

 Matrigel is derived from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumor 

that is rich in ECM proteins. Its major components are laminin, collagen IV, heparan 

sulfate proteoglycan, and nidogen/entactin. Reduced growth factor Matrigel (BD 

Biosciences) was thawed for 24 hours at 40C on ice as per the manufacturer’s 

instructions. 200 µl of matrigel was added per well to 24 well plate and allowed to 

polymerize at 37°C for 30 minutes. 200 µl of HUVECs (105 cells/ml) added on the top of 
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Matrigel suspended in MCDB-131 AB. IL-19 and/or VEGF was added to the medium. 

The tray was kept in the incubator at 370C and 5% CO2 for 6 hours. Images were taken 

after 6 hours with NIKON DMX1200 using 10 x objective and an inverted microscope 

Nikon TE300. The number of tubes were counted manually per low power field per well. 

Similar approach was used was AIF-1 related experiments. 

 

 

 Ex-vivo Mouse Aortic Ring Assay 

 

Reduced growth factor matrigel (BD Biosciences) was thawed overnight at 4 °C. 96 well 

tissue culture grade plates were, covered with 100 ul matrigel per well. Appropriate 

Cytokines (IL-19 100ng/ml and VEGF 40 ng/ml) were added to the matrigel and mixed 

well.  The matrigel was allowed to gel for 15 minutes in incubator at 37°C, 5% CO2. 

Thoracic aortas were excised from 2-3 months C57BL/6 mice. The fibroadipose tissue 

was removed. The aorta was cut into 1 mm uniform sections and rinsed 5 times with 

DMEM containing Penicillin-Streptomycin, and laid on top of the matrigel coated well. It 

was covered with an additional 100 µl of matrigel and allowed to gel in incubator for 30 

minutes. One ml of MCDB medium with 2 % mouse serum was added to each well and 

kept back in the incubator. On day 6 images were taken and analyzed using Image-

ProPlus. The sprouting area was measured. 
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For AIF-1 experiments, Mouse Aortic Ring Assay was carried out as described (Berger et 

al., 2004; Yang et al., 2005) using C57BL/6 mice (3 - 4 months old). Briefly, thoracic 

aortas were excised from mice, and periadventitial fibroadipose tissues removed.  

 

Aortas were then cut into 1-mm rings, placed into 6 well trays containing MCDB 

medium 131 and 10 µl of Adenovirus at 1.75 x109 PFU/ml for 1 hour. AIF-1, GFP, and 

siRNA adenovirus has been described (Tian et al., 2006). Rings were then transferred to 

48-well tissue culture plates coated with Matrigel (BD biosciences), and overlaid with an 

additional 100 µl of Matrigel and allowed to gel for 30 minutes at room temperature. The 

plates were incubated at 37°C with MCDB medium 131 medium containing 2% 

autologous mouse serum and 50 ng/ml of VEGF (R&D Inc, Minneapolis, MN). Aortic 

rings were examined daily and digital images were taken at day 6 for quantitative 

analysis of the area of vessel outgrowth by the SPOT Advanced program (Media 

Cybernetics, Sterling Heights, MI). Microvessel outgrowth was calculated by circling the 

extent of microvessel outgrowth at 6 days, and subtracting the area of the aortic ring (Zhu 

et al., 2006). All animal procedures were approved by the Institutional Animal Care and 

Use Committee of Temple University. 

 

siRNA Expression Plasmids 

 AIF-1 siRNA constructs as previously described were synthesized by GenScript Corp 

(Scotch Plains, NJ) (Tiian et al., 2006). The 19 base pair regions of human AIF-1 mRNA 

were targeted (5’ to 3’); AGAGAGGCTGGATGAGATC, and chemically synthesized as 
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part of a small, double stranded 70 bp DNA insert containing the target sequence in the 

sense orientation, followed by a short loop region, the target in the antisense orientation, 

and 6 thymidines added to the 3’ end which serves as a polymerase III transcription 

termination site. This insert was flanked by BamHI and HindIII restriction sites, and 

cloned into the siRNA expression vector, pRNA-U6.1/shuttle (pShuttle), which contains 

a RNA polymerase III promoter, which initiates the transcription of a short hairpin RNA 

rapidly 6 processed by cellular machinery into 19-22 nt double stranded RNA (siRNA). 

The pShuttle plasmid contains the selectable marker Neomycin to facilitate selection of 

stably transfected cells. 

 

Stable Transfections And Adenovirus Infection. 

 Cells were transfected with control vector (pRNA-U6.1/shuttle) alone or with pRNA-

U6.1/shuttle-AIF-1-siRNA by electroporation (Amaxa Inc .Gaithersburg, MD) according 

to manufacturer’s instructions. Antibiotic G418 (300ng/ml) was used to select for 

transfected cells. Stably transduced bovine EC were pooled from each transduction to 

avoid the effects of clonal variation. For rescue, siRNA stably transfected cells were 

incubated with 20MOI AIF-1 adenovirus (AdAIF-1) or GFP adenovirus (AdGFP) 

overnight, and used 48 hours later. 

 

Proliferation Assay 

Proliferation Assay: Equal numbers of stable transfectants were seeded into 24-well 

plates at a density of 7,500 cells per milliliter as described previously (Feng et al., 2001). 
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Medium was changed on the third day, and after 2, and 5 days, cells were counted by 

using a standard hemocytometer. 

 

RNA Isolation And Quantitative RT-PCR 

RNA was isolated from EC and reverse transcribed into cDNA as we have described 

(Autieri et al., 2002). JAM-A, GAPDH, and beta actin mRNA was targeted using primer 

pairs from Integrated DNA Technologies, (Coralville, IA) and amplified using an 

Eppendorf MCEP RealPlex 4X thermocycler. Product was quantitated by Eppendorf 

software.  

 

 

Statistical Analysis 

IL-19 related experiments analyzed by student T test, picking 2 groups at one time.  For 

AIF-1 related experiments, results from proliferation and migration are represented as 

mean SD and are compared by One-way ANOVA. Results form cell signaling 

transduction are presented as mean SEM and are compared by two-way ANOVA and 

Bonferroni post-tests. A value of P< 0.05 was considered significant for all experiments. 
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CHAPTER 3 

RESULTS 

Endothelial Cells Express Interleukin-19 

 IL-19 expression in endothelium has not been described, and it was important to establish 

IL-19 expression in vivo and in vitro. Immunohistochemical staining of normal and 

diseased human coronary arteries demonstrate that IL-19 was expressed in EC in arteries 

with coronary artery transplant vasculopathy (CAV), a disease in which endothelium is 

chronicly inflammed (Figure 5A).  IL-19 immunoreactivity in endothelium in arteries with 

CAV was confirmed by co-localization with the EC marker CD31 (Fig 5 c,d,e).  In 

contrast, normal control coronary arteries did not show any expression of IL-19 in 

endothelium. Because CAV arteries exist in a milleau of cytokines and growth factors, we 

performed experiments to probe differential expression of IL-19 by cytokines in cultured 

EC under more defined conditions. HUVEC were cultured in serum-reduced (1.0% FCS) 

media for 24 hours, and then stimulated with a variety of soluble factors for 48 hours.  

Figure 5B is a representative immunoblot which shows that EC express basal levels of IL-

19 protein, but can be induced to express significantly increased IL-19 by 10% FCS 

(P<0.05, n=3 experiments). T lymphocyte conditioned medium (TCM), and bFGF can 

also increase IL-19 expression to a small, but not significant degree.  Angiogenic factor 

VEGF and IL-19 itself did not have any significant effect on IL-19 expression. In Immune 

cells, IL-19 has been shown to auto induce itself (Gallagher et al., 2004). Together, these 

data indicate that IL-19 is present in EC, and expression is inducible in these cells by a  
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Figure 5. IL-19 expression in endothelial cells.

analysis of IL-19 expression in human endothelial cells. Serial sections from human 

coronary arteries from a normal (a) and a patient with cardiac allograft vasculopathy 

(CAV) (b) stained with IL

in both EC and VSMC. 

co-stained with CD31 (green) (c.), IL

control (f.). 400X magnification for a, b; 600X 

expression of IL-19 in human coronory artery endothelial cells following stimulation with 

various mediators as listed in the figure.
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19 expression in endothelial cells. (A) Representative immunohistochemical 

19 expression in human endothelial cells. Serial sections from human 

coronary arteries from a normal (a) and a patient with cardiac allograft vasculopathy 

(CAV) (b) stained with IL-19 antibody. Red-brown staining indicates antibody recognition 

 Fluorescence immunohistochemistry section from human CAV 

stained with CD31 (green) (c.), IL-19 antibody in red (d), merged (e), and negative 

control (f.). 400X magnification for a, b; 600X for c-f. (B) Western blot showing 

19 in human coronory artery endothelial cells following stimulation with 

various mediators as listed in the figure. 

 

(A) Representative immunohistochemical 

19 expression in human endothelial cells. Serial sections from human 

coronary arteries from a normal (a) and a patient with cardiac allograft vasculopathy 
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Fluorescence immunohistochemistry section from human CAV 
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(B) Western blot showing 

19 in human coronory artery endothelial cells following stimulation with 
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combination of factors present in serum.  Subsequent experiments were focused to 

determine a function and potential mechanism of IL-19 activity in EC. 

 

IL-19 Stimulates EC Proliferation 

 Many peptide growth factors are involved in EC angiogenesis.  We investigated if IL-19 

could promote proliferation of EC by itself, and/or enhance VEGF or bFGF mediated EC 

proliferation.  HUVEC cultured in growth media were treated with 100ng/ml IL-19, and at 

1, 3, and 5 days they were trypsinized and counted.  IL-19 can significantly increase 

HUVEC proliferation at 3 days (13.8+/-1.6 x103 Vs 22.0+/-1.0 x103 cells/ml, P<0.01) for 

control and IL-19 treated cells (Figure 6).  IL-19 can significantly increase HUVEC 

proliferation at 5 days (29.0+/-1.9 x103 Vs 46.7+/-1.8 x103 cells/ml, P<0.001) for control 

and IL-19 treated cells.  IL-19 did not enhance either VEGF or bFGF mediated HUVEC 

proliferation.  This indicates that IL-19 is mitogenic for HUVEC. 

 

 

 

 



 

 

           

 

Figure 6. IL-19 stimulates endothelial cell proliferation.  Proliferation assays showing that 

IL-19 can significantly increase proliferation o

not enhance either VEGF or bFGF mediated HUVEC proliferation

control. The results shown are mean ± S.E.M of cells from each population over three 

separate experiments Student's 

media only group. 
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19 stimulates endothelial cell proliferation.  Proliferation assays showing that 

19 can significantly increase proliferation of HUVECS at Day 3 and Day 5. IL

not enhance either VEGF or bFGF mediated HUVEC proliferation. VEGF is the positive 

control. The results shown are mean ± S.E.M of cells from each population over three 

separate experiments Student's t-test was used to compare differences between IL

n=3

 

19 stimulates endothelial cell proliferation.  Proliferation assays showing that 

f HUVECS at Day 3 and Day 5. IL-19 did 
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control. The results shown are mean ± S.E.M of cells from each population over three 

compare differences between IL-19  and 

n=3 
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IL-19 Stimulates STAT3 And p44/42 MAPK Activation. 

 

Many interleukins can stimulate STAT3 activation in inflammatory cells and IL-19 has 

been reported to activate STAT3 in cancer cells and keratinocytes (Kunz et al., 2006; 

Dumoutier et al., 2001). IL-20 receptor is a type II cytokine receptor. The intracellular 

domain of type II cytokine receptors is typically associated with a tyrosine kinase 

belonging to the Janus kinase (JAK) family. STATs are transcription factors that are 

phosphorylated by JAK kinases in response to cytokine activation of a cell surface 

receptor tyrosine kinase. Recent studies have linked STAT3 activation to cell migration 

and angiogenesis (Gao et al., 2006; Nagai et al., 2007; Masuda et al., 2007; Niu et al., 

2000). We proposed if IL-19 stimulation of endothelial cells will lead to STAT3 

phosphorylation. HUVEC were cultured in serum-reduced media, and then challenged 

with 100ng/ml IL-19. Figure 7 shows that IL-19 can stimulate rapid and transient STAT3 

activation, as determined by phosphorylation.  The endothelial cell response to stimuli 

leading to multiple EC processes including migration, wound healing, and angiogenesis is 

mediated at least in part by the p44/42 MAPK pathway (Huang et al., 2004).  In a similar 

experiment we tested the response of p44/42 MAPK to IL-19 stimulation. Figure 8 shows 

that IL-19 can stimulate a rapid and transient activation of p44/42 MAPK, as determined 

by phosphorylation. 
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Figure 7. IL-19 stimulates STAT3 phosphorylation. (A). Stimulation of HUVEC with IL

19 leads to phosphorylation of STAT3. HUVEC were serum starved for 24 hours and 

stimulated with 100 ng/ml IL

pSTAT3 by western blot analysis. (B)

densitometry of the corresponding bands (*
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stimulates STAT3 phosphorylation. (A). Stimulation of HUVEC with IL

19 leads to phosphorylation of STAT3. HUVEC were serum starved for 24 hours and 

stimulated with 100 ng/ml IL-19 for the times indicated. Cells were lysed and analyzed for 

blot analysis. (B) Protein phosphorylation was quantified by 

densitometry of the corresponding bands (*P < 0.05) from three independent experiments.

                                                    

stimulates STAT3 phosphorylation. (A). Stimulation of HUVEC with IL-

19 leads to phosphorylation of STAT3. HUVEC were serum starved for 24 hours and 

19 for the times indicated. Cells were lysed and analyzed for 

Protein phosphorylation was quantified by 

< 0.05) from three independent experiments. 
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Figure 8. Stimulation of HUVEC with IL

(A) HUVEC were serum starved for 24 hours and stimulated with 100 ng/ml IL

times indicated. Cells were lysed and analyzed for pERK by western blot analysis. (B)

Protein phosphorylation w

0.05) from three independent experiments.

B 
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HUVEC with IL-19 leads to phosphorylation of the MAPK ERK. 

(A) HUVEC were serum starved for 24 hours and stimulated with 100 ng/ml IL

times indicated. Cells were lysed and analyzed for pERK by western blot analysis. (B)

Protein phosphorylation was quantified by densitometry of the corresponding bands (*

0.05) from three independent experiments. 

IL-19 stimulation in minutes 
 

19 leads to phosphorylation of the MAPK ERK. 

(A) HUVEC were serum starved for 24 hours and stimulated with 100 ng/ml IL-19 for the 

times indicated. Cells were lysed and analyzed for pERK by western blot analysis. (B) 

as quantified by densitometry of the corresponding bands (*P < 
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IL-19 Promotes Cell Spreading And Rac1 Activation 

 

MAPK p44/42 plays a part in EC activation, including cytoskeletal organization, and we 

hypothesized that IL-19 would influence cell spreading in EC (Huang et al., 2004; 

Johnson et al., 2002; Klemke et al., 1997 ).  HUVEC were plated on collagen and allowed 

to adhere.  The next day, they were stimulated with IL-19 for three hours, and cell surface 

area of spreading cells was quantified by image analysis.  The cells stimulated with IL-19 

showed significantly enhanced cell spreading as compared to the unstimulated cells 

(4013.8+/-291 Vs 1888.0+/-227.5 µm2 for IL-19 and control EC, respectively, P<0.01, 

n=3), a more than two-fold increase in area (Figure 9a, b,c).  The small GTPase Rac1 

plays a key role in cell migration by influencing actin cytoskeleton dynamics, membrane 

ruffling, and cell spreading (Fryer et al., 2005; Tzima, 2006 ).  To determine if IL-19 

activates Rac1, HUVEC were incubated 24 hours in media containing 1% FCS, then 

stimulated with 100ng/ml IL-19.  IL-19 activation of Rac1 was assayed by the GST-PAK 

sepharose pull-down assay. The results shown in Figure 10 indicate that IL-19 induces a 

rapid and transient Rac1 activation. 
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Figure 9. IL-19 promotes actin stress fibre formation and cell spreading. Rhodamine 

Phalloidin (Actin) staining 

hours (b) as compared to untreated controls (a). IL

stress fibre formation. (c) Graph showing the average cell area of IL

compared to untreated control.

 

 

CONTROL                                                                   IL
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19 promotes actin stress fibre formation and cell spreading. Rhodamine 

Phalloidin (Actin) staining of HUVEC plated on coverslips and treated with IL

hours (b) as compared to untreated controls (a). IL-19 treated cells show increased actin 

stress fibre formation. (c) Graph showing the average cell area of IL-19 treated cells as 

ated control. 

CONTROL                                                                   IL-19 

 

19 promotes actin stress fibre formation and cell spreading. Rhodamine 

of HUVEC plated on coverslips and treated with IL-19 for 3 

19 treated cells show increased actin 

19 treated cells as 
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Figure 10. Stimulation of HUVEC with IL

Rac1. (A)  HUVECs  were  serum starved for 24 hours and then stimulated with 100ng/ml  

IL-19 for 0. 5, 10 and 20 minutes. Cells were lysed and the active GTP Rac was pulled 

down by incubating with GST tagged PAK PBD protein beads. The amount of active 

Rac1 was determined by a Western blot using Rac1 specific antibody. The amount of total 

Rac1 was determined in the cell lysates.  (B) The amount of active Rac was quantified by 

densitometry of the respective bands and normalized with the amount of total Rac. Blot 

and densitometry analysis is representative of two experiments.
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Figure 10. Stimulation of HUVEC with IL-19 leads to activation of the small GTPase 

Rac1. (A)  HUVECs  were  serum starved for 24 hours and then stimulated with 100ng/ml  

5, 10 and 20 minutes. Cells were lysed and the active GTP Rac was pulled 

down by incubating with GST tagged PAK PBD protein beads. The amount of active 

Rac1 was determined by a Western blot using Rac1 specific antibody. The amount of total 

ined in the cell lysates.  (B) The amount of active Rac was quantified by 

densitometry of the respective bands and normalized with the amount of total Rac. Blot 

and densitometry analysis is representative of two experiments. 
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5, 10 and 20 minutes. Cells were lysed and the active GTP Rac was pulled 

down by incubating with GST tagged PAK PBD protein beads. The amount of active 

Rac1 was determined by a Western blot using Rac1 specific antibody. The amount of total 

ined in the cell lysates.  (B) The amount of active Rac was quantified by 

densitometry of the respective bands and normalized with the amount of total Rac. Blot 
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IL-19 Induces EC Migration 

 Cytoskeletal reorganization and cell movement in response to many cytokines is 

regulated by the coordinated activation of Rac1 (Fryer et al., 2005; Tzima, 2006 ).  To 

determine if IL-19 played a part in EC migration, 100pg/ml IL-19 was added to EC, and 

two assays were used to determine IL-19 effects on migration.  First, migration assays 

were performed using a modified Boyden’s chamber with collagen coated filters.  

HUVECs were seeded onto the top chamber in medium containg 0.2% BSA, with or 

without 100ng/ml  IL-19, or VEGF as a positive control, in the lower chamber.  Some EC 

were pre-treated with IL-19 16 hours prior to trypsinization and seeding in migration 

chambers.  Figure 11A shows that addition of IL-19 significantly increases EC migration 

(107.5+/-19.3 compared with 357.6+/- 29.9 EC/HPF for unstimulated Vs. IL-19 treated, 

P<0.01 n = 3), which is comparable to values obtained for VEGF (317.0+/-36.9 EC/HPF), 

and there was no significant difference between IL-19 and VEGF-treated HUVEC.  

Interestingly, co-incubation of VEGF and IL-19 resulted in significantly more migration 

than VEGF alone (503.1+/-26.4 Vs 317.0+/-36.9 EC/HPF for combined and VEGF, 

respectively, P<0.05).  Also interesting was that EC pre-incubated with IL-19, but did not 

have IL-19 in the lower chamber also migrated significantly more rapidly than VEGF 

alone (447.3+/-24.3 Vs 317.0+/-36.9 EC/HPF P<0.5, n=3) for pre-treated Vs unstimulated 

EC, respectively).  There was no statistical difference in migration between HUVEC 

which had VEGF and IL-19 in the lower chamber and those which were pre-treated with 

IL-19, but only had VEGF in the lower chamber.  To determine specificity, experiments 
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were also performed in which IL-19 neutralizing antibody was added to the lower 

chamber.  Figure 11B shows that IL-19 neutralizing antibody significantly reduced IL-19 

induced HUVEC migration at all concentrations of neutralizing antibody used.  The 

highest concentration of neutralizing antibody reduced migration to the same level as 

unstimulated EC.  Together, these data show that IL-19 stimulates endothelial cell 

migration. Also, EC which were pre-incubated with IL-19 could continue to enhance EC 

migration to the same degree that EC which were co-incubated with IL-19 and VEGF 

could, suggesting that IL-19 could have sustained migratory-enhancing effects on EC. 
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Figure 11.  Effect of IL-19 on endothelial cell migration. (A) 4 hour migration assays were 

done in 48 well modified Boyden chamber with collagen coated membrane between the 2 

chambers. IL-19 induced significant migration of HUVEC as compared to control. IL

pre treated HUVEC (**) showed significantly enhanced migration to VEGF. Graph shows 

average of three independent experiments(p<0.05). (B) Similar migration assays as above 

with neutralizing antibodies to IL
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induced significant migration of HUVEC as compared to control. IL

pre treated HUVEC (**) showed significantly enhanced migration to VEGF. Graph shows 

average of three independent experiments(p<0.05). (B) Similar migration assays as above 
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IL-19 Is a Chemotactic Cytokine 

 

Endothelial cell migration involves three major mechanisms, chemotaxis, haptotaxis and 

mechanotaxis. Chemotaxis is directional migration towards a gradient of soluble 

chemoattractants such as VEGF or FGF. Haptotaxis is migration towards a gradient of 

immobilized ligands such as integrin binding to extracellular matrix (ECM). 

Mechanotaxis is directional migration generated by mechanical forces such as shear 

stress. To analyze if IL-19 is a chemotactic chemoattractant, we did a checkerboard 

migration assay with BAEC. As shown in figure 12 when the concentration gradient 

across the top and bottom chamber was either equal or negative (higher concentration in 

top chamber as compared to the bottom chamber), the number of cells migrated was 

similar to baseline migration. However, with a positive IL-19 gradient, BAEC showed 

robust migration towards the lower chamber. Thus there is a large chemotactic 

component to IL-19 induced migration. 
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Figure 12. Checkerboard Migration Assay  of ECs to IL

similar fashion to one described above except that IL

chambers as indicated. Each condition was performed in triplicate wells. (B) Graph

average of three independent experiments (*p<0.001). 
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Figure 12. Checkerboard Migration Assay  of ECs to IL-19. (A) The assay was done in a 

similar fashion to one described above except that IL-19 was added to top and/or bottom 

chambers as indicated. Each condition was performed in triplicate wells. (B) Graph

average of three independent experiments (*p<0.001).  
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IL-19 Promotes Endothelial Cell Tube Like Structure Formation 

 

 Migration of EC in response to chemotactic factors is a key event in angiogenesis.  

Because IL-19 appeared to regulate EC migration, we hypothesized that IL-19 might play 

a role in endothelial migration and organization leading to tube formation.  For these 

experiments, HUVEC were seeded onto growth factor reduced matrigel, suspended in 

MCDB-131AB complete media.  Some samples were treated with IL-19, some co-treated 

with IL-19 and VEGF, and some pretreated with IL-19, and then treated with VEGF, or 

with VEGF alone as a positive control.   After 6 hours, the number of tube-like structures 

were counted manually per multiple representative images and an average was calculated 

for each condition.  Data presented in Figure 13 shows  that IL-19 can induce significantly 

more tube-like structures than control samples (20.0+/-1.2 compared with 31.3+/-3.9 for 

control and IL-19 treated, respectively, (P<0.05, n=3).  These results were similar to 

migration experiments in that EC pre-treated with IL-19, but not incubated with IL-19 

continued to form tube-like structures.  However, IL-19 pre-treated cells formed these 

structures to a similar degree compared with IL-19, VEGF, or co-treated HUVEC (40.6+/-

2.9 Vs 31.3+/-3.9, 35.6+/-3.6, 43.0+/-2.1, for pre-treated, IL-19, VEGF, and co-treated 

HUVEC, respectively.  Together, this suggests that IL-19 plays a role in directed 

migration and organization. 
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Figure 13. IL-19 promotes tube like structure formation. (A) HUVECs were plated on 

Matrigel with medium containing cytokines as indicated and incubated for 6 hours. Each 

condition was done in triplicate. (B) Number of t

well. 

53 

19 promotes tube like structure formation. (A) HUVECs were plated on 

Matrigel with medium containing cytokines as indicated and incubated for 6 hours. Each 

condition was done in triplicate. (B) Number of tubes was counted per low power field per 
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IL-19 Promotes Microvessel Formation By Mouse Aortic Rings 

 

Angiogenesis occurs when endothelial cells sprout from pre-existing vessels to form new 

structures.  Because IL-19 effected tube-like structure formation, we hypothesized that IL-

19 could also regulate endothelial cell sprouting ex vivo from aortic rings.  For these 

experiments, mouse thoracic aorta was sectioned into 1mm rings, placed onto growth 

factor reduced matrigel, and incubated in media containing IL-19, PBS, or VEGF as a 

positive control. Sprouts from rings were observed daily, and on the sixth day 

photographed and outgrowth area quantified by image analysis.  Figure 14 shows that 

aortic rings incubated with IL-19 showed significantly greater sprouting area than matrigel 

alone (770.0+/-85.1 Vs 1877.3+/-48.1 µm2 for unstimulated and IL-19 treated, 

respectively (P<0.01, n=6). This was similar to values for the VEGF positive control, and 

rings incubated with both IL-19 and VEGF (1784.8+/-28.8, and 1730.0+/-478.0 µm2 for 

VEGF and IL-19 and VEGF co-treated, respectively). 
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Figure 14. IL-19 promotes microvessel outgrowth from aortic rings. (A) Microvessel 

outgrowth from mouse aortic rings 

with IL-19 showed significantly greater sprouting area than matrigel alone. 

Quantification of the area occupied by the microvessel outgrowth from mouse aortic rings 

(p<0.05).Error bars are indative o
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19 promotes microvessel outgrowth from aortic rings. (A) Microvessel 

outgrowth from mouse aortic rings cultured in matrigel (day 7). Aortic rings incubated 

19 showed significantly greater sprouting area than matrigel alone. 

Quantification of the area occupied by the microvessel outgrowth from mouse aortic rings 

(p<0.05).Error bars are indative of the S.D. 
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Quantification of the area occupied by the microvessel outgrowth from mouse aortic rings 
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IL-19 Stimulates Matrix ,Metalloprotease 2 Expression. 

 

The observation that pretreated HUVEC could effect EC migration to a similar degree as 

IL-19 or VEGF treated EC suggested that in addition to chemotactic effects, IL-19 could 

induce synthesis of a factor or factors relevant to EC motility. Matrix metalloprotease 2 

(MMP2) is a proteolytic enzyme involved in cell migration and angiogenesis, and we 

hypothesized that IL-19 could effect MMP2 expression (Itoh et al., 1998).   HUVEC were 

incubated in 1% FCS, then treated with IL-19 for various times.  Figure 15(A) shows that 

IL-19 treatment leads to a rapid and transient increase in MMP2 mRNA expression.  

Significantly increased amounts of MMP2 mRNA are detectible as early as 8 hours post-

stimulation, and continue for 24 hours post-stimulation.  MMP2 protein is also induced by 

IL-19 treatment, and also enhances MMP2 protein expression induced by VEGF as shown 

in figure 15 B.  Together, this suggests that IL-19 is not only chemotactic, but can induce 

gene expression in EC.    
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Figure 15. IL-19 induces MMP2 expression. (A) RT

mRNA levels following IL

starved, followed by incubation with indicated

were collected and MMP2 expression was determined by Western blot analysis.
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19 induces MMP2 expression. (A) RT-PCR showing increase in MMP

mRNA levels following IL-19 stimulation. X-axis shows time in hours. Cells were serum 

starved, followed by incubation with indicated cytokines for 48 hours. (B) Cell lysates 

were collected and MMP2 expression was determined by Western blot analysis.

PCR showing increase in MMP-2 

axis shows time in hours. Cells were serum 

cytokines for 48 hours. (B) Cell lysates 

were collected and MMP2 expression was determined by Western blot analysis. 
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AIF-1 Expression Is Inducible In Endothelium And Cultured Endothelial Cells 

Inducible AIF-1 expression in smooth muscle cells, macrophages, and T-lymphocytes in 

injured and atherosclerotic human coronary arteries has been reported. One manuscript 

reports AIF-1 immunoreactivity in CD31 cells, but characterization of expression and 

function in EC has not been described (Del Galdo et al., 2006). Representative 

immunohistochemical staining of tissue sections from normal, and human coronary 

arteries from patients with cardiac allograft vasculopathy (CAV), were used because 

endothelium in these arteries are chronically inflamed. Co-staining with antibody to AIF-1 

and endothelial cell specific CD31 antibody demonstrate AIF-1 immunoreactivity in 

endothelium in arteries with CAV, but not normal arteries (Figure 16). As expected, 

VSMC in these sections also stain positive for AIF-1. Increased AIF-1 immunoreactivity 

in endothelium in inflamed arteries was confirmed in multiple sections from several 

different patients. The lack of AIF-1 in uninjured vessels and its inducible expression in 

endothelium in inflamed, but not normal arteries suggested that expression of this protein 

was cytokine inducible. We examined the induction of AIF-1 protein in both human 

(HUVECs) and bovine (BAEC) EC stimulated with serum and a variety of soluble factors. 

In these experiments, cells were serum starved by incubation in 1% fetal bovine serum for 

48 hours and exposed to 10% FBS, 15% T-lymphocyte conditioned media (TCM), 

20µg/ml oxidized low density lipoprotein, (LDL), 20ng/ml vascular endothelial growth 

factor (VEGF) and 20ng/ml basic fibroblast growth factor (bFGF) for 48 hours, and AIF-1 
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was detected by Western analysis. Figure 17 indicates that a basal level of AIF-1 is 

detectible in unstimulated EC of both species. However, AIF-1 expression is differentially  

induced by soluble factors in cultured ECs. Both 10% percent FBS, and TCM can 

significantly increase (P <0.05 and <0.001) AIF-1 expression above basal levels. These 

experiments are the first to demonstrate differential expression of AIF-1 in EC by soluble 

factors. This expression is similar to VSMC in that AIF-1 is inducible by 10% FBS and 

TCM, but different in that growth factors do not induce increased expression. This 

inducible expression in cultured EC agree with injury-responsive expression in vivo and 

strongly suggest that in EC, AIF-1 expression is an injury-responsive protein induced by 

soluble factors. 
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16 

             

(Tian et al., 2008) 

 

Figure 16. Representative immunohistochemical analysis of AIF-1 expression in human 

endothelial cells. Serial sections from human coronary arteries from a normal (A.) and a 

patient with cardiac allograft vasculopathy (CAV) (B.) stained with AIF-1 antibody. Red-

brown staining indicates antibody recognition in both EC and VSMC. Fluorescence 

immunohistochemistry. Section from human CAV co-stained with AIF-1 antibody (red) 

(C.), and CD31 (green) (D.), merged (E.), and negative control (F.). 400X magnification 

for A., B., 600X for C. - F.. 
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17 

                      

(Tian et al., 2008) 

Figure 17. Differential induction of AIF-1 protein by soluble factors. (A) Primary human 

endothelial cells,(C) Primary bovine aortic endothelial cells . EC were serum-starved for 

24 hours, then stimulated with the indicated cytokines, 10% FCS, 10% T-lymphocyte 

conditioned media (TCM), 10ng/ml bFGF, 20 g/ml OxLDL and 20ng/ml VEGF for 48 

additional hours. Equal concentrations of protein extracts were probed with AIF-1 

antibody, and GAPDH was used as a loading control. (B, D). AIF-1 protein expression 

was quantitated by densitometry from  three experiments, * P<0.05 or **0.01 compared 

with unstimulated EC. 
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Expression Of AIF-1 Regulates EC Proliferation 

 It was important to characterize the functional significance of AIF-1 expression, and we 

hypothesized that inducible expression is an important event in EC activation. We tested 

this hypothesis by inhibiting AIF-1 expression in EC using stable, antibiotic selectable 

vector based siRNA delivery. For these, and subsequent experiments, BAEC were used 

because they were more amenable to stable transfection and antibiotic selection than 

HUVECs. Establishment of stable cell populations enabled consistent and reproducible 

amounts of AIF-1 specific siRNA to reduce experimental variability as we have described 

(Tian et al., 2006). Vector based delivery, rather than transfection of oligonucleotides was 

used as it has been found to be more effective than synthetic siRNA for inhibition of gene 

expression, likely due to increased stability (Brummelcamp et al., 2002). An AIF-1 siRNA 

construct cloned into the pShuttle vector, and empty vector (control) stable transfectants 

were isolated by antibiotic selection. Populations of resistant cells were pooled to avoid 

the effects of clonal selection. Extracts were made from these cells, and AIF-1 expression 

was determined by Western blot. These cells retained their EC phenotype as determined 

by maintained PECAM expression (not shown). Figure 18A shows that stable expression 

of the AIF-1 siRNA construct reduced AIF-1 protein by an average of 73%, whereas 

vector alone (pShuttle) did not. Increased proliferative capacity of EC is a hallmark of EC 

activation during wound-healing, development, and angiogenesis. To elucidate whether 

AIF-1 expression was required for EC proliferation, we tested if silencing AIF-1 

expression suppresses EC growth. Equal numbers of AIF-1 siRNA stable transfectants 
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were seeded into replicate 24-well plates and counted on the 3rd and 6th day. Figure 18B 

shows ECs which express AIF-1 siRNA grow 56% more slowly than do control vector-

only cells (44.1 × 103 ± 8.2 and 99.4 × 103 ± 18.0 for siRNA and control cells for six 

days, respectively; P < 0.05). To validate that growth inhibition was due to abrogation of 

AIF-1 expression, we infected AIF-1 siRNA cells with AdAIF-1 to rescue AIF-1 

expression. These experiments show that restoration of AIF-1 expression rescued the 

ability of these cells to proliferate by 239% (44.1 × 103 ± 8.2 and 149.2 ×103 ± 9.0 for 

siRNA and siRNA infected with AdAIF-1, respectively; P < 0.001) (Fig. 18B). Moreover, 

cells infected with AdAIF-1 grew 51% more rapidly than did pShuttle control cells (99.0 × 

103 ± 18 for control and 149.2 ×103 ± 9.0 for rescued cells, respectively; P < 0.05). 

siRNA cells infected with green fluorescent protein adenovirus (AdGFP) were used as an 

adenoviral control and showed no significant change in growth capacity (Figure 18B). 

Together, these data indicate that AIF-1 expression is tightly associated with EC 

proliferation. 
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Figure 18. Association of inhibition of 

Extracts from EC stably transfected with control vector (pShuttle), siRNA, or siRNA 

infected with 20MOI AdGFP, or AdAIF

numbers of pooled, stable transfectants and s
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sixth day. The difference between siRNA and control cells (*
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The difference between siRNA and siRNA infected with 20MOI AdGFP is not significant.
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(Tian et al., 2008) 

Association of inhibition of AIF-1 expression and EC proliferation. (A). 

Extracts from EC stably transfected with control vector (pShuttle), siRNA, or siRNA 

infected with 20MOI AdGFP, or AdAIF-1 were blotted with AIF-1 antibody. (B). Equal 

numbers of pooled, stable transfectants and siRNA infected with 20MOI AdGFP or 

1 were seeded in complete medium and counted in triplicate on the first, third, and 

sixth day. The difference between siRNA and control cells (*P<0.05), siRNA and rescued 

<0.01), rescued and control cells (*P<0.05) are statistically significant at 6 days. 

The difference between siRNA and siRNA infected with 20MOI AdGFP is not significant.

1 expression and EC proliferation. (A). 

Extracts from EC stably transfected with control vector (pShuttle), siRNA, or siRNA 

1 antibody. (B). Equal 

iRNA infected with 20MOI AdGFP or 

1 were seeded in complete medium and counted in triplicate on the first, third, and 

<0.05), siRNA and rescued 

<0.05) are statistically significant at 6 days. 

The difference between siRNA and siRNA infected with 20MOI AdGFP is not significant. 
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Expression Of AIF-1 Regulates EC Migration 

 We hypothesized that AIF-1 expression would also participate in regulation of EC 

migration. To determine if AIF-1 plays a role in EC migration, pShuttle control cells, 

siRNA stable transfectants, and siRNA EC which had been rescued with AdAIF-1 were 

seeded into Boyden chambers, and migration induced by addition of VEGF, a strong EC 

chemoattractant. Figure 19A shows that EC migration is regulated by AIF-1 expression, as 

AIF-1 siRNA expressing cells migrate significantly more slowly than control cells in both 

VEGF and unstimulated EC (44.0+/-0.1 Vs 26.3+/-0.9 for unstimulated, and 107+/-7.1 Vs 

31.9+/-5.1 in VEGF stimulated, P <0.05 and 0.001, respectively). Importantly, there was 

no significant difference between unstimulated and VEGF stimulated EC siRNA 

expressing cells, underscoring the importance of basal levels of AIF-1 expression for EC 

migration. siRNA expressing EC rescued with AdAIF-1 migrated more rapidly than did 

control cell cells in the absence of chemoattractant (73.0 +/-0.9 Vs 44.0+/-0.0, P<0.001, 

for AdAIF-1 rescued and control EC, respectively). To further demonstrate a function for 

AIF-1 expression in EC motility, directional migration of EC monolayers following 

mechanical wounding was performed. Equal numbers of confluent, stably transfected 

pShuttle, siRNA, or siRNA rescued with AdAIF-1 were scraped to create a 3 mm wide 

wound track devoid of cells, and the time needed to fill the wound compared. The data 

presented in Figure 19B demonstrates that abrogation of AIF-1 expression reduces EC 

migration, and restoration of AIF-1 expression not only restored, but enhanced the ability 

of these cells to migrate into the wound. Collectively, these data suggest AIF-1 

involvement in EC migration. 
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(Tian et al., 2008) 
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Figure 19. Expression of AIF-1 modulates EC motility. (A.) Migration performed as 

described in Methods. Values are means ± SEM. The difference between siRNA (or 

AdGFP) and control cells, siRNA (or AdGFP) and rescued cells in response to VEGF 

(** P<0.01), control and rescued cells at basal level (*P<0.05) are significant. The 

difference between siRNA and siRNA infected with 20MOI AdGFP are not significantly 

different from each other. (B.). AIF-1expression regulates migration of EC in response to 

wounding. Appearance of wound margin immediately upon scraping and washing (0 

hours), 10 hours post wounding, and 24 hours post wounding. Cells were stained with 

hematoxylin and are magnified 40X. This is representative of three independent 

experiments. 
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AIF-1 Inhibition Reduces Activation Of Signal Transduction Kinases 

 

 The endothelial cell response to inflammatory and angiogenic stimuli leading to 

migration and proliferation is mediated at least in part by the MAPK p44/42 pathway 

(Rush et al., 2006). AIF-1 contains motifs consistent with a scaffold signaling protein, and 

we hypothesized that diminution of AIF-1 expression would disrupt signal transduction 

pathways. For these experiments, stable transfectants were incubated in serum-reduced 

medium for 48 hours and then stimulated with 10% FBS for different times. Activation of 

several cytoplasmic kinases in extracts from these cells were quantified by western blot 

using phospho-specific antibodies. Figure 20 shows that activation of MAPK p44/42 was 

significantly reduced in siRNA expressed ECs at 5 and 15 min post stimulation (P< 0.05). 

PAK1 activity is also involved in EC migration (Kiosses et al., 2002). Because AIF-1 can 

motility, we hypothesized that abrogation of AIF-1 would also adversely affect PAK1 

activation. 

Figure 21 demonstrates that abrogation of AIF-1 expression can significantly reduce 

serum stimulated PAK1 activation (P<0.05). We have previously shown in murine 

macrophages that knock down of AIF-1 inhibits p38 activation (Tian et al., 2006), and 

chronic over expression of AIF-1 activates p38 in cultured VSMC and arteries from AIF-1 

transgenic mice (Sommerville et al., 2007). In contrast, no inhibition of p38 activation in 

AIF-1 siRNA, or activation of p38 in AIF-1 over expressing EC was noted (data not 

shown). Together, these data indicate a close association between AIF-1 expression and 

activation of p44/42 and PAK1 in EC, and suggests cell-type specificity of AIF-1 effects. 
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(Tian et al., 2008) 

 

Figure 20. Expression of AIF-1 modulates the activation of p44/42 MAPK in endothelial 

cells. (A) stably transfected EC were serum (0.3%FBS) starved for 24 hours, then 

stimulated with 10% fetal bovine serum for the times indicated. Activated kinases were 

identified by western analysis. (B) Protein phosphorylation was quantified by 

densitometry of the corresponding bands (*P < 0.05) from three independent experiments. 
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(Tian et al., 2008) 

 

 

Figure 21. Expression of AIF-1 modulates the activation of PAK1 in endothelial cells. (A) 

stably transfected EC were serum (0.3%FBS) starved for 24 hours, then stimulated with 

10% fetal bovine serum for the times indicated. Activated kinases were identified by 

western analysis. (B) Protein phosphorylation was quantified by densitometry of the 

corresponding bands (*P <0.05) from three independent experiments. 
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AIF-1 Expression Participates In Tube Like Structure Formation 

Migration of EC in response to angiogenic factors is an obligate event in angiogenesis. 

Because PAK1 is an important regulator of EC migration, and AIF-1 knock down reduced 

PAK1 activation, we hypothesized that AIF-1 expression might play a role in endothelial 

migration and organization leading to tube formation. For these experiments, EC stably 

transfected with either control vector, or siRNA, or were seeded onto growth factor 

reduced matrigel, in the presence of 10% FCS, and the number of tube like structures were 

counted manually per multiple representative images and an average was calculated for 

each condition 16 hours later. Some samples of siRNA EC were infected with AdAIF-1 or 

AdGFP to restore AIF-1 expression (Figure 22). This experiment gave a somewhat 

unexpected result in that while inhibition of AIF-1 expression did  not adversely effect 

formation of tube-like structures, exogenous expression of AIF-1 by adenoviral delivery 

can significantly enhance formation of these structures (23.1+/-1.3 Vs 11.1+/-3.1, 14.7+/-

1.5, and 11.2+/-0.8 for AdAIF-1 rescue, empty pShuttle vector, siRNA, and AdGFP 

rescue, respectively, P<0.01). 
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(Tian et al., 2008) 

Figure 22. AIF-1 expression modulates EC tube like structure formation. (A) pShuttle 

control cells, (B) siRNA stable transfectants, and (C)siRNA EC which had been rescued 

with AdAIF-1,  or (D) AdGFP were seeded into growth factor reduced matrigel, in the 

presence of 10% FCS, and (E) the number of tube like structures were counted manually 

per multiple representative images and an average was calculated for each condition 16 

hours later (**P < 0.01) from three independent experiments. 
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AIF-1 Expression Participates In Endothelial Sprouting 

 

Angiogenesis occurs when endothelial cells sprout from pre-existing vessels to form new 

structures. Because AIF-1 expression effected tube-like structure formation, we tested to 

determine if AIF-1 could also regulate endothelial cell sprouting ex vivo from aortic rings 

(Zhu et al., 2006). For these experiments, mouse thoracic aorta was sectioned into 1mm 

rings, incubated with AdGFP, AdsiRNA, or AdAIF-1 for 1 hour, then cultured in triplicate 

in growth factor reduced matrigel. Sprouting from rings were analyzed daily, and on the 

sixth day photographed and outgrowth area quantified. Figure 23 corroborates the EC tube 

formation experiments in that while inhibition of AIF-1 expression did not reduce 

sprouting, over expression of AIF-1 did significantly increase the area of sprouting 

(7917+/-386, 3018 +/-442, and 3601+/-479 m2 for AdAIF-1, AdGFP, and AdsiRNA, at 6 

days, respectively, P<0.01). Qualitatively, the arrangement of EC networks emanating 

from aortic rings was also more complex in the AdAIF-1 infected rings than either AdGFP 

or AdsiRNA. Together, these data suggest that while AIF-1 deficiency does not impair 

angiogenic capacity of EC, increased amounts of AIF-1 can enhance the angiogenic 

potential of EC. 
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23 

 

(Tian et al., 2008) 

Figure 23. AIF-1 expression modulates microvessel sprouting from aortic rings. Mouse 

thoracic aorta was sectioned into 1mm rings, incubated with AdGFP, AdsiRNA, or 

AdAIF-1 for 1 hour, then cultured in triplicate in growth factor reduced matrigel. 

Representative photographs showing that AIF-1 over expression enhances microvessel 

outgrowth from  thoracic aorta (**P<0.01) from three independent experiments. 
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CHAPTER 4 

DISCUSSION 

Role Of IL-19 In Endothelial Cells 

According to the Angiogenesis foundation, angiogenesis is an important element shared 

by diseases affecting more than one billion people worldwide, including all cancers, 

cardiovascular disease, blindness, arthritis, complications of AIDS, diabetes, Alzheimer’s 

disease, and more than 70 other major health conditions affecting children and adults, in 

developed and developing nations. Thus, angiogenesis-based therapies have the potential 

to be used as a weapon to attack one of the root causes of their pathology. These will 

have a phenomenal impact for the diseases in the 21st century. 

Angiogenesis is the growth of new blood vessels. It is an important natural process 

occurring in the body, both in health and in disease. Angiogenesis occurs normally at 

specific times during the process of growth and development in the human body. The 

process of vasculogenesis creates the primary network of vascular endothelial cells that 

become major blood vessels. This is followed by angiogenesis which modifies this 

network into the small new blood vessels or capillaries and completes the circulatory 

system in the fetus. Thus, it is an essential part of embryonic development. In adults, 

angiogenesis is critical for healing wounds and for restoring blood flow to tissues after 

injury or insult. The healthy body controls angiogenesis through angiogenesis-stimulating 

growth factors and angiogenesis inhibitors. Excessive angiogenesis occurs in diseases 

such as cancer, diabetic blindness, age-related macular degeneration, rheumatoid arthritis. 
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Inadequate angiogenesis occurs in diseases such as coronary artery disease, stroke, and 

delayed wound healing. Therapeutic angiogenesis, aimed at stimulating new blood vessel 

growth with growth factors, is being developed to treat these conditions. Identifying new 

factors involved in angiogenesis and understanding the mechanisms by which they 

modulate angiogenesis may provide new targets for angiogenesis based therapies. 

Basal amounts of IL-19 can be detected in human monocytes, B and T lymphocytes and 

can be up regulated in these cells by LPS treatment and G-CSF. It is also reported to be 

expressed in epithelial cells. Endothelial cells express the IL-20 receptor complex 

through which IL-19 signals, but nothing has been published concerning IL-19 

expression or function in endothelial cells. We observed that IL-19 is expressed in 

endothelial cells in coronary arteries with transplant vasculopathy. There was no IL-19 in 

control coronary arteries suggesting that it was induced in these arteries. We performed 

experiments in cultured endothelial cells trying to simulate unstimulated versus 

cytokine/growth factor induced environment. Our observations indicated a similar trend 

i.e. basal amount of IL-19 expression and increase in IL-19 expression upon cytokine 

stimulation. We speculate that at least partially the difference in basal amount of IL-19 in 

cultured cell as opposed to no IL-19 in normal coronary arteries might be the result of 

stress during the process of cell isolation and culture.  Our specific aims were to 

determine if IL-19 was expressed in EC, and determine what its function is in endothelial 

cells. This is the first detailed report about IL-19 expression in endothelial cells and its 

role in modulating endothelial cell proliferation, migration, signal transduction and 

angiogenesis. 
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After having confirmed IL-19 expression in EC the next step was to look into its function 

or role in EC. The increase of   IL-19 expression in response to cytokines suggested that 

IL-19 could have a role in endothelial cell proliferation, activation and migration. IL-20 

which also belongs to the IL-19 sub family and has one receptor in common with IL-19 

has been shown to be expressed in endothelial cells and to promote their proliferation, 

migration, signal transduction and angiogenesis. Cytokines, both in and across families 

are known to have redundant functions. IL-19 is a member of IL-10 family and shares 20 

% amino acid identity with it.  IL-10, the anti-inflammatory cytokine on the other hand 

down regulates EC proliferation and angiogenesis. IL-19 has been shown to up regulate 

IL-4 and decrease IFN γ in regulatory T cells and increase IL-10 production in PBMC.  

This bias towards Th2 kind of response ascribed IL-19 anti-inflammatory characteristics. 

The next experiments were designed to elucidate the effects of IL-19 on EC proliferation, 

activation and migration. 

We observed that IL-19, similar to IL-20 promotes EC proliferation. It did not enhance 

VEGF or FGF induced proliferation. FGF and VEGF are two potent proliferative and 

angiogenic factors for ECs. To analyze if IL-19 stimulates production of either of these 

factors, which in turn contribute towards the proliferative effect of IL-19, we did a RT-

PCR analysis of VEGF-A, FGF1 and FGF-2. Our results show an increase in mRNA of 

FGF-2 but no effect on VEGF and FGF-1. In contrast to our findings, IL-19 decreases 

proliferation in ovarian carcinoma cells. We speculate that IL-19 probably utilizes p44/42 

and STAT3 pathway at least in part in our system for growth promoting activities. 

However, in ovarian carcinoma cells since these pathways are constitutionally active, this  
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activity cannot stimulate further growth. In addition, it is possible that IL-19 affects 

another unknown pathway in ovarian carcinoma cells which is responsible for the 

decrease in proliferation 

IL-19 shares 20% amino acid identity to IL-10 and some IL-10 family members do share 

single receptor polypeptides or heterodimeric complexes (Dumoutier et al., 2001)  

However, the homologous region of IL-10 that interacts with the IL-10 receptor is much 

less conserved in IL-19.  Consequently, IL-19 does not engage the IL-10 receptor, but 

rather the IL-20 receptor, which is known to activate STAT proteins in several cell types 

(Dumoutier et al., 2001; Kunz et al., 2006). In an ovarian carcinoma line, IL-19 has been 

reported to signal through the IL-20 receptor complex, and results in STAT3 activation 

(Julia et al., 2002).  In EC, IL-20 activated p44/42 and STAT1 but not STAT3. In 

keratinocytes, IL-20 activates STAT3. In our study in HUVEC, IL-19 activated STAT3 

and p44/42 phosphorylation. IL-19 did not activate STAT1 in HUVECs. Some of these 

differences in signaling and gene expression may be explained by IL-20 receptor 

complexity, and tissue distribution.  The IL-20 receptor is composed of α and β subunits. 

While the alpha peptide is expressed in many tissues, the beta chain is much more 

restricted.  IL-20 can bind and signal through a heterodimer of the R1 (α) and R2 (β) 

chains, as well as through a heterodimer of IL-20 R2 (β) and the IL22 receptor ( 

Dumoutier et al., 2001 ).  IL-19 can only engage and signal through a heterodimer of 

R1((α) and R2 (β) chains (Julia et al., 2002). 
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 IL-20 receptor is a type II cytokine receptor. The intracellular domain of type II cytokine 

receptors is typically associated with a tyrosine kinase belonging to the Janus kinase 

(JAK) family. When receptor binds the cytokine JAK gets autophosporylated and 

phosporylated downstream Stat proteins. We observed that IL-19 stimulates stat3 

phosphorylation. Stat3 is known to play a role in cell migration. Rac1, RhoA and cdc42 

all are known to activate stat3. Previous studies  have suggested that Stat3 plays an 

important role in angiogenesis. It is constitutively active in tumor cells and regulates 

genes involved in proliferation, apoptosis and angiogenesis.  

 

Various interleukins such has IL-1, IL-2,  IL-8 and IL-20 have been identified to be 

angiogenic. Similarly, others such as IL-4, IL-13 and IL-10 have been documented to 

exhibit anti-angiogenic activity. IL-20 is also expressed by endothelial cells. It is not 

surprising then that IL-19 which shares it receptor with IL-20 also has angiogenic effects. 

Many cytokines share functions and are redundant.  To understand this relationship 

between IL-19 and IL-20 in the process of angiogenesis, we need to do further studies 

with IL-19, IL-20 and IL-20 receptor knock out mice. 

This study demonstrated that IL-19 was capable of meditating EC migration and tube like 

structure formation. We wanted to dissect if this was a direct or an indirect effect of IL-

19 on EC. Although IL-19 induced transcripts of FGF-2, the angiogenic outcome of IL-

19 established in this study is a combination of both direct and indirect effect of IL-19 
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stimulation. Induction of transcripts was detected after incubation of HUVECs with IL-19 

for at least 4 h, while cell migration and vascular tube formation in HUVECs were  

observed in 4 and 12 h, respectively. The de novo protein synthesis of FGF-2 would not 

occur during either 4 to 12 h period because protein synthesis generally takes place 12 to 

24 h after incubation. Thus, IL-19-induced migration and tube like structure formation of 

endothelial cells has a definite direct effect component. Interestingly, EC pre-treated with 

IL-19 for 16 hours prior to the assay were capable of migration and tube like structure 

formation, even in the absence of any chemotactic factor during the period of the actual 

assay.  This suggested that IL-19 could induce expression of a factor or factors which 

played a part in migration and tube like structure formation. As demonstrated by the RT-

PCR, FGF-2 is one such factor. 

 

Incubation of HUVEC with IL-19 enhanced the expression of proteolytic enzyme MMP2 

which is known to degrade extra cellular matrix allowing for subsequent cell migration 

and angiogenesis. MMP-2 is capable of cleaving basement membrane type IV collagen 

and gelatin. Also IL-19 treatment enhances the MMP2 expression induced by VEGF. 

 

Rheumatoid arthritis (RA) is characterized by synovial tissue leukocyte infiltration and 

angiogenesis. A recent paper shows that IL-19 is produced by synovial cells, promotes 

joint inflammation by increasing IL-6 production and decreasing synovial cell apoptosis. 

We speculate that IL-19 may also have a role in the angiogenic regulation and pathology 

of RA. IL-19 could possibly also be a new target in RA therapy. 
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A recent study showed that squamous cell carcinoma of the skin, oral cavity, esophagus, 

and lung were stained positive for IL-19, but adenocarcinoma tissue from the 

gastrointestinal tract was not. Notably, squamous epithelial cells of healthy esophagus 

were not stained positive for IL-19, while tumor cells of SCC of esophagus were strongly 

stained for IL-19. It will be worthy to study if vascular tumors such as hemangiomas and 

Kaposi’s sarcoma stain for IL-19. 

In summary, we demonstrated that IL-19 is an angiogenesis factor because it induced 

proliferation, migration, vascular tube like structure formation and sprouting on 

endothelial cells. It also induced the expression of the angiogenesis factor FGF2 and 

MMP2. In an ex-vivo assay, IL-19 enhanced microvessel formation by mouse aortic 

rings. Thus, IL-19 seems to an important cytokine involved in angiogenesis and 

endothelial cell migration. Proper understanding of its function and regulation will help 

us understand the pathology of some of the diseases related to an imbalance in 

angiogenesis. Also, it may open up novel new targets for therapy of angiogenesis 

associated diseases. 

 

Role Of AIF-1 In Endothelial Cells 

Endothelial cell migration and proliferation have an important role in numerous 

physiological responses such as angiogenesis, the vascular response to interventional 

procedures such as angioplasty and stent placement, wound healing and embryogenesis 

(Auerbach et al., 1991, Brummelkamp et al., 2002, Folkman et al., 1992, Kiosses et al.,  
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2002). Previous work by our laboratory has demonstrated the expression AIF-1 protein in 

human arteries with CAV and in neointimal cells in animal models of various types of 

arterial injuries (Autieri MV et al., 2000; Autieri et al., 2000). AIF-1 has also been 

described to play a role in macrophage, T-lymphocyte, and VSMC activation (Autieri et 

al., 2001; Tian et al., 2006; Yang et al., 2005; Del Galdo et al., 2006). EC, macrophage, 

T-lymphocytes, and VSMC all participate in atherogenesis and the vascular response to 

injury, but the functional characterization of AIF-1 expression in EC has not been 

determined. In this study, immunohistochemistry of human coronary arteries with CAV 

indicated AIF-1 expression in EC. Because CAV is initiated and propagated by the 

expression and presence of multiple cytokines, we performed experiments to investigate 

differential expression of AIF-1 by cytokines in EC. Noticeable differences in AIF-1 

inducible expression between EC, VSMC, and macrophage can be observed. In both EC 

and VSMC, complex stimuli such as FBS and T-lymphocyte conditioned media elicited 

the most robust expression of AIF-1. In contrast, this pattern of expression in EC differs 

from VSMC, in which VSMC growth factors PDGF and bFGF, can induce significant 

AIF-1 expression, but EC growth factors, such as VEGF and bFGF, are not capable of 

inducing AIF-1 to a significant degree. Further, low, but basal levels of AIF-1 can be 

deteced in cultured BAEC, whereas little to no AIF-1 can be detected in VSMC (Autieri 

et al., 2000). In macrophages, high-level AIF-1 expression is constitutive, but 

significantly more robust expression can be induced by oxidized LDL (Tian et al., 2006). 
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This report is the first to demonstrate AIF-1 expression in EC of inflamed arteries, and 

can be induced by soluble stimuli in cultured EC. It also suggests tissue-specific 

differences in basal and inducible AIF-1 expression in VSMC, macrophages, and EC. 

 

Inducible AIF-1 expression in EC suggested an important role for this protein in EC 

activation. Using bovine ECs as a model system, our approach was to silence AIF-1 

expression in these cells by constitutive siRNA expression, and analysis of important EC 

physiological indices such as proliferation, migration, and tube-like formation. For these 

experiments, vector based delivery, rather than transfection of oligonucleotides was used 

as it has been found to be more effective than synthetic siRNA for inhibition of gene 

expression, likely due to increased stability (Brummelkamp et al., 2002). Use of an 

antibiotic selectable vector also allowed establishment of stable cell lines expressing 

consistent and reproducible amounts of siRNA to reduce experimental variability. 

Abrogation of AIF-1 expression significantly inhibited EC proliferation and migration. It 

was interesting in that VEGF did not induce increased AIF-1 expression, basal levels of 

AIF-1 were necessary for VEGF-induced EC migration. Moreover, when AIF-1 

expression in the siRNA expressing ECs was rescued with AdAIF-1, these capacities of 

EC were not only restored, but enhanced significantly greater than control cell levels, 

suggesting a strong association between AIF-1 expression and EC activation. 

We previously demonstrated that AIF-1 participates in signaling cascades important in 

macrophage and smooth muscle cell activation (Sommerville et al., 2008; Tian et al.,  
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2006). Together, these characteristics of AIF-1 suggested that abrogation of AIF-1 

protein expression might interrupt signaling cascades important in EC activation. It is 

known that activation of mitogen activated protein (MAP) kinases plays a critical role in 

regulation of endothelial cell activation, including proliferation and migration in response 

to vessel injury (Rush et al., 2006; Beckner, 1999). p44/42 in particular is strongly 

activated by various growth factors and agents that stimulate cell growth, and thus an 

important effector for cell proliferation and migration (Feng et al., 2001). Because of its 

prominence in endothelial cell activation events, we focused on p44/42 kinase, and found 

that reduction of AIF-1 expression significantly inhibited the FBS-stimulated activation 

of p44/42, suggesting that decreased growth capacity in EC with AIF-1 abrogation may 

be attributed, at least in part, to the reduction in the signaling pathways involved in 

p44/42 activation. We also examined activation of PAK1 because PAK1 is a direct 

effector of Rac1 (Edwards et al., 1999), and we have shown AIF-1 can activate Rac1 in 

human VSMC (Autieri et al., 2003). In this study, abrogation of AIF-1 expression can 

significantly reduce serum-stimulated PAK1 activation, but interestingly, no significant 

inhibition of several other kinases was noted, suggesting a specificity of pathways 

mediated by AIF-1 in EC in response to inflammatory stimuli. In tracheal SMC, PAK1 

activation is proximal to p38 activation (Dec hert et al., 2001). In macrophages, AIF-1 

attenuation reduced activation of p38, AKT, and p90RSK kinases (Tian et al., 2006). In 

murine VSMC, chronic overexpression of AIF-1 increases p38 MAPK activation (31). 

However in this study in EC, abrogation of AIF-1 did not reduce, nor did over expression  
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increase p38 MAPK activation. No inhibition of any of this kinase in EC again illustrates 

an interesting distinction between AIF-1 expression and function in macrophages, 

VSMC, and EC. AIF-1 has no catalytic or protein kinase domains, yet, composite data 

from several cell types suggests that in the absence of AIF-1, signaling cascades are 

interrupted, resulting in suppressed activation of kinases distal from AIF-1. This implies 

that AIF-1 may function as an injury responsive scaffold protein in endothelial cells. 

PAK1 is involved in cell cytoskeletal dynamics, locomotion, migration, and angiogenic 

tube formation. Dominant-negative PAK1, and a peptide corresponding to an adapter 

protein binding site on PAK1 also inhibited angiogenesis (Kiosis et al., 2002). It has also 

been shown that p44/42 MAPK kinase inhibitors can block endothelial tube formation 

(Miuara et al., 2003; Dandapat et al., 2007). Together, these studies provided impetus to 

explore the role of AIF-1 in angiogenesis assays. Angiogenesis is a complex, and as yet 

incompletely understood process that involves matrix degradation and orientation of EC 

into new vessels. In contrast to the proliferation and migration studies, AIF-1 diminution 

did not reduce formation of tube-like structures on growth factor-reduced matrigel, nor 

did it reduce microvascular outgrowths in the aortic ring assay. Yet, over expression of 

AIF-1 could enhance both tube formation and vessel outgrowth from isolated rings. The 

most direct explanation is that both tube formation and aortic sprouting are complex 

processes which require more than solely migration. This suggests that while AIF-1 is not 

absolutely necessary for vasculogenesis, but its presence makes these processes more 

efficient. Expression of Junctional Adhesion Molecules (JAMs), particularly JAM-A, is  
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increased and redistributed on the surface of EC in inflammatory conditions (Weber et 

al., 2007). Redistribution of JAM-A in particular, facilitates signal transduction initiated 

by angiogenic signals to promote EC migration and angiogenesis (Naik et al., 2003; 

Weber et al., 2007). Considering previous studies involving AIF-1 expression and 

vascular inflammation, and present studies linking AIF-1 expression and signal 

transduction, migration, and angiogenesis, we investigated if modified AIF-1 expression, 

could modulate JAM-A expression or redistribution. Interestingly, we found no change in 

JAM-A mRNA or protein expression, or JAM-A cellular distribution, in EC in which 

AIF-1 was either over expressed or knocked down, compared with control EC. Even 

when bFGF was added to EC, the change in JAM-A distribution was similar in control 

and in EC in which AIF-1 expression was modulated. This suggests no relationship 

between AIF-1 activity and JAM-A function in EC. Because JAMs function in cell-cell 

interactions, this also implies that AIF-1 may not play a role in extracellular interactions 

as well. The functional consequences of AIF-1 expression in ECs have previously not 

been explored, and thus there are several novel points in this study. First, AIF-1 is 

detected in EC within the intima if inflamed human arteries and its expression can be 

induced in cultured EC by inflammatory and angiogenic factors. Second, knock down of 

AIF-1 protein by stable transfection of siRNA reduces the several indices of EC 

pathophysiology, including proliferation and migration. These functions could be rescued 

by exogenous expression of AIF- 1. Third, signal transduction cascades could be reduced 

by AIF-1 abrogation. Fourth, though angiogenesis assays were not negatively affected by  
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reduction of AIF-1, angiogenic potential of EC was enhanced by AIF-1 over expression. 

An additional important point is that the cytokine induction of AIF-1 in EC is similar to, 

but not identical to that of VSMC and macrophage. Together, these data suggest an 

important function of AIF-1 in inflammation driven EC activation, makes some 

distinction between AIF-1 function in EC and other cell types, and affords further insight 

into the mechanisms by which AIF-1 participates in the pathogenesis of vascular 

diseases. 

           

   Figure 24. Schematic of AIF-1 function in Endothelial Cells. 
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