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Summary 

 

Activation of the transcription factor NFB is a critical step for tumor necrosis 

factor-a (TNF)-induced inflammatory response. In the present study the complete gene 

expression profile from activated microvascular endothelial cells is reported, emphasizing the 

direct contribution of the NFB pathway. Human microvascular endothelial cell line-1 cells 

were modified to express dominant interfering mutants of the IKK/NFB signaling module 

and expression profiles were determined. The results presented in this thesis provide 

compelling evidence for the virtually absolute dependence of TNF-induced genes on NFB 

canonical signaling. A constitutively active IKK2 was sufficient for maximal induction of 

most target genes, whereas a transdominant negative IB suppressed gene expression. A 

number of genes regulated exclusively by constitutive active IKK2 suggest a role in gene 

expression beyond NFB through activation of other transcription factors. Similarly, a role 

of IB in transcriptional regulation might be proposed. In addition, a number of genes were 

down-regulated by TNF. In contrast to the extremely high overlap between TNF-targets 

and NFB-regulated genes, only a few genes down-regulated by TNF were affected by the 

IKK/NFB interfering mutants, indicating a wider spectrum of signaling pathways involved 

in gene repression by TNF

Genes with a critical role in inflammation and even more in atherogenesis were 

identified, revealing an EC phenotype that is determinant for the chronic inflammatory 

response. The endothelial lipase gene, a key enzyme involved in lipoprotein metabolism, was 

investigated in more detail. Binding sites interacting with NFB in vitro and in vivo were 

identified and co-transfection experiments demonstrated the direct regulation of the 

endothelial lipase promoter by NFB dimers. These data suggested that targeting the 

IKK/NFB pathway or specific genes downstream may be effective for the control or 

prevention of chronic inflammatory diseases such as atherosclerosis. 

Given the conflicting evidence regarding the role of endothelial lipase (EL) in 

experimental atherosclerosis, the second aim of the study presented in this thesis involved the 

development of a transgenic mouse model of EL, based on the tetracycline-modulated 

expression system (Tet-Off system). In this animal model, human EL is conditionally over-

expressed in endothelial cells through the response of cell-specific vascular endothelial-

cadherin promoter. Mice expressing transgenic EL were alive and preliminary data indicated 
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low levels of relative reporter luciferase activity in brain, thymus, lungs, spleen and aorta. 

However, lipid profile analyses of transgenic mice revealed decreased levels of high-density 

lipoprotein cholesterol in serum compared to control mice upon 10 weeks of age. Further 

analyses in a larger number of mice, separated by age and sex, have to be done to confirm a 

lipid phenotype and human EL expression. 

Finally, the investigation of Epstein-Barr induced gene-3 (Ebi3) expression in human 

atheroma plaques was the third aim of this study and was done in collaboration with Dr. 

Nikolaus Marx from the Department of Internal Medicine-I, University of Ulm.  

Ebi3 is a member of the IL-12 heterodimeric cytokine family that has important 

immunomodulatory functions. To date Ebi3 has been shown to be part of IL-27, cytokine 

involved in helper T cells development, and to form IL-35, which has a role in regulatory T 

cells function. By immunohistochemistry analyses it was possible to show Ebi3 expression in 

advanced atheromatous lesions and its co-localization within vascular smooth muscle cells. In 

addition, dimer counterparts IL-27/p28 and IL-12/p35, were also shown to co-localize with 

Ebi3 in these cells. Primary aortic smooth muscle cells up-regulated Ebi3 in response to pro-

inflammatory stimuli like TNF and INF. Interestingly, pre-treatment of these cells with the 

PPAR agonist rosiglitazone strongly reduced Ebi3 induction. Chromatin 

immunoprecipitation experiments revealed that this inhibition was due to interference with 

p65/RelA recruitment to the Ebi3 promoter. The role of Ebi3 in vascular disease has not been 

elucidated yet. The pleiotropic nature of Ebi3 leaves the possibility open for both pro- and 

anti- inflammatory functions that remain unknown. The data presented in this thesis 

implicates for the first time Ebi3 protein in atherosclerosis either as homodimer or as IL-

27/IL-35 heterodimers, and suggests that Ebi3 could be an interesting target for therapeutic 

manipulation in atherosclerosis. However, further studies are required to investigate the 

functional significance of this correlation between gene expression and disease progression.  
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Zusammenfassung 

 

Aktivierung des Transkriptionsfaktors NF-kB ist von entscheidender Bedeutung für 

die Tumornekrosefaktor-alpha (TNF)-induzierte entzündliche Reaktion. Das in der 

vorliegenden Studie präsentierte vollständige Gen-Expressions-Profil von aktivierten 

mikrovaskulären Endothelzellen, demonstriert eine direkte Beteiligung des NFB Weges. 

Die Humane mikrovaskuläre Endothelzelllinie-1 wurde modifizizert, um dominant-

interferierenden Mutanten des IKK/NFB Signal-Moduls zu exprimieren und 

Genexpressionsanalysen wurden durchgeführt. Die Ergebnisse dieser Arbeit liefern 

überzeugende Beweise für die nahezu vollständige Abhängigkeit TNF-induzierter Gene 

vom kanonischen NFB Signalweg. Konstitutiv aktives IKK2 war hinreichend für maximale 

Induktion der meisten Ziel-Gene, während transdominant negatives IB die Genexpression 

unterdrückte. Eine Reihe von Genen, die ausschließlich durch konstitutiv aktives IKK2 

reguliertwurden, deuten auf eine Rolle anderer Transkriptiosnfaktoren außer NFB für die 

Gen-ExpressionGenauso gut könnte eine Rolle der IB in Transkriptions-Regulation 

vorgeschlagen werden.  

Darüber hinaus wurde eine Reihe von Genen durch TNF unterdrückt. Trotz der 

extrem hohen Überlappung zwischen TNF-Zielen und NFB-regulierten Genen wurden 

nur ein wenige durch TNF repremierte Gene den mit IKK/NFB interferierenden Mutanten 

beeinflusst, was auf eine breiteres Spektrum von Signalwegen, die an der Gen Repression 

durch TNF beteiligt sind hindeutet. 

Es wurden Gene mit entscheidenden Funktionen für Entzündung und besonders für die 

Atherogenese identifiziert, was auf einen EC-Phänotyp hinweist, der für die chronisch-

entzündliche Reaktion entscheidend ist. Das endotheliale Lipase-Gen, ein zentrales Enzym im 

Lipoprotein Stoffwechsel, wurde detaillierter untersucht. Bindungsstellen die mit NFB in 

vitro und in vivo interagieren wurden identifiziert und Co-Transfektions Experimente zeigten 

die direkte Regulierung der Endothel-Lipase-Promotor durch NFB Dimere. Diese Daten 

legen nahe, daß die Beeinflussung des IKK/NFB Signalweges oder spezifischer Zielgene 

ein wirksames Mittel zur Bekämpfung oder Vorbeugung von chronischen entzündlichen 

Erkrankungen wie Arteriosklerose sein könnte. 

Angesichts wiedersprüchliche Beobachtungen in Bezug auf die Rolle der 

endothelialen Lipase (EL) in der experimentellen Atherosklerose, war es das zweite Ziel 
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dieser Arbeit die Entwicklung eines transgenen Maus-Modell der EL auf der Grundlage eines 

Tetracyclin-modulierten Expressionssystem (Tet-Off System). In diesem Tiermodellist 

humanes EL in Endothelzellen kondotional überexpremiert unter Kontrolle des Zell-

spezifischen vaskulären Endothelzellen-cadherin Promoters. Mäuse die transgenes EL 

expremieren waren lebensfähig und erste Daten zeigten niedrige relative Reporter-Luciferase 

Aktivität in Gehirn, Thymus, Lunge, Milz und Aorta. Allerdings ergaben Lipid-Profil-

Analysen der transgenen Tiere reduzierten Niveaus  an High-Density-Lipoprotein-Cholesterin 

im Serum im Vergleich zur Kontrolle-Mäusen mit einem Alter von 10 Wochen. Weitere 

Analysen einer größeren Anzahl von Mäusen, aufgeschlüsselt nach Alter und Geschlecht, 

muss durchgeführt werden um einen Lipid-Phänotyp und die Expression des humanen EL zu 

bestätigen. 

Schließlich war die Untersuchung der Epstein-Barr-induziertes Gen-3 (Ebi3) 

Expression, welches eines der am stärkstenregulierten Gene in TNFα-stimulierten HMEC-1 

Zellen sowie ein NFκΒ Zielgen ist, in menschlichen-Atherom Plaques das dritte Ziel dieser 

Studie und wurde in Zusammenarbeit mit Dr. Nikolaus Marx von der Abteilung für Innere 

Medizin I, Universität Ulm durchgeführt. Ebi3 gehört zu der heterodimeren IL-12 Zytokin-

Familie, die wichtige immunmodulatorische Funktionen besitzt. Aktuell ist bekannt dass Ebi3 

einene eine Komponente von IL-27 darstellt, ein Zytokin beteiligt an der T-Helfer-Zell-

Entwicklung, sowie auch Bestandteil ist von IL-35, welches eine Rolle spielt für die Funktion 

regulatorischer T-Zellen-. Durch immunhistochemische Analysen war es möglich die 

Expression von Ebi3 in fortgeschrittenen Atheromatöse Läsionen zu zeigen sowie seine Co-

Lokalisation innerhalb vaskulärer glatter Muskelzellen. Darüber hinaus konnte eine Co-

Lokalisation der dimeren Gegenstücke IL-27/p28 und IL-12/p35 mit Ebi3 in diesen Zellen 

ebenfalls gezeigt werden. Primäre glatte Aorta-Muskelzellen induzierten Ebi3-Expression als 

Reaktion auf pro-inflammatorische Stimuli wie TNF und INF. , Interessanterweise führte 

eine Vorbehandlung dieser Zellen mit dem PPAR Agonisten Rosiglitazon  zu einerdeutlich 

reduzierten Ebi3 Induktion. Chromatin Immunopräzipitation Experimente ergaben, daß diese 

Hemmung durch eine Folge gestörter Bindung des p65/RelA mit dem Ebi3 Promotor war. Die 

Rolle der Ebi3 in Kreislauf-Erkrankungen ist noch nicht geklärt. Die pleiotropen Natur von 

Ebi3 eröffnet die Möglichkeit sowohl pro-als auch anti-inflammatorische Funktionen, die 

allerdings noch unbekannt sind. Die in dieser Arbiet geziegten Daten weisen zum erstenmal 

auf eine Beteiligung von Ebi3 Proteinen während der Atherosklerose hin, entweder als 

Homodimer oder als IL-27/IL-35 Heterodimerund deuten außerdem daraufhin, daß Ebi3 ein 

interessantes Ziel für therapeutische Manipulation bei Atherosklerose sein könnte. Allerdings 
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sind weitere Studien erforderlich, um eine mögliche funktionelle Bedeutung der Korrelation 

von Genexpression und Fortschreiten der Krankheit.zu untersuchen. 
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I) Introduction 

 

1) Nuclear factorkappa B (NFB) transcription factors: master 

regulators of the inflammatory/immune response. 

 

Nuclear factorkappa B transcription factors (NFB) were originally discovered as 

three proteins that showed variable nucleo-cytoplasmic subcellular localization and that 

binded to a site of the murine kappa light chain enhancer (B site), stimulating its 

transcription in B lymphocytes – classical NF-B, v-Rel and Dorsal 1-5. These proteins were 

soon demonstrated to be members of the same family of proteins (reviewed by 6). The large 

NFB family is composed of two subfamilies: the NFB proteins and the Rel proteins, 

all of which share a highly conserved DNA-binding/dimerization immunoglobulin-like 

domain called Rel homology domain (RHD) 6 (Figure 1). The Rel subfamily includes c-Rel, 

RelB, RelA (p65) and Drosophila Dorsal and Dif, characterized by a C-terminal transcription 

activation domain (TAD) that is necessary for the positive regulation of gene expression, and 

which is often not conserved at sequence level across species. Both RHD and TAD domains 

undergo posttranslational modifications that can affect NFB transcriptional activity as well 

as DNA binding (Figure 1) (for review 7). Members of the NFB subfamily include p105, 

p100 and Drosophila Relish. These proteins are distinguished by a long C-terminal domain 

that lacks TAD but instead contains multiple copies of ankyrin repeats. The NFB proteins 

are processed to shorter, active DNA-binding proteins, p105 to p50 and p100 to p52, after 

limited proteolysis or arrested translation. But since NFB subfamily of proteins lack TAD 

they may repress transcription, unless when associated with members of the Rel subfamily. 

Therefore, constitutive binding of p50 or p52 homodimers to B sites on NFB-responsive 

promoters may act to check NFB transactivation until displaced by transcriptionally 

competent NFB dimers. 
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Figure 1. Members of the NFB, IB 

and IKK family of proteins. The number 

of aminoacids in each human protein is 

indicated on the right. Post-translational 

modifications that influence 

transcriptional activation or IKK activity 

are indicated (P, phosphorylation; U, 

ubiquitination; or Ac, acetylation). 

Inhibitory events and phosphorylation 

and ubiquitination sites on p100, p105 

and IB proteins that mediate 

proteosomal degradation are indicated 

with red Ps and Us, respectively. RHD, 

rel homology domain; TAD, 

transactivation domain; LZ, leucine 

zipper domain; GRR, glycine-rich 

region; HLL, helix-loop-helix domain; 

Z, zinc finger domain; CC1/2, coiled-

coil domains; NBD, NEMO-binding 

domain; MOD/UBD, minimal 

oligomerization domain and ubiquitin-

binding domain; and DD, death domain. 

 

 

 

 

 

 

 

(Adapted from Hayden & Ghosh, Cell, 2008) 
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All vertebrate NFB family of proteins can form homodimers or heterodimers in 

vivo, except for RelB, which only forms heterodimers with p100/p50 or p105/p52. NFB 

dimers bind to 9-10 base pair DNA sites (B sites) within promoter and enhancer regions, 

which have a large variability (consensus B sequence 5’-GGGRNWYYCC-3’; R, A or G; N, 

any nucleotide; W, A or T; Y, C or T). The combinatorial diversity of NFB family of 

proteins together with the varied binding preferences of the different NFB dimers, yields 

the large list of NFB-regulated genes (www.nf-kb.org) 

In its inactive state, NFB dimers are associated with one of the three typical 

inhibitory IB proteins: IB, IB, IB and Drosophila Cactus, which maintain these 

transcription factors in the cytoplasm and are crucial for signal responsiveness. There are two 

inducibly expressed, atypical IB proteins, Bcl3 and IB (discussed below), and an 

alternative transcript of the NFKB1 gene that in mouse encodes IB, whose biological 

function remains unkown. All IB proteins are characterized by the presence of multiple 

ankyrin repeat domains and have different affinities for individual NFB dimers (Figure 1). 

The three typical IB proteins are regulated by phosphorylation and proteolysis, and show 

differences in their tissue-specific expression patterns. The prototypical and most studied 

member of the family is IB. The classical model of IB function establishes that IB 

retains NFB in the cytoplasm, preventing their nuclear translocation and subsequent DNA 

binding. Biochemical and structural studies have determined that IB makes multiple 

contacts with NFB. These interactions cover the nuclear localization signal (NLS) located 

in RHD of p65 keeping the IB-bound complex retained in the cytoplasm. However, the 

crystal structure of IB bound to p65/p50 heterodimer reveals that IB protein only masks 

p65 NLS, whereas the NLS of p50 remains exposed. The exposed NLS of p50 coupled with 

nuclear export sequences (NES) in IB and p65 leads to constant shuttling of IB/NFB 

complexes between the nucleus and the cytoplasm, despite steady-state localization that 

appears almost exclusively cytosolic 8. 

The two additional atypical IB proteins, Bcl3 and IB function quite differently in 

NFB regulation (reviewed in 9). Briefly, Bcl3 is found in the nucleus associated with p50- 

and p52-containing dimers. Bcl3 is unique because it contains a TAD and may mediate 

release transcriptional repression by removing p50 homodimers from B sites. Alternatively, 

Bcl3 may also stabilize repressive p50-homodimers and inhibit NFB activation by 

preventing its access to kB-sites. IBhas weak homology to other IBs and is more similar 
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to Bcl3. This protein is up-regulated in response to IL-1 and TLR4 ligands, but not TNF. 

Upon expression IBlocalizes into the nucleus associated primarily with p50 homodimers, 

being required for the regulation of a subset of LPS- or IL-1-induced genes 10. IBhas also 

been reported to negatively regulate p65-containing NFB complexes. 

 

1.1) Canonical and non-canonical pathways. 

 

There are two well known pathways leading to the activation of NFB signaling: the 

canonical, or classical, and the non-canonical, or alternative, pathways (Figure 2). The basic 

scheme of NFB signaling consists on a series of positive and negative regulatory elements. 

Inducing stimuli trigger activation of a IB kinase (IKK) complex leading to phosphorylation, 

ubiquitination and degradation of IB proteins by the proteosome. Released NFB dimers 

are further activated through various post-translational modifications and translocate to the 

nucleus were they bind to their cognate DNA sequences and promote transcription of target 

genes. In its most basic form, NFB signaling consists of receptor and receptor proximal 

signaling adaptor molecules; the IKK complex; IB proteins; and NFB dimers (for review 
9). 

In the canonical pathway, upon inducing stimuli degradation of IB is a rapid event 

that drastically alters the dynamic between cytosolic and nuclear localization to favor nuclear 

localization of multiple NFB heterodimers, although p65/p50 is the primary target. 

Degradation of IB is initiated upon phosphorylation of serine residues 32 and 36 by 

activated IB kinase (IKK) complex. This common upstream regulatory element of the 

canonical pathway consists of two highly homologous kinase subunits IKK1/ and IKK2/, 

and the regulatory subunit NFB essential modulator (NEMO) 11. IKKand IKK share a 

52% overall sequence identity, having a greater degree of similarity in the catalytic domain. 

NEMO is a 48 kDa protein that is not related to IKK and , and contains a C-terminal Zn 

finger-like domain, a leucine zipper, and a N-terminal and C-terminal coiled-coil domains  
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(Adapted from Gilmore, T. D., Oncogene, 2006) 

Figure 2. NFB signaling pathways. Following receptor ligation and recruitment of receptor proximal adaptor 

proteins, signaling to IKK proceeds through TRAF/RIP complexes, generally in conjunction with TAK1, leading 

to canonical NF-κB signaling, or through TRAFs and NIK leading to the non-canonical NF-κB pathway. IKK 

activation results in IκB phosphorylation, K48 ubiquitination and degradation by the proteasome in the canonical 

pathway, or p100 processing to p52 in the non-canonical pathway. Phosphorylated NF- κB dimers bind to κB 

DNA elements and induce transcription of target genes. In Pathway 3, p50 (or p52) homodimers enter the 

nucleus, where they become transcriptional activators by interaction with the IB-like co-activator Bcl-3.  

 

(Figure 1). Although generally found in heteromeric kinase complex, IKK and KK are 

selectively required for specific NFB signaling pathways. In most canonical NFB 

signaling, e. g., downstream of tumor necrosis factor receptor (TNFR), IKK is both 

necessary and sufficient for phosphorylation of IB on serine residues 32 and 36, and of 

IB on serine residues 19 and 23, leading to its ubiquitination and degradation by the 

proteosome. Indeed, mice deficient in IKK2 or NEMO lack cytokine-induced NFB 

activation 12. While not always required for IB phosphorylation and degradation in 
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canonical signaling pathways, IKK can mediate IB phosphorylation and plays a critical 

role in certain canonical NFB-dependent transcriptional responses 13.  

In the non-canonical pathway inducing stimuli leads to the proteosomal processing, 

rather than degradation of p100 to p52, thereby liberating p52 containing NFB dimers that 

translocate into the nucleus and drive transcriptional response, which is distinct from the 

induced response elicited by the canonical IB-regulated pathway. While the canonical 

pathway is activated by a broader array of receptors, the non-canonical pathway is activated 

only by a certain subset of TNFR superfamily members being crucial for B-cell maturation 

and for secondary lymphoid organ development, (e.g., lymphotoxin B, B-cell activating 

factor, CD40 and latent membrane protein-1 of Epstein-Barr virus) 14. Ligand-binding of 

these particular receptors results in activation of NFB-inducing kinase (NIK), which 

activates the IKK complex by phosphorylation of IKK within its activation loop. Activated 

IKK in turn, phosphorylates two serine residues adjacent to the ankyrin repeat C-terminal 

IB domain of p100, leading to its processing to p52. The non-canonical pathway is 

characterized by its independence of IKK and NEMO. Conversely, it depends on the IKK 

subunits that compose the upstream IKK complex. Indeed, the non-canonical pathway can 

function in the absence of IKK or NEMO 15.  

An additional NFB pathway has been described (Figure 2), in which p50 (or p52) 

homodimers enter the nucleus and become transcriptional activators by their interaction with 

the IB-like co-activator Bcl-3, as previously mentioned 7, 10.  



1.2) Activation and regulation of the IKK complex. 

 

 A remarkable diversity of stimuli lead to activation of NFB, which include both 

endogenous and exogenous ligands as well as physical and chemical stresses. All of these 

stimuli culminate in IKK complex activation and many of the protein components up-stream 

and down-stream the IKK have been identified. Numerous pathways leading to NFB 

activation share common signaling intermediates, especially those just up-stream IKK. In 

particular, RIP (receptor interacting protein) and TRAF (TNF-receptor-associated-factor) 

families of protein play similar roles in most pathways that lead to IKK activation. Although 
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there are exceptions, both the canonical and the non-canonical pathways utilize TRAF family 

members for IKK activation, while only the canonical, NEMO-dependent signaling to typical 

IBs additionally requires RIP proteins.  

 

1.2.1) TRAFs are key intermediates in most NFB pathways.  

 

TRAFs are signaling adapter proteins required for nearly all NFB signaling 

pathways, with the exception of the DNA-damage response 16. There are seven TRAF 

proteins that share C-terminal TRAF domain, consisting of a coiled-coil domain that mediates 

protein-protein interactions. In addition, TRAFs 2-7 have N-terminal RING finger domains 

that may function as E3 ubiquitin ligases catalyzing the transfer of ubiquitin to target proteins. 

TRAF E3 ligase activity plays an important role in the activation of the IKK complex leading 

to both canonical and non-canonical NFB pathways 17. Among the TRAF proteins, TRAF2, 

TRAF5 and TRAF6 have been characterized as positive regulators of signaling to NFB 9. 

The exhaustively studied tumor necrosis factor receptor (TNFR)-1 and Toll/IL-1 

receptor signaling pathways have provided important evidence of the function of TRAF 

proteins in IKK activation 11. Following binding of TNF, TRAF2 and 5 have been shown to 

be recruited to TNFR1 and together are required for NFB activation as demonstrated in 

TRAF2/5 double-knockout mice 18-20. Whether E3 ligase activity of TRAF2 is required or not 

for IKK activation is not fully answered. Knockdown of K63-specific E2 ligase Ubc13 blocks 

TRAF2 autoubiquitination but not activation of NFB 21. Ubc13-/- macrophages show a 

similar lack of effect on NFB activation 22. Yet new data shows partial defects in TNF 

signaling to NFB in ubc13-/- macrophages and splenocytes 23.  

In Toll/IL-1 receptor signaling, TRAF6 is recruited to the receptor complex and is 

necessary for MyD88-dependent activation of NFB by IL-1 and ligands of Toll-like 

receptor (TLR)-4 11. The importance of TRAF6 E3-ligase activity is yet to be established. 

Some data indicates that reconstitution of TRAF6 deficient cells with a TRAF6 mutant, 

lacking the E3 ligase activity, completely restores IL-1-induced NFB activation 24. 

However, more recently it has been shown that E3 ring-finger ligase point mutation of 

TRAF6 is unable to restore NFB activation in TRAF6 knockout cells 25. In addition, ubc13 

deficient mice failed to show defects in TRAF6-mediated activation of NFB downstream 
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LPS, IL-1 or CD40, despite impaired MAPK activation 26. Heterozygous splenocytes and 

macrophages, however, showed a mild defect in LPS-induced NFB activation 23. 

In addition, the ubiquitin ligase activity of TRAF3 has been shown to regulate the non-

canonical NFB pathway (described below) 11, 16. 

 

1.2.2) RIPs are adapters in the canonical NFB pathway.  

 

 Receptor-interacting proteins (RIPs) appear to act both up-stream and with TRAF 

proteins to recruit and activate the IKK complex. There are seven RIP family kinases that are 

characterized by their conserved serine/threonine kinase domains 27. RIP1 possesses a death 

domain which mediates interaction with other death-domain (DD) containing adapters and 

receptors. RIP2 contains a C-terminal caspase activation and recruitment domain (CARD) 

that likewise mediates interaction with certain receptors and adaptors. RIP family members 

are implicated in most canonical NFB-TRAF-dependent and independent pathways, e. g., 

signaling from TNFR1 and Toll/IL-1R, as well as in some TRAF-independent pathways such 

as antigen receptor signaling and signaling in response to DNA damage.  

In TNFR1 signaling, RIP1 binds to NEMO and is an essential adaptor protein 

mediating IKK recruitment and activation, although the mechanisms remain unclear 28-30. In 

the absence of RIP1, IKK recruitment occurs through TRAF2 but does not lead to IKK 

activation 31. Thus RIP1 does not simple recruit the IKK complex but has an additional role in 

its activation. Interestingly, the kinase activity of RIP1 was shown to be dispensable for IKK 

activation 32. It has been suggested that RIP1 may nucleate the assembly of a signaling 

complex that induces IKK activation through oligomerization of NEMO and subsequent 

autophosphorylation of IKK 33. RIP1 is inducibly ubiquitinated by TRAF2 following TNF 

stimulation, but the role of RIP1 ubiquitination remains unclear. It has been reported that the 

mutation of acceptor lysines on RIP1 abrogates NEMO binding and IKK activation, but these 

mutants also fail to associate with TNFR1 34, 35. Furthermore, in TRAF2-/- cells while RIP1 

ubiquitination appears to be completely abolished, TNF-induced IKK activation remains 

intact 32. RIP1 has also been reported to be required for NFB activation via TLR3 and 

TLR4 36, and for DNA-damage-induced activation of IKK 37, but not for activation of the non-

canonical NFB pathway through CD40 or LTR 38.  
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Additionally, the family member RIP2 has also been implicated in signaling pathways 

to NFB. In the antigen receptor signaling RIP2 has been shown to be required for Bcl-10-

mediated NFB signaling 39. At the same time, RIP2 has been shown to participate in 

nucleotide binding oligomerization domain (NOD)-LRR intracellular pattern recognition 

receptors-induced IKK activation. RIP2 binds to NEMO and acts with TGF-activated 

kinase (TAK)-1 and TRAFs to induce NEMO ubiquitination and down-stream signaling 40, 41. 

Similar to RIP1, the kinase activity of RIP2 does not appear to be required to induce 

signaling, and is also ubiquitinated through Ubc/TRAF6 action.  

 Signaling to IKK downstream of RIPs and TRAFs depends on several kinases. In the 

case of the canonical pathway TAK1 fulfills that role, while in the non-canonical pathway 

NIK is required (discussed below). TAK1 deficient mice show variable NFB activation 

deficiencies. TNFR1 signaling to IKK appears completely abolished, while the effect on 

antigen receptor signaling is more controversial 42, 43. Whether TAK1 directly acts on IKK or 

requires additional intermediates, such as MEKK3, remains unclear 35, 44. On the other hand, 

activation of NFB non-canonical pathway does not depend on TAK1, although many of the 

signaling intermediates triggered, for example, by LTR are the same of that of the canonical 

pathway 45. It seems that TAK1 is generally required in pathways that also need RIP1 for the 

activation of IKK. Indeed, RIP1 may recruit TAK1 46. TAK1 has also been implicated in 

antigen receptor and NOD signaling pathways 40, 47. 

 

1.2.3) IKK activation in the canonical NFB pathway.  

 

The first step involved in IKK activation in the canonical pathway is the K63-linked 

polyubiquitination of NEMO. In contrast to IBs K-48 polyubiquitination that leads to 

proteosomal degradation, this modification functions as a binding site for other signaling 

molecules required for the activation of IKK catalytic subunit IKK 48-50. There are different 

NEMO ubiquitin E3 ligases that are activated depending on the upstream signaling, and will 

cause ubiquitination at different lysine residues in NEMO. For example, T-cell receptor 

activation results in Bcl10/MALT-1/Carma1 mediated, TRAF6-dependent, K63 

ubiquitination of NEMO at lysine 399 51. TRAF6, as well as TRAF2 and 5, also mediate 

NEMO polyubiquitination in response to TNF and IL-1, as previously mentioned. By 
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contrast, bacterial infection results in NOD2 and RIP2-dependent K63-linked 

polyubiquitination of NEMO at lysine 285 40. 

Ubiquitin-based modifications serve to oligomerize and activate members of the IKK 

signaling pathway leading to the recruitment of IKK activating kinases to the complex, which 

in turn will phosphorylate IKKs for maximal activation 48-50. For example, TAK1 which is 

involved in TNF-, IL-1-, TLR- and TCR-mediated activation of NFB as mentioned 

above, is recruited to the IKK complex through TAK binding proteins, TAB2 and TAB3, 

which are themselves poly-ubiquitinated and recruited to the IKK complex by TRAF2/6, 

RIP1 and potentially NEMO itself 17, 49, 50. This allows TAK1-mediated 

IKKphosphorylation within its activation loop, resulting in an active IKK complex able to 

induce NFB pathway. Other putative kinases have been described, such as PDK1, SGK and 

MEKK3 16. Another mechanism observed under some circumstances is IKK 

autophosphorylation, catalysed by oligomerization of IKK complex. Site-directed 

mutagenesis studies have revealed that phosphorylation of the IKKactivation loop leads to 

mono-ubiquitination of IKK at lysine-163, with subsequent IKK autophosphorylation of 

further C-terminal serine residues 52. Src-dependent-phosphorylation of tyrosine residues in 

IKK is an alternative pathway leading to phosphorylation of IKKactivation loop in 

response to TNF 53. 

Further regulatory events, post-IKK activation, involve phosphorylation of NEMO at 

serine residues -31, -43 and -376 which has been observed after TNF stimulation and 

expression of Tax viral oncoprotein 54, 55. It is suggested that these modifications might down-

regulate IKK activity, by targeting NEMO to deubiquitinating enzymes. Indeed, IKK 

activation is a transient event that requires negative feedback regulation. The most notably 

deubiquitinases are A20 and CYLD, which have been shown to be involved in the termination 

of the NFB response 11, 17. There is also evidence of IKK intrinsic negative feedback via 

phosphorylation of the C-terminal NEMO binding domain (NBD) of IKK (Schomer 2006). 

Structural changes induced by NEMO serine-68 and IKK NBD phosphorylation may allow 

subsequent dephosphorylation of the activation loop serines in IKKs, as well as of N-terminal 

phosphorylation sites in NEMO by protein phosphatase 2A (PP2A) or PP2C 56-58 

In response to DNA-damaging agents and stress-activated pathways, NEMO can also 

translocate to the nucleus where it might become sumoylated (modification by small 

ubiquitin-like modifier-1 pathway) 59. This results in phosphorylation of NEMO, which in 
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turn leads to the replacement of NEMO sumo-modification by mono-ubiquitination, allowing 

its nuclear export as a complex.  

 

1.2.4) IKK activation in the non-canonical NFB pathway.  

 

The activation of NFB non-canonical pathway requires NIK activity, as previously 

mentioned 16. NIK directly phosphrylates and activates IKK as supported by analyses of 

NIK knockout and aly/aly mice, which bear an inactivating point mutation in the NIK kinase 
11. Regulation of NIK function does not require RIP1 and occurs directly through the 

combined action of TRAF3, cIAP1 and cIAP2 as E3 ligases 9. TRAF3 interacts with the 

receptors that trigger the alternative pathway (e.g., CD40 or LTR), and is sufficient to 

negatively regulate NIK activity. In the resting state, TRAF3 induces NIK ubiquitination and 

degradation, but upon stimulation TRAF3 undergoes signal-dependent degradation mediated 

by other TRAF family members, resulting in the accumulation and activation of NIK 60, 

which then phosphorylates IKK at serine residues -176 and -180 within its activation loop. 

Under some circumstances, activation of PI(3) kinase pathway has been shown to lead to 

Akt/protein kinase B phosphorylation of IKK and subsequent activation of the non-

canonical pathway 61. 

 

1.3) Degradation of IB proteins. 

 

 IKK-mediated phosphorylation of conserved serine residues in the three major 

cytoplasmic inhibitors of NFB: IB,  or , results in their K48-linked polyubiquitination 

by TrCp containing Skp1-culin-Roc1/Rbx1/Hrt-1-F-box (SCF) E3 ubiquitin ligase 

complexes (SCFTrCP) coordinately with the E2 UbcH5, followed by 26S proteosome 

degradation 7. Degradation of IB occurs rapidly in cells, whereas of IB and 

degradation is delayed, or does not occur at all 62. Other kinases can also inactivate IB in 

the classical NFB pathway. For example, casein kinase-2 (CK2)-dependent 

phosphorylation of the IB PEST domain (motif associated to protein degradation) in 

28



 

response to UV-C light treatment or expression of the Her2/Neu oncogene results in IB 

degradation through a TrCP-independent mechanism 63, 64. Tyrosine kinases inactivate IB 

in response to several stimuli, such as hypoxia/reoxygenetion, hydrogen peroxide stimulation, 

and treatment with nerve growth factor or tyrosine phosphatase inhibitor pervanadate. In these 

situations, phosphorylation of IB tyrosine-42 leads to IB dissociation and subsequent 

degradation. Putative kinases suggested include p56-lck, Syk and c-Src 7.  

 Sumoylation of IB has also been reported. This modification inhibits ubiquitination 

and is inhibited by IBphosphorylation, thereby is suggested to be an antagonistic pathway 

to NFB activation 65. However, small pools of sumoylated IB are found in cell 

cytoplasm and this process requires nuclear translocation 66, therefore it has been suggested to 

be involved in shuttling IB to the nucleus were it binds NFB complexes and relocates 

them back to the cytoplasm 7. 

 

1.4) Activation and processing of NFB subunits. 

 

The non-canonical pathway involves the activation of NIK and IKK with the 

subsequent phosphorylation of p100 within its C-terminal domain 14. These phosphorylations 

create an SCFTrCP binding site in p100, similar to those found in IBs, and triggers 

ubiquitination and partial proteosomal degradation to give p52 67, 68. Other sites of p100 

IKK-dependent phosphorylation have been shown to be required not only for efficient 

processing of p100 but also for regulating p52 DNA binding and dimerization (reviewed in 7).  

By contrast, p50 is generated co-translationally in a constitutive manner 69. Inducible 

processing of p105 can occur, but it often results in complete degradation of the protein 

without generation of p50. Unlike p100, IKK phosporylates p105 forming SCF-TrCp 

binding sites, with subsequent ubiquitination and degradation of p105 70, 71. IKKcan also 

induce SCFTrCP -independent processing of p105 leading to p50 formation 71. Although 

dependent on the ubiquitin system, this mechanism does not involve the ubiquitination of 

p105 71. The inducible processing of p105, even though it does not generate active p50, it has 

an important regulatory role.  
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The RelA NFB subunit also undergoes cytoplasmic modification prior to its 

translocation to the nucleus. RelA is a multiply phosphorylated protein with phosphorylation 

sites in the C-terminal TAD and the N-terminal RHD. These phosphorylations have been 

shown to be important in initiating transcription. One example is RelA phosphorylation at the 

highly conserved serine-276 residue by protein kinase A (PKAc) in response to LPS. Since 

PKAc is in a complex with IB, a coordinate IB phosphorylation/degradation and RelA 

modification has been suggested 72, 73. A similar modification by PKAc has been shown for 

p50 and c-Rel at the equivalent sites to RelA serine-276 74, 75. Phosphorylation at this site 

disrupts RelA N- and C-termini intramolecular interaction, allowing DNA binding and 

p300/CBP coactivator interaction 72, 73, 75. One study revealed that the effect of the 

phosphorylation at this site is promoter specific, suggesting that serine-276 phosphorylation 

might have a fine tunning effect on RelA function 76. Another phosphorylation site occurs at 

tyrosine-254 in response to TNF stimulation. This modification allows binding by the 

peptidyl-prolyl isomerase Pin-1, which disrupts the interaction with IB and induces NFB 

translocation to the nucleus 77. In addition, phosphorylation at serine-536 also results in an 

IB-independent mechanism of NFB activation 78, 79. IKKitself phosphorylates this 

residue, yet multiple serine-536 kinases have been described 80. Nuclear phosphorylation of 

this residue has also been shown and it has been suggested to be involved in RelA 

cytoplasmic/nuclear shuttling 78.  

 

1.5) Regulation of nuclear NFB function. 

 

Multiple nuclear modifications of NFB subunits can affect DNA binding, 

interactions with coactivators and corepressors, as well as termination of the NFB 

response. Most studies have focus on RelA nuclear modifications (reviewed in 7).  

Several RelA phosphorylation sites and candidate kinases have been described. For example, 

phosphorylation of serine residues -529 and -536 within the TAD results in transactivation of 

RelA in response to inflammatory stimuli 81, 82. In addition, inducibly phosphorylation of 

serine residue-468 has recently been shown in response to TNF, IL-1 and T-cell stimulation 

and has been described as both stimulating and inhibiting RelA transactivation 83-85. Another 

example, phosphorylation of threonine-505 within TAD inhibits RelA transactivation by 
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inducing increased association with histone deacetylase (HDAC)-1, resulting in 

transcriptional repression of NFB target genes, such as Bcl-xL 86, 87. Phosphorylation of 

threonine-435 has also been implicated as negative regulator of RelA transactivation 88. Given 

the accumulated evidence, it is suggested that the effects of these modifications rather than 

being simple on-off switches will modulate target gene specificity and timing of RelA 

transactivation activity. 

RelA is also inducibly acetylated at a number of sites and these have various effects on 

its activity 89. The coactivator p300 and CBP can acetylate RelA at lysine residues 218, 221 

and 310. Modifications of lysines 218 and 221 have the combined effect of enhance RelA 

DNA binding and inhibit its association with newly synthesized IBwhereas acetylation of 

lysine-310 activates RelA without altering the binding to DNA or IB 90. Co-repressor-

mediated deacetylation of this residue provides a mechanism to inhibit RelA activity 91. At the 

same time, acetylation can have inhibitory effects by decreasing RelA DNA binding affinity 

and have the potential to terminate NFB-dependent transcription, e. g. acetylation of lysine 

residues -122 and -123 92. A link between phosphorylation and acetylation has been 

demonstrated too. RelA phosphorylation can result in increased p300 binding and therefore, 

enhanced acetylation of lysine residues 91, 93. 

 

 

 

 

 

 

 

 

 

(Adapted from Hayden, M. S., Cell, 2008) 

Figure 3. Regulation of NFB transcriptional activity. A) In unstimulated cells κB DNA elements may be 

occupied by p50 or p52 homodimers, which are unable to recruit coactivator complexes. Release of canonical 
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p65:p50 dimers in the absence of cytoplasmic signaling results in DNA binding and HDAC recruitment that may 

actively repress transcription. B) Release of NF-κB dimers through appropriate stimulation is linked to 

phosphorylation of p65, either in the cytoplasm by IKK or PKAc or in the nucleus by MSK1/2 or RSK-1. 

Phosphorylated p65 preferentially interacts with CBP/p300 coactivator complexes resulting in histone and p65 

acetylation and promotion of target gene transcription. C) The exchange of corepressor for coactivator 

complexes is additionally catalyzed by IKKα, which phosphorylates both CBP/p300-inducing preferential 

binding to NF-κB and corepressor complexes inducing HDAC release. D) IKK and MSK may also promote 

transcription through direct phosphorylation of histones. E) Of the many NF-κB gene products, IκB proteins are 

critically involved in both positive and negative feedback responses. Bcl-3 and IκBζ interact with p50- and p52-

containing complexes and promote transcription of a subset of NF-κB target genes or may stabilize repressive 

p50 and p52 complexes and repress subsequent rounds of NF-κB activation. IκBα and IκBε exert negative 

feedback by sequestering NF-κB dimers away from DNA. IκBβ function remains unclear. 

 

 

1.6) Termination of NFB response. 

 

 The duration of NFB response is self-limiting and a number of negative feed-back 

mechanisms have been described independent from clasical IB resynthesis and 

sequestration of NFB dimers 94. For example, phosphorylation of RelA at serine-536 by 

IKK is involved in termination of inflammatory transcriptional response in macrophages, 

possible by promoting degradation of both RelA and c-Rel 95. Because IKK is required for 

activation of NFB-dependent responses it was unclear whether IKK functioned directly 

on NFB or via supporting the expression of genes that function in negative feed-back 

pathways. Recently it was shown that IKK represses transcription of the tumor suppressor 

maspin by acting at its promoter region, through a direct mechanism independent of NFB 
96. Interestingly, ubiquitin-dependent proteolysis of promoter-bound RelA is also required for 

the proper termination of NFB dependent transcription 97. In addition, inhibitory 

phosphorylations within RelA TAD, such as at threonine-505, also have a role in shutting 

down the NFB response. RelB was also shown to be subject of phosphorylation-induced 

proteolytic turnover 98. RelA acetylation can decrease its DNA-binding affinity and induce 

termination of NFB response, as previously mentioned 92.  
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2) Role of NFB in inflammation. 

 

More than twenty years of research in NFB signaling since its discovery has 

resulted in a bulk of information that testifies for the major role of this family of transcription 

factors in the immune system and in cancer biology. The role of NFB in the immune 

response is broad and in expansion, being involved since the development of lymphoid organs 

and hematopoiesis, continuing in the elaboration of the immediate antimicrobial response 

mounted by pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) after 

they have recognized the presence of pathogens, in the subsequent progression of the 

inflammatory response, until the elaboration of adaptive immune responses, which can further 

develop in cancer (for review see 99-101). 

There are numerous studies using gene targeting and inhibitors of NFB that have 

suggested a causative role of NFB in the inflammatory response. Indeed, NFB is 

responsible for the transcription of genes encoding many of the pro-inflammatory cytokines 

and chemokines that guide the leukocytes recruitment, adhesion molecules that mediate the 

extravasation of leukocytes to the site of infection, as well as genes that regulate cellular 

differentiation, survival and proliferation of the vascular and immune cells involve in the 

inflammatory response (Gilmore 2008, www.nf-kb.org). Furthermore, NFB signaling 

mediates the effects of important pro-inflammatory cytokines such as TNF or IL-1. As well, 

a cross-talk between IKK/NFB and interferon pathways, dominant cytokine in chronic 

inflammatory states, has also been shown 102. Therefore, NFB has a crucial role in the 

elaboration and propagation of the inflammatory response, as well as in its resolution were 

NFB has an active role too.  

Knockout and transgenic models of NFB signaling have provided much evidence of 

the role of NFB in inflammation and in the immune response (for review 103). Much of the 

early innate response depends on the canonical NFB pathway, as demonstrated by RelA-/-

/TNFR1-/- double knockout mice that have increased susceptibility to bacterial infection 104, or 

by TNFR1/IKK double knockouts that show a pronounced defect in innate responses and 

succumb to infection more rapidly than RelA-/-/TNFR1-/- mice 105-107. Targeted disruption of 

RelB results in a complex inflammatory phenotype in mice that include T-cell inflammatory 

infiltrates of multiple organs and inflammatory dermitis, as well as major hematopoiesis 
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defects 
108, 109. Furthermore, the combined deficiency of RelB and p105/p50 exacerbates the 

severity and organ inflammation observed in RelB knockout mice 110. Concomitantly, the 

absence of p50/p50 dimers in NFKB1-/- mice is associated with increased susceptibility to 

hepatic inflammation and fibrosis in a model of chronic liver disease 111, demonstrating the 

role of p50 containing dimers in limiting the inflammatory response through the modulation 

of pro-inflammatory genes expression, such as TNF111. Indeed, studies in models of liver 

disease have shown that NFB constitutes the link between chronic inflammation and cancer 
112, 113. Recent data using a transgenic model of IKK2 overexpression in pancreas, identified 

the IKK/NF-B pathway in acinar cells as being key to the development of experimental 

pancreatitis and the major factor inducing the inflammatory response typical of this disease 
114.  

Failure of inflammation resolution and subsequent tissue repair is a common cause of 

disease, and NFB has an active role 115. Cells such as macrophages become resistant to 

repeated pro-inflammatory stimuli such as LPS. This process, known as LPS tolerance, 

involves the action of BCL-3, which is induced late in LPS stimulation, in combination of p50 

dimers by selectively affecting chromatin remodeling of pro-inflammatory genes, but also 

facilitating expression of the anti-inflammatory gene IL-10 116. NFB p50 also negatively 

regulates IFN expression and proliferation of NK cells 117. In addition, inhibition of NFB 

during the resolution phase can prolong the inflammatory process and prevent tissue repair 
118. IKK-deficient mice display increased inflammatory responses in models of local and 

systemic inflammation 95. Macrophages, in particular, show increased production of pro-

inflammatory cytokines and chemokines in the absence of IKK
95, 119. These studies have 

suggested that IKK negatively regulates expression of these genes through mediating 

degradation of RelA and c-Rel following macrophage activation by LPS. In addition, a recent 

study were IKK was selectively deleted in the myeloid lineage has suggested an anti-

inflammatory role for IKK by inhibiting macrophages activation through cross-talk with the 

Stat-1 pathway 102. Thereby, preventing the over activation of macrophages during infection 

and contributing to inflammation resolution. 

In sum, during the acute inflammatory state, activation of NFB mainly involves 

p50/p65 heterodimers, which activate transcription through the recruitment of coactivators 

such as CBP/p300. During the resolution phase of inflammation p65 is degraded and removed 

from the nucleus in part by phosphorylation by IKK followed by proteosome-mediated 

proteolysis. In addition, p50 homodimers mediate the transcription (with the aid of 
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coactivators) of anti-inflammatory cytokines such as IL- 10. p50 homodimers also displace 

p50/ p65 heterodimers on the promoters of pro-inflammatory genes, and by recruiting 

corepressors such as HDAC-1 lead to repression of transcription. These concerted events 

ensure that inflammation does not persist; nevertheless, new evidence suggests a more 

complex picture in which signaling cross-talks might have a fine-tuning modulation of the 

inflammatory response 102, 120-122. 

 

 

3) TNF is a potent pro-inflammatory cytokine 

 

Tumor necrosis factor (TNF) is one of the most important promoters of the 

inflammatory response. This cytokine is member of the TNFR superfamily, which consists of 

a number of receptors and ligands that exhibit a remarkable diversity in tissue distribution and 

physiology. Despite the variety of biological responses, TNF signaling converges on 

activation of NFB and AP-1 signalling pathways (for review 123).  

TNF family receptors lack intrinsic enzymatic activity. Therefore, signaling is 

achieved by recruitment of intracellular adapter molecules that associate with the cytoplasmic 

tail of the receptor in a signal-dependent manner. Two receptors, TNFR1 and TNFR2, bind 

membrane integrated or soluble TNF. TNFR1 is constitutively expressed in most tissues, 

whereas expression of TNFR2 is highly regulated and is restricted to cells of the immune 

system. The recruitment of TNFR1 to membrane microdomains (lipid rafts), with subsequent 

assembly of a complex, is necessary for signaling to NFB and prevention of apoptosis 124. 

Ligation of TNFR1 by trimeric TNF causes aggregation of the receptor allowing binding of 

the TNFR-associated death domain protein (TRADD) 125. TRADD subsequently recruits 

adapter proteins that result in IKK, p38, JNK, and caspase activation. 

 

3.1) TNFR1 signaling to IKK. 

Many of the adaptor molecules recruited to TNFR1 via TRADD that allow the 

signaling to IKK were already presented. Briefly, TRAFs are a critical set of adaptor 

molecules implicated in TNF signaling. Multiple members of the TRAF family including 

TRAF2, TRAF3, and TRAF5 have been shown to play an important role. Despite deficiencies 
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in AP-1 activation, TRAF2 deficient cells have intact TNF activation of NFB. TRAF5 

knockout cells also exhibit normal NFB activation by TNF 18, 19. However, TRAF2/5 

double knock-out cells have substantially reduced TNF-induced IKK activation, suggesting 

redundant roles of these proteins in TNF signaling to NFB 
20. TRAFs may either recruit the 

IKK complex directly 31, or indirectly via the serine/threonine kinase RIP1, as described 

previously. In the canonical pathway, signaling downstream of RIP1 requires TAK1 for 

activation of the IKK complex 45, as demonstrated by the complete inhibition of TNFR1 

signaling to NFB in TAK1 deficient embryonic fibroblasts 43.  

 

3.2) TNF signaling to JNK and p38-MAPK. 

 TNF also induces the activation of kinases of the stress-activated protein kinase 

(SAPK)/c-Jun N-terminal kinase (JNK) group. The JNK isoforms are distantly related to 

mitogen-activatd protein kinases (ERKs) and similarly to them, are activated by dual 

phosphorylation on tyrosine and threonine residues. Upon activation, JNK kinases translocate 

to the nucleus and enhance the transcriptional activity of c-Jun and ATF2 transcription 

factors, by phosphorylation of their amino-terminal activation domais. c-Jun belongs to a 

group of basic region-leucine zipper proteins that dimerize to form transcription factors 

commonly designated as activator protein-1 (AP-1) 123. TNF-induced activation of JNK 

occurs through TRAF2-dependent pathway and activation of MKK7, which is essential and 

sufficient to evoke JNK activation 18, 126-128. Based on their ability to interact with TRAF2, the 

JNK-inducing MAP3kinases MEKK1 and ASK1 might fill the gap between TRAF2 and 

MKK7, but studies in deficient mice for these kinases do not support an essential role in TNF-

induced JNK activation 129, 130. Several parallel pathways link TNFR1/TRAF2 to MKK7 and 

JNK 123.  

 TNF also induces the p38-MAPK signaling cascade and many aspects of TNF-induced 

JNK activation are shared. Indeed, TRAF2, ASK1 and MEKK1 are strong inducers of p38-

MAPK pathway 131, 132. However, upstream and downstream MAP3 kinase level there are 

differences between JNK and p38 activation. For example, it has been shown that deletion 

mutat of RIP interferes with TRAF2-mediated activation of p38-MAPK but not with JNK 

activation 133. Thus it has been proposed that TNF-induced p38-MAPK occurs through a 

different axis comprising TRAF2 and RIP. In agreement to these observations TRAF2 

deficient mice have impaired TNF-induced JNK activation 18, whereas RIP deficient mice 
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have a normal JNK activation 29. p38-MAPK act by activation of various transcription factors 

including AP-1, ATF2, CHOP, CREB and ELK1, and it can also enhance the stability of 

mRNAs (for review 134).  

TNFR1 signaling can stimulate both cell death and survival, and the choice involves 

the participation of both TNF transcription factors, NFB and AP1. If activation of NFB 

is blocked, TNF becomes a potent apoptosis-inducing factor as shown in RelA-/-/TNFR1-/- 

knockout mice 104 or IKK
-/-/TNFR1-/- mice 105. Both JNK and p38 are transiently activated 

by TNF, but show prolonged activation under apoptotic conditions. NFB prosurvival 

function is mediated through the expression of antiapoptotic genes such as cIAP1/2 and Bcl-

XL and effectors that inhibit the JNK/AP1 pathway. As such GADD45, X-chromosome-

linked inhibitor of apoptosis (XIAP) or cFLIP (Casper) are JNK inhibitor factors that act at 

different levels of pro-apoptotic JNK signaling 135. The roles of JNK and NFB are 

nevertheless not entirely antagonistic, since expression of the antiapoptotic protein cIAP1 for 

example, is co-regulated by both transcription factors. Consequently, JNK-1/-2 double knock-

out cells have increased TNF-induced apoptosis 136, 137.  

 

 

4) Role of the vascular endothelium in inflammation.  

 

The vascular endothelium is central to the cellular and molecular events that take place 

during the inflammatory response. It is the continuous non-thrombogenic single-cell lining of 

the cardiovascular system that forms an interface between the blood and its components on 

one side and the tissues and organs on the other 138. Vascular endothelial cells (ECs) possess 

an innate heterogeneity, expressed by differences in their structure and function according to 

the vessel they are lining or tissues in which they reside. As such, major qualitative 

differences exist between macro- and micro-vascular ECs 139. Vascular ECs constitute a 

selective semi-permeable barrier endowed with a machinery of caveolae, coated-pits, and 

vesicles to actively sort and gate permeant molecules. ECs react to physical and chemical 

stimuli occurring in plasma and interstitial fluid, regulating the hemostasis, vasomotor tone, 

and the immune response 138, 140. Their response to the modified microenvironment is gradual 

and is function of the stimuli intensity: initially by modulation of their constitutive functions, 
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then by dysfunction, expressed by temporarily altered functions characterized by a shift 

toward reduced vasodilatation, a pro-inflammatory state, and pro-thrombotic properties, and 

only ultimately by cell death 141.  

Endothelial cells support all the various phases of the inflammatory process by 

changing their phenotypes concomitantly the inflammatory response evolves (for review 142). 

Three main components of ECs activation underlie the onset and progression of 

inflammation: an increase on local blood flow, accounting for the red colour (rubor) and 

warmth (calor) of inflamed tissues; a localized leakage of plasma protein-rich-fluid into the 

tissue, accounting for the swelling (tumor) of inflamed tissues; and a localized recruitment 

and activation of circulating leukocytes. ECs sustained activation, nevertheless, leads to 

deleterious functions that contribute to the development of immune/inflammatory-mediated 

disorders diseases, such as atherosclerosis, rheumatoid arthritis or inflammatory bowel 

disease 139.  

 

4.1) The endothelium in acute inflammation. 

 

The process of acute inflammation is a result of endothelial cell activation, which may 

be divided into rapid responses that are independent of new gene expression (type-I 

activation), and are typically mediated by ligands that bind to G-coupled receptors such as 

histamine H1 receptors; or slower responses that depend on new gene expression (type-II 

activation). The prototypic mediators of this type of EC activation are TNF and IL-1 derived 

from activated leukocytes. 

 

4.1.1) Type-I activation of endothelial cells 

 

Signaling through heterotrimeric G-protein coupled receptors (GPCRs) leads to 

transient intracellular elevations of Ca2+ and activation of the RHO (Ras homologue) 

pathway, which combine to mediate type-I activation response. Increased blood flow results 

from Ca2+-mediated release of arachidonic acid from membrane phosphatidylcholine and its 

rapid conversion to prostaglandin I2 (PGI2), which is a potent vasodilator that relaxes smooth 

38



 

muscle vascular tone. In addition, cytosolic Ca2+-calmodulin complex activates endothelial 

nitric oxide synthase (eNOS) to produce NO, the main EC vasodilator that synergizes with 

PGI2 142. Concomitantly, vascular leakiness results from activation of myosin-light-chain 

kinase (MLCK) and subsequent increased phosphorylation of myosin-light-chain (MLC). 

This, in turn, initiates the contraction of actin filaments that are attached to tight and adherens 

junctions, resulting in the opening of gaps between adjacent endothelial cells. Plasma proteins 

leak from blood into the tissues and assemble into a provisional matrix that supports the 

attachment, survival and migration of leukocytes 143.  

The rise in intracellular Ca2+ initiates as well the localized and restricted recruitment 

of leukocytes, a fundamental event in the inflammatory response. Leukocytes recruitment is a 

sequential cascade of events involving leukocyte and endothelial cell adhesion molecules that 

support leukocyte tethering and rolling, firm adhesion, and transendothelial migration 

(transmigration, diapedesis, emigration) under laminar shear stress 144. Cell adhesion 

molecules and chemokines guide this process, and their combination specifies the recruitment 

of the appropriate leukocytes to the site of inflammation 145. The activation of MLC causes 

the release of P-selectin from specialized secretory vessels, known as Weibel-Palade bodies 

(WPBs). At the same time, lysophosphatidylcholine, a by-product of arachidonic acid 

generation, is rapidly acetylated, generating an endothelial-cell-derived acyl form of platelet-

activating factor (PAF), which in combination with P-selectin becomes a dual signal that 

initiates neutrophils extravasation. Firm adhesion of the leukocyte on EC surface via 

endothelial adhesion molecules and leukocytes integrins is a key step that already initiates 

intracellular signaling events leading to facilitate leukocyte recruitment 146. 

 

4.1.2) Type-II activation of endothelial cells 

 

Signals by GPCRs last for 10-20 minutes, after which the receptors become 

desensitized preventing stimulation and limiting the degree of neutrophils extravasation. A 

more sustained inflammatory response requires a more persistent stimulation that is provided 

by type-II activation in response to inflammatory cytokines TNF and/or IL-1, and NFB 

signaling activation. Similarly to type-I activation, type-II response leads to increased blood 

flow, increased vascular leakage of plasma proteins and increased leukocytes recruitment at 

the site of inflammation. However, all of these effects are enhanced or more effective than in 
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type-I activation given the expression of new genes. The increase in blood flow in type-II 

activation still depends on the rise in cytosolic Ca2+ as a result of type-I activation. PGI2 

synthesis is also enhanced but at a much higher extent due to the induction of COX-2, which 

initiates prostaglandin synthesis more effectively than COX-1. Type-II activation induced 

plasma protein leakage also results from opening up gaps between adjacent cells after 

reorganization of cell cytoskeleton upon intracellular Ca2+ rise. But, it leads to a firm 

provisional matrix, rather than the soft and transient edema of type-I activation, due to the exit 

of large proteins such as fibrinogen. Leakage of large plasma proteins in response to TNF is 

dependent on new-protein synthesis and on NFB signaling pathway, but the exact 

mechanisms are still not known. Leukocytes recruitment is also more effective following 

type-II activation due to new synthesis of chemokines and display of adhesion molecules on 

the EC surface, such as IL-8 and E-selectin, that further enhances neutrophils extravasation. 

Indeed, ECs have the ability to present chemokines, synthetized by themselves or by other 

cells, on their surface through binding to proteoglycans 147-149. More recent evidence suggests 

that chemokine-triggered arrest via integrin activation requires close localization among 

apical chemokines, their cell receptors and integrin adhesion molecules 150.  

Once initiated TNF and/or IL-1 responses they are not more sustained than that of 

GPCRs signaling but they are program to evolve over time. E-selectin expression is 

spontaneously shut off, despite the continued presence of the cytokine; this response 

correlates with the inactivation of AP-1 transcription factor. At the same time, cytokine 

activated ECs increase their expression of VCAM-1 and ICAM-1. In combination with the 

synthesis of other cytokines, such as CCL2, these changes in the ECs cell adhesions display 

favours a transition from neutrophil-rich infiltrates to mononuclear-rich infiltrates, which 

typically occurs between 6 and 24 hours after cytokine-mediated activation. By 24 hours, 

leukocyte-mediated EC injury contributes to inflammation. Furthermore, TNF and IL-1, 

when combined with other mediators like interferon (IFN)- exacerbate EC injury triggering 

cell death, which also favour thrombosis. Apoptotic ECs lose their anti-coagulant heparin 

sulphate proteoglycans and acquire pro-coagulant functions, such as exocytosis of 

microparticles with exposed phosphatidylserine that support coagulation. In addition, 

exposure of sub-endothelial basement membrane collagen by retracted or disrrupted ECs 

support adhesion and activation of platelets. TNF sustained presence exacerbates endothelial 

cell dysfunction by inhibiting synthesis of NO and thrombomodulin by post-transcriptional 
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modifications in eNOS and transcriptional repression, respectively. Alternatively, induces the 

expression of tissue factor which initiates the coagulation cascade. 

Whereas type I activation spontaneously resolves due to receptor desensitization, type-

II activation can persist as long as activating cytokines are present. Resolution of type-II 

activation is caused by removal of the inflammatory stimulus, for example, eradication of 

infection; or by termination of NFB activity, shutting off the inflammatory gene 

expression. 

 

4.2) Endothelium in chronic inflammation. 

 

If acute inflammation fails to eradicate the triggering stimulus, and especially if an 

adaptive immune response is activated by persistent stimulation, the inflammatory process 

evolves to a chronic form, in which specialized effectors cells are involve. ECs participate in 

this process by presenting antigens to circulating effector and memory T cells (reviewed in 
151). Other changes within the ECs in chronically inflamed tissues may have roles in the 

polarization of inflammatory responses associated with adaptive immunity. For example, in a 

T helper 1 (TH1)-cell dominant response, EC synthesize and express CXCL10, which binds to 

CXC-chemokine receptor-3 (CXCR-3) expressed by effector and memory T cells, and sustain 

the expression of certain adhesion molecules such as E-selectin, which favours the 

recruitment of TH1 cells. These changes in ECs are induced by IFN, creating a positive 

feedback that maintains TH1 response. By contrast, if the inflammatory response is dominated 

by TH2 cells, ECs respond by up-regulating the expression of chemokines such as CCL26 

(eotaxin-3) which in combination with VCAM-1 favours the recruitment of TH2 cells. It is yet 

unknown whether ECs at the site of inflammation can display a phenotype that favours 

recruitment of TH17 or regulatory T cells. 

When the specialized effector cells of the adaptive immune system again fail to 

eradicate the antigen, then two additional changes take place: angiogenesis and formation of 

tertiary lymphoid organs (TLOs). Angiogenesis is initiated by the migration of the ECs into 

the tissue guided by angiogenic factors (VEGFA, FG2, angiopoietin-1 and angiopoietin-2) 

secreted by activated T cells and mononuclear phagocytes. This results in a new plexus of 

capillaries, which are necessary for survival of inflammatory cells within the tissue and the 
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conversion of the initial provisional matrix into a long-lasting connective tissue stroma. Such 

inflammatory neo-tissues become prominent features of certain chronic disease such as the 

complicated atheroma of advanced atherosclerosis. Formation of TLOs involves the 

recruitment of other lymphocytes not normally associated with inflammatory infiltrates, 

notably naive T cells, central memory T cells and B cells, which reorganize themselves into 

distinct B- and T-cell areas. This conversion of chronically inflamed tissues into organized 

lymphoid structures may be associated with the autoimmune organ damage. Endothelial cells 

undergo new phenotype changes to support TLOs formation. They change their shape from 

flat to tall ECs, similar to those found in lymph nodes, and start to express L-selectin to 

facilitate the recruitment of these new effector cells in a process that involves the non-

canonical NFB pathway.  

 

 

5) Atherosclerosis a chronic inflammatory disease of the vessels wall. 

 

Atherosclerosis is a progressive disease characterized by thickening of the arterial wall 

and is the primary cause of coronary heart disease (CHD) and cerebrovascular disease, two of 

the most common causes of illness and death worldwide. Atherosclerosis is a form of chronic 

inflammation with an intense immunological activity, resulting from the interaction between 

modified lipoproteins, cells of the immune system and of the vascular wall (for review 152, 153). 

The inflammatory process leads ultimately to the formation of lesions, or plaques, that 

protrude into the arterial lumen. These lesions are the site of inflammation, lipid 

accumulation, cell death and fibrosis. Early lesions, or fatty streaks, typically present as 

asymmetrical focal thickenings of the intima, resulting from accumulation of immune cells 

and lipid droplets. During this first stage of plaque formation, lipid-laden macrophages, or 

foam cells, outnumber other cell types, but T cells are also present in these nascent lesions. 

Fatty streaks do not cause symptoms and can progress into mature atherosclerotic plaques, or 

disappear with time. 

Mature plaque, also known as atheroma, have a more complex structure than fatty 

streaks (Figure 4). In the centre of a plaque, foam cells and extracellular lipid droplets form a 

core region that is surrounded by a fibrous cap of smooth muscle cells and a collagen-rich  
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(Adapted from Hansson, G. K. & Libby, P., Nature 2006) 

Figure 4. Cellular composition of atheroslcerotic plaques. The atherosclerotic plaque has a core containing lipids 

(esterified cholesterol and cholesterol crystals) and debris from dead cells. Surrounding it a fibrous cap 

containing smooth muscle cellsand collagen fibres stabilizes the plaque. Immune cells including macrophages, T 

cells and mast cells populate the plaque, and are in an activated state, producing cytokines, proteases, pro-

thrombotic molecules and vasoactive substances, that affect plaque inflammation and vascular function. 

 

matrix 154. Other cell types present in plaques include dendritic cells (DCs), mast cells, a few 

numbers of B cells and natural killer T (NKT) cells. The shoulder region of a mature plaque, 

which is where it grows, has particularly abundant accumulation of macrophages and T cells, 

both of which are activated, leading to a cascade of cytokines that maintain the inflammatory 

state. Concomitantly, activated smooth muscle cells (SMCs) are responsible for the plaque 

growth and stability through their continued synthesis of fibrous tissue 154. Over the time, 

these lesions mature and gain new characteristics which leads to the clinical complications of 

atherosclerosis. 

Although these complications can already arise from plaques causing flow-limiting 

stenoses, the most severe clinical events follow plaque rupture due to fibrous cap disruption, 

which exposes the prothrombotic material in the plaque to the blood and causes sudden 

thrombotic occlusion of the artery at the site of disruption. In the heart, atherosclerosis can 

lead to myocardial infarction (MI) and heart failure; whereas in the brain it can cause 

ischaemic stroke and transient ischaemic attacks. If atherosclerosis affects other arterial 

branches, it can result in renal impairment, hypertension, abdominal aortic aneurysms and 

critical limb ischaemia. 
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 Although currently genome-wide association studies are been used to identify genes 

that are significantly associated with atherosclerotic disease and its risk factors 155-158, the 

systematic investigation of the mechanisms underlying atheroslcerosis development relies on 

animal models of the disease that show substantial overlap with the human disease. Two 

strains of genetically modified mice are the most fruitful and of current use. Mice lacking 

apolipoprotein E (apoE-/-), which plays a role in lipoprotein metabolism, develops 

spontaneous hypercholesterolemia and atherosclerotic disease (exacerbated by an atherogenic 

diet) 159. Low-density-lipoprotein receptor deficient mice (LDLR-/-) respond to being fed with 

fat by developing hypercholesterolaemia and atherosclerotic plaques 160.  

Employing these experimental animal models it has been shown that signs of 

inflammation appear hand-in-hand with incipient lipid accumulation in the artery wall an 

contribute to each stage of atherosclerosis development. Immune-cells recruitment is essential 

for plaque formation and progression. In a plaque, 40% of the cells express macrophage 

markers and 10% are CD3+T cells , which together with the small populations of mast cells, 

B cells and DCs, traffic between the blood, the damaged arterial wall and the regional lymph 

nodes 154.  

Leukocytes recruitment is triggered after ECs activation, e.g. by disturb blood flow 

patterns occurring at large arteries or accumulation of oxidized lipids. The alteration of blood 

flow from laminar to disturbed shear stress at vessel branch points, bifurcations and regions of 

high curvature, causes ECs activation and a change in the expression of adhesion molecules 

(notably, ICAM-1, VCAM-1, and E- and P-selectin) and the synthesis of critical chemokines 

(MCP-1, interleukin (IL)-8, RANTES and MIP-1) that influence leukocyte recruitment 161, 

162. The modulation of the endothelial phenotype by disturb flow requires the integration of 

numerous mechanotransduction pathways 163-165. Shear-stress is transmitted from the apical 

surface of the EC through the cytoskeleton to points of attachment at cell-cell and cell-matrix 

adhesions 166. Although these interactions mediate unique down-stream signaling, integrin and 

junctional signals activate common effectors that maintain a complex cross-talk, such as 

NFB, ERK and p38 MAPKs, Akt and Src kinases 163. It has been shown that cell adherens 

junctions serve as mechanotransducers. A minimal mechanosensory complex composed by 

platelet endothelial cell adhesion molecule (PECAM)-1 (which directly transmits mechanical 

force), vascular endothelial (VE)-cadherin (which functions as an adaptor) and the tyrosine 

kinase VEGF receptor 2 (VEGFR2) (which activates phosphatidylinositol-3-OH kinase), was 

shown to mediate a subset of endothelial shear stress responses, such as activation of NFB 
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and induction of pro-inflammatory target genes expression 165, 167. Furthermore, under higher 

shear conditions and on early atherosclerotic lesions, already adherent leukocytes mediate the 

capture of other leukocytes from the free flow, in a phenomenon known as secondary capture 

that results in rolling strings of leukocytes, as observed by intravital microscopy of large 

arteries. Platelets adhered to the vessel wall at sites of EC activation contribute largely to this 

secondary capture by releasing adhesive ligands, such as P-selectin, and inflammatory and 

mitogenic mediators into the local microenvironment, thereby altering the chemotactic and 

adhesive properties of endothelial cells 168. 

Expression of VCAM-1 by endothelial cells of arteries is part of the initial response to 

cholesterol accumulation in the intima 169, and its patchy distribution corresponds to the 

subsequent position at which fatty streaks will form 170. At the same time, these regions 

overlap with sites where the endothelial cells experiences disturb flow and the endogenous 

atheroprotective mechanisms are impaired 171. 

Shortly after VCAM1 up-regulation, monocytes and T cells enter the arterial intima, 

and under the stimulation of M-CSF, produced by the ECs and SMCs, monocytes differentiate 

into macrophages and T cells become activated 172, 173. The chemokines produced by vascular 

cells that guide the leukocytes recruitment include monocyte chemoattractants MCP-1 

(CCL2) and its receptor CCR2 174, MCP-2 (CCL8), KC (CXCL1), MIP-1 (CCL3), MIP-1 

(CCL4); T-cell chemoattractants RANTES (CCL5), CXCL10 and CXCL11 175; the mast-cell 

attractant CCL11 (eotaxin) 176; CXCL16 which can function as scavenger receptor or 

chemokine 177, and CX3CL1, also named fractalkine, which is a transmembrane protein 

preferentially expressed by SMCs 178 (for review 145, 153, 179, 180).  

 Monocyte extravasation is a key step in the development of atherosclerosis. Different 

subsets of monocytes are recruited into the atheormatous lesion by means of differentially 

employ CCR2, CCR5 and CX3L1 chemokines 181. The initial adhesion of peripheral blood 

monocytes to ECs surface triggers monocytes gene expression program to up-regulate 

mandatory extravasation-specific genes and initiate their differentiation towards inflammatory 

macrophages 182 expressing a complete  array of PPRs, such as scavenger receptors (CD36, 

CD68, CXCL16, LOX1, SR-A and SR-BI) 183 that mediate the internalization of modified 

lipoproteins with the subsequent cholesterol accumulation and MHC-class-II-restricted 

antigen presentation, and TLRs that drive the inflammatory response directly by activating 

NFB and MAPK/AP1 signaling pathways 184, 185. 
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The infiltration of T cells is a sign of the chronic inflammatory state in advanced 

human  plaques.   T  cells   often   accumulate   at   sites  of   atheroma  rupture 154   and  much 

evidence has emphasized their importance in atherosclerosis. For example, depletion of CD4+ 

and CD8+ T cells reduced fatty-streak formation in C57BL/6 mice 186. Whereas, transfer of 

CD4+ T cells from apoE-/- mice to the severe combined immunodeficient (SCID) /apoE-/- mice 

increased the lesion area in the latter one to the same extent as that found in fully 

immunocompetent apoE-/- mice 187.  

Most of atheroma T cells bear the CD3 and CD4 markers and the T-cell antigen 

receptor    ( TCR ) + 154.    TCR-deficient    apoE-/-    mice     shows    indeed   reduced 

atherosclerosis 188.The CD4+ T cells that are isolated from human plaques are mostly 

CD45RO-expressing memory and/or effector T cells 189. It has been suggested that a first 

round of activation with “athero-antigens” might occur in regional lymph nodes after antigen 

presentation by DCs circulating from the plaque to the lymph node 190. After entering the 

blood, previously activated memory/effector T cells bind to plaque activated ECs and 

transmigrate into the plaque, where macrophages further activate them by antigen 

presentation 153, 190. CD4+ T cell clones derived from plaques recognize oxidized low-density 

lipoproteins (oxLDLs), HSP60 or antigens derived from pathogens as Chlamydia pneumonia 
191, 192. As expected no T cells react with native LDL, but oxidative modifications break the 

tolerance and oxLDL-reactive T cells are found in plaques, lymph nodes and in blood of 

patients with atherosclerosis and experimental animals 191. Most of the oxLDL-reactive CD4+ 

T cells exhibit properties of the TH1 cell phenotype and secrete the cytokines INF, IL-12, 

TNF- and –, which can directly accelerate the disease progression through further 

activation of macrophages and vascular cells 193.  

 TH1-type cytokines dominate in mouse models of atherosclerosis and in human 

plaques 153. Administration of recombinant IFN
194, or the TH1 -cell differentiation- 

inhibiting drug pentoxyfillin 195 to hypercholesterolaemic mice led to increased and decreased 

atherosclerosis, respectively. Studies in genetically modified mice have shown reduced 

atheroscleorsis in hypercholesterolaemic mice lacking INFreceptor 196 197, IL-12 198, IL-18 
199, TNF 200 or the TH1-cell-inducing transcription factor T-bet 201 supporting the hypothesis 

that atherosclerosis is a TH1-cell-driven disease. However a role for TH2-immune response in 

atherosclerosis has also been demonstrated. For example, C57BL/6 mice which are prone to 

TH1-type immune responses develop fatty streaks if fed with a high-cholesterol diet, whereas 

BALB/c mice, prone to TH2-type immune responses, are resistant to atherogenesis 202. 
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Targeted deletion of STAT6, a transcription factor essential for TH2-cells differentiation, 

renders BALB/c mice susceptible to atherogenesis associated with a switch from TH2-cell to 

TH1-cell response 
202. Moreover, IL-10 which is a TH2-related cytokine exerts major anti-

atherogenic effects 203, and immunization of atherosclerotic prone mice with oxLDL is 

associated with IL-5 related atheroprotection 204, suggesting indeed a related TH2 effect. TH2 

effects seems to be related to severe hypercholesterolemia since high cholesterol fed apoE-/- 

mice elicit a switch to TH2 immune response, associated with a loss of IFN-producing TH1 

cells in the spleen and appearance of TH2-type cytokines in the atherosclerotic lesions 180. 

However, data regarding the role of IL-4, the prototypic TH2 cytokine, in atherosclerosis are 

inconclusive. Some studies have shown a protective effect of IL-4, whereas others have found 

reduced disease in the absence of it 198, 205, 206.  

Another subset of T cell types identified in atherosclerotic plaques is of natural killer 

T cells (NKT) 207. Studies in apoE-/- mice have shown that NKT-activation increases early 

atherosclerotic plaque development together with increased local expression of pro-

inflammatory cytokines 208. Recent data has revealed that removal of a single NKT cell 

population decreased the atherosclerotic lesion size and significantly reduced expression of 

interferon (IFN)- in lesions, thereby protecting mice from atherosclerosis 209.  

In addition, CD4+CD25+ regulatory T (Treg) cells have also been recently identified in 

atherosclerotic plaques (for review 210-212). Treg cells play a central role in inducing and 

maintaining the immunologic tolerance, and in the termination of immune responses. 

Deficiency or dysfunction of these cells lead to autoimmunity or aggravated pathogen-

induced inflammation 213. Experimental studies have shown that adoptive transfer of Treg 

prevent the development of plaques in mouse models of atherosclerosis 212, 214, 215. 

Furthermore, it was shown that the numbers of Treg are decreased in the peripheral blood of 

patients with acute coronary syndromes 216. A recent study investigated the distribution of Treg 

during human plaques development 217 and their findings indicate the presence of low 

amounts of Treg in the intima and in the adventitia during all stages of plaque formation, 

whereas in norrmal vessel fragments T cells were totally absent 217. 
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II) Aim of the study 

 

The principal aim of the work presented in this thesis was to investigate the role of 

IKK/NFB signaling pathway in the TNF-induced gene expression profile of 

microvascular endothelial cells. 

Subsequently, two additional aims resulted from the main study. These were: 

1) Development of a transgenic murine model of human endothelial lipase; and, 

2) Analysis of Epstein-Barr virus induced gene-3 expression in human atheroma 

plaques.  
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III) Results and Discussion 

 

1) Determination of IKK/NFB gene expression profile in endothelial 

cells. 

 

1.1) Genetic manipulation of NF-B activity in HMEC-1 cells. 

 

The role of the IKK/NF-B signaling pathway in the gene expression program of 

microvascular endothelial cells (HMEC-1) 218 was investigated by microarray gene expression 

profiling. The experimental approach used retroviral gene transfer to stably express dominant 

interfering mutants of the IKK/NF-B signalosome (Figure 1a, paper I). Suppression of NF-

B signaling was achieved by using a trans-dominant IB protein (TD-IB) with serine to 

alanine mutations (S32A/S36A) in the N-terminal domain 219). Whereas, for the selective 

activation of this pathway, a constitutively active version of IKK2 (CA-IKK2) bearing 

phosphomimetic serine to glutamate mutations in the activation loop was used 219. The 

retroviral vector used pCFG5 IEGZ allowed a coordinated expression of the chimeric marker 

gene (EGFP/Zeo) and the correspondent gene of interest through an Internal Ribosomal Entry 

Site (IRES) derived from encephalomyocarditis virus (ECMV) (Figure 1a, paper I). 

Functional analyses of the transduced HMEC-1 cells were performed to validate the 

experimental model. Whereas TNFinduced rapid degradation of endogenous IB in cells 

infected with empty vector, the transdominant IB protein was stable under these conditions 

and expression of the endogenous IB protein was almost completely repressed in TD-IB 

infected cells (Figure 1b, paper I) 219. This result is explained by the fact that ectopic 

expression of IB keeps NFB activity repressed and therefore, transcription of target 

genes such as IB itself is blocked, thus no new synthesis of the protein can occur. 

Importantly, TNF stimulation of TD-IB-expressing cells failed to induce NFB DNA 

binding activity, while expression of CA-IKK2 induced NFB DNA binding activity already 

in the absence of TNF as documented by EMSA experiments (Figure 1c, paper I). The 

specificity of NFB binding was confirmed through competition experiments which showed 
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that mutated B-probe fails binding NFB compared to consensus B-probe (Figure 1d, 

paper I), and supershift analysis revealed that the DNA binding complex is composed of 

p50/p65 proteins (Figure 1e, paper I). To verify the functional activity of NFB modulators 

in gene expression, expression analysis of the classical NFB target intracellular adhesion 

molecule-1 (ICAM-1) was done by flow cytometry. Both parental HMEC-1 and empty vector 

transduced HMEC-1 showed TNF-induced ICAM-1 up-regulation. As expected, the CA-

IKK2 expressing cells showed strong ICAM-1 expression without TNF stimulation, whereas 

no ICAM-1 expression could be induced in TD IB cells (Figure 1f, paper I). 

 

1.2) Identification of TNF-regulated genes in HMEC-1 cells and dependence on the 

IKK/NF-B pathway. 

 

Having achieved the functionality of the mutants, gene expression profiles were 

obtained from these genetically modified cells in response to TNF by hybridization onto 

human microarray plataform (Affimetrix U133A). Importantly, the definition of a classical 

TNF-induced NFB target gene was established: NFB target genes should be up-

regulated in unstimulated HMEC-1 cells expressing CA-IKK2 compared to empty vector 

control cells. TNF stimulation might result in a further induction of these genes in CA-IKK2 

expressing cells. These genes should be induced by TNF in empty vector infected cells, but 

not or less induced in TNF stimulated HMEC-1 cells expressing TD-IB(Figure 5). 

Opposite criteria should hold for genes repressed by NFB. The sorting of the genes 

considered only those whose expression was altered at least 2 fold in a minimum of seven out 

of nine possible combinations between the triplicates of each comparison. 
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Figure 5. Schematic representation of NFB target gene definition. A classic NFB target must be up-

regulated by TNFstimulation in control cells, not or less up-regulated in TNF-induced TD-IBHMEC-1 

cells, and already be up-regulated in unstimulated CA-IKK2 HMEC-1 cells. TNF stimulation might further 

induce the expression of these genes in CA-IKK2 expressing cells. Opposite criteria is hold for TNF-repressed 

genes. 

 

1.2.1) Identification of up-regulated genes. 

 

The results from these analyses are graphically represented in Venn diagrams. There 

were identified 141 genes up-regulated by TNF in control HMEC-1, 162 genes induced by 

CA-IKK2, and 199 genes down-regulated in TNF stimulated TD-IB cells when compared 

to TNF-stimulated control cells (Figure 2a, paper I). The vast majority of the TNF-induced 

genes, a total of 106 genes corresponding to the 75% of the total, fully met the definition of 

NFB target gene and were transcriptionally regulated by CA-IKK2 and TD-IB(Figure 

2a and 2b, paper I; Table 1, Appendix 1). These genes most likely contain NFB regulatory 

elements within their promoter/enhancer regions, and represent the dominant role of 

IKK/NFB in TNF-induced gene expression profile of HMEC-1 cells. For many of these 

genes transcriptional regulation by NFB binding motifs has been demonstrated (refer to the 
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website www.nf-kb.org) but for many others it has been not shown and might correspond to 

new targets, such as endothelial lipase gene (discussed later). 

A closer look at the set of genes that fully met the definition of NFB target gene 

reveals a pro-inflammatory and pro-atherogenic gene program triggered by TNF-induced 

type II activation of ECs, which is strictly regulated by IKK/NF-B signaling pathway 

(Figure 2b, paper I; Table 1, Appendix I). In the following paragraphs a further discussion 

highlighting those genes relevant to atherosclerosis will be given. 

Genes for monocyte, macrophage, neutrophil and T-cell chemokines (e.g. RANTES, 

CCL20, CXCL3, CXCL2, CXCL11, CXCL5, MCP-1, IL8, and GM-CSF) and pro-

inflammatory cytokines (e.g. IL1were highly up-regulated. These results underline the 

critical role of the endothelium in promoting leukocyte infiltration. Among these RANTES, 

CCL20 and CXCL11 were the highest regulated genes. They contain functional NFB 

binding sites in their promoter regions and have been implicated in atherogenesis (www.nf-

kb.org) 145. Interestingly, among this group the cytokine EpsteinBarr virus-induced gene-3 

(Ebi3) appeared among the 5 highest regulated genes by TNF and CA-IKK2, and 

immunoblot analysis further confirmed the strong up-regulation of Ebi3 protein in TNF 

activated HMEC-1 cells (Figure 6). Recently, two B sites were demonstrated in human Ebi3 

promoter as being crucial for induction by pro-inflammatory cytokines like IL-18 220. Ebi3 is 

a member of the IL-12 heterodimeric cytokine family that bears structural similarities to the 

IL-12 chain (also known as p40) 221, 222. Important immunomodulatory functions have been 

shown to this protein (see below); however, there is no current evidence of the role of Ebi3 in 

ECs. Further work presented in this thesis implicates Ebi3 protein in atherosclerosis (see 

below).  

The gene natural killer transcript-4 (NK4), which was recently renamed to IL-32 223, 

was the second highest regulated gene by TNF and NFB modulators in HMEC-1 cells 

and, although no protein data was obtained to confirm its synthesis in HMEC-1, epithelial 

cells have been reported as a dominant and widespread source of this cytokine 223. IL-32/NK4 

is a potent inducer of TNF, IL-1 and IL-6 via NFB and p38/MAPK activation in 

agreement to its pro-inflammatory function. Elevated levels of this cytokine have been 

observed in synovial tissue explants from patients with rheumatoid arthritis 224, 225, as well as 

in affected tissues from patients with Crohn’s disease and ulcerative colitis 226. Recently, it 

was shown that IL-32/NK4 induces the differentiation of monocytes into macrophage-like 
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Figure 6. Immunoblot analysis of Ebi3 in HMEC-1. Protein extracts were obtained from parental HMEC-1 cells 

after treatment with TNF 40 ng/ml for the indicated time intervals. Fifty g of proteins were separated by 

PAGE electrophoresis and electroblotted to nitrocellulose membranes. Anti human-Ebi3 monoclonal antibody 

(2G4H6 mAb) was a kind gift from Dr. Odile Devergne (Paris, France), anti human-actin (SIGMA) was used as 

loading control. 

 

cells, through a nonapoptotic, caspase-3-dependent mechanism 227. The role of IL-32/NK4 in 

atheroslcerosis or in endothelium biology has not been elucidated yet.  

Several interferon-induced genes (i.e. MX1, IFIT1, GBP1, CXCL10, MX2, IFI44, 

CXCL11) were highly up-regulated indicating a state of chronic inflammation. For example 

CXCL10 is expressed by ECs of chronically inflamed tissues and contributes to the 

polarization of the inflammatory response associated with adaptive immunity. CXCL10 binds 

to CXC-chemokine receptor 3, which is expressed by effector-memory T cells, promoting 

their rapid transmigration 228. Up-regulation of these genes also might reflect the cross-talk 

between NFB and interferon (IFN) signaling pathway. It has been shown in macrophages 

that IFN enhances lipopolysaccharide (LPS)-induced ERK and JNK phosphorylation but has 

no effect on LPS-induced NFB activation 229. However, TNF and IFN cooperate in the 

activation of macrophages in which TNF-dependent activation of NFB is stronger in the 

presence of IFN. It has been proposed that IFN limits STAT-1 availability to the TNFR1 

by depleting STAT-1 from the cytoplasm, thus allowing for optimal NFB activation upon 

TNF ligation 230. GBP-1 (guanylate-binding protein-1) is a major IFN-induced protein with 

potent anti-angiogenic activity in endothelial cells. It has been shown that the NFB binding 

motif, together with ISRE, is required for the induction of GBP1 expression by interleukin-1 

and TNF 231. A recent report, suggests that IKK2 is involved in the IFN-stimulated release 

of the CXCR3 ligands, CXCL9, 10 and 11 in a human bronchial epithelial cell line, through a 

novel mechanism that is independent of NFB. These results showed no overlap of 

IKK/NFB with the signaling pathway involving JAK-STAT-1 and IFN-responsive 

element/-activated sequence. Indeed, IFN-induced STAT-1 phosphorylation was unaffected 

by IKK2 and IKK2-selective inhibitors had no effect on STAT-1 DNA binding. But, CXCL10 
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mRNA levels were suppressed in cells stimulated with IFN expressing dominant-negative 

IKK2, not IKK1 232. Interestingly, in the present study both CXCL10 and CXCL11 showed a 

stronger up-regulation in CA-IKK2 transduced HMEC-1 compared to wild type. 

Adhesion molecules were represented as well by intercellular cell adhesion molecule-

1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) both strongly induced by 

TNF in HMEC-1 cells. Members of the superfamily of immunoglobulins and known targets 

of NFB, these molecules participate in the formation and progression of atherosclerotic 

plaque by regulating monocyte and T cells diapedesis 233, 234. In addition, upon ligand 

engagement both molecules initiate intracellular signaling events within ECs, which are 

important for their evolving response towards the inflammatory stimulus. VCAM-1 clustering 

upon cytokine stimulation leads to the activation of Rac1 and p38 MAPK pathway, and 

generation of reactive oxygen species (ROS) that further activates ECs and impair NO 

bioavailability 235. Whereas, ICAM-1 egagement triggers signaling through its cytoplasmic 

tail, leading to cytoslic Ca2+ concentration elevation and myosin contraction, as well as 

activation of small GTPases (Rho family), p38 MAPK and the tyrosine kinase p60Src 236, 237, 

which are all events essential for leukocyte transmigration and ECs cytoskeletal remodeling. 

Importantly, genes involved in extracellular matrix (ECM) composition and 

remodeling were also found. Laminin (LAMG2 gene) for example is a component of 

epithelial-derived ECM and plays a major role in cell adhesion and motility 238. Cathepsin S 

(CTSS) is one of the most potent mammalian elastases and even though it functions as a 

lysosomal proteinase it has been detected extracellularly during diseases, such as 

atherosclerosis 239. Indeed, reported to be overexpressed in atherosclerotic lesions, CTSS can 

destabilize the atherosclerotic plaque by ECM breakdown 240. Furthermore, CTSS-deficiency 

attenuates atherosclerosis in LDLR-/- mice 241. The role of matrix metalloproteases (MMPs) in 

atherogenesis is well documented 242. The imbalance between MMPs and their inhibitors 

(TIMPs) has been suggested to be involved in the growth, destabilization, and rupture of 

atherosclerotic plaques. In our gene expression profile, transcription of MMP-12 and -10 was 

found to be induced by TNF, blocked by TD-IB, but not affected by CA-IKK2. 

Expression of these particular MMPs has been shown in endothelial cells 243. MMP-12 

expression has been already associated with atherosclerosis 243, 244. Recently, it was shown 

that MMP-10 expression is induced by C-reactive protein in endothelial cells, is up-regulated 

in atherosclerotic lesions and is associated with aortic aneurysms 245. In addition, high MMP-

10 serum levels were associated with inflammatory markers, increased carotid intima-media 

thickness and the presence of atherosclerotic plaques 245.  
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Galectin 9 (LGALS9) is another interesting gene which showed a moderate 6 fold 

induction by TNF in HMEC-1 gene profile. Galectins are a family of lectins that function 

both extracellularly, by interacting with cell-surface and extracellular matrix glycoproteins 

and glycolipids, and intracellularly, by interacting with cytoplasmic and nuclear proteins to 

modulate signalling pathways 246. Current research indicates that galectins have important 

roles in cancer 247 but also in immune and inflammatory responses. A specific role of galectin 

9 in atherogenesis has not been reported, yet recently it was shown that Gal3 deficiency 

decreased atherosclerotic lesions and adventitial inflammation in apoE-deficient mice 248.  

The role of NFB as a pro-survival factor that counteracts TNF cytotoxicity is well 

known 135. A number of anti-apoptotic genes were identified, such as: TNFAIP3 (A20), 

TRAF1, BIRC3 (CIAP2), BCL2-related protein A1, CFLAR, and SOD2, while the 

proapoptotic genes were less induced, TNFSF10 (TRAIL) and CASP1. The strongest up-

regulation induced by TNF was observed for TRAF1 and BIRC3, and in lesser extent for 

BCL2-related protein A1, CFLAR and SOD2. In particular, SOD plays a major role in 

keeping ECs reduced state catalyzing the dismutation of superoxide into hydrogen peroxide 

and oxygen. In addition, it has been shown that SOD activity inhibits the expression of 

VCAM-1 and ICAM-1 in TNF-induced ECs through the JNK/p38 pathways 249, therefore 

favoring an anti-inflammatory state. 

Apoptosis of vascular smooth muscle cells, endothelial cells and macrophages 

occurring in atherosclerotic areas is involved in endothelial cell lining defects, necrotic core 

formation and plaque rupture or erosion that may trigger atherothrombotic events 250. Toxic 

compounds generated during LDL oxidation, namely lipid peroxides, oxysterols and 

aldehydes, trigger an intense, delayed and sustained calcium peak which elicits either 

apoptosis or necrosis processes 251, 252. Furthermore, it has been shown that oxLDL 

compromises protection from apoptosis conferred to the endothelial cell during inflammation 

by reducing NFB activation 253. Interestingly, TRAIL/osteoprotegerin signaling has 

recently been suggested as an emerging anti-inflammatory and anti-atherogenic mechanism, 

involved in endothelial and vascular smooth muscle cell homeostasis promoting their 

migration and proliferation 254, 255. In fact, it has been shown that systemic TRAIL delivery 

has an anti-atherogenic activity in diabetic apoE-deficient mice 256. In HMEC-1 TNF-

induced gene expression program TRAIL and its soluble receptor osteoprotegerin 

(TNFRSF11b) were regulated, although osteoprotegerin expression was partially controlled 

by NFB only in TD-IB transduced cells  
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In addition, endothelium homeostasis was further represented in the gene profile by 

moderate up-regulation of transcripts encoding angiogenic VEGFC, a reported NFB target 
257, and neuregulin-1 (NRG1) 258. This latter gene was recently found to reduce the neointimal 

formation following vascular injury 259. In addition, genes with described angiostatic effects 

were identified: CXCL10 260 and GBP-1 231, both interferon-induced genes that were already 

mentioned. 

Remarkably, ECs lipoprotein metabolism regulation was reflected by the up-regulation 

of the endothelial lipase (EL) gene LIPG. Strongly induced by TNF and regulated by 

NFB modulators, this protein plays a determinant role in high-density lipoprotein (HDL) 

metabolism 261, 262 and, therefore, is importantly involved in atherosclerosis disease 

development (further discussion regarding this gene is given below).  

Only a 4% of the total genes induced by TNF in control cells did not reveal evidence 

at all for classical NFB transcriptional regulation, reflecting the additional pathways 

triggered by TNFR1 engagement (Figure 2a, paper I; Table 5, Appendix 1). As such, TNF-

induced MAPK signaling may play an important role 123, 263. MAPK activation induces 

phosphorylation of ERKs, JNKs and p38 members with the subsequent activation of 

transcription factors like Elk-1, AP-1, SRF or CREB 134, 264, 265. One example illustrating these 

TNF-induced NFB-independent signaling pathways is the gene fibroblast growth factor 5 

(FG5) whose expression is known to be induced by PDGF and TGF, through at least two 

different pathways involving protein kinase C or cAMP-dependent kinases 266. In contrast, the 

lack of IKK/NFB regulation of the TNFSF15 gene, which contains functional NFB sites 

in its promoter 267, is most likely explained by an alternative IKK/NFB-independent 

pathway triggered under the experimental conditions. Indeed, this study cannot exclude 

paracrine or autocrine effects controlling transcription of these genes given the long time (24 

hours) of TNF exposure. 

In the present study, transcription of a small set of genes was not sufficiently regulated 

by CA-IKK2 (i.e., CSF3, MMP12). These group of genes were induced by TNF in control 

cells and were decreased in TD-IB cells, but were not significantly increased in CA-IKK2 

infected cells suggesting the cooperative role of NFB and other pathways (Figure 2a, paper 

I; Table 2, Appendix 1). Indeed, expression of granulocyte colony stimulating factor-3 (CSF3, 

G-CSF) 268, 269, or MMP-12 270, 271 has been shown to require additional transactivation 

through AP-1. Additional examples of gene expression co-regulation by both TNF-induced 
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JNK and IKK/NFB signaling pathways, are cIAP 136, MCP-1 272 or VCAM 273, 274. 

However, the fact that in the present study these particular genes were sufficiently regulated 

by CA-IKK2 only reflects the dominant role of NFB in their transcription.  

The cross-talk between NFB and AP1 has been thoroughly investigated in LPS-

stimulated pre B cells 120. These analyses have revealed that NFB governs the immediate-

early effects of LPS signaling on gene transcriptional regulation and controls secondary AP-1 

activation 120. A second report has analyzed the contribution of both NFB and p38-MAPK 

in the gene expression profile of HUVEC after TNF stimulation and determined that a small 

number of genes show additional control by the p38-MAPK pathway 275.  

A role of IB in gene regulation beyond NF-B inhibition might also be suggested, 

since gene expression profiling results showed a group of genes (i.e., JunB, TNFRSF11b, 

APBA3) which were exclusively affected by TD-IBoverexpression (Figure 2a, paper I; 

Table 7, Appendix 1). Interestingly, expression of junB gene, a component of AP-1 

transcription factor, was strongly affected in TD-IB expressing cells in agreement to 

previous data showing that IKK/NF-κB activates junB expression in response to LPS in B 

cells 120. New functions for IB as transcriptional regulator have been described 9. It has 

been shown that IB enhances the transactivation potential of several homeodomain-

containing proteins such as HOXB7 and Pit-1 through a NFB-independent cytoplasmic 

sequestration of histone deacetylase (HDAC) 1 and HDAC3 276. In addition, observations of 

IBrecruitment to the promoter regions of cIAP2 91 and the Notch-target gene Hes1 

associated with transcriptional repression, have suggested a role in regulating the recruitment 

of repression elements to specific promoters 277. Roles in transcriptional regulation by acting 

as coactivator/coreppresor as the ones described above are important new features of IBs in 

addition to their classical function as nuclear-cytoplasmatic shuttlers of NFB.  

Another interesting result from the gene expression profile is depicted by the group of 

genes that were up-regulated exclusively in the presence of CA-IKK2 but were not induced 

by TNF stimulation in control cells nor were they affected in TD-IB transduced cells (i.e. 

CCL3, HDAC9) (Figure 2a, paper I; Table 6, Appendix 1). These results suggest a role of 

IKK in addition to NFB regulation. Several studies have indicated the nuclear functions of 

IKKs in gene expression control beyond NFB activation 16. Recent evidence suggests that 

IKK2 is involved in control of the Foxo3a transcription factor, which in turn will affect gene 

expression 278. Another substrate of IKK2 involved in cell signaling is Dok1, a Ras-GTPase-

activating protein-associated tyrosine kinase substrate that negatively regulates cell growth 
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and promotes migration 279. Interestingly, RelA Ser-536 is a substrate of IKK2 80 and, as 

mentioned before, phosphorylation at this site can result in an IB-independent mechanism 

of NFB activation 78, 79.  

 

1.2.2) Identification of down-regulated genes. 

 

The corresponding Venn diagram shows 37 entries for genes down-regulated in 

control cells exposed to TNF, 54 genes were decreased in CA IKK2 cells, whereas 72 

transcripts were increased in TD-IB HMEC-1 when stimulated with TNF compared to 

stimulated control cells (Figure 2c, paper I). In contrast to the extremely high overlap between 

TNF-targets and NFB-regulated genes, only 27% of the genes down-regulated by TNF 

were affected by the IKK/NFB interfering mutants, indicating a wider spectrum of 

signaling pathways involved in gene repression by TNF

The mechanisms by which NFB down-regulates transcription appear to be diverse 

and they are not fully understood yet 72. Post-translational modifications of nuclear NFB 

play an important role in determining the ability of nuclear NFB to drive transcription or 

repress it 7. For example, in macrophages was shown that phosphorylation of RelA at serine-

536 by IKK increases RelA turnover contributing to resolution of the inflammatory response 
95. Phosphorylation of threonine-505 within RelA TAD increases its association with HDAC1 

resulting in transcriptional repression 86. At the same time, phosphorylation of threonine-435 

has also been implicated as a negative regulator of RelA transactivation 88. Although these 

modifications ensure NFB response termination, they might also explain the down-

regulation of genes that might have a basal transcription mediated by NFB. Although in 

rest state NFB steady state appears to be cytosolic, it has been shown to be constantly 

shuttling between the nucleus and the cytoplasm, thereby mediating basal transcription of 

certain genes 280, an example of this might be the basal expression regulation observed for the 

hypoxia-induced transcription factor Hif-1 by NFB dimers 281. 

In addition to direct repression, it has been proposed that NFB down-regulates Sox9 

and MyoD expression by an indirect mechanism involving mRNA destabilization 282, 283. In 

agreement to these reported data Sox9 appeared to be 2.5 folds increased by TNF in TD-

IB expressing HMEC-1 cells compared to stimulated control cells, probably as a result of 
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cytosolic accumulation of inactive NFB in TD-IBexpressing HMEC-1 cells and, 

therefore, Sox9 mRNA stabilization. However this gene was not down-regulated by TNF 

stimulation in control HMEC-1 cells as it has been shown in chondrocytic cells 283. This 

might be explained as a cell-type specific effect given that Sox9 is a transcription factor 

constitutively highly expressed in condrocytes required for cartilage development 283. 

Furthermore, recently it was shown that uncoupling DNA binding of nuclear NFB 

from phosphorylation-dependent coactivator recruitment can lead to developmental defects 

through epigenetic repression of gene expression 284, 285. A knock-in mutant mouse strain 

containing the non-phosphorylateable RelA S276A variant, showed eye development defects 

due to epigenetic repression of Pax6, a gene which is not normally regulated by NFB, 

suggesting a novel role of wild-type NFB in heterochromatin regulation 285. Although the 

methyl modifications of lysines are stable, enzymes that demethylate Lys-9 of histone H3 

have been discovered, rendering the hallmark of heterochromatin reversible 284. In fact, a 

demethylation enzyme was recently identified as NFB-inducible in macrophages, thereby 

allowing the trans-differentiation of these cells within inflamed tissues 286. Interestingly, 

CXCL12 (SDF-1) expression, a gene that fully meet the NFB target gene definition, was 

the second strongest down-regulated target in HMEC-1 gene expression profile (Figure 3c, 

paper I, Appendix 1, Table 8). Interestingly, CXCL12 promoter has a high-occurrence of CpG 

dinucleotides that might be subject to transcriptional silencing via cytosine methylation. It 

was recently shown that CXCL12 is indeed silenced by promoter hypermethylation in 

mammary carcinoma 287 and in primary colorectal carcinomas 288. Therefore, given the recent 

evidence of NFB novel role in chromatin regulation, it might be reasonable to suggest a 

comparable NFB-mediated mechanism of gene silencing occurring in CXCL12 promoter. 

However, CXCL12 expression was recently shown to be induced by the non-canonical 

NFB pathway upon lymphotoxin  receptor activation in HUVEC and HDMEC cells 289. 

This evidence reflects the diverse array of transcriptional control that the different NFB 

pathways might have. Nevertheless, in this study TNF stimulation up-regulated CXCL12 

expression after 1 hour of stimulation, yet after 8 and 24 hours CXCL12 mRNA levels were 

decreased in agreement to our data. 

 Similarly as in the previous analysis of the up-regulated genes, a role of IKK2 in gene 

transcriptional down-regulation independent of NFB can be proposed since the expression 

of several genes was decreased exclusively by the presence of CA-IKK2. Transcription of 

Hes1 gene is an example being the second strongest regulated target of IKK2 in this group, 
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and was previously mentioned as a gene down-regulated by IB-mediated recruitment of 

repressor elements to its promoter 277. Interestingly, transcription of c-Fos gene was strongly 

decreased in CA-IKK2 HMEC-1 cells. c-Fos gene is a nuclear target of mitogen and stress-

induced signal transduction cascades 290. It has been shown that NFB by means of the 

down-stream target gene Elk-1 can positively mediates c-fos transcription 291, however LPS 

stimulation of pre-B cells did not up-regulate its expression as it was observed for many other 

members of Jun/Fos/ATF/Maf family 120. A direct link between IKK2 activity and c-Fos 

promoter trans-repression has not been elucidated. Nevertheless, recent evidence indicates 

that the hSWI/SNF chromatin remodeling complex can repress c-Fos transcription through a 

HDAC-dependent mechanism 292, 293. This complex has been shown to be responsive to 

several signaling pathways including Akt, p38-MAPK and interferon 294. 

 

Finally, as a concluding remark it is possible to affirm that the microarray analysis 

presented in this study highlights the central role of the IKK complex and NF-B 

transcription factors in TNF-mediated gene activation of HMEC-1 cells. It also gives 

evidence of the additional roles of IKK2 and IB in transcriptional regulation beyond their 

functions in NFB signaling. Additionally, the gene expression program displayed by these 

ECs determines an endothelial functional phenotype that supports the inflammatory response 

and even more might result pro-atherogenic.  

Recent studies have identified the Kruppel-like factor 2 (KLF2) as another critical 

regulator of endothelial gene expression. KLF2 is a member of the subclass of zinc finger 

family of transcription factors, which regulates cellular differentiation and tissue development 
295. Within the vessel wall KLF2 is exclusively expressed by endothelial cells and KLF2-null 

mice exhibit abnormal blood vessel formation, resulting in embryonic hemorrhage and death 
296. Overexpression of KLF2 in human umbilical vein endothelial cells (HUVEC) robustly 

induced endothelial nitric oxide synthase expression and inhibited cytokine-mediated 

induction of VCAM-1 and E-selectin, resulting in markedly attenuated T cell attachment and 

rolling on endothelial monolayers. Mechanistically, KLF2 inhibits NFB function by 

competing for the coactivator CBP/p300 297. However, other studies have revealed that TNF 

inhibits MEF2 transcription factors to induce KLF2 promoter through a mechanism that 

involves NFB and HDAC-4 298. Indeed, transcriptional profiling studies identified the 

KLF2 as being inhibited by the inflammatory cytokine interleukin (IL)-1 and induced by 

laminar shear stress in HUVEC. In contrast, biomechanical stimulus characteristic of 

60



 

atheroprotected regions of the human carotid induces KLF2 expression via a 

MEK5/ERK5/MEF2 signaling pathway 299. KLF2 has been shown selectively expressed in 

atheroprotected regions, while absent in atheroprone regions of the human vasculature 300, 301. 

Interestingly, the analysis of KLF2 downstream target genes by gene profiling document an 

anti-inflammatory and anti-thrombotic role for KLF2 in endothelial cells, the two major 

vascular pathophysiological processes 299.  

Recent data also suggests that nuclear receptor PPAR is another key transcriptional 

mediator of ECs response and its activation has atheroprotective effects by means of, for 

example, reduced TNF-induced VCAM-1 expression 302. Interestingly, similarly as KLF2, 

PPAR activation by flow is dependent on ERK5 phosphorylation; the dominant-negative 

form of PPAR significantly decreases the inhibitory effect of ERK5 on VCAM-1 expression 
303.  

ERK5 has become the MAPK most associated with EC survival and with the 

prevention of inflammatory activation. Indeed, ERK5-deficient mice display defects in vessel 

formation and cardiac development with abnormal EC morphology 304. ERK5 protection from 

apoptosis induced by growth factor deprivation or pro-inflammatory stimuli likely involves 

phosphorylation of the apoptosis-regulating protein Bad 305. It would be interesting to address 

how NFB and ERK5 signaling pathways interact to regulate ECs pro-/anti- inflammatory 

gene expression program. 

 

1.3) Validation of microarray data by RT-PCR. 

 

To confirm the differential expression pattern determined by the microarray analysis, a 

subset of up-regulated target genes was analyzed by semi-quantitative RT-PCR in the various 

HMEC-1 cell lines, as well as in TNF-stimulated HUVEC, human safena vein endothelial 

cells (HSVEC) and parental HMEC-1. This comparison allowed: first, to determine whether 

these selected genes were regulated similarly in microvasculature- and macrovasculature-

derived endothelial cells; and second, to estimate the impact of the experimental model in 

gene expression. Five highly regulated genes were chosen: ubiquitin D (DUB), Ebi3, VCAM, 

endothelial lipase (LIPG), and galectin 9 (GAL9) (Figure 3a, paper I). 
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In agreement with the microarray data, TNF stimulation increased mRNA levels of 

all genes investigated in parental and empty vector transduced HMEC-1. The same behavior 

was observed for HUVEC and HSVEC, despite some differences in basal expression levels in 

unstimulated cells. As expected, TD-IB largely abolished TNF-induced expression of the 

investigated genes, while CA-IKK2 increased their expression by itself, and additional TNF-

stimulation resulted in only a minimal further increase. These results confirm that IKK2 is 

sufficient to up-regulate the expression of all these investigated genes. In addition, they prove 

that retroviral infection of HMEC-1 cells did not affect their gene expression pattern since 

these genes were equally regulated in parental cells, which furthermore was shown to be 

consistent in other two widely used macrovascular EC models. 

Additionally, kinetic analyses revealed that VCAM and Ebi3 expression is up-

regulated after 1 and 2 hours of TNFstimulation, whereas mRNA-levels of LIPG and DUB 

started to increase after 4 hours (Figure 3b, paper I). These results might reflect to a certain 

extent the concept that the kinetics of NFB recruitment to chromatin is regulated. By 

chromatin immunoprecipitation experiments it has been shown that some genes recruit 

NFB shortly after its nuclear entry. Whereas others can recruit hours later, despite the 

presence of high-affinity B sites in their promoters, depending on the ability of individual 

stimuli to make promoters accessible to NFB before its exclusion from the nucleus 306, 307.  

On the other hand, RT-PCR analysis of periplakin, the best candidate of the repressed 

genes, showed as expected a down-regulation of mRNA levels upon TNF stimulation and in 

the presence of the CA-IKK2 (Figure 4a, paperI), whereas TD-IBstrongly attenuated this 

regulation. Interestingly, the kinetic analyses confirmed that no loss of periplakin mRNA was 

detected when TD-IB was expressed, while control cells already showed a strong decrease 

after 2h of TNF stimulation (Figure 4b, paperI). Western blot analysis confirmed periplakin 

protein down-regulation in parental HMEC-1 after TNF-stimulation, yet in TD-IB 

expressing cells this effect was abolished (Figure 4d, paper I). Given that TNF-induced 

repression of periplakin was independent of de novo protein synthesis, it might be suggested 

that NFB mediated down-regulation is a direct mechanism at the promoter/enhancer level 

(Figure 4c, paper I). Further analyses are required to prove this hypothesis.  
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1.4) Analysis of IKK/NFB transcriptional regulation of human endothelial lipase 

promoter. 

 

Population studies have shown a highly consistent, inverse correlation between plasma 

concentrations of high-density lipoprotein-cholesterol (HDL-c) and its major protein 

apolipoprotein A-I (apoA-I), and atherosclerosis risk in humans 308. HDL particle serves 

important anti-inflammatory and atheroprotective functions, including promoting reverse 

cholesterol transport (RCT), inhibiting oxidation of phosopholipids within LDL, protecting 

the endothelium from oxLDL citotoxicity and down-regulating associated inflammatory 

cytokines and vascular adhesion molecules (for review 309, 310). HDL role in RCT from 

macrophages to liver and ultimately biliary excretion is the main mechanism to explain the 

anti-atherogenic properties of HDL. However, a recent proteomic analysis of HDL particle 

identified multiple complement-regulatory proteins and a diverse array of tissue proteolysis 

inhibitors, as well as acute-phase response proteins associated to HDL, contributing to HDL 

anti-inflammatory and anti-thrombotic properties 311. 

Endothelial lipase (EL) (gene nomenclature LIPG, gene ID  9388), member of the 

lipase family of enzymes together with hepatic lipase (HL) and lipoprotein lipase (LPL), is the 

major determinant of HDL metabolism 261, 262, 312, 313. EL main catalytic function is to 

hydrolize triglycerides (TG) and phospholipids at the endothelial cell surface, but also 

displays non-enzymatic functions serving as a molecular bridge between proteoglycans and 

circulating lipoproteins or blood cells in a similar way as it has been shown for the other two 

members of the lipase family, thereby increasing ECs lipoprotein uptake or monocyte 

recruitment 314. EL is the only lipase synthesized by endothelial cells 312, 315 and its expression 

has been shown to be regulated in vitro by cytokines and biomechanical forces 316. It is also 

expressed by non-endothelial cells in a variety of tissues, including the placenta, liver, lung, 

ovary, thyroid gland, and testis 312, 315. EL catalytic function is primarily phospholipase A1 

activity, whereas little triglycerides (TG) lipase activity, and appears to have greater 

preference for HDL than other apoB-containig lipoproteins.  

Since there was no clear NF-B-dependence demonstrated for EL up-regulation upon 

cytokine stimulation, and the expression profile highlighted this gene as a good target 

candidate of NFB, the following step in this study was to prove the direct regulation of 

LIPG promoter by NFB transcription factors. 
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Two B sites were predicted in LIPG 5’ region at positions -467 (proximal) and -1250 

(distal). EMSA analyses showed a strong NFB binding at the distal site, whereas only a 

weak binding to the proximal site. Supershift analyses confirmed the specific binding of 

RelA/p65 to both putative B sites, and competition experiments further confirmed specific 

NFB binding to both predicted sites, although strong competition was seen only for the 

distal site, while the proximal site competed for NFB binding to a lesser extent (Figure 5, 

paper I). Furthermore, chromatin immunoprecipitation assays (ChIP) were performed to 

determine inducible NFB recruitment to the LIPG promoter in vivo (Figure 6a, paperI). 

TNF treatment induced RelA/p65 recruitment to the distal site of the LIPG promoter while 

only a weak association was observed at the proximal site (data not shown). As positive 

controls TNF-inducible RelA/p65 association to classical NFB targets IBand 

RANTES promoters was analyzed (Figure 6a, paperI). 

To demonstrate the direct regulation of the LIPG promoter by NFB, a promoter 

fragment encompassing the region from –1381 to +240, that contained both the distal and the 

proximal B sites, was cloned upstream of a luciferase reporter gene (Figure 6b, paper I). Co-

transfection of this construct (5’hLIPG) with RelA/p65 expression vector in NIH-3T3 cells 

resulted in a 6 fold induction of the luciferase activity. Mutation of the perfect distal B-motif 

caused a 50% reduction of RelA/p65-induction (Figure 6b, paper I). In addition, luciferase 

reporter constructs containing three copies of the distal (3x-L1) or the proximal (3x-L2) site 

up-stream a TATA-only promoter, further confirmed RelA/p65 responsiveness of both sites in 

co-transfection experiments. However, a stronger induction of luciferase was observed by the 

distal motif in comparison to the proximal B-site (Figure 6c, paper I). 

In summary, these results demonstrate direct regulation of LIPG by NFB p50/p65 

transcription factors, at least by one distal B motif found in LIPG promoter. However, 

although the proximal site showed a weaker response to RelA, it might still contribute to the 

overall NFB response of the LIPG promoter. 
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2) Development of endothelial lipase conditional transgenic mice. 

 

To date two murine genetic models of EL are available: LIPG knock-out mice and 

LIPG transgenic mice. Both have revealed a strong inverse relationship between EL 

expression and HDL cholesterol levels 261. LIPG knock-out mice showed a gene dosage 

effect, with HDL cholesterol increasing in relation to the number of null alleles. Similarly, 

antibody inhibition of EL 262 results in increased HDL-c and apoA-I levels. Conversely, EL 

overexpression in LIPG transgenic mice causes a reduction of HDL-c levels and apoA-I due 

to increased catabolism via the kidneys 261, 312, 317. In these transgenic mice human EL was 

overexpressed 1.9 folds higher than endogenous murine protein in endothelial cells of the 

aorta, in kidney, lung and spleen, but it was not expressed in liver. Subjects with high HDL-c 

levels may have functional mutations in EL gene 318. Recently, it was shown that a common 

584C/T polymorphism in LIPG was associated with protection from coronary artery disease 

(CAD) in a Chinese population 319 and with acute MI independently of HDL-c levels 320. At 

the same time, a study in a panel of sibling baboon identified three polymorphisms in the 

LIPG promoter associated with variation in serum HDL levels, suggesting that altered LIPG 

promoter activity may be a mechanism by which LIPG variation affects HDL levels 321. 

The experimental evidence of EL role in atherosclerosis is controversial. In mice, EL 

expression in endothelial cells of liver is indeed altered in apoE deficient mice 322. Two 

groups have reported opposite findings using apoE and LDLR deficient mice lacking EL. 

Ishida et al. showed that apoE/LIPG double knock-out mice has a 70% decreased in 

atherosclerotic area compared to control apoE-/- 323. However, Ko et al. showed that there was 

no effect of EL deficiency in atherosclerosis development in apoE-/- and LDLR-/- mice 324. In 

humans, EL has been detected in atherosclerotic plaques associated with endothelial cells, 

smooth muscle cells and infiltrating macrophages, as well as in neovasculature of 

atheromatous plaques 325. By in situ hybridization and immunhistochemical analyses of 

advanced human atherosclerotic lesions, recently were shown high levels of EL expression in 

macrophages, which varied upon their differentiation into foam cells 326. Another recent 

study, showed that plasma EL levels in humans were inversely associated with HDL-c levels 

and positively associated with all features of metabolic syndrome, suggesting that EL may be 

a pro-atherogenic factor in humans, especially in overweight individuals and those with 

metabolic syndrome 327. Furthermore, EL levels in humans have been found to be 

significantly associated with coronary atehrosclerosis 327 and with plasma inflammatory 

markers 328 
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Therefore, given the conflicting evidence with respect EL role in experimental 

atherosclerosis, the second goal of this study was the development of a conditional transgenic 

murine model of EL, as a first step to assess the hypothesis that EL plays a role in 

atherosclerosis. 

The global aim is to modulate the expression of EL specifically in endothelial cells, 

through transgenic introduction of the human LIPG locus in mice under the control of specific 

vascular endothelial (VE)-cadherin promoter. The impact of EL overexpression on 

atherogenesis will be determined following the further introduction of the VE-EL transgene in 

atherosclerotic prone apoE deficient mice by systematic animal crossings, but these analyses 

are out of the scope of this thesis.  

The transgenic approach uses the tetracycline-dependent expression system (Tet-Off) 
329, 330, which allows the spatial and temporal control of gene expression. The tet-off (tTA) 

system uses the specific tetracycline resistance operon of E coli composed of two parts; a 

transactivator and an effector. The transactivator is composed of the DNA binding domain of 

the E coli tetR gene fused to the transactivation domain of the VP16 herpes simplex virion 

protein 16 gene, under the control of a tissue-specific promoter which drives expression of the 

tTA (tetR/VP16) fusion protein in the desired tissue. The second component is a construct 

containing the gene of interest and a luciferase reporter gene driven by abidirectional minimal 

promoter of human cytomegalovirus (Pcmv), under the control of the tet operator, tetO. In the 

absence of doxycycline, the tTA protein binds tetO and activates the minimal promoter, 

driving expression of the gene and simultaneously of the reporter. However, when 

doxycycline is added, it binds to the tTA protein and causes a conformational change which 

prevents it from binding tetO. The promoter is not activated and the genes are not expressed 

(Figure 7). 

In this study, the expression of tTA is driven by the cell specific vascular endothelial 

(VE)-cadherin promoter. Transgenic mice containing the VE-cadherin:tTA (VE:tTa) 

transgene were obtained from Dr. Laura Benjamin, (Boston, USA) and have been 

characterized elsewhere 331. Mice containing the LIPG-tetracycline responsive transgene were 

developed in the present study and were named tetO:LIPG. The double transgenic mice 

VE:tTa/tetO:LIPG, or simple VE/EL, were obtained after crossing between each single 

transgenic mice.  
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Figure 7. Schematic representation of the Tet-Off expression system. VE-Cadherin:tTa constract expresses the 

tetracycline-transactivator protein tTA under the control of the endothelial cell specific ve-cadherin promoter. 

The tetO:LIPG constract contains the human endothelial lipase (LIPG) cDNA and a luciferase reporter gene 

under the control of the tetracycline responsive bidirectional promoter tetO. In the absence of tetracycline or 

doxycycline tetR/VP16 (tTA) fusion protein is able to bind to the tetO operator, which drives the expression of 

luciferase and LIPG from minimal PCMV promoter (P) in double transgenic animals. In contrast, when 

doxycycline is added, it binds to the tTA protein preventing it from binding tetO. The promoter is not activated 

and the gene is not expressed 

 

2.1) Construction and functional validation of tetO:LIPG transgene. 

 

Full length human endothelial lipase (NCBI Ref. number NM_006033) was amplified 

by PCR primers based on cDNA sequence forward 5’-tctcgctagcgcggggcaggatgagcaactcc-3’ 

and reverse 5’-tctcgatatcaccctcagggaagctccacagtg-3’, and was cloned into pBI-L vector 

(Clontech) (Figure 8a). Enzymatic restriction analysis and DNA sequencing confirmed the 

correct insertion of the LIPG sequence. To test the vector functionality in vitro analyses were 

performed. As expected, luciferase activity was reduced after 8 ng/ml doxycycline treatment 

for 24 hours in stable transducing tTa-Hela cells transfected with tetO:LIPG vector (Figure 

8b).  

 

A)  
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Figure 8. A) Vector used to create the tetO:LIPG effector construct containing endothelial lipase (EL) cDNA; B) 

tTA-Hela cells were transiently transfected with tetO:LIPG construct and luciferase relative activity was 

measured after 8 ng/ml doxycycline treatment for 24 hours. TRE, tetracycline response element; MCS, multiple 

cloning sequence.   

 

Endothelial lipase expression and transgene responsiveness to doxycycline was further 

confirmed by RT-PCR analysis of LIPG mRNA and immunoblot analysis of EL protein. 

Stable transducing tTa-Hela cells were transfected with tetO:LIPG vector and were treated 

with 8 ng/ml doxycycline for 24 hours. As shown in figure 9, both mRNA and protein levels 

of endothelial lipase were substantially reduced after doxycycline treatment.  

 

  

Figure 9. Functional validation of tetO:LIPG construct. Stable tTA-expressing HeLa cells were transfected with 

tetO:LIPG effector construct and treated with 8 ng/ml doxycycline for 24 h. A) Total RNA was isolated using 

High pure RNA isolation kit (Roche) and LIPG expression was analyzed by RT-PCR; B) Immunoblot analysis 

of EL. Proteins were separated by PAGE electrophoresis, electroblotted onto nitrocellulose memebrane and 

incubated with rabbit anti-human EL antibody (Cayman chemicals). Rabbit anti-human actin antibody (Sigma) 

was used as loading control. Signals were detected using SuperSignal West Dura extended-duration substrate 

(Pierce). 

 

45 kD  
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The tetO:LIPG was then used for DNA microinjection and generation of transgenic 

mice in CD1 strain background. Two founder lines, EL1 and EL2, were obtained. Germline 

transmission was demonstrated for both of them. Transgenic mice were identified by PCR 

analysis of tail DNA with specific luciferase primers. Both mice were subsequently crossed to 

VE:tTA (VE) driver mice and double transgenic animals, VE/EL, were obtained. 

 

2.2) Luciferase activity in VE/EL transgenic mice. 

 

In order to demonstrate transgene activity in VE/EL mice, luciferase reporter gene 

activity was monitored in the resulting two double transgenic mice lines. Preliminary 

measurements of luciferase activity in protein extracts obtained from different organs 

indicated that VE/EL1 line was not functional since luciferase activity was not detected at all 

and, therefore, this line was discontinued. VE/EL2 line showed low levels of enzymatic 

activity, below 1000 U/g protein, that was variable among animals of same age and sex, as 

depicted in figure 10b. Luciferase activity was detected in brain, thymus, lung, spleen and 

aorta. In vivo imaging (Vivo vision/ IVIS 200, Xenogen) of anesthetized animals also 

reflected this variable luciferase activity (Figure 10a). These data might be indicative of a low 

number of copies of the tTA transactivator or the LIPG effector constructs in double 

transgenic animals, or that the VE-cadherin promoter is not a strong driver promoter as 

expected, therefore, the strength of luciferase/EL transcription is low. These data also suggest 

that luciferase measurements might be better detected in isolated ECs from highly 

vascularized organs such as lungs. However, further analyses of a larger number of animals 

must be done to confirm human EL expression at the mRNA and protein levels in these mice. 

 

2.3) Lipid profile analysis of VE/EL transgenic mice.  

 

For analysis of plasma lipids, blood was collected from tail vein or portal vein of 

sacrificed animals and was left o.n. at 4°C. Thereafter, plasma was collected by centrifugation 

at 1500 x g for 10 minutes. Total cholesterol, LDL and HDL cholesterol, and triglycerides 

were measured with standard enzymatic assays using the Clinical Chemistry Analysis 
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Figure 10. Reporter luciferase activity in VE-EL2 transgenic mice. A) In vivo imaging of luciferase activity. 

Anesthetized mice were i. p. injected with 7,5 mg/mL luciferin in 0,9 % NaCl and fluorescence was detected. B) 

Relative luciferase activity was measured in protein extracts from organs of the same animals in A). Wild type 

(WT), endothelial lipase single transgenic (EL2) and VE-cadherin-EL (VE-EL2) double transgenic female mice 

of 21 and 13 weeks (w) of age are shown. (*VE-EL2 mouse of 21w with high luciferase activity presented 

toraxic water retention and kidney damage, whereas double transgenic mouse of 13w displayed toraxic water 

retention and haemorragic lungs) 

 

* * 
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System, Dimension AxL Max™ (Dade Behring). Data are shown as means ± SEM. The 

Student’s t-test (two tailed) was used to determine statistical significance of differences 

between the groups of animals. Differences with a P value less than 0.05 were considered 

significant. 

Preliminary results of lipids profile in VE-EL2 transgenic male mice of 11 weeks of 

age on normal diet are listed in Table 1. Male plasma HDL-cholesterol levels were 

significantly decreased in 32 % compared to control EL2 single transgenic mice. Total 

cholesterol plasma levels were also reduced in 30% compared to control mice and approached 

significance. This was primarily due to the reduced HDL-cholesterol levels. No significant 

differences were observed for LDL-cholesterol and triglycerides plasma levels. In female VE-

EL2 transgenic mice from the same age total cholesterol, LDL- and HDL-cholesterol mean 

values were reduced by 38%, 46% and 27% respectively, while triglycerides didn’t show any 

variation. These values, however, are indicative of a trend similar to that observed in males 

since only few animals were analyzed, therefore, it is not possible to conclude that these 

differences are statistically significant. Lipids analyses of younger mice of 8 weeks didn’t 

show significant differences, whereas two older mice of 28 weeks (male and female 

respectively) showed approximately 50 % reduction in total cholesterol and HDL-cholesterol 

plasma levels (data not shown).  

 

Table 1. Lipid profile in VE-EL2 transgenic mice of 11 weeks on normal chow. 

    Chol-total LDL-c HDL-c TG 

Male                   

VE-EL2 
 

3,25 ± 0,17 0,08 ± 0,03 1,91 ± 0,06 1,86 ± 0,22 

P value 
 

0,08 0,19 0,02 0,29 

n 
 

3 3 3 3 

Control EL2 4,65 ± 0,77 0,2 ± 0,11 2,79 ± 0,23 3,00 ± 1,39 

n 
 

3 3 3 3 

          Female 
         VE-EL2 
 

2,66 ± 0,08 0,23 ± 0,01 1,47 ± 0,02 2,43 ± 0,71 

n 
 

2 2 2 2 

Control EL2 4,29 0,43 2,02 2,33 

n   1 1 1 1 
 

Data are shown as means ± SEM (mmol/L). P values represent comparison with the control single transgenic 
EL2 group. Chol, cholesterol; LDL-c, LDL-cholesterol; HDL-c, HDL-cholesterol; TG, triglycerides. 

71



 

These results are in agreement to previous data reported in transgenic EL mice 261, in 

which total cholesterol plasma levels were decreased by 19% compared to wild type mice due 

to a reduction in HDL-cholesterol values by 17%. Indeed, the Tet-Off VE/EL2 transgenic 

mice seem to have a stronger lipid phenotype than this previous established model. 

Furthermore, HDL-cholesterol levels in transgenic mice that expressed modest levels of 

human EL, as indicated by the low relative luciferase activity detected in homogenized tissues 

(Figure 10b), were correspondingly decreased suggesting that pronounced overexpression of 

EL is not required to affect HDL levels. However, analyses of a larger number of animals, 

divided in groups of sex and age, are required to characterize these mice with respect 

transgene expression. 

 The findings obtained from the few transgenic animals that were analyzed are 

consistent with, significantly extend, previous functional studies, and support the hypothesis 

that EL makes a physiological contribution to HDL metabolism in mice. 
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3) Analysis of Ebi3 expression in human atheroma plaques. 

 

In the previous gene expression profile Epstein–Barr virus-induced gene 3 (Ebi3) was 

the second strongest up-regulated target by TNF-induced IKK/NFB signaling in 

endothelial cells. Ebi3 is a member of the IL-12 heterodimeric cytokine family, which has 

important immunomodulatory functions. Ebi3 deficient mice have an impaired TH2 immune 

responses and TH2-mediated tissue inflammation 332 and also have affected TH1 immune 

response 333. Ebi3 associates as a heterodimer with either IL-27 (also known as p28) to yield 

interleukin-27 (IL-27) 334, or with IL-12/p35 (also known as p35), to form the newly 

described interleukin-35 (IL-35) 335, 336. Both cytokines have shown a predominant role in the 

immune response development. IL-27 has a role in TH1 differentiation 334, 337 and has been 

implicated in both TH1 and TH2 immune response, as demonstrated by infectious and 

autoimmune inflammatory models using IL-27 receptor (IL-27R) deficient mice 338-340. In 

addition, it was recently demonstrated that IL-27 suppresses TH17 immune responses to 

infection as well as in autoimmunity 341. TH17 cells are a newly identified lineage of CD4+ 

cells that are activated by TGF in combination with IL-6 and IL-23. Current evidence 

indicates an important role for these cells in autoimmune and inflammatory diseases, yet not 

elucidated in atherosclerosis. Whereas Il-35 is required for regulatory T cells maximal 

suppressive function and represents a novel anti-inflammatory mechanism suppressing the 

immune response through expansion of regulatory T cells and inhibition of TH17 cells 

development as well.  

To date nothing is known about the role of Ebi3 in vascular disease. Therefore, the 

third goal of the work presented in this thesis was to investigate Ebi3 expression pattern in 

human atheroma lesions giving an insight to its transcriptional regulation in vascular cells.  

 

3.1) Immunohystochemistry analysis of Ebi3 expression in human atheromatous 

plaque. 

To examine Ebi3 expression in human arteriosclerotic lesions, immunohistochemical 

analyses were done in endarterectomy specimens (n=12) under the supervision of Dr. 

Nikolaus Marx at the Department of Internal Medicine, University of Ulm. Patients scheduled 

for carotid endarterectomy for a symptomatic high-grade stenosis of the carotid artery and 
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were recruited at the Department of Thoracic and Vascular Surgery, University of Ulm, 

Germany. The study was conducted according to the principles of the Declaration of Helsinki 

and was approved by the local ethics committee. 

Ebi3-expression was detectable in almost all the advanced lesions investigated both in 

the intima, as well as in the media (n=10/12) (Figure 1e and Figure 2e, paper II). Furthermore, 

co-localization of Ebi3 within vascular smooth muscle cells (SMCs) was seen in the intima 

and media (Figure 1e and 1h; Figure 2e and 2h, Paper II). Staining of parallel sections 

demonstrated co-localization of Ebi3 with its dimerization counterparts IL-27/p28 (Figure 1i 

and 1j, paper II) and with IL-12/p35 (Figure 2i and 2k, paper II) in vascular SMCs. 

Interestingly, it was observed that when Ebi3 co-localized with the p28 subunit, co-

localization with p35 occurred to a lesser extent (Figure 1i-k, paper II), and reciprocally when 

Ebi3/p35 co-localization was found, Ebi3/ p28 co-localized less or even was not detected at 

all (Figure 2i-k, paper II). Staining of sections with isotype-matched control antibodies 

showed no immunoreactivity, thus affirming the specificity of the detected signals (Figure 1a-

d; Figure 2a-d, paper II). 

These data provide novel evidence that atherosclerosis is associated with Ebi3 

production. Furthermore, it demonstrates the expression of Ebi3 either as homodimers, or as 

IL-27/IL-35 heterodimers in vascular SMCs, suggesting first, a possible role of Ebi3 and 

Ebi3-related cytokines in atherosclerosis and second, vascular SMCs as new source of these 

cytokines. 

 

3.2) Analysis of Ebi3 expression in activated smooth muscle cells. 

 

In vitro analyses of Ebi3 expression in cultured aortic smooth muscle cells (AoSMCs) 

upon pro-inflammatory stimulation resulted indeed in a transcriptional up-regulation of Ebi3-

transcript. AoSMCs did not show constitutive Ebi3 mRNA expression but both TNF and 

IFN stimuli induced a significant up-regulation of Ebi3-expression after 8 hours (Figure 3a 

and b, paper II). Western blot analysis of Ebi3 confirmed this up-regulation at the protein 

level after treatment with TNF for 24 hours (Figure 3c, paper II). Furthermore, a synergistic 

induction of Ebi3 expression was observed after stimulation of AoSMCs with both cytokines 

(Figure 3d, paper II). Expression of IL-27/p28 and IL-12/p35 subunits was also shown to 
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be induced by TNF and IFN stimulation of these cells. Similarly, synergistic effects on p28 

and p35 expression were observed by co-treatment with both cytokines (Figure 3d, paper II). 

 

3.3) Activation of the nuclear transcription factor PPARimpairs cytokine-induced 

Ebi3 expression in AoSMCs. 

 

Peroxisome proliferator-activated receptor- (PPAR is a member of the nuclear 

receptor family of proteins with important functions in glucose metabolism and adipogenesis 
342. PPAR displays both important anti-inflammatory and anti-atherogenic properties 

343. 

Rosiglitazone is a thiazolidinedione (TZDs) class agonist that selectively binds to PPAR and 

is commonly used in the treatment of diabetes type-2. In previous work it was shown that 

rosiglitazone treatment of non-diabetic patients with symptomatic carotid artery stenosis 

resulted in a reduction of vascular inflammation and in an increase of plaque stability 344. 

Indeed, PPAR agonists have been shown to interfere with the NFB signaling pathway and 

repress the activation of NFB-induced inflammatory gene program 345, 346. The effect of 

PPAR activation on TNF- and IFN- induced expression of Ebi3 was evaluated at the 

mRNA and protein level by RT-PCR and western blot analyses, respectively. Rosiglitazone 

treatment of AoSMCs resulted certainly in a strong reduction of Ebi3 up-regulation not only 

by TNFbut also by IFN(Figure 4a and 4b, paper II), even more their synergistic effect on 

Ebi3 protein induction was drastically reduced (Figure 3c, paper II). 

To further investigate the transcriptional mechanism mediating the previous findings 

on Ebi3 expression, chromatin immunoprecipitation (ChIP) experiments were performed 

(Figure 5, paperII). By immunoprecipitation of RelA/p65 and PCR amplification of the region 

within the human Ebi3 promoter containing a putative B site, RelA/p65 recruitment to Ebi3 

promoter in response to TNF stimulation was demonstrated in vivo. The association of 

RelA/p65 to the IB human promoter, a classical NF-B target gene, was analyzed as 

positive control. Importantly, the inducible association of RelA/p65 with its DNA binding site 

in both Ebi3 and IB promoters was blocked when cells were treated with rosiglitazone 

(Figure 5, paperII). These results suggest that TNF-induced Ebi3 up-regulation is mediated 

through at least one conserved NFB binding site responsible for transcriptional induction. 

In fact, it was recently shown that two consensus B sites in human Ebi3 promoter are critical 
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for IL-18-induced Ebi3 expression 220. In addition, these results confirm rosiglitazone 

transrepression by interference with RelA/p65 recruitment to Ebi3 promoter. Several 

mechanisms of PPAR-mediated transrepression have been proposed 347. Recently it was 

shown that ligand-dependent sumoylation of PPARligand-binding domain, targets PPAR to 

nuclear receptor corepressor- histone deacetylase-3 (NCoR-HDAC3) complexes positioned in 

gene promoters, preventing the recruitment of the ubiquitylation machinery that mediates 

normal gene derepression. As a result, the corepressor complex is not removed from the 

promoter and the target gene is kept silenced 345, 348.  

 

Finally, the data presented here for the first time associates atherosclerotic lesions with 

Ebi3 expression, suggesting a possible role of Ebi3 and Ebi3-related cytokines in 

atherosclerosis which has not been explore yet. In addition, it reveals a new NFB target 

subject of trans-repression by activated PPAR, a member of the nuclear receptor family of 

ligand-activated transcription factors, exerting important modulatoy actions in vascular cells 
343.  

New findings indicate that patients with acute coronary syndrome (ACS) display a 

significant increase in peripheral TH17 number, TH17 related cytokines (IL-17, IL-6 and IL-

23) and TH17 transcription factor (RORt) levels, while a decrease in Treg number, Treg related 

cytokines (IL-10 and TGF1) and transcription factor (Foxp3) levels as compared with 

patients with stable angina and controls, suggesting a potential role for TH17/Treg imbalance in 

plaque destabilization and the onset of ACS 349. Given these recent data, together with the 

documented evidence of Ebi3 function in TH1 and TH2 immune responses development, it is 

possible to suggest a fine tunning role of Ebi3 and its related cytokines in the complex 

immune response governing atherosclerosis disease. Further analysis using in vivo models, 

such as Ebi3-/-/apoE-/- or IL-27R-/-/apoE-/- double-knockout mice, are required to investigate 

the functional significance of this correlation between gene expression and disease 

progression. 
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IV) Conclusion 

 

The evidence presented in this thesis leaves no doubt that IKK/NFB signaling 

pathway orchestrates the late-phase effects of TNF stimulation in endothelial cells, dictating 

a pro-inflammatory and pro-atherogenic gene expression program. Given the experimental 

approach used, the newly identified genes represent direct targets of NFB with a high 

probability to contain NFb binding sites in their promoter/enhancer regulatory regions, as 

demonstrated for endothelial lipase gene. Therefore, targeting of NFB signaling or 

downstream effector genes might be effective for the control or prevention of chronic 

inflammatory diseases such as atherosclerosis. Indeed, the identification of Ebi3 expression in 

human atheroma plaques is a concrete example with a potential role in atherosclerosis yet not 

defined, that might become an attractive target for therapeutic manipulation. 

Endothelial cells are not just barrier by-standers, they actually determine whether 

immune cells will work within the limits of homeostasis or go overboard into autoimmunity 

and inflammation. Given this influential role, ECs constitute therapeutic targets when aiming 

at reestablishing normal immunity and resolve inflammation. Because of EC heterogeneous 

functions, therapeutic strategies are equally plentiful and diverse, ranging from blockade of 

leukocyte adhesion and activation to antithrombotic and antiangiogenic approaches, and 

effectiveness has been shown in a variety of human and experimental systems 350, 351. Thus, it 

is conceivable that a full and permanent recuperation of immune homeostasis, particularly in 

chronic conditions, can only be achieved by a dual approach that aims not only at direct 

immunosuppression but also the concomitant inhibition of EC activation. Modulation of 

nuclear receptors, such as PPAR, or ERK5/KLF2 signaling pathways represent promising 

tools that might counteract NFB dominant role in ECs activation and are indeed aim of 

current research. 

 In addition, preliminary findings in endothelial lipase transgenic mice reveal a 

stronger lipid phenotype than previous established model, and a correlation between 

endothelial lipase expression and reduced plasma levels of HDL-cholesterol consistent with 

previous studies. Thus, support the hypothesis that EL makes a physiological contribution to 

HDL metabolism in mice.  
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ABSTRACT

Activation of the transcription factor NF-kB is critical
for the tumor necrosis factor-a (TNF-a)-induced
inflammatory response. Here we report the complete
gene expression profile from activated micro-
vascular endothelial cells emphasizing the direct
contribution of the NF-kB pathway. Human microvas-
cular endothelial cell line-1 (HMEC-1) cells were modi-
fied to express dominant interfering mutants of the
IKK/NF-kB signaling module and expression profiles
were determined. Our results provide compelling
evidence for the virtually absolute dependence of
TNF-a-regulated genes on NF-kB. A constitutively
active IKK2 was sufficient for maximal induction of
most target genes, whereas a transdominant IkBa

suppressed gene expression. Several genes with a
critical role in atherogenesis were identified. The
endothelial lipase (EL) gene, a key enzyme involved
in lipoprotein metabolism, was investigated more in
detail. Binding sites interacting with NF-kB in vitro
and in vivo were identified and co-transfection
experiments demonstrated the direct regulation of
the EL promoter by NF-kB. We conclude that target-
ing the IKK/NF-kB pathway or specific genes
downstream may be effective for the control or pre-
vention of chronic inflammatory diseases such as
atherosclerosis.

INTRODUCTION

The endothelium is a dynamic organ that provides a structural
and functional barrier between the circulation and the sur-
rounding tissue. The endothelial cell (EC), that forms the
non-thrombogenic lining of the vessels in every organ, rep-
resents a selective semi-permeable barrier that reacts with

physical and chemical stimuli regulating the hemostasis,
vasomotor tone and immune response (1). Endothelial cells
play a pivotal role in inflammation, which constitutes the
survey strategy of the innate immune system to thwart most
pathogenic threats. To date much evidence reveals that the
magnitude of the inflammatory response is crucial to keep the
organism homeostasis and dysregulation of it can promote
disease. Highly regulated go/stop signals are required to
establish multiple checkpoints [reviewed in (2)] and the
EC is indeed a critical one. Its activation initiates the
inflammatory response by recruiting leukocytes into the dam-
aged tissue (1), therefore EC dysfunction contributes to the
development of a chronic inflammatory response or vascular
disease. Tumor necrosis factor a (TNF-a) is a potent pro-
inflammatory cytokine that triggers a strong endothelial
activation which results in an increased vascular permeability,
the hallmark of the inflammatory response. The biological
effects of TNF-a are achieved by activation of signaling
cascades that elicit a specific gene expression program. One
major signaling pathway involves nuclear factor-kB (NF-kB).

Activation of NF-kB/Rel transcription factors plays a cent-
ral role in the regulation of diverse cellular processes such as
inflammation, immune response, differentiation, proliferation,
apoptosis and cancer. The mammalian Rel family consists of
five members p65/RelA, RelB, c-Rel, p50 and p52 which can
form homo- and/or heterodimers. They are tightly controlled
by a family of inhibitory molecules (IkBs) comprising IkBa,
IkBb and IkBe, and the precursor molecules for p50 and p52,
p105 and p100, respectively. In resting cells, NF-kB is inact-
ive because of its association with IkB proteins. Thereby
NF-kB is retained in the cytoplasm and DNA binding is pre-
vented. Upon cytokine signaling, innate or adaptive immune
responses, or environmental stress NF-kB activation is initi-
ated (3). Signaling pathways converge at a multisubunit IkB
kinase complex that consists of two catalytic subunits IKK1/a
and IKK2/b, and the regulatory components NEMO/IKKg
and a newly identified protein ELKS (4,5). Mice deficient of
IKK2 or NEMO lack cytokine-induced NF-kB activation (6).
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The ‘canonical’ IKKb- and IKKg-dependent signaling path-
way involves phosphorylation of the IkB proteins at conserved
serine residues in their N-terminal domain. Subsequently,
they are polyubiquitinated and degraded by the proteasome.
Released NF-kB translocates to the nucleus and binds
to cognate DNA motifs in target genes, regulating their
transcription.

The biological effects of IKK/NF-kB signaling depend on
transcriptional regulation of a network of genes that contain
NF-kB binding sites in their promoter or enhancer regions. To
date a large list of target genes has been identified (7) and in
endothelial cells we have previously shown that genetic inhibi-
tion of NF-kB by IkBa mutants or dominant negative IKKb
blocks endothelial activation by suppressing the expression of
NF-kB dependent genes(8).

In this report, we have investigated the requirement of the
IKK complex and NF-kB for the gene expression by perform-
ing gene profiling in a human microvascular endothelial cell
line after prolonged TNF-a stimulation. Our approach used
retroviral gene transfer to effectively transduce a constitutive
active version of IKKb or a dominant negative IkBa, by which
the ‘canonical’ NF-kB pathway was modulated allowing a
fine-tuned investigation of differential gene induction by
TNF-a. Our data indicates that the IKK/NF-kB cascade gov-
erns the long-term gene response to TNF-a of microvascular
endothelial cells and suggest that secondary transcriptional
responses involving other regulators are submitted to NF-kB
control in agreement with recent previous reports (9,10).
In addition we provide compelling evidence for a pro-
atherogenic program elicited by IKK/NF-kB signalosome in
ECs. The transcriptional regulation of a potentially key pro-
atherogenic gene, endothelial lipase (EL) by NF-kB fur-
ther supports the master role of this signaling pathway in
atherosclerosis.

MATERIALS AND METHODS

Cell culture

Human microvascular endothelial cell line-1 (HMEC-1) was
provided by V. Gehrke (Muenster, Germany). Primary human
umbilical vein endothelial cells (HUVEC) were obtained from
Clonetics (Cell Systems, Germany). Primary human saphena
vein endothelial cells (HSVEC) were provided by N. Marx
(Ulm, Germany). HMEC-1 were cultured in endothelial basal
medium (Clonetics) supplemented with 2% fetal bovine serum
(FBS), 1.0 mg/ml hydrocortisone, 10 ng/ml human epidermal
growth factor, 12 mg/ml bovine brain extract, 50 mg/ml gen-
tamicin and 50 ng/ml amphotericin B. For culture of HUVEC
and HSVEC medium was supplemented with 10% FBS.
Experiments were performed with primary cells in passage 4.
Cells were stimulated with human recombinant TNF-a
(40 ng/ml, a gift from Boeheringer-Ingelheim). Protein syn-
thesis inhibition was achieved by treatment of the cells with
cycloheximide (5 mg/ml, Sigma). The FNX amphotropic
retrovirus producers (G. Nolan, Stanford, CA) and NIH-3T3
cells were cultured in DMEM (Life Technologies) containing
10% FBS, 100 U/ml penicillin-streptomycin (PAN Systems,
Germany), 1% L-Glutamine (PAN Systems, Germany), 1%
non-essential aminoacids (PAN Systems, Germany) and
25 mM b-mercaptoethanol (Sigma).

Retroviral infection of endothelial cells

The pCFG5-IEGZ retroviral vectors encoding transdominant
IkBa (TD IkBa) or constitutively active IKK2 (CA IKK2),
have been described (8). Infected cells were selected with
200 mg/ml of Zeocin (Invitrogen) until all cells were GFP
positive. As HMEC-1 expressing the CA-IKK2 altered growth
characteristics over time, GFP positive cells were sorted 48 h
after infection by flow cytometry using a FACSAria (Becton
Dickinson) and prepared immediately for the experiments.

Flow cytometry and protein analysis

Analysis of ICAM-1 expression was performed as described
(8). Flow cytometry experiments were repeated at least twice.
For western blot analysis, whole cell extracts were prepared
and analyzed as described (8). For analysis of periplakin
expression, 70 mg of protein extracts were separated on 5%
polyacrylamide gels and probed using antibodies against peri-
plakin (Santa Cruz). For EMSA, whole cell extracts (2–5 mg
protein) were incubated with radiolabeled double-stranded
oligonucleotides containing the Ig-k enhancer consensus kB
site (11) or putative kB sites from the endothelial lipase gene
(sequences available upon request). For supershift experi-
ments, 5 mg of protein extract were preincubated for 30 min
at room temperature with specific antibodies. And for com-
petition assays, protein extracts were pre-incubated with
non-labeled double-stranded oligonucleotides for 10 min at
room temperature. Protein synthesis inhibition by cyclo-
heximide treatment was controlled by metabolic cell labeling
with [35S] Methionine (100 mCi/ml; Amersham Pharmacia
Biotech).

Microarray analysis

A total of 4–5 · 106 cells were stimulated with TNF-a for 16 h
or left untreated, harvested and frozen at �80�C. Cell pellets
were then processed at the IZKF Microarray Facility Tuebin-
gen (Tuebingen, Germany) where, the RNA preparation and
hybridization assay were performed according to the manufac-
turer’s instruction. Hybridization was done onto Affymetrix
Humane Genome Array Chip U133A. Data were processed
with Affymetrix Microarray Suite (MAS) Software 5.0 and
NetAFFX Analysis Center Tools (Affymetrix Inc. CA). Fur-
ther analyzes including Venn diagrams were performed using
GeneSpring (Silicon Genetics/Agilent) and VisualX was used
for graphical representations (available from hans.kestler@
medizin.uni-ulm.de upon request).

RT–PCR analysis

Total RNA was isolated using the High Pure RNA Isolation
Kit (Roche, Germany). cDNA was synthesized with M-MLV
reverse transcriptase (Promega, USA) and PCR was performed
using Taq DNA polymerase (Amersham Pharmacia Biotech,
USA). Primers sequences are available upon request.

Cloning and transient co-transfection assays

The genomic region spanning from �1381 to +240 of the
endothelial lipase gene [GenBank�/EBI Data Bank Acces-
sion no. NM_006033.1, Gene ID 9388, LIPG] was amplified
with Pfx polymerase (Invitrogen) and inserted upstream of the
luciferase gene (50hLIPG) (primer sequences available upon
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request). The generation of reporter vectors for the putative
NF-kB binding sites in LIPG promoter was done by cloning a
synthetic oligonucleotide containing three copies of either the
distal site (3· -L1) or the proximal site (3· -L2) upstream of a
TATA-only promoter luciferase construct. All reporter vectors
were confirmed by sequencing. Five mg of these constructs and
as a control 100 ng of b-actin renilla expression vector were
transiently co-transfected together with 15 mg of either RelA/
p65 expression vector or empty vector into NIH-3T3 cells.
Luciferase activities were measured after 36 h using the
Dual-Luciferase Reporter Assay System (Promega, USA).

Site directed mutagenesis

For mutagenesis of the distal kB site in the 50hLIPG vector,
a mutagenic primer (50-gagggagaagaggaggacaaagctcacgct-
caggtggctctcccccgacgg-30) was annealed to denaturate the par-
ental plasmid and extended by PCR using Pfx polymerase
(Invitrogene). Non-mutated DNA was removed by treatment
with DpnI endonuclease. Positive clones were sequenced to
confirm the mutation and the integrity of the remaining
construct.

Chromatin immunoprecipitation assay (ChIP)

Chromatin immunoprecipitation (ChIP) was performed as
described previously (12). One mg of rabbit anti-RelA/p65
(sc-372, Santa Cruz) or rabbit anti-PLCg1 (sc-81, Santa
Cruz) were used. Samples were analyzed by PCR using spe-
cific primers for the appropriate regions (primer sequences
available upon request).

RESULTS

Genetic manipulation of NF-kB activity in HMEC-1 cells

We wanted to investigate the role of the IKK/NF-kB signaling
pathway in the gene expression program of microvascular
endothelial cells under TNF-a stimulation. Retroviral gene
transfer was used to stably express the dominant interfering
mutants of the IKK/NF-kB pathway in the HMEC-1 cell line,
an established microvascular endothelial cell line derived from
human dermal microvasculature (13). Suppression of NF-kB
signaling was achieved by using a trans-dominant IkBa
protein (TD-IkBa) with serine to alanine mutations in the
N-terminal domain. For selective activation of this pathway,
a constitutively active version of IKK2 (CA-IKK2) bearing
phosphomimetic serine to glutamate mutations in the activa-
tion loop was used (Figure 1A) (8,14,15). Consequences of the
expression of these NF-kB modulating proteins were then
analyzed in transduced cells. Whereas TNF-a induced rapid
degradation of endogenous IkBa in cells infected with empty
vector, the transdominant IkBa protein was stable under these
conditions (Figure 1B). Expression of the endogenous IkBa
protein was almost completely repressed in TD-IkBa infected
cells consistent with earlier findings (Figure 1B) (8,15). Fur-
thermore, stimulation of TD-IkBa-expressing cells failed to
induce NF-kB as documented by electrophoretic mobility shift
assay (EMSA) experiments (Figure 1C). Importantly, expres-
sion of CA-IKK2 induced NF-kB DNA binding activity
already in the absence of TNF-a, which could be slightly
enhanced by treatment with TNF-a (Figure 1C). Competition

experiments using a mutated kB-probe confirms the specificity
for NF-kB binding (Figure 1D). While supershift analyzes
with specific antibodies show that the DNA binding complex
is composed of p50/p65 proteins (Figure 1E).

We had previously seen that a similar modulation of NF-kB
activity in HUVEC cells affected the expression of various
chemokines and cell surface proteins (8). Therefore, we ana-
lyzed infected HMEC-1 cells before and after stimulation with
TNF-a for expression of ICAM-1 by FACS. Both parental
HMEC-1 and empty vector transduced HMEC-1 showed an
up-regulation of ICAM-1 (Figure 1F). The CA-IKK2 express-
ing cells showed strong ICAM-1 expression even without
TNF-a stimulation, whereas no ICAM-1 expression could be
induced in TD-IkBa cells (Figure 1F). Similar results were
obtained for interleukin-8 and MCP-1 (data not shown).

Identification of TNF-a regulated genes in HMEC-1 cells
and dependence on the IKK/NF-kB pathway

These results encouraged us to perform a global analysis of
gene expression in response to TNF-a in these genetically
modified cells. Gene expression profiles were obtained from
three independent experiments using the Affymetrix Human
Genome U133A platform. Our definition of a classical TNF-a-
induced NF-kB target gene was the following: NF-kB target
genes should be up-regulated in unstimulated HMEC-1 cells
expressing CA-IKK2 compared to empty vector control cells.
TNF-a stimulation might result in a further induction of these
genes in CA-IKK2 expressing cells. These genes should be
induced by TNF-a in empty vector infected cells, but not or
less induced in TNF-a stimulated HMEC-1 cells expressing
TD-IkBa. Corresponding criteria should hold for genes
repressed by NF-kB. In the subsequent analyzes we only con-
sidered genes whose expression was altered at least 2-fold
(SLR > 1) in a minimum of seven out of nine possible com-
binations between the triplicates of each comparison.

We identified 141 genes up-regulated by TNF-a in control
HMEC-1 (Figure 2A). CA-IKK2 induced expression of 162
genes whereas 199 entries corresponded to genes down-
regulated in TNF-a stimulated TD-IkBa cells when compared
to TNF-a-stimulated control cells. The above described cri-
teria were fully met by 106 genes which represent targets with
high probability to contain NF-kB regulatory elements within
their promoter/enhancer regions. It became clear that out of the
141 genes induced by TNF-a in control cells, only 6 genes (4%
of the total) did not reveal evidence for an involvement of
classical NF-kB for transcriptional regulation. Expression of
27 genes was induced by TNF-a in control cells and was
decreased in TD-IkBa cells, yet they were not significantly
increased in CA-IKK2 infected cells suggesting that NF-kB is
not sufficient and other pathways are required. Surprisingly,
49 genes were decreased in TNF-a stimulated HMEC-1 trans-
ducing TD-IkBa compared to stimulated HMEC-1 transduced
with the empty vector. This result might suggest a role of IkBa
in gene regulation in addition to NF-kB inhibition. In this
respect, recent evidence shows that IkBa recruitment to the
hes1 promoter is associated with transcriptional repression
(16). At the same time, 37 genes showed up-regulation in the
presence of CA-IKK2 but they were not strongly induced
by TNF-a stimulation in control cells. This hints at functions
of IKK in addition to regulating NF-kB. Indeed, recent
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evidence suggests that IKK2 is involved in control of the
Foxo3a transcription factor (17).

Expression profiling results were highly consistent as
is evident from the representation shown in Figure 2B.

This Figure depicts the genes for which all predictions
described above were met. The five genes with the highest
TNF-a induced expression were ubiquitin D (average
89-fold), natural killer cell transcript 4 (NK4, average

Figure 1. Genetic manipulation of NF-kB transduced HMEC-1 cells. (A) Schematic representation of the retrovirus used for the expression of the IkBa and IKKb
mutants. IRES, internal ribosome entry site; LTR long terminal repeat: Zeo, zeocin resistance gene; TD, transdominant; CA, constitutively active. (B) Endothelial cells
stably expressing parental vector or transdominant IkBa were stimulated with TNF-a for the time intervals indicated. IkBa degradation was visualized by Western
blot analysis. (C) TNF-a-induced NF-kB DNA-binding activity was studied by EMSA. NF-kB complexes are indicated; ns, non-specific band. (D) Competition
EMSA. Labeled consensus kB probe was incubated with 20 min TNF-a-stimulated or control HMEC-1 whole cell extracts in the presence of increasing amounts of
cold probes for consensus kB-probe (specific) or mutated kB-probe (non-specific). (E) Supershift assay. Whole cell extracts of 20 min TNF-a-stimulated or control
HMEC-1 were pre-incubated with specific antibodies before NF-kB DNA-binding activity was studied by EMSA. (F) Parental HMEC-1 or cells expressing TD
IkBa, CA IKK2 or empty vector, respectively, were stimulated for 16 h with TNF-a. Expression of ICAM was determined by FACS before (black line) or after
TNF-a stimulation (grey line).
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62-fold induction), Epstein–Barr virus-induced gene 3 (EBI3,
average 54-fold), chemokine (C-C motif ) ligand 5 (RANTES,
average 36-fold) and chromosome 1 open reading frame (ORF)
29 corresponding to hypothetical protein GS3686 (average
23-fold). These five genes are also highly regulated in HMEC-
1 expressing the active IKK2 mutant protein. In addition, CA-
IKK2 strongly induced expression of the bone marrow stromal
cell antigen 2, viperin, chemokine (C-X-C motif ) ligand 5

(epithelial-derived neutrophil-activating peptide 78), chemo-
kine (C-X-C motif ) ligand 11, baculoviral IAP repeat-
containing 3 and the myxovirus resistance 2 gene. All these
genes are also induced by TNF-a and repressed in TNF-a-
stimulated HMEC-1 transduced with TD-IkBa. Interestingly,
the gene profile obtained reflects a pro-atherogenic program
induced by long-term TNF-a stimulation in ECs which
is strictly regulated by IKK/NF-kB signaling pathway.
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Figure 2. Identification of TNF-a regulated genes and dependence on the IKK/NF-kB pathway. HMEC-1 lines expressing TD IkBa, CA IKK2 or empty vector were
cultured to �80% confluence, stimulated with of TNF-a for 16 h and RNA expression profiles were determined by oligonucleotide array hybridization in three
independent experiments. Venn diagrams are depicted for (A) up-regulated genes and (C) down-regulated genes. In (B and D) the graphic representations of the
respective genes up- or down-regulated by TNF-a that fully meet the inclusion criteria are shown. For each gene the variation of the expression levels between the
three experiments is shown.
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(The complete and detailed list of identified genes is provided
as Supplementary Data Set and will be submitted to MIAME).

TNF-a and CA-IKK2 not only induced gene expression but
also a number of genes were identified which are repressed by
these pathways. The corresponding Venn diagram represents
37 entries of genes down-regulated in control cells exposed
to TNF-a (Figure 2C). Furthermore, expression of 54 genes
decreased in CA-IKK2 cells, whereas 72 transcripts were
increased in TD-IkBa HMEC-1 when stimulated with
TNF-a compared to stimulated control cells. In contrast to
the extremely high overlap between TNFa-targets and NF-
kB-regulated genes observed for the induced genes, only 27%
of the genes down-regulated by TNF-a were affected by the
IKK/NF-kB interfering mutants. This indicates a wider spec-
trum of signaling pathways involved in gene repression by
TNF-a.

TNF-a induced gene expression by RT–PCR

We wanted to confirm the differential expression pattern for a
subset of genes by semi-quantitative RT–PCR. In addition to
the analysis in the various HMEC lines, we also investigated
these targets in TNF-a-stimulated HUVEC and HSVEC. This
comparison allowed us to determine whether these selected
genes were regulated similarly in microvasculature- and
macrovasculature-derived endothelial cells and also allowed
us to estimate the impact of our experimental model in gene
expression. Five genes showing an induction between 5 fold
and more than 20 fold in the microarray experiments were
chosen: ubiquitin D (DUB), Epstein–Barr virus-induced
gene-3 (EBI3), vascular cell adhesion molecule-1 (VCAM),
endothelial lipase (LIPG) and galectin 9 (LGALS9)
(Figure 3A).

In agreement with the microarray data, TNF-a stimula-
tion increases mRNA levels of all genes investigated in
parental and empty vector transduced HMEC-1. The house-
keeping gene GAPDH was used as control. The same behavior
is observed for HUVEC and HSVEC when exposed to
TNF-a, despite some differences in basal expression levels
in unstimulated cells. As expected, TD-IkBa largely abolished
TNF-a-induced expression of the investigated genes in
HMEC-1 cells. In contrast, CA-IKK2 increased mRNA levels
of these genes and additional TNF-a-stimulation resulted in
only a minimal further increase. Therefore, IKK2 is sufficient
to up-regulate expression of all genes investigated. Kinetic
analyzes revealed that VCAM and EBI3 show increased
expression between 1 and 2 h of TNF-a stimulation, whereas
expression-levels of LIPG and DUB started to increase after
4 h (Figure 3B).

TNF-a/NF-kB suppresses periplakin expression

Our screen had revealed a number of genes repressed by both
TNF-a and IKK2. We chose the best regulated of these genes,
periplakin, for a more detailed analysis. Expression profiling
had predicted a roughly 6- to 7-fold regulation and this was
confirmed by RT–PCR (Figure 4A). Repression was even
more pronounced in HUVEC and HSVEC. Repression was
strongly attenuated when NF-kB induction was blocked by
TD-IkBa. CA-IKK2 virtually eliminated baseline expression.
Kinetic analyzes revealed that most of periplakin mRNA was
reduced between 5 and 8 h after TNF-a induction in HUVEC

and HMEC1, respectively (Figure 4B). No loss of periplakin
mRNA was detected when TD-IkBa was expressed. The
effect of NF-kB on TNF-a-induced repression of periplakin
is most likely direct as it is independent of de novo protein
synthesis as shown by the analysis of periplakin expres-
sion after pre-treatment of the cells with cycloheximide
(Figure 4C). The efficiency of protein synthesis inhibition
by cycloheximide was larger than 90% confirmed by in vivo
[35S]-methionine cell-labeling (data not shown). Finally,
western blot analysis showed periplakin down-regulation in
parental HMEC-1 after TNF-a-stimulation, whereas cells
expressing TD-IkBa showed no decrease at the protein
level (Figure 4D).

The endothelial lipase gene contains functional
NF-kB sites

A known predisposing factor in the development of athero-
sclerosis is a change in high density lipoprotein (HDL) versus

Figure 3. Analysis of TNF-a-induced gene expression in two additional
endothelial models by RT–PCR. (A) Total RNA from HMEC-1 lines and
primary HUVEC and HSVEC stimulated with TNF-a for 16 h was used for
cDNA preparation and RT–PCR analysis. Specific primers for the indicated
genes were used. (B), Kinetic of TNF-a-induction of different mRNAs in empty
vector infected HMEC-1 is shown.
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low density lipoprotein (LDL) levels. The endothelial lipase
(gene nomenclature LIPG) identified in our gene screening is
of specific interest in this respect due to its role in HDL
metabolism. This recently cloned new member of the lipase
family of proteins catabolizes HDL and it is the only lipase
member secreted by endothelial cells (18,19). Endothelial
lipase is induced by inflammatory cytokines but clear
NF-kB dependence has not been demonstrated (20). Due to
the potential role of this gene as predisposing factor for lipid
metabolism-related diseases a more detailed promoter analysis
was performed. The gene encoding endothelial lipase is loc-
ated on chromosome 18. It consists of 10 exons and 9 introns.
A TATA box was predicted between �30 and �22. Two kB
sites were predicted in the 50 region at �467 (proximal) and at
�1250 (distal) (Figure 5A). NF-kB-binding to these sites was
analyzed by EMSA. The distal site showed strong NF-kB-
binding (Figure 5B), whereas the proximal site showed only
weak NF-kB-binding. Supershift analyzes confirmed the
binding of RelA/p65 to both putative kB sites (Figure 5C).
Moreover, when a labeled consensus kB probe was incubated
with stimulated HMEC-1 protein extracts in the presence

of increasing amounts of oligonucleotides corresponding
to the putative kB sites in endothelial lipase gene, strong
competition for NF-kB binding was seen for the distal
site, while the proximal site competed to a lesser extent
(Figure 5D).

TNF-a induces recruitment of RelA/p65 to the
endothelial lipase promoter

To determine whether inducible NF-kB-binding to the LIPG
promoter could be observed in vivo, we performed ChIP.
HMEC-1 cells were stimulated with TNF-a for 4 h and
formaldehyde-cross linked chromatin was precipitated with
an anti-RelA/p65 antibody. As a negative control an irrelevant
antibody (anti-PLCg1) was used (Figure 6A). The binding of
RelA/p65 to the IkBa and RANTES promoters served as
positive control. ChIP-analysis of these control genes revealed
TNF-a-inducible RelA/p65 recruitment to the respective pro-
moters as expected. Interestingly, inducible recruitment of
RelA/p65 was detectable at the distal site of the LIPG pro-
moter (Figure 6A) while only a weak induction was observed
at the proximal site (data not shown).

Figure 4. TNF-a down-regulates periplakin expression in HMEC-1, HUVEC
and HSVEC. (A) Total RNA from HMEC-1 lines and primary HUVEC and
HSVEC stimulated with TNF-a for 16 h was used for cDNA preparation and
RT–PCR analysis. (B) Time course of periplakin mRNA down-regulation in
response to TNF-a. HMEC-1 stably expressing the empty vector or transdo-
minant IkBa, or HUVEC were stimulated with TNF-a for the indicated inter-
vals, total RNA was analyzed by RT–PCR. (C) Expression level of periplakin
was analyzed after TNF-a stimulation in the presence of cycloheximide. Con-
fluent cells were pre-incubated with vehicle or cycloheximide (CHX) for 1 h
and then treated with TNF-a or medium for 8 h. (D) Western blot analysis for
periplakin (195 kDa). Parental or TD-IkBa transduced HMEC-1 were stimu-
lated with TNF-a for 16 h and whole protein extracts were probed with a
periplakin-specific antibodỹ. RelA/p65 was used as loading control.

Figure 5. The endothelial lipase gene contains functional NF-kB sites.
(A) Schematic representation of putative NF-kB binding sites in the endothelial
lipase (LIPG) gene. (B) TNF-a-induced NF-kB DNA-binding to putative kB
sites in the LIPG gene was studied by EMSA. (C) Supershift assay. Whole cell
extracts of 1 h TNF-a-stimulated or control HMEC-1 were pre-incubated with
specific antibodies before NF-kB DNA-binding activity to putative kB-sites
was studied. (D) Competition EMSA. Labeled consensus kB probe was
incubated with 1 h TNF-a-stimulated or control HMEC-1 extracts in the pre-
sence of increasing amounts of cold probes for the putative kB sites.
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Finally we wanted to demonstrate the direct regulation of
the LIPG promoter by NF-kB in reporter co-transfection
experiments. To achieve these experiments we used NIH-
3T3 cells, since HMEC-1 cells were completely resistant to
transient transfection. A promoter fragment encompassing the
region from �1381 to +240 was cloned upstream of a luci-
ferase reporter gene (Figure 6B). This promoter fragment,

named 50hLIPG, contained both the distal and the proximal
kB sites. When this reporter was co-transfected with RelA/p65
expression vector in NIH-3T3 cells we indeed observed an
induction of 6 fold in the luciferase activity. The mutation of
the perfect distal kB-motif results in a reduction of RelA/
p65-induction in 50% (Figure 6B). In addition, we have gen-
erated luciferase reporter constructs that contain three copies

Figure 6. TNF-a-induced expression of endothelial lipase is associated with recruitment of RelA/p65 to the distal kB site. (A) Binding of RelA/p65 to regulatory
regions of LIPG, RANTES and IkBa in HMEC-1 after stimulation with TNF-a for 4 h was detected by ChIP assay. Negative controls were chromatin samples to
which no antibody was added (w/o Ab) or immunoprecipitated with anti-PLC-g1 antibody. DNA purified from the lysates incubated without antibody was used as
input control (Input). All experiments were performed at least in duplicates. (B) LIPG promoter fragment encompassing the region from �1381 to +240 was cloned
upstream of a luciferase reporter gene. The resultant vector named 50hLIPG was transiently co-transfected into NIH-3T3 cells together with a RelA/p65 expression
vector or an empty vector as control. Site directed mutagenesis to the distal kB-site of 50hLIPG resulted in the modified reporter vector named 50hLIPGDL1, which
was transiently co-transfected into NIH-3T3 cells together with a RelA/p65 expression vector or an empty vector as control. (C) Luciferase reported vectors
containing three copies of LIPG-kB distal (3x-L1) and proximal (3x-L2) sites were transiently co-transfected into NIH-3T3 cells with RelA/p65 expression vector or
empty vector as control. A luciferase vector containing three copies of the kB-motif was used as positive control. Luciferase activities were measured after 24 h. All
experiments were performed at least in duplicates.
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of either the distal (3· -L1) or the proximal (3· -L2) site up-
stream of a TATA-only promoter. These synthetic reporters
are both responsive to RelA/p65 co-transfection in NIH-3T3
cells. However, a stronger induction of luciferase is achieved
by the distal motif in comparison to the proximal kB-site
(Figure 6C).

DISCUSSION

The induction of gene expression by TNF-a is known to
critically depend on activation of MAPK and IKK signaling.
The first pathway involves phosphorylation of ERKs, JNKs
and p38 members and the subsequent activation of transcrip-
tion factors like Elk-1, AP-1, SRF or CREB, whereas the IKK
pathway induces activation of NF-kB. Thus, it is expected that
endothelial gene profile after long-term TNF-a stimulation
should reflect the activation of the given range of signaling
cascades. Yet, our gene expression profile suggests that
the IKK/NF-kB signalosome plays the dominant role in
TNF-a-induced activation of HMEC-1 cells. Almost all
TNF-a-induced genes in control HMEC-1 were repressed
in TD-IkBa transducing cells (94%), while the 76% of
them were already up-regulated in CA-IKK2 infected cells
in the absence of stimulation. A total of 106 genes equivalent
to the 75% of the TNF-a-induced profile were transcription-
ally controlled by CA-IKK2 and TD-IkBa. This group of
genes represents the vast majority of TNF-a-response genes
and the classical IKK/NF-kB signaling module is sufficient to
regulate their expression probably by direct NF-kB regulatory
elements in their promoter/enhancer regions.

In our study TNF-a induction of only few genes was
partially or completely independent of classical IKK/NF-kB
activation. The group of genes that were induced by TNF-a,
repressed by TD-IkBa but not up-regulated by CA-IKK2 is
of particular interest. Their transcriptional regulation requires
NF-kB but NF-kB is not sufficient, suggesting that other regu-
lators are necessary. TNF-a-induced IKK/NF-kB-independ-
ent mechanisms could involve the MAPK/AP-1 pathway. A
previous report analyzed the contribution of p38-MAPK in the
gene expression profile of HUVEC after 5 h TNF-a stimula-
tion and determined that a minor number of genes underlie
additional control by this pathway (10). Using the p38-MAPK
inhibitor SB202190 they observed that the TNF-a-dependent
up-regulation of the gene C1orf4 was totally inhibited. In our
screen, TNF-a induction of this gene was comparable to the
extent observed by the previous authors, but at the same time
TD-IkBa was able to completely suppress this induction.
In the same study, the IKK2-dependent induction of other
genes such as IL8, VCAM, inhibin beta or GBP-1 was partially
repressed (�50%) by SB202190. According to our genechip
data, these genes fully met the inclusion criteria and definition
of a NF-kB target, showing complete repression by TD-IkBa.
It has been proposed that p38-MAPK activity is required to
enhance the accessibility of RelA/p65 for recruitment to a
subset of genes activated in cells exposed to inflammatory
stimuli in a promoter-specific manner (21). This mechanism
could explain the enhanced expression observed in these
NF-kB targets by p38-MAPK. Another interesting observation
is the regulation of ubiquitin D. Viemman et al. (10) showed
that the strong induction of this gene by TNF-a was

completely inhibited in the presence of SB202190. In our
genechip analysis this gene showed the strongest up-
regulation by TNF-a and repression by TD-IkBa whereas
CA-IKK2 induction did not reach the extent of TNF-a. In
addition, the semi-quantitative RT–PCR revealed the com-
plete absence of this mRNA in HMEC-1 transduced with
TD-IkBa and stimulated by TNF-a at different time intervals
(data not shown), suggesting an absolute dependence on the
IKK/NF-kB module. Our results together with those presented
by Viemman et al. (10) indicates that ubiquitin D expression
requires synergistic activation of IKK/NF-kB and p38-MAPK,
and that both pathways are essential.

Recently, Krappman et al. investigated to a deeper extent
the cross-talk between NF-kB and AP-1 transcription factors
in the LPS-induced gene expression in precursor B cells (9).
Their results indicated that NF-kB mounts the secondary tran-
scriptional response to LPS involving the control of AP-1
activation. In our experimental model, long-term TNF-a
stimulation, was used to mimic a pathophysiological condi-
tion. This prolonged activation of the EC, might enable NF-kB
to evoke a transcriptional response in cooperation with AP-1
signaling for e.g. or with pathways such as JAK/STAT activ-
ated by autocrine sources like IL-6. However, further analyzes
are needed to define the integration role that NF-kB might play
to orchestrate the inflammatory program elicited by TNF-a
in ECs.

TNF-a stimulation also represses transcription. The
analysis of periplakin, the gene that showed the strongest
down-regulation by TNF-a and fully met our inclusion cri-
teria, suggests a direct transcriptional repression mechanism
by NF-kB. The mechanisms by which NF-kB down-regulates
transcription appear to be diverse and are not fully understood
yet (22). In a recent report, it was proposed that RelA/p65
directly represses transcription of antiapoptotic genes by a
mechanism that involves a differential phosphorylation of
RelA/p65, which regulates its ability to interact with corepres-
sors such as histone deacetylase (23). In addition to direct
repression, it was also proposed that NF-kB affects Sox9
and MyoD expression by an indirect mechanism involving
mRNA destabilization (24).

A second goal of our study was to investigate the NF-kB
dependence of genes with a link to atherogenesis. Given
the current appreciation that inflammatory mechanisms are
coupled to atherogenesis (25) we were eager to define the
role of TNF-a-induced endothelial gene program in this
process.

NF-kB target genes could be classified in different func-
tional groups. Those with a primarily inflammatory function
were predominant. Genes for monocyte, macrophage, neutro-
phil and T-cell chemoattractant chemokines and cytokines
(RANTES, CCL20, CXCL3, CXCL2, CXCL11, CXCL5,
MCP-1, IL8 and GM-CSF) were up-regulated consistent
with the critical role of the endothelium in promoting leuko-
cyte infiltration. Interestingly, the EBI-3 gene showed the
strongest up-regulation among the regulated cytokines. In
particular, the product of this gene is a 34 kDa secreted
glycoprotein with important immunomodulatory functions
which has been implicated in chronic inflammatory diseases
(26–28). Up-regulation of these chemokines indeed high-
lights the active role of the endothelium in atheroma
formation.
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Genes involved in extracellular matrix (ECM) remodeling
play a critical role in atherogenesis. Several genes belonging to
this group were up-regulated, e.g. Cathepsin S (CTSS). CTSS
is one of the most potent mammalian elastases. It is overex-
pressed in atherosclerotic lesions (29) and CTSS-deficiency
attenuates atherosclerosis in LDLR �/� mice (30).
Up-regulation of matrix metalloproteinases MMP-10 and
MMP-12 further suggest an active role of the endothelium
in ECM-remodeling and potentially plaque instability.
MMP-12 has been associated with atherosclerosis (31). We
found expression of these MMPs affected by TD-IkBa, but
not by CA-IKK2, indicating that NF-kB is essential but not
sufficient for their transcription. Taken together, the up-
regulation of these proteases modulates vascular permeability
and remodeling, leukocyte transmigration and ECM integrity.
These features are critical for initiation, maintenance and
resolution of atherosclerosis.

To analyze the NF-kB-dependence of genes with a func-
tional role in atherogenesis we investigated more in detail the
promoter of endothelial lipase (LIPG), a gene that fully met
our inclusion criteria and that is implicated in HDL metabol-
ism. LIPG is a new member of the triglyceride lipase family
expressed in endothelial cells (18,19). Both acute and chronic
inflammatory states are associated with decreased levels of
HDL-cholesterol and LIPG could play an important role in
this process. Recent findings revealed that inhibition of the
endothelial lipase gene resulted in a 50% increase in HDL-
cholesterol levels in mice (32). LIPG directly mediates cellular
lipoprotein uptake (33) and apoE knockout animals also tar-
geted at the LIPG locus show lower levels of atherosclerosis
(34). In our gene profile, TNF-a stimulation resulted in a
10-fold induction of LIPG mRNA levels while CA-IKK2
induced its expression in 6-fold. RT–PCR analysis validated
these results and confirmed the induction of gene expression in
two primary endothelial cell models. Two putative NF-kB
binding sites were predicted in LIPG 50-flanking region. Res-
ults from EMSA, ChIP assays and co-transfection experiments
suggest regulation of LIPG by NF-kB. Moreover, mutation
analysis of the putative distal kB-site in the LIPG pomoter
and experiments with synthetic luciferase reporter vectors
containing either the distal or the proximal site give further
evidence of the direct contribution of these sites in the tran-
scriptional regulation of endothelial lipase. However, although
the proximal site shows a weaker response to RelA, it might
still contribute to the overall NF-kB response of the LIPG
promoter. This could explain the incomplete inhibition of
the 50hLIPGDL1 construct. Further studies are needed to deter-
mine whether the induced expression of LIPG in endothelial
cells directly contributes to the development of atherosclerotic
plaques.
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2 

 

Abstract 

 

Atherosclerosis is characterized by a complex immune response in the vessel wall, involving 

inflammation and autoimmune processes. Epstein–Barr virus-induced gene 3 (Ebi3) is a member 

of the IL-12 heterodimeric cytokine family, which has important immunomodulatory functions. 

To date, nothing is known about the role of Ebi3 in vascular disease. Therefore we examined the 

expression of Ebi3 in human atheromatous lesions and analyzed its transcriptional regulation in 

vascular cells. We analyzed the in situ expression of Ebi3 in human endarterectomy specimens by 

immunohistochemistry. In these lesions, smooth muscle cells (SMCs) expressed Ebi3 and in 

vascular SMCs Ebi3 colocalized with the subunits IL-27/p28 and IL-12/p35. Primary aortic 

smooth muscle cells up-regulated Ebi3 in response to pro-inflammatory stimuli like TNF- and 

INF-. Interestingly, pre-treatment of these cells with the PPAR agonist rosiglitazone strongly 

reduced Ebi3 induction. Chromatin immunoprecipitation experiments revealed that this inhibition 

is due to interference with p65/RelA recruitment to the Ebi3 promoter. Our data support a 

possible role of Ebi3 in atherogenesis either as homodimer or as IL-27/IL-35 heterodimer, and 

suggests that Ebi3 could be an interesting target for therapeutic manipulation in atherosclerosis.  

 

Key words: Atherosclerosis, Ebi3, TNF, rosiglitazone, PPARNF-B. 
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Introduction 

 

Atherosclerosis is a pathologic process affecting arterial walls in which the immune system plays 

a major role 1. Atheroma lesions are characterized by the accumulation of lipid particles and 

immune cells in subendothelial regions, leading to narrowing of the arterial lumen and, following 

plaque rupture, can result in thrombosis, the gravest clinical complication of atherosclerosis 2, 3. 

Macrophages and T cells are the main immune components in these lesions, both of which are 

predominantly activated 4. T lymphocytes constitute approximately 10% to 20% of the cell 

population in advanced human plaques 5, 6, they often congregate at sites of atheroma rupture and 

exhibit properties of the Type 1 T helper (TH1) cell phenotype 4, 7. Vascular smooth muscle cells 

(SMCs) have also a prominent role in plaque growth and stability through their continuous 

production of fibrous tissue. Indeed, inability of these cells to keep their phenotype contributes 

largely to plaque rupture and disease progression 8. 

The Epstein–Barr virus-induced gene 3 (Ebi3) is a member of the IL-12 hetero-dimeric 

cytokine family. It was initially discovered in Epstein–Barr virus-infected human B lymphocytes 

as a 34-kDa hematopoietin receptor that lacks a membrane-anchoring motif, and that bears 

structural similarities to the IL-12 chain (also known as p40) 9, 10. It associates as a heterodimer 

with either IL-27 (also known as p28) to yield interleukin-27 (IL-27) 11, or with IL-12/p35 

(also known as p35), to form the newly described interleukin-35 (IL-35) 12, 13. Although Ebi3 

expression has been shown to be largely restricted to cells of the myeloid lineage 11, it has been 

also described in placental syncytiotrophoblasts 14, endothelial cells 15, plasma cells 16, Hodgkin 

and Reed-Sternberg lymphoma cells 17 and in B cell lymphomas 18. Ebi3 deficient mice (Ebi3
-/-) 
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do not show overt autoimmunity or inflammatory disease. In fact, these mice have impaired Type 

2 T helper (TH2) 19 as well as TH1 immune responses 20. Recent evidence suggested that Ebi3
-/- 

mice are protected in a concavalin-A (Con-A) -induced hepatitis model, showing reduced IFN 

production and STAT1/T-bet activation upon Con-A administration 21. Additionally, important 

immunomodulatory functions have been described to both Ebi3 heterodimers, IL-27 and IL-35. 

By inducing T-bet through Stat1 –dependent and –independent mechanisms, IL-27 augments T 

cell proliferation and regulates the expression of IFN and IL-12R2 in naive T cells, priming 

these cells to respond to IL-12 and to differentiate into TH1 cells 11, 22, 23. Experiments using IL-27 

receptor -deficient mice (WSX-1-/-) revealed that IL-27 plays an important role in TH1 

differentiation during infection with some intracellular pathogens 24, 25. However, other studies 

using infectious and autoimmune inflammatory models have shown that WSX-1 -/- mice develops 

aberrantly elevated TH1 and TH2 responses, suggesting an important role of IL-27 as attenuator of 

the immune/inflammatory response 26-30. Furthermore, it was recently demonstrated that IL-27 

can suppresses TH17 immune responses to extracellular bacteria as well as in autoimmune models 

31-33. On the other hand, the heterodimeric hematopoietin p35/Ebi3, described in human and 

mouse 10, remained largely with unknown function until was recently shown to be constitutively 

secreted by regulatory T cells 12, 13. Designated as IL-35, this cytokine is required for regulatory T 

cells maximal suppressive function and represents a novel anti-inflammatory mechanism 

suppressing the immune response through expansion of regulatory T cells and inhibition of TH17 

cells development as well 12, 13. Regulatory T cells, in fact, were shown to be inhibitors of 

atherosclerosis in several mouse models 34. 
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Our previous finding that Ebi3 is strongly up-regulated by TNF/NF-B signaling in 

endothelial cells 15 prompted us to investigate the potential role of Ebi3 in atherosclerosis. We 

therefore analyzed the in situ expression of Ebi3, as well as of IL-27/p28 and IL-12/p35 

subunits, in human endarterectomy specimens. By immunohistochemistry we found Ebi3 

expression in atherosclerotic lesions. Expression of Ebi3 was localized in vascular smooth muscle 

cells, and co-localization with IL-27/p28 and IL-12/p35 subunits was found in vascular 

smooth muscle cells. Experiments with primary aortic smooth muscle cells confirmed inducible 

Ebi3 expression and provided insights in its regulation. These data suggest a possible role for 

Ebi3 in atherogenesis that requires further investigation. 

 

Materials and Methods 

Patient samples and immunohistochemistry analyses  

For immunohistochemical analyses, endarterectomy specimens from non-diabetic patients 

were used. Patients scheduled for carotid endarterectomy for a symptomatic high-grade stenosis 

of the carotid artery and were recruited at the Department of Thoracic and Vascular Surgery, 

University of Ulm, Germany. The study was conducted according to the principles of the 

Declaration of Helsinki and was approved by the local ethics committee. 

Serial cryostat section of carotid specimens were probed with: anti-human CD68 antibody 

(Dako), anti-human CD4 antibody (Dako), anti-human alpha actin antibody (Dako), anti-human 

Ebi3 (kind gift from Dr. Odile Devergne, Paris, France), anti-human IL27/p28 (Abcam) and 
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anti-human IL-12/p35 (Abcam). For negative controls, type- and isomatched IgG at similar 

concentration were used. Sections were counterstained with Gill’s Hematoxylin (Sigma).  

 

Cell culture 

Primary human aorta smooth muscle cells (AoSMC) (Cambrex) were cultured in smooth 

muscle cells basal medium (SmGM-2, Clonetics) supplemented with 5 % fetal bovine serum 

(FBS). Experiments were performed with cells between passages 4 and 7 in serum free media 

(DMEM, Gibco). Cells were stimulated with human recombinant TNF (10 ng/ml, a gift from 

Boeheringer-Ingelheim) or IFN (1000 U/ml, Peprotech Inc.). Rosiglitazone (BRL) (10 M, 

Cayman Chemical) was given to the cells 1 hour prior the cytokine treatment was initiated and 

was kept in cell medium throughout the indicated time intervals. 

 

RT-PCR Analysis  

Total RNA was isolated from aprox. 1 x 106 cells using the High Pure RNA Isolation Kit 

(Roche) according to the manufacturer’s instructions. The first-strand cDNA was synthesized 

using 2 g of RNA by M-MLV reverse transcriptase (Promega) and PCR was performed using 

Taq DNA polymerase (Amersham Pharmacia Biotech). Primer sequences used were: human Ebi3 

forward 5’-GCT TCT CCT GGC CCT TGT CC-3’, reverse 5’-CTG GAG GGT CGG GCT TGA 

TG-3’ (annealing temperature 57°C); human IL27/p28 forward 5’-ATC TCA CCT GCC AGG 

AGT GAA-3’, reverse 5’-TGA AGC GTG GTG GAG ATG AAG-3’ (annealing temperature 
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60°C); human IL12/p35 forward 5’-TTC ACC ACT CCC AAA ACC TGC -3’, reverse 5’-GAG 

GCC AGG CAA CTC CCA TTA G-3’ (annealing temperature 57°C); and human GAPDH 

forward 5’-CGG GAA GCT TGT CAT CAA TGG AAA TCC C-3’, reverse 5’-TCA TGG ATG 

ACC TTG GCC AGG GG-3’ (annealing temperature 56°C). 

 

Protein Analysis  

Cells (approx. 5 x 105) were lysed on ice in 50 µL of 2 x concentrated Laemmli sample 

buffer. Proteins were denatured, separated by SDS-PAGE electrophoresis on a 10% 

polyacrylamide gel and electroblotted onto a nitrocellulose membrane (Millipore). Membranes 

were probed with anti-human Ebi3antibody (2G4H6 mAb, 33 kD) (a kind gift from Dr. O. 

Devergne, Paris, France) and anti-human actin antibody (44 kD, Sigma). Signals were visualized 

using the SuperSignal West Dura extended-duration substrate (Pierce). 

 

Chromatin Immunoprecipitation Assay (ChIP)  

Chromatin immunoprecipitation (ChIP) was performed as described previously 35. 

AoSMCs were pre-treated with 10 M BRL for 1 h and stimulated with 10 ng/ml TNF for 24 

hours in the presence or absence of BRL. One g of rabbit anti-p65/RelA antibody (Santa Cruz 

Biotechnology) and rabbit anti-PLC1 antibody (Santa Cruz Biotechnology) were used. Samples 

were analyzed by PCR using specific primers for the NF-B binding region in Ebi-3 and IB 

human promoters. Primer sequences used for human IB promoter: forward 5’-GAC GAC 
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CCC AAT TCA AAT CG-3’, reverse 5’-GTC AGG CTC GGG GAA TTT CC-3’ (annealing 

temperature 57 °C); and for human Ebi3 promoter: forward 5’-CTC TGT CTC CCT CCA TGT 

CC-3’, reverse 5’-TTC CCA GCA CAG CAT GTC-3’ (annealing temperature 59 °C). 

 

Results 

Analysis of Ebi3 expression in human atheroma lesions. 

Given the immunomodulatory functions of Ebi3-containing cytokines we wanted to 

examine Ebi3 expression in vascular cells in human arteriosclerotic lesions. Therefore, we 

performed immunohistochemical analyses in human endarterectomy specimens obtained from 

non-diabetic patients with high grade stenosis (n=12). Ebi3-expression was detectable in almost 

all advanced lesions analyzed (n=10/12). Figures 1 and 2 illustrate two representative specimens 

were clearly is observed Ebi3 positive staining both in the intima as well as in the media (Figures 

1e and 2e). Co-localization of Ebi3 with vascular SMCs was seen in the intima and media (Figure 

1e and 1h; Figure 2e and 2h). Staining of parallel sections demonstrated co-localization in 

atheroma vascular SMCs of Ebi3 with IL-27/p28 subunit (Figure 1e and 1f) and with IL-

12/p35 subunit (Figure 2e and 2g). Interestingly, we observed that when Ebi3 co-localized with 

p28 subunit, co-localization with p35 was observed to a lesser extent (Figure 1i-k), and 

reciprocally when Ebi3/p35 co-localization was found, Ebi3/ p28 co-localized less or even not at 

all (Figure 2i-k). Staining of sections with isotype-matched control antibodies showed no 

immunoreactivity, thus affirming the specificity of the detected signals (Figure 1a-d; Figure 2a-
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d).These data suggest the expression of Ebi3 in vascular SMCs either as homodimers, or as IL-27 

and IL-35 heterodimers. 

 

Analysis of Ebi3 expression in activated human aortic smooth muscle cells. 

Given the expression of Ebi3 in vascular smooth muscle cells in human arteriosclerotic 

lesions, we next analyzed whether pro-inflammatory stimulation of human primary aortic smooth 

muscle cells (AoSMCs) would result in a transcriptional up-regulation of the Ebi3-gene. To this 

end, cells were stimulated with either TNF or IFN for various time points, and the expression 

of Ebi3 was evaluated by RT-PCR. AoSMCs did not show constitutive Ebi3-mRNA expression. 

However, both cytokines induced Ebi3-mRNA expression after 8 hours which was sustained for 

24 hours (Figure 3a, b). To determine whether the increased mRNA levels would result in a 

corresponding induction of Ebi3-protein expression, we analyzed AoSMCs by western blot 

analysis after treatment with TNF for 24 hours. At this time interval we observed the maximal 

increase of Ebi3 mRNA levels hence it was chosen for the following experiments. This analysis 

revealed a strong induction of Ebi3 protein expression in these stimulated SMCs (Figure 3c). 

Given that both TNF and IFN alone induced Ebi3 expression, we asked whether combined 

stimulation with these two pro-inflammatory cytokines might further increase Ebi3-expression. 

As seen in figure 3d, we found a synergistic induction of Ebi3 expression 24 hours after 

stimulating AoSMCs with both cytokines. Since our immunohistochemical data in human 

atheroma revealed a colocalization of Ebi3 with IL-27/p28 and IL-12/p35, we next analyzed 

whether the expression of p28 and p35 subunits was also induced in smooth muscle cells by 

either of the two inflammatory cytokines. These analyses revealed that IL-27/p28 expression 

117



10 

 

was up-regulated by TNF treatment and to a lower extent in IFN treated AoSMCs, while 

synergistic up-regultion by co-treatment with both cytokines was observed (Figure 3d). Similarly, 

expression analyses of the p35 subunit showed a low expression in AoSMCs that was 

significantly induced by TNF and IFN stimulation. The level of synergistic up-regulation was 

less pronounced for p35 (Figure 3d).  

 

Activation of the nuclear transcription factor PPAR by rosiglitazone impairs Ebi3 up-

regulation in AoSMCs. 

In previous work we had been able to show that treatment of non-diabetic patients with 

symptomatic carotid artery stenosis with the PPAR agonist rosiglitazone results in a reduction of 

vascular inflammation and in an increase of the plaque collagen content, leading to a more stable 

atherosclerotic lesion 36. In addition, there is ample evidence that PPAR agonists interfere with 

the NF-B signaling pathway, which is strongly induced in pro-inflammatory situations 37. We 

therefore addressed the question, whether TNF- and IFN- induced expression of Ebi3 might be 

modulated by activation of PPAR. Indeed, we found that rosiglitazone treatment of AoSMCs 

resulted in a strong reduction of Ebi3 up-regulation not only by TNFbut also by IFN (Figure 

4a, b). To further test whether rosiglitazone might even attenuate the synergistic activation of 

Ebi3-expression by TNF and IFN co-stimulation, we analyzed protein extracts of AoSMCs 

that were treated with rosiglitazone and stimulated for 24 hours with both, TNF and IFN. The 

PPAR activator rosiglitazone markedly reduced the synergistic activation of Ebi3-expression by 

both pro-inflammatory cytokines (Figure 4c). 
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Rosiglitazone interferes with p65/RelA binding to Ebi3 promoter in AoSMCs. 

 The stimulation by TNF/IFN and inhibition by rosiglitazone suggested that the 

transcriptional up-regulation of Ebi3 could be mediated by NF-B. Recently it was shown that 

pro-inflammatory cytokines stimulate Ebi3-expression by activating NF-B signaling in 

endothelial cells 15. To directly test whether TNF-induced NF-B is responsible for Ebi3 up-

regulation in AoSMCs, we analyzed binding of the p65/RelA subunit of NF-B to the human 

Ebi3-promoter upon TNF stimulation by chromatin immunoprecipitation experiments. NF-B 

binding site in human Ebi3 promoter was defined according to published data obtained in murine 

Ebi3 promoter which was shown to be conserved 38. As a control, we analyzed the inducible 

association of p65/RelA with the known NF-B target gene IB. These analyses revealed that 

p65/RelA was recruited to both IB and Ebi3 promoters in response to TNF stimulation 

(Figure 5). Importantly, this inducible association of p65/RelA with both promoters was blocked 

when cells were treated with rosiglitazone (Figure 5). 

 

Discussion 

This study provides the first in situ evidence of Ebi3 expression in human arteriosclerotic 

lesions. Our data indicate that Ebi3 is expressed in various cells in human atheroma, suggesting a 

potential role of this cytokine in atherogenesis. Interestingly, given the immunomodulatory 

properties of Ebi3 
19, 20, its co-localization within atheroma vascular smooth muscle cells suggests 

that local secretion of this protein may have pro-atherogenic and/or protective effects that remain 

unknown. Consistent with previous studies on inflammatory diseases 16, 21, macrophages were 
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expressing Ebi3 in the analyzed tissue (data not shown). However, expression of Ebi3 in vascular 

SMCs had not been described yet. A strong up-regulation of Ebi3 expression was also observed 

in cultured aortic smooth muscle cells upon TNFand INF stimulation. Our data suggest that 

NF-B transcription factors are largely responsible for the observed inducible expression of Ebi3 

in SMCs.  

Transcriptional induction of Ebi3 by TLR-signaling has been thoroughly studied in 

macrophages and dendritic cells 38. Promoter analysis revealed the presence of conserved NF-B 

binding site and inducible binding of p50/RelA to this site as being responsible for transcriptional 

induction. This result was consistent with our earlier findings that Ebi3 is strongly induced by 

TNF in a NF-B-dependent fashion in endothelial cell line 38. However, the separate and 

synergistic effect of IFN on Ebi3 expression suggests additional interferon binding elements in 

the Ebi3 promoter that remain to be determined. In fact, binding sites for interferon regulator 

factor (IRF) and interferon regulator factor-7 (IRF-7) have been described in the mouse Ebi3 

promoter 38. Both cytokines, TNF and IFN, are key pro-atherogenic regulators that are present 

within the atheromatous plaque and that directly accelerate the disease progression through their 

actions on macrophages and vascular cells 39, 40. As such, IFN contributes to the phenotypical 

switch of vascular SMCs by inhibiting their proliferation and differentiation, as well as their 

synthesis of plaque collagen, thereby contributing to fibrous cap instability and rupture 41, 42. 

Peroxisome proliferator-activated receptor- (PPAR is a member of the nuclear receptor 

family of proteins and was originally described as the transcriptional regulator of glucose 

metabolism and adipogenesis 43. Beyond these metabolic functions, mounting evidence in 

vascular cells in vitro and in animal models has indicated anti-inflammatory and anti-atherogenic 
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properties of PPAR with therapeutic potential 44. Rosiglitazone is a thiazolidinedione (TZDs) 

class agonist commonly used in the treatment of diabetes type-2 that selectively binds to PPAR. 

In a previous study we have shown that rosiglitazone treatment of non-diabetic patients with 

symptomatic carotid artery stenosis strongly reduced the vascular inflammation and improved the 

collagen content of vascular lesion leading to a more stable atheromatous plaque 36. The 

inhibition of TNF- and IFN- induced Ebi3 expression observed by rosiglitazone on aortic 

SMCs, reflects the ability of PPAR activators to counterbalance inflammatory responses by 

interfering with other signaling pathways, such as NF-B, and repress transcriptional activation 

37. Indeed, the chromatin immunoprecipitation results on the human Ebi3 promoter confirmed 

RelA/p65 recruitment to the conserved NF-B binding site 38 which was impaired by 

rosiglitazone treatment. Interestingly, rosiglitazone also significantly reduced the synergistic 

effect of TNF and IFN on Ebi3 protein up-regulation. This result is consistent with the 

observed attenuation of NF-B activity on the Ebi3 promoter. Our data also fit well with a recent 

report were it was shown that PPAR agonists, rosiglitazone and the natural occurring ligand 

15d-PGJ2, suppressed the up-regulation of IL-12 related proteins IL-12p40, IL-12p70 (p35/p40), 

IL-23 (p19/p40) and IL-27p28 in LPS-stimulated glia, probably by inhibiting the MyD88/NF-B 

signalling pathway 45. Several mechanisms of transrepression have been proposed 46. Recently it 

was suggested that ligand-dependent SUMOylation of PPARligand-binding domain, targets 

PPAR to nuclear receptor corepressor- histone deacetylase-3(NCoR-HDAC3) complexes 

positioned in gene promoters, preventing the recruitment of the ubiquitylation machinery that 

mediates normal gene derepression. As a result, the corepressor complex is not removed from the 

promoter and the target gene is kept silenced 37, 47. 
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Co-localization of Ebi3 pairing counterparts IL-27/p28 and IL-12/p35 within the 

plaque, and within SMCs, suggest a potential role in atherogenesis for IL-27/WSX-1 signalling 

and the newly described IL-35. This novel connection needs further investigation. Interestingly, 

we found both IL-27/p28 and IL-12/p35 subunits up-regulated in AoSMCs upon TNF and 

IFN stimulation. NF-B c-Rel and IRF-1 binding sites have recently been identified in the 

mouse IL-27/p28 promoter. They mediate LPS- and IFN-induced gene transcription 48. 

Similarly, IRF-3, IRF-1 and NF-B binding sites have been demonstrated in the human IL-

12/p35 promoter 49, 50. These observations further support the hypothesis that vascular SMCs 

could be an unsuspected source of IL-27 and IL-35 within the atherosclerotic plaque.  

Finally, this study provides new evidence that atherosclerosis is associated with Ebi3 

production. We demonstrate that activated SMCs are a novel source of this protein. Ebi3 thereby 

may contribute to the local inflammatory response within the injured vascular wall. In addition 

we demonstrate that the PPAR agonist rosiglitazone inhibits the production of Ebi3 by activated 

SMCs in agreement to the anti-inflammatory and anti-atherogenic effects of TZDs independent 

of their metabolic actions. The pleiotropic nature of Ebi3 leaves open the possibility of both pro- 

and anti- inflammatory functions that remain unknown. Further studies are required to investigate 

the functional significance of this correlation between gene expression and disease progression. 
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Figure legends 

 

Figure 1. Immunohistochemical analysis of Ebi3 expression in atheroma lesions. Section from 

human carotid enderactomy specimen 1. A-D) Control staining with type- and isomatched IgG 

antibodies; E, I) Ebi3 staining; F, J) IL-27/p28 staining; G, K) IL-12/p35 staining; and, H, L) 

SMC actin staining. Arrows indicate co-localization. L, lumen; I, intima; M, media. Objective: × 

10, × 20.  

 

Figure 2. Immunohistochemical analysis of Ebi3 expression in atheroma lesions. Section from 

human carotid enderactomy specimen 2. A-D) Control staining with type- and isomatched IgG 

antibodies; E, I) Ebi3 staining; F, J) IL-27/p28 staining; G, K) IL-12/p35 staining; and, H, L) 

SMC actin staining. Arrows indicate co-localization. L, lumen; M, media. Objective: × 10, × 20. 

 

Figure 3. Ebi3 expression in AoSMCs. A) Ebi3 RT-PCR analysis of cells stimulated with TNF 

or B), INF for the indicated time points. C) Immunoblot analysis of Ebi3 after 24h TNF 

stimulation. D) RT-PCR analysis of Ebi3, IL-27/p28 and IL-12/p35 in cells stimulated with 

TNF and INF for 24 h. Experiments performed at least in duplicates. 

 

Figure 4. PPAR activation inhibits Ebi3 up-regulation in AoSMCs. A) Cells stimulated with 

TNF or B), INF for 24 h in the presence or absence of BRL. Ebi3 mRNA was detected by RT-
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PCR analysis. C) Ebi3 protein was detected by immunoblot analysis. Experiments performed at 

least in duplicates. 

 

Figure 5. Analysis of NF-B p65/RelA binding to Ebi3 promoter in AoSMCs by ChIP. Negative 

controls were chromatin samples to which no antibody was added (No Ab) or 

immunoprecipitated with anti-PLC-1 antibody. DNA purified directly from lysates was used as 

input control (Input). Experiments performed at least in duplicates. 
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