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Abstract 

Mulugeta Melkie Zegeye (2021): Interleukin-6 Signaling Pathways in Human 
Vascular Endothelial Cells: Molecular Mechanisms and Associations to Ath-
erosclerosis. Örebro Studies in Medicine 227. 

Interleukin-6 is pleotropic cytokine produced by several types of cells in-
cluding endothelial cells (ECs). IL-6 acts on target cells via two major sig-
naling mechanisms known as classic signaling and trans-signaling. While 
activation of IL-6 classic signaling is associated with homeostatic and tis-
sue regeneration functions, the trans-signaling is linked to pro-inflamma-
tory effects. Our studies reveal that ECs respond to both IL-6 classic- as 
well as trans-singling pathways in distinct but also overlapping manner. 
While IL-6 classic-signaling activated JAK/STAT3 pathway, the trans-sig-
naling additionally engaged PI3K/AKT and MAPK/ERK pathways. Fur-
ther, IL-6 trans-singling, but not classic signaling, led to secretion of pro-
inflammatory chemokine MCP-1 mainly via JAK/STAT3 and PI3K/AKT 
pathways. In addition, IL-6 trans-signaling regulate expression of angio-
genesis related genes to subsequently impair endothelial tube formation 
ability. Autocrine IL-6 classic-signaling, however, was vital to maintain 
the angiogenic response of ECs. Further proteomic analyses showed that 
IL-6 trans-signaling in ECs regulates secretion of several inflammatory 
proteins and also shifts laminin secretion from LAMA4 to LAMA5, which 
might collectively favor binding and trans-endothelial migration of mon-
onuclear cells. In human atherosclerotic plaques, we found that expres-
sion of LAMA4 and LAMA5 is altered compared to healthy vessels, and 
that the alteration appears to be associated with immune cell content and 
stability of the plaque. Using plasma IL-6 binary complex, a novel bi-
omarker, we showed a strong association between IL-6 trans-signaling 
and risk of future myocardial infarction (MI). In addition, we showed that 
elevated plasma IL-6 binary complex mediates the association between 
traditional risk factors (hypertension and smoking) and MI, suggesting 
that elevated plasma IL-6 binary complex concentration could partly ex-
plain the increased risk of MI in smokers and hypertensive participants. 

Keywords: HUVECs, Angiogenesis, Laminins, Transmigration, Biomarker, 
Cytokine, Inflammation, Myocardial infarction 
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INTRODUCTION 

The Vascular Endothelium 
The vascular endothelium is a monolayer of endothelial cells (ECs) that 
covers the inside of all blood vessels. If one collects all ECs of the human 
body, ECs can easily make up to 1% of total body weight and cover an 
area of about several hundreds of square meters1. Under homeostatic con-
ditions, vascular ECs play numerous crucial roles that can be categorized 
into five major groups: regulation of barrier function, regulation of vascu-
lar tone, blood homeostasis, vessel remodeling, and inflammatory re-
sponses2,3. The vascular endothelium serves as a selective barrier between 
the circulation and the vessel wall that regulates passage of nutrients and 
oxygen across the vessel wall. Through production of vasoactive media-
tors such as Nitric Oxide (NO), Prostaglandin-I2, Angiotensin-II and En-
dothelin-1, vascular ECs regulate the vascular tone2,3. In addition, vascular 
ECs secrete factors that regulate coagulation and fibrinolysis such as Von 
Willebrand factor (vWF), plasminogen activator inhibitor 1 and tissue 
plasminogen activator2,3.  

In inflammatory situations due to invading pathogen or any foreign mate-
rial, ECs support immune functions by guiding immune cell trafficking 
across blood vessels4. This trans-endothelial migration of leucocytes is 
known as diapedesis, and it is indispensable to mount innate and adaptive 
immune responses. ECs facilitate diapedesis through mechanisms includ-
ing temporary disruption of inter-cellular junctions, expression of adhe-
sion molecules such as intercellular adhesion molecule 1 (ICAM-1) and 
vascular cell adhesion molecule 1 (VCAM-1), and secretion of leucocyte 
chemoattractants such as monocyte chemoattractant protein 1 (MCP-1)4–6.  

During tissue hypoxia as a result of growth/development or tissue repair 
and healing, vascular ECs undergo sprouting angiogenesis to form new 
blood vessels to promote oxygenation of the hypoxic area7. This multi-
step process is regulated by a delicate balance of pro- and ant-angiogenic 
factors8,9. Vascular endothelial growth factor A (VEGF-A), the chief or-
chestrator of angiogenesis, acts on ECs to promote tip cell formation10,11. 
VEGF-A binds to ECs expressing VEGF receptor 2 (VEGFR-2) and induc-
es intracellular signaling involving activation of including PI3K/AKT, 
p38/MAPK and MEK/ERK pathways12–15. Once differentiated, tip cells 
migrate across the VEGF-A concentration gradient into the hypoxic mi-
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croenvironment while dictating neighboring ECs to follow their lead, pro-
liferate and form lumen16. Tip cells achieve this by upregulating Delta-like 
ligand 4 (DLL4) that engages Notch receptors on neighboring ECs that 
would eventually become stalk cells16.  

Endothelial Laminins 

Vascular ECs are separated from the rest of the vessel wall by a thin layer 
of specialized extracellular matrix known as endothelial basement mem-
brane (EBM). EBM is composed of several proteins including collagen IV, 
laminins, nidogens and perlecan17,18. Laminins are the most critical com-
ponents of EMB that determine its assembly. Mice lacking laminins die 
embryonically suggesting laminins vital role in development19,20. Laminins 
are large glycoproteins (400-900kDa) made up of three polypeptide chains 
(α, β and γ) that intertwine to form a cross-shaped structure21,22. Humans 
possess five α, four β, and three γ chain variants, which give rise to 16-18 
different laminin isoforms23,24. Laminins are named based on type of 
chains that make up an isoform; i.e. LN111 is an isoform containing α1, 
β1, and γ1 chains. 

The EBM is predominantly made up of laminin-α4 (LAMA4) and laminin-
α5 (LAMA5) chains that in combination with β and γ chains form 
isoforms such as LN521/LN511 and LN421/LN411. The distribution of 
these isoforms appear to be dependent on developmental stage as well as 
size of the vasculature24,25. While LAMA4 containing isoforms are ex-
pressed in all types of vessels throughout life, LAMA5 expression appears 
postnatally with high expression in capillaries and arterioles, patchy ex-
pression in venules and postcapillary venules, and no expression in some 
larger arteries25,26. Laminins interact with ECs through LG-domains on the 
α-chains and integrins and dystrogylcan receptors expressed on ECs. As 
such, laminins provide ECs with structural support and anchorage, help in 
mechanosensing and signal transduction, regulation of trans-endothelial 
migration of leucocytes barrier function maintenance, and overall blood 
vessel stability26–28.  

Endothelial Dysfunction and Atherosclerosis 
Due to its strategic location right at the interface between the circulation 
and the vessel wall, the endothelium is persistently exposed to all mechan-
ical and biochemical stimuli in the circulation. These stimuli can in certain 
situations disturb the normal function of endothelium leading to endothe-
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lial dysfunction. Endothelial dysfunction is characterized by reduced NO 
bioavailability due to decreased synthesis or activity, which as a result 
leads to disturbance of normal homeostatic functions of the ECs such as 
maintenance of vascular tone/structure29. Endothelial dysfunction can be 
assesses with functional tests such as flow-mediated dilation and  with 
measurement of soluble cell adhesion molecules such as ICAM-1 and 
VCAM-130. 

Endothelial dysfunction is considered as one of the initial steps that trigger 
development of atherosclerosis, the major underlying mechanism behind 
most cardiovascular diseases (CVDs)31,32. CVDs are the leading causes of 
mortality and morbidity globally. According to the World Health Organi-
zation (WHO 2016 report), CVDs mainly myocardial infarction (MI) and 
stroke claimed the lives of 17.9 million people worldwide (31% of total 
mortalities). The established risk factors that trigger atherogenesis include 
age, gender, hyperlipidemia, obesity, hypertension, diabetes and smok-
ing33. Previous studies have shown that the risk factors of CVD are strong-
ly associated with endothelial dysfunction1,32,34. Associations studies have 
also reported that endothelial dysfunction is a strong and independent 
predictor of CVDs31. Hence, endothelial dysfunction can be one of the 
central pathophysiologic mechanism that links these risk factors to ather-
ogenesis35,36.  

Dysfunctional endothelium has increased permeability that allows binding 
and transmigration of monocytes into arterial intima where they differen-
tiate into macrophages. In addition, it allows retention and modification 
of low-density lipoprotein cholesterol (LDL) in the vessel wall that in turn 
induces expression of leucocyte adhesion molecules and production of 
chemokines by vascular cells leading to pronounced migration of leuco-
cytes to the arterial intima37,38. Excessive  engulfment of the modified LDL 
by macrophages via scavenger receptors leads to the formation of lipid-
loaded cells called foam cells39,40. The foam cells exacerbate the inflamma-
tion in the intima by secreting proinflammatory cytokines including TNF-
a, IL-1b and IL-641. Further, necrosis and apoptosis of foam cells due to 
hypoxia and oxidative stress lead to formation of a lipid-rich necrotic core 
ultimately building up the plaque42. This process eventually leads to a 
rupture or erosion of the plaque that triggers thrombus formation, or 
shedding of calcified nodules from the plaque that cause partial or com-
plete blockade of small blood vessels in the heart causing MI or in the 
brain causing stroke43–45 (Figure 1).  
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Figure 1. Development of atherosclerotic plaque (Reproduced with permission from Skeoch 
S and Bruce IN, Nat. Rev. Rheumatol. 201542).  

Inflammation in Atherogenesis 
LDL cholesterol transcytosis into arterial intima has been explicitly sub-
stantiated in the past decades to play central and etiologic role during 
atherogenesis46–48. The role of inflammation in the development of athero-
sclerosis was recognized as early as 19th century, and it has been re-gaining 
attention in recent years49. The substantially higher burden of CVD among 
patients with inflammatory diseases such as Rheumatoid Arthritis (RA)50,51 
and Inflammatory Bowel Disease (IBD)52 implies a potential role for in-
flammation in accelerating atherosclerosis and hence CVD events. In addi-
tion, postmortem analyses suggested that inflammation affects the thick-
ness of the fibrous cap and vulnerability of the plaque by altering the bal-
ance between extracellular matrix (ECM) production and degradation53. 
Mechanistic studies have also suggested that inflammatory damage to the 
vessel wall due to sustained activation of ECs by inflammatory cytokines 
contributes to dysfunctional endothelium via mechanisms such as endothe-
lial to mesenchymal transition (EndMT)54,55. Moreover, several studies 
using experimental models of atherosclerosis have demonstrated that cells 
of both innate and adaptive immune system actively engage in develop-
ment and progression of atherosclerosis56–59. 

 



18 

The introduction of statins, which are LDL cholesterol lowering drugs, 
proved to be successful in reducing CVD events significantly60–62. Yet, 
Statins also decrease C-reactive protein (CRP) level as reported from the 
JUPITER study (Justification for Use of Statins in Prevention: An Interven-
tion Trial Evaluating Rosuvastatin) suggesting that atheroprotective effect 
of Statins might also be derived from anti-inflammatory effects63. In this 
regard, three large clinical trials tested whether inhibition of inflammation 
in patients with previous history of MI could reduce secondary CVD 
events64–66. The CANTOS trial (Canakinumab Antiinflammatory Throm-
bosis Outcome Study) demonstrated that administration of Canakinumab 
(an IL-1b blocker) resulted in 15% reduction in the incidence of the sec-
ondary CVD events compared to the placebo group64. This study also 
revealed that Canakinumab treatment resulted in reduction of inflamma-
tion as measured by plasma high sensitivity-CRP (hsCRP)64. In CIRT 
study (Cardiovascular Inflammation Reduction Trial), a low-dose metho-
trexate administration did not lower secondary CVD events than place-
bo65. This might be explained by the lack of reduction in inflammation as 
measured by IL-1β, IL-6, or CRP in response to methotrexate treatment65. 
The COLCOT study (Colchicine Cardiovascular Outcomes Trial) showed 
that Colchicine administration resulted in  23% reduction in secondary 
CVD events compared to placebo66.  These findings collectively suggest 
that inflammation plays crucial- and possibly causative-role during ather-
ogenesis and that anti-inflammatory interventions could be used as addi-
tional therapy to prevent CVD events67–69. 

Interleukin-6 (IL-6) 
Interleukin-6 (IL-6) is a pleotropic cytokine that was first identified as B-
cell stimulatory factor-2 (BSF-2) or human B-cell differentiation factor 
(BCDF)70. When the cDNA of IL-6 was cloned in 198670, it became appar-
ent that many research groups studying various functions have also identi-
fied this cytokine giving it about 36 different names, which later was set-
tled to IL-671,72.  

IL-6 is produced by several cell types including immune cells (e.g. mono-
cytes/macrophages, T- and B-cells) and non-immune cells (e.g. adipocytes, 
fibroblasts, skeletal muscle cells, endothelial cells)73. Secretion of IL-6 is 
induced by growth factors, and pro-inflammatory mediators such as IL-1β 
and tumor necrosis factor/TNF-α, toll-like receptor activators such as 
pathogen associated molecular patterns (PMAPs) or damage associated 
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molecular patterns (DAMPs)74. It is secreted as 26-kDa glycoprotein con-
taining 184 amino acids arranged in four α-helices75. IL-6 is the founding 
member of IL-6 family of cytokines, which share structural similarity and 
b receptor for signaling (gp130), including IL-11, leukemia inhibitory 
factor (LIF), oncostatin M (OSM), cardiotrophin-1 (CT-1), ciliary neu-
rotrophic factor (CNTF), and cardiotrophin-like cytokine (CLC)76,77. 

Under physiological conditions, IL-6 plays wide array of functions (figure 
2) including maintenance of homeostasis and functional integrity of tissues 
and organs, body weight regulation, lipid metabolism, and bone metabo-
lism78–80. IL-6 also plays key role in defense against infections by modulat-
ing both innate and adaptive immune responses78–80. For instance, circulat-
ing level of IL-6 is barely detectable in human plasma under normal cir-
cumstances (0-5pg/ml)81. However, in response to infection, injury or 
trauma, the level of IL-6 rises drastically reaching to µg/ml level in certain 
extreme situations such as in sepsis81. In such acute inflammatory situa-
tions, IL-6  triggers the release of acute phase reactants such as C-reactive 
protein82. In addition, IL-6 plays pivotal role in transitioning the innate to 
adaptive immune response through recruitment, proliferation and survival 
of mononuclear immune cells i.e. B and T lymphocytes and monocytes83–

86. This process mostly culminates in resolution of the inflammation86.  

IL-6 can also exert anti-inflammatory functions as shown in healthy vol-
unteers where exercise induced IL-6 release (up to 140pg/ml in plasma) or 
infusion of recombinant IL-6 at physiological concentration attenuated 
LPS-induced TNF-a production87. The anti-inflammatory mechanism of 
IL-6 also includes induction of IL-1 receptor antagonist, soluble TNF-a 
receptor, and IL-1088,89. Besides, recent data indicated that IL-6 secreted 
from contracting skeletal muscle regulates glucose homeostasis and viscer-
al adipose tissue mass in humans suggesting that IL-6 might mediate some 
of the health benefits of physical exercise90–92.  
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Figure 2. Summary of IL-6 mediated functions under homeostasis and acute inflammation. 

The IL-6 Receptor Complex and Signaling Mechanisms 
IL-6 requires a heteromeric receptor complex composed of an alpha subu-
nit, IL-6 receptor (IL-6R, alternatively known as CD126 or gp80) and a 
beta subunit, gp130 (CD130) signal transducing receptor. IL-6R is a gly-
cosylated protein composed of 449 amino acids (80kDa) that form 3 ex-
tracellular domains (D1, D2 and D3), a stalk region, a transmembrane 
domain and a short intracellular domain (82 amino acids)93,94. The beta 
receptor gp130 (CD130) is also an extensively glycosylated protein (130-
150kDa) which is composed of 918 amino acids forming 6 extracellular 
domains (D1-D6) followed by transmembrane and long intracellular do-
main (277 amino acids)94. IL-6 has strong affinity towards IL-6R (0.5nM), 
but no measurable affinity towards gp13095. However, the complex 
formed between IL-6 and IL-6R exhibits a stronger affinity towards gp130 
(0.05nM)95. Binding of IL-6 to IL-6R induces conformational change that 
facilitates dimerization of gp130 receptors. This is critical for effective IL-
6 signal transduction since IL-6R alone cannot initiate intracellular signal-
ing cascade as revealed from experimental targeted mutation studies96. 
Gp130 is also used by other cytokines of IL-6 family including IL-11, leu-
kemia inhibitory factor (LIF), oncostatin M (OSM), cardiotrophin-1 (CT-
1), ciliary neurotrophic factor (CNTF), and cardiotrophin-like cytokine 
(CLC)76,80.  

Expression of IL-6R is generally considered to be limited to few types of 
cells such as hepatocytes, monocytes, macrophages, neutrophils and lym-
phocytes whereas the signal transducer gp130 is ubiquitously expressed97. 
Interestingly, the cells that express the membrane bound IL-6R also gener-
ate a soluble form of IL-6R (sIL-6R, 50kDa) mainly through enzymatic 
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cleavage of the membrane-bound receptor predominantly by metallopro-
teases ADAM10 and ADAM1798,99 and to a lesser extent via alternative 
splicing of IL-6R mRNA100,101. ADAM10 and ADAM17 are membrane-
bound metalloproteinases that catalyze shedding of several trans-
membrane proteins. In vitro, the basal release of sIL-6R is shown to be 
dependent on alternative splicing while shedding by ADAM10 and AD-
AM17 was responsible for the induced release of sIL-6R100,102.  Several 
stimuli including TNF-a and LPS have been shown to induce ADAM10/17 
mediated sIL-6R generation in monocytes100. On the other hand, soluble 
forms of gp130 (sgp130) are also secreted from cells mainly from alterna-
tive splicing of the gp130 gene but also due to cleavage from cell surfaces 
by ADAM10/17103–106. As such, three isoforms of sgp130 with molecular 
sizes ranging between 50-110kDa have been identified in the circulation, 
where the 90-110kDa variant being the predominant one103–106.  

It turned out that the sIL-6R possess equivalent affinity as membrane 
bound IL-6R towards IL-6107. The resulting complex formed by IL-6 and 
sIL-6R is able to activate virtually all types of cells regardless of IL-6R 
expression on their surfaces76. This phenomenon tremendously expands 
the potential targets of IL-6 in the body and hence broadens the spectrum 
of its activities as all types of cells express gp130. Gp130 signaling via 
binding of IL-6 to a membrane-bound IL-6R is referred to as ‘classic sig-
naling’ whereas signaling triggered by IL-6 and sIL-6R complex is known 
as ‘trans-signaling’108. Unlike the sIL-6R, the sgp130 works as natural 
antagonist to IL-6 activity by neutralizing the complex formed of IL-6 and 
sIL-6R109–111. In general, activation of IL-6 classic signaling pathway has 
been related to regenerative and anti-inflammatory functions while the 
trans-signaling has been associated with pro-inflammatory effects (sum-
marized in figure 3)81,84,87,112–114.  
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Figure 3. Schematic illustration of IL-6 signaling pathways and downstream functions81,84,87,112–
114 (Created with BioRender.com).  

Gp130 Mediated Intracellular Signaling Triggered by IL-6 
Gp130 lacks intrinsic kinase activity and thus its signal transduction capa-
bility is highly dependent on the constitutively linked intracellular tyrosine 
kinases known as Janus-associated-kinases (JAKs). There are four types of 
mammalian JAKs of which three of them are ubiquitously expressed 
(JAK1, JAK2 and TYK2) whereas expression of JAK3 is limited to hema-
topoietic cells115. Here, three major signaling cascades triggered down-
stream of gp130 are briefly described (simplified overview shown in figure 
4). Beyond those, other pathways such as that inducing NFkB (Nuclear 
factor kappa B), have also been shown to be activated by IL-6 in different 
types of cells116.  

Ligand-binding dependent dimerization of gp130 to the IL-6/IL-6R com-
plex induces activation and autophosphorylation of the JAKs which in 
turn phosphorylate tyrosine residues along the cytoplasmic part of 
gp130117. These phosphorylated tyrosine residues serve as docking sites for 
binding of STAT proteins (signal transducer and activator of transcrip-
tion) and SHP2 protein (Src homology domains containing tyrosine phos-
phatase-2)117–120. JAKs tyrosine-phosphorylate STAT proteins (mainly 
STAT1 and STAT3) which then dimerize and translocate to the nucleus to 
initiate transcription of target genes121,122. Several functions including cell 
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survival, differentiation, fate determination and apoptosis are known to be 
regulated by JAK/STAT pathway122. This pathway is negatively regulated 
by protein tyrosine phosphatases (PTPs) that dephosphorylates JAKs and 
STATs; suppressor of cytokine signaling 3 (SOCS3) that inhibits enzymat-
ic activity of JAKs, and protein inhibitor of activated STATs (PIAS) that 
inhibit binding of STATs to DNA123. 

 
Figure 4. Common signaling pathways activated by gp130 up on binding to IL-6 and IL6R 
complex (Created with BioRender.com).  

JAKs also phosphorylate the adaptor protein SHP2 which leads to activa-
tion of the PI3K/AKT and MEK/ERK pathways. Phosphorylation of PI3K 
triggers a chain of events that lead to phosphorylation of AKT (protein 
kinase B/PKB) which in turn activates mTORC1 (mammalian target of 
rapamycin complex 1). Activated mTORC1 regulates post-transcriptional 
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processes through activation of S6 kinases (e.g. S6K1) and inhibition of 
4E-binding protein 1 (4E-BP1)124. Additionally, activation of PI3K/AKT 
pathway regulates gene transcription via mTORC1 and AKT-mediated 
activation of transcription factors including STAT3 to ultimately promote 
cell viability and growth, and inhibit senescence and death125–129. Regulato-
ry mechanisms for the PI3K/AKT pathway involves inhibition of AKT 
phosphorylation by proteins such as PTEN (phosphatase and tensin 
homolog) and proteins that dephosphorylate AKT128,129. The PI3K/AKT 
pathway is intricately linked to MEK/ERK pathway where cross activa-
tions and signaling convergence occurs. The MEK/ERK pathway is mainly 
composed of Mitogen activated protein kinases (MAPK). Its activation 
starts when the Grb2/SOS adaptor complex docks to JAK-phosphorylated 
SHP2 which leads to activation of Ras/Raf and MEK proteins that phos-
phorylates ERK1/2130. Phosphorylated ERK1/2 activates several transcrip-
tion factors to regulate cellular functions such as growth, migration and 
differentiation131. This pathway is regulated mainly through negative feed-
back phosphorylation by downstream kinases132.  

IL-6 in Atherosclerosis 
Dysregulated and persistent production IL-6 triggers onset and develop-
ment of various chronic inflammatory diseases including psoriasis and 
RA133. Studies in animal models and patients with such chronic inflamma-
tory conditions have revealed the protective effect of inhibiting IL-6 signal-
ing using anti-IL-6 antibodies or antibodies directed against IL-6R133–137.  

In human atherosclerotic plaques, the transcript of IL-6 gene was found to 
be highly expressed compared to non-atherosclerotic vessels138,139. In addi-
tion, expression of IL-6 protein was shown in human atherosclerotic 
plaques using immunohistochemical staining140,141. Furthermore, several 
studies showed that elevated plasma IL-6 is independently associated with 
CVDs142–144. A meta analyses including 25 studies reported that 1-
standard deviation (SD) increase in baseline IL-6 concentration (log-
transformed) was associated with 25% increased risk of CVD suggesting 
that IL-6 plays a role in vascular diseases144. Moreover, a causal associa-
tion between IL-6 and CVD has been suggested from a meta analyses ap-
plying mendelian randomization approach using a polymorphism on IL-
6145, IL-6R146,147 and gp130148 genes.  
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Similar to findings in human atherosclerotic plaques, the gene transcript 
and protein of IL-6 has been detected and colocalized with inflammatory 
cells in atherosclerotic plaques of ApoE deficient mice149. Further experi-
mental data revealed that IL-6 plays both atheroprotective and atherogen-
ic roles112. Administration of exogenous IL-6 in ApoE deficient mice dras-
tically increased atherosclerotic lesion formation150. However, constitutive 
deletion of IL-6 in ApoE deficient mice resulted in hyperlipidemia and 
larger atherosclerotic leisions151–153. Yet, the constitutive deletion of IL-6 
essentially blocked both classic- and trans-signaling pathways. Intraperi-
toneal injection of anti-IL-6R antibody (MR16-1) in LDL-R deficient mice 
significantly reduced atherosclerotic lesions154. A later study using 
sgp130Fc that selectively blocks IL-6 trans-signaling showed that treat-
ment of LDL-R deficient mice with this protein yields atheroprotection 
suggesting that inhibiting IL-6 trans-signaling is enough to protect the 
mice from atherosclerosis155. These findings altogether suggest that physio-
logical level of IL-6 is essential to regulate lipid metabolism and inflamma-
tory responses while elevated IL-6 either produced locally by cells in ath-
erosclerotic plaques or secreted into circulation from other sources such as 
adipose tissue can augment atherogenesis156. Mechanisms through which 
IL-6 contributes to the development and destabilization of atherosclerotic 
plaques includes increasing endothelial activation, enhancing smooth mus-
cle cell proliferation, enhancing monocyte recruitment, inhibiting regulato-
ry T-cell (Tregs) differentiation, and increasing the oxidation of lipopro-
teins by phospholipases150–157. IL-6 may additionally enhance other mech-
anisms such as platelet production, activation and aggregation leading to 
atherothrombotic events112.  

Data from the CANTOS trial showed that high plasma level of IL-6 in 
participants after 3 months of Canakinumab treatment was strongly asso-
ciated with CVD events suggesting that inhibition of IL-6 might have an 
additive benefit to IL-1b blockade158. The use of Tocilizumab, a human-
ized monoclonal antibody that blocks both membrane-bound and soluble 
IL-6R, in RA patients has been associated with adverse outcomes includ-
ing severe infections and dyslipidemia136,137. Indeed, in vitro studies 
demonstrated that Tocilizumab inhibits expression of LDL-R on hepato-
cytes thereby inhibiting clearance LDL from circulation159. Despite the 
dyslipidemia that could promote atherosclerosis, Tocilizumab treatment in 
RA patients improved endothelial function as measured by flow-mediated 
dilation160, and a later study showed that long-term Tocilizumab treatment 
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does not increase CVD risk compared to TNF inhibition161. The adverse 
side effects of Tocilizumab seem to originate from the non-discriminatory 
nature of the systemic inhibition as both IL-6 classic- and trans-singling 
pathways are inhibited162. In this regard, targeting IL-6 trans-singling with 
sgp130Fc (also known as Olamkicept) has shown promising results in 
several chronic inflammatory diseases including atherosclerosis, and it is 
under phase II clinical trial in Ulcerative Colitis patients81,108.  
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AIMS OF THE THESIS 
The aim of this thesis is to investigate the effect of IL-6 signaling pathways 
in human vascular ECs, which includes elucidating intracellular signaling 
mechanisms, downstream proteomic and transcriptomic regulations, and 
functional responses. It additionally aims to assess the association of sys-
temic IL-6 trans-signaling to myocardial infarction and evaluate the pre-
dictive value IL-6 trans-signaling in individuals at risk. 

 
Specific aims include: 
 

I. To elucidate differences in intracellular signal transduction 
mechanisms between IL-6 classic- versus trans-signaling path-
ways in human vascular ECs. 

II. To investigate the role of IL-6 classic- and trans-signaling 
pathways in regulating the angiogenic response of human vas-
cular ECs. 

III. To explore the role of IL-6 trans-signaling in regulating endo-
thelial inflammatory responses and laminin composition of 
basement membrane. 

IV. To investigate the role of IL-6 trans-signaling as a mediator of 
the association between established risk factors and incidence 
of MI. 
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METHODS AND MATERALS 
In this section, a brief description of the methods and materials used in all 
studies included in this thesis is presented. Detailed description is available 
in respective papers.  

In Vitro Cell Model: Culturing and Treatment (Paper I-III) 
All in vitro studies were performed using Human Umbilical Vein Endothe-
lial Cells (HUVECs, Life technologies, USA), the most commonly used 
endothelial cell model that contributed to most of the existing knowledge 
about endothelial biology163. HUVECs were cultured with VascuLife basal 
medium supplemented with VEGF LifeFactors kit (LifeLine Cell Technol-
ogies, USA). Except during stimulations, the complete endothelial medium 
was used with antibiotics [Penicillin (0.1U/ml) + Streptomycin (100ng/ml)-
PEST, Life Technologies]. HUVECs were maintained until passage ten by 
replacing medium every 48-72 hours and/or sub-culturing upon conflu-
ence. All cultures were incubated at 37oC and 5% CO2 environment.  

HUVECs were seeded in 6-well or 24-well plates (Sarstedt, Germany) at 
densities of 3x105 cells/well and 6x104 cells/well respectively. In paper III, 
cell culture plates or glass-slide chambers (ibidi, Germany) were coated 
with 2µg/cm2 of laminins (BioLamina, Sweden) prior to seeding cells. After 
overnight incubation, the medium was replaced with fresh antibiotics-free 
medium and cells were exposed to human recombinant proteins or phar-
macologic inhibitors (mostly from R&D systems, USA) for various time 
points. At the end of incubations, supernatants were collected and stored 
at -80°C until further analysis. The cells were stored at -80°C until further 
analysis or detached with trypsin-EDTA to be used for tube formation 
assay (paper II). 

Cohorts and Ethical Considerations (Paper III, IV) 
In paper III, data from the Biobank of Karolinska Endarterectomies 
(BiKE) was included. BiKE is a cohort consisting of carotid plaques speci-
mens obtained from patients undergoing endarterectomy164,165. Patients 
presenting with transient ischemic attack, minor stroke, or retinal transi-
ent ischemic attack were grouped as ‘symptomatic’ (n=87) while patients 
who did not experience these symptoms during 6 months before the sur-
gery were grouped as ‘asymptomatic’ (n=40). As control, specimens col-
lected from atherosclerosis-free iliac and radial arteries (n=9) and aorta 
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(n=1) obtained from organ donors without a history of cardiovascular 
disease. The study was approved by the regional ethics committee and 
participants have given informed consents.  

In paper IV, a nested case-control study was conducted using two cohorts 
in northern Sweden: the Västerbotten Intervention Programme (VIP) and 
the northern Sweden MONICA (Multinational Monitoring of Trends and 
Determinants in Cardiovascular Disease) study. Details of these cohorts 
were described previously166,167. At baseline, information on participants’ 
health-related lifestyle, cardiovascular risk factors, and anthropometry 
measurements were recorded. Venous blood samples were collected for 
isolation of plasma (stored at -80oC until analyses). As presented in figure 
5, a total of 292 individuals with MI and 292 age- and gender-matched 
control individuals were included. Participants were grouped as ‘obese’ 
(BMI≥30), ‘physically inactive’ (self-reported no or occasional exercise), 
smoker (smoking at baseline), ‘hypertensive’(systolic BP ≥140 mmHg 
and/or diastolic BP ≥90 mmHg and/or taking antihypertensive medica-
tion), ‘diabetic’ (self-reported diabetes diagnosis or a fasting plasma glu-
cose ≥7 mmol/L and/or 2h post-prandial glucose in capillary blood ≥12.2 
mmol/L (plasma glucose ≥11.0 mmol/L in MONICA)), ‘hypercholester-
olemic’ (total serum cholesterol ≥5.17 mmol/L and/or treatment for hyper-
lipidemia). The study protocol was approved by the Regional Ethical Re-
view Board in Umeå and complies with the Declaration of Helsinki. 

 
Figure 5. Flowchart showing the inclusion of study participants (paper IV). All prospective 
cases of first MI in Västerbotten Intervention Programme (VIP)166 and Multinational Moni-
toring of Trends and Determinants in Cardiovascular Disease (MONICA)167 participants 
aged 25-74 years between 1985 and 2006 were identified in the MONICA registry. A total 
of 16,640 validated MI events were recorded. In addition, two control individuals with no 
previous MI were matched to every case based on sex and age (± 2 years).  

Västerbotten Intervention Program (VIP), 
Multinational Monitoring of Trends and Determinants 

in Cardiovascular Disease (MONICA) project
Northern Sweden

MONICA MI registry 
1985-01-12 through 2006-12-31 

n=16,640

All individuals with MI with
stored samples Umeå biobank 

n=2936 

Cases with plasma available 
n=1302

Cases 
n=292

Controls
2 controls per case matched for age and gender 

292 cases, 292 controls

Controls (n=292)
1 control per case matched for age and 

gender 

No stored sample in Umeå 
biobank n=13,704

No stored plasma in Umeå 
biobank n=1634

Samples in Umeå biobank (1986-2010)
n=102,067 
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siRNA Guided Gene Silencing (Paper I, II) 
HUVECs were seeded overnight (2x105 cells/well in 6-well plates) and 
exposed to a mix of three stealth target siRNAs (10nM of each siRNA, 
Invitrogen, USA) or non-target siRNA (30nM, Invitrogen, USA) premixed 
with lipofectamine 2000 (Invitrogen, USA) and Opti-MEM (Gibco, Life 
Technologies, USA). After 48 hours of incubation, culture supernatants 
and cells were collected and kept at -80oC until further analysis. In paper 
II, the cells were rinsed with PBS and detached with trypsin-EDTA to be 
used for tube formation assay.  

Total RNA Isolation, cDNA Synthesis and qPCR (Paper I-III) 
Total RNA was extracted from HUVECs using E.Z.N.A® Total RNA Kit 
(OMEGA bio-tek inc, USA) following manufacturer’s instructions. The 
purity and concentration of extracted RNA was determined using 
NanoDropTM 2000 (Thermo Fisher Scientific, USA) spectrophotometer. 
To synthesize cDNA, 1µg of total RNA was used and reverse transcribed 
using high capacity cDNA reverse transcription kit (Thermo Fisher Scien-
tific, USA) according to manufacturer’s instructions. Thermocycling condi-
tion was as follows: 10 minutes at 25oC, 120 minutes at 37oC, 5 minutes 
at 85oC and kept at 4oC before storage at -20oC. 

Gene expression was analyzed using TaqMan qPCR primers/probes (Ap-
plied Biosystems, Life technologies, USA) and LuminoCt qPCR ready mix 
(Sigma-Aldrich, USA) according to manufacturer’s instructions. The ther-
mocycling condition used was 1 second at 95oC and 20 seconds at 60oC 
for 40 cycles in addition to one step of initialization at 95oC for 20 sec-
onds. In paper I, the ABI 7900HT Fast Real-Time PCR system (Applied 
Biosystems) was used to run the qPCR whereas in paper II and III, the 
QuantStudio 7 Flex Realtime PCR system (Applied Biosystems) was used. 
In all cases, relative quantities of target genes were recorded and normal-
ized to the expression of a housekeeping gene, GAPDH. 

In paper II, expression of angiogenesis related genes was analyzed using 
TaqMan Human Angiogenesis Array (Applied Biosystems) that has 96 
primers/probes (4 housekeeping genes) precoated in a PCR plate. For this 
analyses TaqMan Fast Advanced Master Mix (2x, Applied Biosystems) 
was used; and run at 95oC for 1 second and at 60oC for 20 seconds for 40 
cycles following one-step initialization at 50oC and 95oC for 2 minutes 
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each. Ct values were recorded for each gene and DDCt values were calcu-
lated considering GAPDH as a housekeeping gene. 

Transcriptomic and Proteomic Profiling Human Tissue (Paper III) 
RNA extracts were prepared from human vessel specimens as described 
previously164,165 and gene expression was analyzed using Affymetrix HG-
U133 plus 2.0/HG-U133a Genechip arrays. Using liquid chromatography 
coupled with mass spectrometry (LC-MS/MS), expression of proteins was 
analyzed in carotid plaques and compared to adjacent healthy tissue. De-
tails of the sample preparation were described previously 168. 

Cell Lysate Preparation and Protein Quantification (Paper I-III) 
HUVECs were lysed with ice-cold Radio-immuno precipitation assay (RI-
PA) lysis buffer (Millipore, USA) and the concentration of total protein in 
the extract was quantified using Micro BCATM Protein Assay kit (Thermo 
Scientific, USA). Following manufacturer’s instruction, end point absorb-
ance was measured at 540-562nm using Multiskan-Ascent (Thermo Fisher 
Scientific, USA) Spectrophotometer (paper I) or Cytation 3 Imaging reader 
(BioTek, USA) (paper II, III). For western blot applications, the cell lysates 
were mixed with SDS sample buffer and denatured for 5 minutes at 95°C.  

Sandwich ELISA (Paper I) 
Concentration of proteins in culture supernatant or cell lysate was deter-
mined using DuoSet® ELISA kits (all from R&D systems, USA) following 
manufacturer’s instruction. End point absorbance was measured at 450nm 
using Multiskan-Ascent Spectrophotometer.   

Olink Proteomic Analyses (Paper II, III) 
Proteomic profiling of culture supernatants and lysates was performed 
using Olink proteomics (Uppsala, Sweden). This platform utilizes a prox-
imity extension assay (PEA) that employs two antibodies tagged with 
complementary nucleotide chains that target two epitopes of a protein. 
When the antibodies bind to the target protein, the nucleotide chains hy-
bridize and can then be amplified with PCR. The PCR product is propor-
tional to the amount of the target protein and is reported as normalized 
protein expression (NPX) on a log2 scale. As such, the platform allows 
measurement of 92 different proteins per panel. Cardiovascular III 
(CVDIII) and Inflammation (IFN) panels were used in paper II and III. 
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Meso Scale Discovery Analyses (Paper IV) 
Commercially available kits from Meso Scale Discovery (Rockville, Mary-
land, USA) were used to measure the plasma concentrations of IL-6 (with 
ultra-sensitive S-PLEX kit), sIL-6R and sgp130 (both with R-PLEX kits) 
according to manufacturer’s protocol. The intra- and inter-assay coeffi-
cient of variation (%CV) for the analyses were as follows: IL-6 (5.8%, 
18.7%), sIL-6R (4.7%, 14.1%) and sgp130 (2.2%, 10.1%).  

Immuno-(western) Blotting (Paper I-III) 
Proteins (10-20 µg/well) were separated by electrophoresis using Nu-
PAGE® Novex Bis-Tris or Tris-Acetate gels combined with respective 
running buffers i.e. MOPS/MES and TA SDS running buffers (all from 
Invitrogen, USA). The separated proteins were transferred onto Immobi-
lon-FL PVDF membranes (Millipore, USA). Blocking of membranes was 
achieved with 5% (w/v in TBS-T) BSA diluted in TBS-T (10mM Tris-HCl 
pH 8.0, 150mM NaCl, 0.1% (w/v) Tween-20). The membranes were then 
incubated with primary antibodies followed by horseradish peroxidase 
(HRP)-conjugated anti-IgGs. The list of all antibodies with respective sup-
plier and dilution factor are presented in table 1. By covering the mem-
branes with Immobilon™ Western Chemiluminescent HRP substrate solu-
tion, the protein bands were visualized with Li-Cor Odyssey Fc imager (Li-
Cor Biotechnology, UK). Quantification of chemiluminescence was ana-
lyzed with Image Studio Software (Li-Cor Biotechnology, UK). In need of 
re-probing, membranes were stripped with Restore™Plus western blot 
stripping buffer (Thermo Fisher Scientific, USA, #46430) according to 
manufacturer’s instruction.  

Flow Cytometry (Paper I) 
HUVECs were detached and washed twice with PBS containing 1mM 
EDTA and 2% FBS. Following this, HUVECs were stained with a-CD126 
(IL-6Ra)-PE (clone: UV4) and a-CD130 (gp130)-APC (clone: 2E1B02) 
antibodies (BioLegend, UK). As negative control for the staining, fluores-
cence minus one (FMO) controls were included. To exclude dead cells 
from analyses, 7AAD staining was performed. Stained HUVECs were 
acquired using GalliosTM Flow Cytometer (Beckman Coulter, UK) and 
analyzed using Kaluza flow cytometry analysis software version 1.3 
(Beckman Coulter, UK). 

MULUGETA MELKIE ZEGEYE IL-6 Signaling in Human Vascular Endothelial Cells 



MULUGETA MELKIE ZEGEYE IL-6 Signaling in Human Vascular Endothelial Cells 
 

33 
  

Immunofluorescent (IF) Staining (Paper III)  
HUVECs cultured on glass slides (ibidi, Germany) were fixed using ice-
cold 4% paraformaldehyde for 40 minutes at room temperature. Follow-
ing this, slides were rinsed with PBS and the cells were permeabilized using 
1% BSA prepared in 0.1% Triton X-100 for 30 minutes at room tempera-
ture. PBS was used in all subsequent washing steps. Slides were incubated 
with primary antibodies and fluorophore-tagged secondary antibodies 
(table 1) for 1 hour each at room temperature. For nuclear staining, the 
slides were incubated with DAPI for 5 minutes in the dark. Following air 
drying and mounting in PERTEX (Histolab, Sweden), the slides were ana-
lyzed using Leica SP8 UV/Visible Laser Confocal Microscope (Leica Mi-
crosystems, Germany). 

Table 1. List of primary and secondary antibodies used in immunoblots and immuno-
staining (Paper I-III) 
Antibody Supplier Dilution factor 
Anti-phospho-Stat3Tyr705 Cell Signaling Technology (#9131) WB = 1:1000 
Anti-STAT3 Cell Signaling Technology (#4904) WB = 1:2000 
Anti-phospho-AKTSer473 Cell Signaling Technology (#4060) WB = 1:2000 
Anti-AKT Cell Signaling Technology (#2920) WB = 1:2000 
Anti-phospho-ERK1/2 Cell Signaling Technology (#9106) WB = 1:2000 
Anti-ERK1/2  Cell Signaling Technology (#4695) WB = 1:1000 
Anti-phospho IkBaSer32 Cell Signaling Technology (#2895) WB = 1:1000 
Anti-IkBa  Santa Cruz Biotechnology (SC-371) WB = 1:750 
Anti-phospho-NFkB p65Ser536 Cell Signaling Technology (#3033) WB = 1:1000 
Anti-NFkB p65  Cell Signaling Technology (#6956) WB = 1:1000 
Phospho-p38T180/Y182 Cell Signaling Technology (#2478) WB = 1:1000 
Anti-p38a antibody Santa Cruz Biotechnology (SC-535) WB = 1:750 
Anti-p52  Millipore (05-361) WB = 1:1000 
Anti-Laminin-alpha4 Abcam (ab242198) WB = 1:750 

IF = 1:200 
IHC = 1:100 

Anti-Laminin-alpha5 Abcam (ab210957) WB = 1:750 
IF = 1:200 

IHC = 1:100 
Anti-VE-cadherin  Abcam (ab33168) WB = 1µg/ml 

IF = 1:150 
Anti-PECAM-1 Abcam (ab24590) WB = 1µg/ml 

IF = 300 
Anti-b-Tubulin Millipore (05-661) WB = 1:2000 
Goat anti-rabbit IgGs (HRP) Cell Signaling Technology (#7074) WB = 1:2000 
Horse anti-mouse IgGs (HRP) Cell Signaling Technology (#7076) WB = 1:2000 
Anti-mouse IgG (Alexa 
FlourÒ488) 

Abcam (ab150113) IF= 1:1000 

Anti-rabbit IgG (Alexa 
FlourÒ647) 

Abcam (ab15005) IF= 1:1000 

WB = Western blot, IF = Immunofluorescent staining, IHC = Immunohistochemical staining, HRP = horse-
radish peroxidase 
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Immunohistochemical (IHC) Staining (Paper III) 
Sections (5µm) from endarterectomy specimens were deparaffinized with 
tissue clear followed by rehydration in ethanol and water. For antigen 
retrieval, the sections were submerged in DIVA buffer and boiled at high 
pressure. Following blockade with background snipper, the sections were 
incubated with primary antibodies against LAMA4 and LAMA5 (table 1) 
for 1 hour at room temperature. The sections were further incubated with 
alkaline phosphatase-tagged probe-polymer reagent followed by Warp 
Red solution. Finally, the slides were counterstained with Hematoxylin 
and mounted using PERTEX (Histolab, Sweden). Images were acquired 
using Nikon OPTIPHOT-2 microscope. The control sections were ob-
tained from an internal carotid artery specimen from a 61-year-old man 
undergoing surgical excision of a neck tumor. 

Tube Formation Assay (Paper II) 
Thawed Matrigel Membrane Matrix (Fisher Scientific, USA) was added 
(50µl/well) into 96-well plates and allowed to polymerize at 37oC for 30 
minutes. Onto the polymerized gel, a suspension of HUVECs basal Vascu-
life medium (2% FBS) was added (104 cells/well) in the presence or ab-
sence of IL-6/sIL-6R (100ng/ml each). The tube formation progress was 
monitored for 24 hours in IncuCyte S3 Live Cell Analyses System (Sarto-
rius AG, Germany). Images were taken (10x magnification) and subse-
quently analyzed using Angiogenesis-Analyzer macro written for ImageJ1. 

Proliferation Assay with Crystal Violet Staining (Paper II) 
HUVECs were seeded in 24-well plates (2x105 cells/well) containing com-
plete endothelial medium with antibiotics. After overnight incubation, one 
plate was fixed and stained with crystal violate solution to be used as the 
number of cells at baseline (day=0). The other plates were stimulated with 
IL-6 alone or in combination with sIL-6R (100ng/ml each) and kept for up 
to 7 days by replacing the medium every 72 hours. At the end of the incu-
bation, the cells were fixed and stained with crystal violet solution. HU-
VECs were lysed with 10% Acetic Acid solution to release the dye re-
tained in the cells, and the optical density (OD) of the solution was deter-
mined at 590nm using Cytation 3 Imaging reader (BioTek, USA). Follow-
ing this, ratios were calculated by setting the OD value from baseline to 1.  
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Migration Assay (Paper II) 
HUVECs were seeded in 24-well plates (6x104 cells/well) containing com-
plete endothelial medium with antibiotics and allowed to attach for 2 
hours.  Following to this, the cells were stimulated with IL-6 and sIL-6R 
for 24 hours. Using a 200µl pipette tip, a scratch was made on the mono-
layer of cells and closure of the gap was monitored aver a period of 12 
hours IncuCyte S3 Live Cell Analyses System (Sartorius AG, Germany). 
Images captured every 4 hours were analyzed using MRI Wound Healing 
Tool macro written for ImageJ1 and the percentage of gap closure was 
compared between controls and treatment groups. 

Apoptosis Assay (Paper II) 
FITC Annexin V apoptosis detection kit with 7-AAD (BioLegend, UK) 
was used following manufacturer’s instructions to detect apoptotic HU-
VECs. Stained cells were analyzed with Gallios™ Flow Cytometer (Beck-
man Coulter Life Sciences, UK) and the associated software Kaluza ver-
sion 1.3 (Beckman Coulter, UK). HUVECs that were negative for both 7-
AAD and Annexin V were considered as viable (non-apoptotic/non-
necrotic) cells. 

Ingenuity Pathway Analysis (Paper II, III) 
Ingenuity Pathway Analysis (IPA) is an online database that enables un-
derstanding and visualization of complex omics data169. This tool is avail-
able online at https://www.qiagenbioinformatics.com/products/ingenuity-
pathway-analysis. To begin the analysis, the following information were 
uploaded: gene or protein identification, fold changes (FC), p-values from 
t-test and false discovery rate (FDR) for multiplicity correction using Ben-
jamini-Hochberg (BH) method. Following this, a core analyses was per-
formed (paper II, III) by setting a cut-off values for FC, p-values and FDR 
to identify enriched functions. In paper II, the differentially regulated 
genes by IL-6 trans-signaling (angiogenesis array) were used to identify 
enriched angiogenesis related functions by applying the ‘Grow’ tool and 
the activation status of these functions was determined by ‘Molecular 
Activity Predictor (MAP)’ tool. In paper III, the top enriched functions 
that were predicted to be inhibited or activated by IL-6 trans-signaling 
regulated proteins (Olink proteomics) were identified.  
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Estimation of IL-6 Binary Complex (Paper IV) 
The concentration of IL-6 in complex with sIL-6R and sgp130 was esti-
mated by applying an established formula for quantification of ligand-
receptor complex at equilibrium170. This formula takes into account the 
molar concentration of the ligand and receptor as well as the equilibrium 
dissociation constant (KD). Hence, the molar concentrations of IL-6, sIL-
6R and sgp130 were calculated using molecular weights 23.7Kda, 50Kda 
and 100Kda respectively. Then, the molar concentration of bound IL-6 
was estimated using equation 1. Similarly, the molar concentration of 
bound IL-6:sIL-6R complex was estimated using equation 2. Then, the 
molar concentration of unbound IL-6:sIL-6R, referred to as IL-6 binary 
complex, was determined with equation 3. Equilibrium KD values of 
0.5nM and 10nM were used for the IL-6:sIL-6R and IL-6:sIL-6R:sgp130 
complex formation respectively171–173. Other combinations of KD values 
such as 0.5nM and 0.05nM95 as well as 15.4nM and 100nM174 for the 
binding between IL-6 to sIL-6R and IL-6:sIL-6R complex to sgp130 re-
spectively have also been tested.  

Equation 1 

Equation 2 

Equation 3 [IL-6 Binary Complex] = [IL-6:sIL-6R] – [IL-6:sIL-6R:sgp130] 

Statistical Analysis 
Data analyses was performed using GraphPad Prism® statistical software 
(GraphPad Software, USA) and SPSS version 26 (IBM, USA) with Process 
version 3.5 added-on. Comparison between groups in the in vitro experi-
ments was performed using paired t-test or one-way ANOVA for repeated 
measures followed by Bonferroni post-hoc test. In paper IV, the associa-
tion between independent variables and MI was determined using univari-
able and multi-variable logistic regression analyses. Further, estimation of 
the direct and indirect effect sizes of the association between traditional 
risk factors and incidence of MI mediated by IL-6/IL-6 binary complex 
was analysed using the approach by Hayes and Preacher175.  The propor-
tions mediated were estimated using the approach by Vandeweele TJ176. P 
value less than 0.05 was considered as statistically significant in all anal-
yses. 

[IL-6:sIL-6R] = [sIL-6R] + [IL-6] + KD - √([sIL-6R] + [IL-6] + KD)2 - 4[sIL-6R][IL-6]
2

[IL-6:sIL-6R:sgp130] = [sgp130] + [IL-6:sIL-6R] + KD - √([sgp130] + [IL-6:sIL-6R] + KD)2 - 4[sgp130][IL-6:sIL-6R]
2
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RESULTS AND DISCUSSION 

Human Vascular ECs Respond to IL-6 Classic- and Trans-
signaling Activations with Distinct Intracellular Events (Paper I) 
Expression of the membrane bound IL-6R has generally been assumed to 
be limited to few types of cells, and ECs were considered not to possess 
the membrane bound IL-6R177,178. In this study, we demonstrated that ECs 
actually express both IL-6R and gp130 receptors enabling ECs respond to 
IL-6 classic- as well as trans-signaling activations (figure 6a-b). ECs were 
also found to release the soluble form of IL-6R and gp130 into culture 
supernatant. In monocytes, cell surface expression and generation of solu-
ble IL-6R is regulated by pro-inflammatory agents such as TNF-a and 
lipopolysaccharide (LPS)179,180. In line to this, we showed that ECs treated 
with TNF-a and LPS decreased the level of membrane-bound and soluble 
IL-6R while upregulating both forms of gp130 levels. These findings con-
firm that ECs not only express the IL-6 receptors but also regulate the 
levels of both membrane-bound as well as soluble forms of the receptors 
in response to inflammatory stimuli. The downregulation of IL-6R and 
upregulation of gp130 on ECs by TNF-a and LPS might render ECs to 
become more responsive to IL-6 trans-signaling.  

It is known that IL-6 engages the JAK/STAT3 pathway due to the close 
association of JAKs (JAK1, JAK2 and TYK2) to the gp130 signal trans-
ducing receptor77,181. Activation of PI3K/AKT, MEK/ERK and NFkB 
pathways by IL-6 have also been shown in other types of cells182. In this 
study, we revealed qualitative and quantitative distinctions in signaling 
pathways activated by IL-6 classic- versus trans-signaling activation in EC 
(figure 6c-e). We showed that both IL-6 classic- and trans-signaling in ECs 
induce a time and dose-dependent phosphorylation of STAT3Tyr705. Yet, 
the STAT3Tyr705 phosphorylation induced by trans-signaling was markedly 
stronger and more persistent than that induced by classic signaling, which 
may be explained by relatively higher abundance of gp130 compared to 
IL-6R on ECs81. In addition, IL-6 trans-signaling, but not classic signaling, 
was found to activate the PI3K/AKT and MEK/ERK pathways. Engage-
ment of PI3K/AKT and MEK/ERK pathways is known to be initiated by 
recruitment of SHP-2 (SH2 domain-containing protein-tyrosine phospha-
tase) to phosphorylated intracellular domain of gp130 (Tyr759)183. 
Whether IL-6 classic- and trans-signaling differentially regulate phosphor-
ylation of gp130Tyr759 is not known. However, since the same phospho-site 
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is used by SOCS3 (suppressor of cytokine signaling 3), a key negative reg-
ulator of IL-6 signaling pathways184, it makes differential phosphorylation 
this particular site less likely. Collectively, our findings reveal signal ampli-
tude differences as well as the pathways activated by IL-6 classic- and 
trans-signaling in ECs. 

a) 

b) 

c) 

d) 

e) 

Figure 6. Human vascular ECs express the receptors of IL-6 and respond to both classic- and 
trans-signaling activation (figures are adapted from Zegeye MM et al, Cell Commun. Signal. 
2018 185). Flow cytometry analyses of a) IL-6R and b) gp130 on EDTA detached ECs is 
shown and the dark grey histograms show IL-6R or gp130 stained cells and the light grey 
histograms show respective FMO (fluorescence minus one) controls. Western blot analyses 
showing phosphorylation of c) STAT3Tyr705, d) AKTSer473 and e) ERK1/2Thr202/Tyr204 in human 
vascular ECs treated with IL-6 alone (50ng/ml) or in combination with sIL-6R (100ng/ml). 
Representative blots (left) and quantified signals (right) of each pathway is presented. The 
graphs show arbitrary units (a.u., control is set to 1) compiled from 3 independent experi-
ments presented as mean ± SEM for each pathway. *p<0.05, **p<0.01, ***p<0.001 com-
pared to control. 

IL-6 Trans-signaling Induces MCP-1 in ECs via Concurrent Acti-
vation of JAK/STAT3 and PI3K/AKT Pathways (Paper I)  
IL-6 trans-signaling in ECs has previously been shown to induce MCP-1 
expression177,178. In our study, we revealed the pathways that mediate 
trans-signaling induced MCP-1 expression in ECs using pharmacological 
inhibitors or siRNA to interfere with the different pathways (figure 7). We 
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first showed that activation of IL-6 trans-signaling, but not classic signal-
ing, induced both gene expression and release of MCP-1 from ECs. 

 
Figure 7. Concurrent activation of the JAK/STAT3 and PI3K/AKT pathways is vital for 
MCP-1 induction by IL-6 trans-signaling in human vascular ECs (Created with BioRen-
der.com). The illustration shows the impact of interfering with the IL-6 trans-signaling 
activated pathways in terms of MCP-1 gene expression in ECs. ECs were pretreated with 
the following inhibitors: CP960550 (JAK inhibitor, 10µM), LY294002 (PI3K inhibitor, 
50µM) and PD98059 (MEK inhibitor, 10µM). STAT3 was instead silenced using stealth 
siRNAs (knockdown efficiency 80-90%). Following this, ECs were exposed to IL-6 
(100ng/ml) and sIL-6R (200ng/ml). MCP-1 relative gene expression is presented as mean ± 
SEM (n=3 for each). *p<0.05, **p<0.01, ***p<0.001 compared to control. (Bar graphs are 
adapted from Zegeye MM et al, Cell Commun. Signal. 2018 185) 

Further, we showed that exposure of ECs to the JAK inhibitor CP690550 
prior to activation of IL-6 trans-signaling blunts MCP-1 induction, and 
also abrogated the phosphorylation of STAT3Tyr705, AKTSer473, and 
ERK1/2Thr202/Tyr204. These findings suggest that JAK is essential for MCP-1 
induction and activation of the downstream pathways is dependent on 
JAK. The involvement of STAT3 was studied previously using pharmaco-
logic inhibitors such as static, which in our hands was found to be very 
toxic to ECs178. Therefore, we employed siRNA mediated knockdown of 
STAT3 prior to IL-6 trans-signaling activation in ECs resulting in lack of 
MCP-1 induction. In addition, pretreating ECs with the PI3K inhibitor 
LY294002 abolished IL-6 trans-signaling induced MCP-1 expression. 
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However, pretreatment of ECs with the MEK inhibitor PD98059 did not 
affect expression of MCP-1 in response to IL-6 trans-signaling. This shows 
that MEK/ERK pathway has minimal role in the induction of MCP-1 by 
IL-6 trans-signaling, which is in contrast to what has been shown in fibro-
blasts implying the cell-specific nature of IL-6 trans-signaling responses186. 
Therefore, inhibition of either the JAK/STAT3 or PI3K/AKT pathway is 
enough to blunt IL-6 trans-signaling induced MCP-1 expression in ECs. In 
addition, we noted that interfering with the STAT3 did not affect IL-6 
trans-signaling induced activation PI3K/AKT pathway and the vice versa. 
These findings altogether suggest that MCP-1 induction by IL-6 trans-
signaling in ECs requires dual activation of the JAK/STAT3 and 
PI3K/AKT pathways.  

IL-6 Trans-signaling Impairs Angiogenic Response of ECs (Paper 
II) 
In paper I, we showed that ECs are responsive to both IL-6 classic- and 
trans-signaling activations. In paper II, we unraveled the role of IL-6 sig-
naling pathways in regulating angiogenic response of ECs. Although endo-
thelial co-culture studies previously associated IL-6 with enhanced angio-
genesis187–190, the direct impact of classic- and trans-signaling pathways on 
endothelial angiogenic response has not been investigated. Using the Mat-
rigel tube formation assay, a technique widely used to assess the initial 
phase of sprouting neoangiogenesis in vitro191, we showed that activation 
of IL-6 trans-signaling inhibits tube formation capacity of ECs whereas 
activation of IL-6 classic signaling by exogenous IL-6 had limited effect 
(figure 8a).  In addition, we demonstrated that IL-6 trans-signaling, but 
not classic signaling, inhibited endothelial proliferation and migration, 
which are two crucial responses of endothelial tube formation (figure 8c). 
Previous reports showed that pro-inflammatory agents such as IL-1 and 
TNF-a promote angiogenesis. In contrast to this, our data indicated that 
the pro-inflammatory aspect of IL-6 i.e. trans-signaling inhibited prolifera-
tion, migration and tube formation capacity of ECs. Meanwhile, exogene-
ous IL-6 classic signaling appeared to have minimal role. However, when 
we depleted the endogenous IL-6 using siRNAs, the tube formation capac-
ity of ECs was impaired suggesting that the autocrine IL-6 classic signaling 
is vital and sufficient to maintain a normal angiogenic ability of ECs (fig-
ure 8b). This is complementary to our recent study which showed that 
maintenance of basal endothelial functions are maintained by IL-6 classic 
signaling in an autocrine manner192. Collectively, these findings show that 
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activation of IL-6 trans-signaling impairs proliferation, migration and tube 
formation ability of ECs while the autocrine IL-6 classic signaling is vital 
to maintain ECs angiogenic function. 

a) 

       

     

                                               

b) 

   

      

                                                    

c) 

 

 
 

 
Figure 8. IL-6 classic- and trans-signaling pathways regulate tube formation ability of vascular 
endothelial cells (figures are taken from Zegeye MM et al, Cells 2020193). a) ECs were pre-
treated with IL-6 (100ng/ml) in the presence or absence of sIL-6R (100ng/ml) for 48h and 
seeded on Matrigel for 24h and tube formation was quantified as total tube length, number of 
branching points and loop count per image. b) ECs exposed to non-target siRNA or IL-6 
targeting siRNAs (48h) were seeded on Matrigel for 24h and tube formation was quantified as 
total tube length, number of branching points and loop count per image. c) Top figure shows 
the rate of ECs proliferation in response to IL-6 and sIL6R treatment (100ng/ml each) over a 
period of 7 days presented as fold change in cell number from baseline day=0 (set to1). Bottom 
figure shows the percentage of wound closure from a scratch assay on ECs pre-treated with IL-
6 (100ng/ml) and sIL-6R (100ng/ml). Data is presented as mean ± SEM of 3-6 experiments 
each run-in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001 compared to control.  
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To understand the underlying mechanism of IL-6 trans-signaling induced 
inhibition of endothelial angiogenic response, we investigated the balance 
between pro- and anti-angiogenic factors. To do that, we analyzed the 
gene expression of 92 angiogenesis related genes in IL-6 trans-signaling 
exposed ECs. We found that IL-6 trans-signaling differentially regulated 
many angiogenesis related genes. In agreement with our experimental 
data, further IPA® analyses predicted that these differentially regulated 
genes lead to the inhibition of endothelial tubulation and migration. The 
top upregulated genes by IL-6 trans-signaling includes CXCL-10 and 
SERPINF1 that are known to inhibit motility and tube formation of 
ECs194–196. At the same time, IL-6 trans-signaling downregulated genes 
such as cKIT (CD117) and CXCL-8 that promote survival, migration and 
tube formation of ECs197–200. These differentially regulated genes are able 
to mediate their effect in an autocrine manner since their respective recep-
tors/ligands are also expressed on ECs. Furthermore, we observed that IL-
6 trans-signaling was able to inhibit endothelial tube formation in a Mat-
rigel containing high concentration of VEGF-A, but not in VEGF-A re-
duced Matrigel. It is well established that the VEGF-A is the dominant 
driver and the rate-limiting factor of angiogenesis10. Interfering the VEGF-
A signaling in ECs impairs their sprouting angiogenic response201,202. In 
line to this, we revealed that pre-activation of IL-6 trans-signaling in ECs 
caused an increased p38T180/Y182, but decreased ERK1/2Thr202/Tyr204 phos-
phorylation in response to VEGF-A while AKTS473 phosphorylation re-
mained unaffected. Therefore, our findings suggest that IL-6 trans-
signaling shifts the balance in endogenous pro- and anti-angiogenic factors 
and also alters VEGF-A signaling in ECs to impair endothelial tube for-
mation ability (illustrated in figure 9).  
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Figure 9. Schematic presentation of the mechanisms that mediate IL-6 trans-signaling 
induced inhibition of endothelial angiogenic response (Created with BioRender.com).   

IL-6 Trans-signaling in ECs Regulates Release of Inflammatory 
Mediators and Laminin Chains that Favor Binding and Transmi-
gration of Lymphocytes (Paper III) 
We (paper I) and others have shown that IL-6 trans-signaling induces 
production of the chemokine MCP-1177,178,185. In this study, we expanded 
our analyses by measuring the release of 184 proteins (Olink® proteomics; 
IFN and CVD III panels) from human vascular ECs in response to IL-6 
trans-signaling. Out of 97 proteins detected in culture supernatants, IL-6 
trans-signaling significantly altered the release of 20 proteins (3 downregu-
lated, 17 upregulated) compared to untreated controls (p-value <0.05, 
FDR 5%). Further IPA® analyses predicted that these differentially regu-
lated proteins lead to enhanced lymphocyte binding and transmigration 
but inhibited binding and transmigration of granulocytes. Our findings are 
in line with murine acute inflammation studies that demonstrated the in-
dispensable role of IL-6 trans-signaling in recruitment of T-lymphocytes 
through induction of chemokine secretion in stromal cells85,86. IL-6 is also 
known to play vital role in supporting proliferation and survival of T-
lymphocytes during inflammatory responses83,84.  
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Figure 10. Diagram showing IL-6 trans-signaling induced release of inflammatory proteins 
and regulation of laminin alpha chains (Created with BioRender.com). IL-6 trans-signaling 
causes simultaneous downregulation in LAMA4 and upregulation in LAMA5 expression 
both on mRNA and protein level. Using the inflammatory proteins differentially regulated by 
IL-6 trans-signaling (red=upregulated, green=downregulated), Ingenuity Pathway Analyses 
(IPA) predicted that binding and migration of granulocytes was inhibited while binding and 
migration of lymphocytes was activated. In this analyses, blue lines indicate that a protein 
leads to predicted inhibition of function while orange indicates that a protein leads to pre-
dicted activation of function. The yellow lines show disagreement between state of the differ-
entially regulated protein expression and the predicted sate of function (i.e. binding or migra-
tion).  

Since the laminin composition of endothelial basement membrane (EBM) 
is also involved in leucocyte recruitment28, we showed that IL-6 trans-
signaling alters laminin alpha chains produced by ECs causing an upregu-
lated LAMA5 and downregulated LAMA4 expression. In vivo models of 
acute inflammation have presented that mice lacking endothelial LAMA5 
showed enhanced transmigration of neutrophils while mice lacking LA-
MA4 expression showed defective transmigration of neutrophils203. 
Moreover, in vitro studies have shown that murine ECs cultured on lam-
inins containing LAMA5 favor transmigration of T-lymphocytes while 
LAMA4 containing isoforms allow transmigration of neutrophils203–205. 
The exact mechanisms of how LAMA5 enhances the trans-endothelial 
migration of T-lymphocytes remains to be investigated. In our study, cul-
turing ECs on laminins containing LAMA5 slightly altered the morpholo-
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gy of the cells and upregulated the expression of endothelial junction pro-
tein VE-cadherin when compared to ECs cultured on LAMA4 containing 
isoforms. In addition, Olink® proteomics analyses from the culture super-
natants revealed that LAMA5 altered basal, but not IL-6 trans-signaling 
induced, secretion of inflammatory proteins including uPA/PLAU which is 
associated with increased binding and trans-migration of neutrophils206. 
Taken together, or findings suggest that IL-6 trans-signaling regulates the 
release of inflammatory proteins as well as the laminin composition of 
EBM which might result in altered trans-endothelial migration of leuco-
cytes (illustrated in figure 10). 

Expression of Laminin Alpha Chains and Associations with Im-
mune Cell Content in Human Atherosclerotic Plaques (Paper III) 
Using the BiKE cohort, we compared the gene and protein expression of 
laminins in atherosclerotic plaques to healthy vessels. We showed that 
expression of both LAMA4 and LAMA5 proteins were downregulated 
compared to macroscopically healthy vessels, whereas LAMA5 expression 
was significantly lower in plaques from symptomatic patients than in 
those from asymptomatic patients. These downregulations may partly be 
explained by general breakdown of EBM proteins due to increased matrix 
metalloprotease (MMP) activity in atherosclerotic plaques207,208. A recent 
study involving endarterectomy patients reported that MMPs were strong-
ly correlated with circulating levels of fragments from laminin chain and 
collagen209. However, we noted that the gene expression of LAMA4 and 
LAMA5 was also downregulated implying for a rather specific transcrip-
tional regulation rather than general degradation of proteins. In addition, 
we showed that the distribution of laminin alpha chains was altered in 
atherosclerotic plaques compared to healthy vessels. In a healthy vessel, 
LAMA5 was expressed in the medial layer while LAMA4 staining was 
evenly distributed in intimal and medial layers. In atherosclerotic plaques 
LAMA5 was expressed in the subendothelial layer while LAMA4 was 
limited to the medial layer and in areas of neoangiogenesis. These findings 
indicate that the level and distribution of laminin alpha chains is altered 
during vascular disease and suggest a possible involvement of laminins in 
the pathogenesis of atherosclerosis. However, our findings require cau-
tious interpretation as we have used iliac and radial arteries as control 
which could have a physiologically different composition of laminins.  
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To understand the relationship between endothelial laminin composition 
and immune cell content of atherosclerotic plaques, we analyzed correla-
tions between gene expression of laminins (normalized to endothelial cell 
marker Von Willebrand factor (vWF)) and immune cell markers. As pre-
sented in table 2, we found that both LAMA4 and LAMA5 were negative-
ly correlated with markers of macrophages (CD163 and CD14), B-cells 
(CD19) and T-cells (CD3). However, relatively LAMA5 was more strong-
ly correlated to CD163/CD14 and CD19 than LAMA4, while LAMA4 
was more strongly correlated to CD3 than LAMA5. These data imply that 
altered laminin composition might contribute to the retention and survival 
of certain subsets of immune cells in atherosclerotic plaques28. Alternative-
ly, the laminin content of atherosclerotic plaques could be differentially 
regulated by the types of immune cells the milieu.  

Table 2. Summary of Pearson correlations between laminin alpha chains expressed in 
atherosclerotic plaques and immune cell markers CD163, CD14, CD19 and CD3. 

CD163 CD14 CD19 CD3 
r p-value r p-value r p-value r p-value

LAMA4* -0.48 <0.001 -0.49 <0.001 -0.19 0.032 -0.46 <0.001 
LAMA5* -0.72 <0.001 -0.71 <0.001 -0.42 <0.001 -0.29 0.001 
*Gene expression were normalized to expression of endothelial cell marker Von Willebrand
factor (vWF)

MULUGETA MELKIE ZEGEYE IL-6 Signaling in Human Vascular Endothelial Cells 



MULUGETA MELKIE ZEGEYE IL-6 Signaling in Human Vascular Endothelial Cells 
 

47 
  

IL-6 as a Mediator of the Association Between Traditional Risk 
Factors and Future Myocardial Infarction (Paper IV) 
In papers I, II and III, we showed the role of IL-6 trans-signaling in regu-
lating the release of pro-inflammatory proteins as well as its impact on 
endothelial angiogenic response and production of basement protein lam-
inin. Yet, association studies relating IL-6 trans-signaling to chronic vascu-
lar diseases are scarce. Several studies reported the association between 
plasma concentration of IL-6143,145,210, sIL-6R146,147,211 and sgp130148,212 as 
separate biomarkers and risk of future CVDs. In the circulation, however, 
these proteins form complexes where the complex between IL-6 and sIL-
6R is biologically active while binding of sgp130 to this complex neutral-
izes its effect109,110,213. Previous studies have attempted to employ ratios 
between these proteins to discriminate biologically active components 
from inactive one214,215. In this study, we introduced the IL-6 binary com-
plex, a novel biomarker based on plasma concentration of IL-6, sIL-6R 
and sgp130, to estimate the level of active pro-inflammatory aspect of IL-6 
activity (i.e. trans-signaling). We conducted a nested case-control study 
using VIP and MONICA cohorts including 292 participants who devel-
oped MI and 292 age- and gender-matched controls. Table 3 presents the 
clinical characteristics of the study participants at baseline. 

Table 3. Clinical characteristics of study participants at baseline 
 Cases (n=292) Controls (n=292) p-value 
Age in years 59.7 (50.1-60.1) 59.8 (50.1-60.1) … 
Gender (Male)  76.4% 76.4% … 
BMI (Kg/m2) 26.5 (24.4-29.1) 25.9 (23.9-28.4) 0.016 
Physical inactivity 77.1% 75.9% 0.739 
Blood pressure (mmHg) 

Systolic 
Diastolic 

138 (125-150) 
85 (80-90) 

130 (120-140) 
80 (75-88) 

< 0.001 
< 0.001 

Diabetes Mellitus 11.8% 2.4% < 0.001 
Current smoking status 

Smoker 
Non-smoker 

34.2% 
65.8% 

22.6% 
77.4% 0.002 

Total cholesterol (mmol/L) 6.31 (5.53-7.04) 5.81 (5.13-6.45) < 0.001 
IL-6 (pg/ml) 0.90 (0.61-1.45) 0.70 (0.49-1.04) < 0.001 
sIL-6R (ng/ml) 45.8 (38.1-56.9) 48.6 (40.0-59.0) 0.030 
sgp130 (ng/ml) 347 (316-389) 353 (312-389) 0.645 
BMI=body mass index, IL-6= interleukin 6, sIL-6R= soluble IL-6 receptor, sgp130= soluble gp130 
Median values with interquartile intervals given 
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We found elevated IL-6, but lower sIL-6R plasma levels in cases compared 
to controls at baseline while plasma sgp130 was equivalent in the groups. 
IL-6 binary complex was also significantly higher in cases compared to 
controls. In univariable and multivariable logistic regression analyses, we 
found that both plasma IL-6 and IL-6 binary complex were significantly 
associated with increased risk of MI. Although we expected superior pre-
dictive value from IL-6 binary complex, ROC analyses revealed that IL-6 
binary complex has similar predictive value as plasma IL-6. This could be 
explained by absence of substantial differences in plasma concentration of 
sIL-6R and sgp130 in cases compared to controls in the current study. It 
has been shown in certain inflammatory conditions that plasma concentra-
tions of sIL-6R and sgp130 can vary up to five-fold213, and under such 
circumstances the IL-6 binary complex may be a better alternative than IL-
6.  

a) b) 

Figure 11. Scatter plots showing the distribution (mean ± SD) of a) IL-6 binary complex 
and b) IL-6 among study participant having 0-2, 3 and ≥4 risk factors at baseline. [Risk 
factors: age (>60), Male gender, Obesity, physical inactivity, hypertension, diabetes melli-
tus, current smoking, hypercholesterolemia] 

We noted that the plasma level of IL-6 and IL-6 binary complex was high-
er in participants exposed to traditional risk factors including obesity, 
physical inactivity, hypertension, diabetes and smoking (figure 11a-b). 
Our findings are consistent to previous reports216–219, and suggest that 
exposure to traditional risk factors contributes to elevated plasma concen-
trations of IL-6 and IL-6 binary complex. Further, we demonstrated that 
IL-6/IL-6 binary complex mediates the association between traditional risk 
factors (i.e. smoking and hypertension) and incidence of MI. Figure 12 
shows the direct and indirect effects (which is carried through IL-6 binary 
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complex) of smoking and hypertension to risk of future MI as estimated 
by Hayes and Preacher method175. We estimated that about 30% of the 
influence of smoking on risk of MI was carried through elevated IL-6/IL-6 
binary complex. Our findings are supported by previous in vitro and in 
vivo studies that reported upregulated pro-inflammatory cytokines includ-
ing IL-6 and consequent atherosclerosis due to smoking220,221. Similarly, 
elevated plasma IL-6/IL-6 binary complex explained about 15% of the 
effect of hypertension on risk of MI. Hypertension has previously been 
shown to induce pro-inflammatory cytokines including IL-6 and induce 
endothelial dysfunction thereby triggering atherogenesis1,222. In addition, 
treatment of hypertension in humans has been shown to lower plasma IL-
6 concentration223. Collectively, our findings suggested that the increased 
MI risk due to smoking and hypertension could partly be explained by 
increased plasma IL-6/IL-6 binary complex concentration. Although it 
requires further investigation, it appears that pro-inflammatory proteins 
such as IL-6 actually are mere mediators of the effect of traditional risk 
factors on MI. Therefore, we believe that this could be the reason why 
previous studies failed to find individual inflammatory biomarkers or 
combination of such biomarkers that can improve MI risk prediction over 
traditional risk factors224,225. 

 
 
Figure 12. Schematic depiction of the direct (solid lines) and indirect (dotted lines) 
effect sizes (with 95% confidence intervals) of smoking and hypertension on myocardial 
infarction as mediated by IL-6 binary complex.  

 
 

Smoking

Hypertension

Plasma IL-6 
binary complex

0.61 (0.22-1.00)

0.07 (0.01-0.16)

0.50 (0.09-0.91)

0.15 (0.06-0.28) Myocardial 
Infarction
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CONCLUSIONS 
In summary, this thesis sheds light on molecular differences of IL-6 signal-
ing pathways on ECs in terms of intracellular signaling, secretion of solu-
ble and basement proteins, and endothelial functions such as neoangio-
genesis. In addition, this thesis addresses the link between IL-6 trans-
signaling to atherosclerosis and risk factors of MI. The major findings of 
this thesis are summarized as follows: 

• ECs express IL-6R and respond to both IL-6 classic- and trans-
signaling pathways in distinctive manner where IL-6 classic- signal-
ing engages the JAK/STAT3 pathway and IL-6 trans-signaling addi-
tionally activates PI3K/AKT and MEK/ERK pathways (paper I).

• While IL-6 classic signaling does not induce the pro-inflammatory
chemokine MCP-1, IL-6 trans-singling triggers prominent release of
MCP-1 through concurrent activation of JAK/STAT3 and
PI3K/AKT pathways in ECs (paper I).

• Autocrine IL-6 signaling plays an essential role in maintaining the
angiogenic ability of ECs while IL-6 trans-signaling impairs this
function by regulating endogenous angiogenesis-related proteins
and interfering with VEGF-A signaling in ECs (paper II).

• IL-6 trans-signaling in ECs induces secretion of inflammatory pro-
teins and regulates laminin expression. Specifically, IL-6 trans-
signaling causes LAMA4 to LAMA5 transition in ECs, which to-
gether with differentially regulated inflammatory proteins, might
favor trans-endothelial migration of lymphocytes during inflamma-
tory response (paper III).

• In atherosclerotic plaques, expression of LAMA4 and LAMA5 is
altered which appears to be associated with immune cell content
and plaque stability (paper III).

• Plasma IL-6 and IL-6 binary complex, a novel plasma biomarker
that reflects IL-6 trans-signaling, predict the risk of future MI (pa-
per IV).

• Plasma IL-6/IL-6 binary complex mediates the association between
traditional risk factors (smoking and hypertension) and incident
MI, which suggests that increased risk of MI in smokers and hyper-
tensive participants is partly carried through elevated plasma IL-
6/IL-6 binary complex concentration (paper IV).

MULUGETA MELKIE ZEGEYE IL-6 Signaling in Human Vascular Endothelial Cells 



MULUGETA MELKIE ZEGEYE IL-6 Signaling in Human Vascular Endothelial Cells 
 

51 
  

FUTURE PERSPECTIVE 
Our studies revealed qualitative and quantitative differences regarding the 
intra-cellular events triggered by IL-6 classic versus trans-signaling path-
ways. This poses an interesting question as to how a signal coming down 
from the same receptor (gp130) gives rise to rather different intracellular 
events. The lower signal amplitude of JAK/STAT3 pathway induced by 
classic signaling compared to trans-signaling could be partly attributed to 
the relatively lower number of IL-6R compared to gp13081. However, it is 
possible that the intracellular domain of gp130 is differentially phosphory-
lated by classic- versus trans-signaling pathways. This might also be the 
reason for the engagement of PI3K/AKT and MEK/ERK pathway by 
trans-signaling but not by classic signaling. Clarifying this could potential-
ly help identify therapeutic targets to specifically inhibit trans-signaling. 

This thesis showed that IL-6 trans-signaling alters the laminin production 
in ECs, and the shift in the laminin production appeared to modulate en-
dothelial phenotype and secretion of basal inflammatory proteins. Recent-
ly, a transition from LAMB2 to LAMB1 in EBM due to acute myocardial 
injury has been shown to promote endothelial to mesenchymal transition, 
a process associated with plaque vulnerebility226,227. In our study, we re-
vealed an interplay between immune cell content and laminin distribution 
in atherosclerotic plaques. However, further studies are warranted to in-
vestigate the role of endothelial laminins in the development and progres-
sion of atherosclerosis.  

This thesis implied that part of the impact of traditional risk factors such 
as smoking, and hypertension is carried through elevated plasma IL-6/IL-6 
binary complex. Hence, it is worth investigating the clinical relevance of 
IL-6/IL-6 binary complex to monitor effectiveness of lifestyle changes such 
as cessation of smoking and blood pressure control in reducing risk of MI. 
In addition, further studies are required as to whether these biomarkers 
could be used to identify individuals that benefit more from therapeutic 
blockade of IL-6 trans-signaling.  

Our findings indicate that inflammation is a mediator between the associa-
tion of traditional risk factors and MI. This encourages expanded analyses 
by including more circulating inflammatory proteins, individually or in 
combination, to reveal specific proteins that might explain part of the 
association between a traditional risk factor and MI.  
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Recent clinical trials have shown that targeting inflammatory pathway can 
have atheroprotective benefits particularly in reducing incidence of sec-
ondary CVD events64–66. However, further investigation is warranted to 
identify more targets in the inflammatory pathway that can have improved 
beneficial atheroprotective effect with limited adverse outcomes. In this 
regard, blocking IL-6 trans-signaling with the fusion protein sgp130Fc has 
shown promising results in preclinical studies155 which in the future might 
be used to treat patients at risk of CVD events in combination with lipid 
lowering drugs and other anti-inflammatory agents.  
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