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Abstract 
Madelene Lindkvist (2020): Impact of Interleukin-6 family cytokine signalling 
on human endothelial cells and platelets. Örebro Studies in Medicine 224. 

Endothelial cells lining the luminal side of blood vessels creates a barrier 

between the circulating blood and the extracellular matrix. Endothelial 

cells have important functions in regulation of vessel tension and inflam-

mation. Furthermore, endothelium-derived vasodilators prevent our 

smallest blood cells, platelets, to aggregate in the circulation. The main 

physiological role of platelets is to protect us from bleeding by creating 

aggregates at sites of injury. Platelets is also increasingly recognised as 

mediators in acute inflammation. The focus of this thesis has been to 

study the impact of inflammatory cytokines in the interleukin (IL)-6 family 

on endothelial cells and platelets. IL-6 has pleiotropic effects where IL-6 

trans-signalling via the soluble IL-6 receptor (IL-6R) is associated to 

more pro-inflammatory outcomes than classic signalling via the mem-

brane bound IL-6R. Both classic and trans-signalling need the ubiquitously 

expressed glycoprotein (gp)130 to induce intracellular signalling. Since the 

IL-6R is expressed on a restricted number of cell types, trans-

signalling exerts a broader IL-6 response. Paper I reveal that endothelial 

cells express IL-6R which facilitates both classic and trans-signalling. IL-6 

trans-signalling activates more signalling pathways and results in pro-

inflammatory responses in contrast to classic signalling. Paper II show 

that IL-6 trans-signalling, but not classic signalling occurs in platelets and 

results in inhibition of epinephrine-induced platelet aggregation. Paper III 

reveal inter-individual differences in platelet reactivity towards activa-

tors and the inhibitor nitric oxide (NO). Individuals with more NO-

sensitive platelets showed greater capacity of vasodilation, indicating a 

connection between endothelial function and platelet inhibition. In Paper 

IV, the impact of various gp130 signalling cytokines on endothelial cells 

revealed differences and similarities in intracellular signalling, gene ex-

pression and protein release. In summary, this thesis investigates the 

impact of the IL-6 family cytokines on endothelial cells and platelets in 

regards of intracellular signalling and functional responses.  

Keywords: gp130 signalling cytokines, inflammation, trans-

signalling, JAK/STAT, MEK/ERK, PI3K/AKT, platelet aggregation, 

vasodilation 

Madelene Lindkvist, School of Medical Sciences 
Örebro University, SE-701 82 Örebro, Sweden, madelene.lindkvist@oru.se 





Populärvetenskaplig sammanfattning 
Våra blodkärl består av flera lager av olika celler med olika funktioner. 

Kärlväggens innersta lager består av endotelceller som bildar en barriär 

mot det förbipasserande blodet. De minsta cellerna i vårt blod är 

trombocyterna, även kallade blodplättar. De har den livsviktiga uppgiften 

att stoppa blödning genom att klumpa ihop sig med varandra, detta 

fenomen kallas hemostas och är väl studerat. Om en skada uppstår i 

kärlväggen så exponeras bland annat kollagen som kraftigt påverkar 

trombocyterna till att börja klumpa ihop sig för att täcka skadan.  

Eftersom endotelcellerna hela tiden är i kontakt med blodet så påverkas 

de av de ämnen som finns i cirkulationen. Kompositionen av ämnen som 

finns i blodet varierar beroende av både yttre och inre omständigheter. I 

den här avhandlingen studeras en grupp cirkulerande proteiner som kallas 

interleukin-6 (IL-6) familjen. De fungerar som budbärare mellan celler och 

är kända för att vara involverade i regleringen av inflammationsprocesser. 

Inflammation är en mekanism i vårt immunförsvar som skyddar oss mot 

infektioner och hjälper till att reparera skadad vävnad. Men om 

inflammationen blir för kraftig eller kronisk så kan den istället leda till 

sjukdom. Proteinerna i IL-6 familjen kallas för cytokiner och binder till 

olika specifika receptorer som återfinns lösta i blodet eller på ytan av vissa 

celler. För att kunna påverka en cell behöver de dessutom binda till 

receptorn gp130 som finns på alla kroppens celler. Därmed kallas dessa 

cytokiner även för gp130 signalerande cytokiner. När cytokinen IL-6 

signalerar via sin receptor på ytan av en cell så kallas det för klassisk 

signalering. Om IL-6 istället binder till sin lösta receptor så kan den, med 

hjälp av gp130,  påverka celler som inte har den specifika IL-6 receptorn på 

sin yta, detta kallas för trans-signalering. 

Tidigare studier har associerat IL-6 trans-signalering till mer 

proinflammatoriska sjukdomar jämfört med klassisk IL-6 signalering. 

Därför var syftet med Delarbete I av den här avhandlingen att undersöka 

vilka skillnader IL-6 klassisk och trans-signalering medförde i endotelceller. 

Det visade sig att IL-6 trans-signalering aktiverar fler signalvägar inuti 

endotelceller jämfört med IL-6 klassisk signalering. Dessutom ger IL-6 

trans-signalering endotelcellerna en mer proinflammatorisk karaktär än 

om de påverkas av IL-6 klassisk signalering. 

De senaste decennierna har forskning visat att trombocyterna inte bara 

förhindrar blödning utan också har många fler funktioner som är viktiga i 

vårt immunförsvar. I Delarbete II av den här avhandlingen undersöker vi 

hur trombocyterna påverkas av IL-6. Eftersom trombocyter inte har IL-6 

receptorn på sin yta så påverkas de enbart av IL-6 trans-signalering. Vi fann 



att trombocyternas benägenhet att klumpa ihop sig som svar på det milt 

aktiverande ämnet adrenalin hämmades av IL-6 trans-signalering. Övriga 

trombocytfunktioner förblev oförändrade.  

Delarbete III av den här avhandlingen var en liten del av en större studie 

som sökte efter tidiga tecken på framtida risk för hjärt- kärlsjukdom. Detta 

delarbete undersökte om det fanns skillnader i reaktivitet hos olika 

individers trombocyter. Det visade sig att trombocytreaktiviteten mot de 

svagare aktivatorerna adrenalin och ADP varierade mellan individer till 

skillnad mot den starka aktivatorn kollagen som gav liknande svar hos alla. 

Däremot fanns det individuella skillnader i graden av hämning av 

trombocyterna med hjälp av kväveoxid, även vid tillsats av den starka 

aktivatorn kollagen. Normalt sett frisätts kväveoxid från endotelcellerna 

och detta bidrar då till att kärlväggen kan slappna av samt förhindrar 

trombocyterna att klumpa ihop sig i blodcirkulationen. Därför undersöktes 

också individernas endotelfunktion genom att med ultraljud mäta 

blodkärlets förmåga att slappna av. De individer vars trombocyter blev mer 

hämmade av kväveoxid var desamma som ansågs ha bäst endotelfunktion 

efter ultraljudsundersökningen.  

I Delarbete IV jämfördes de olika gp130 signalerande cytokinernas effekt 

på endotelceller. Det visade sig att förutom IL-6 så ger även fyra andra 

cytokiner (OSM, LIF, CT-1 och IL-11) liknande mönster av aktiverade 

signalvägar samt produktion och frisättning av flera olika ämnen med olika 

funktioner, inte bara proinflammatoriska. Det fanns också medlemmar i 

den här cytokinfamiljen som inte gav någon effekt alls på endotelcellerna. 

Dessutom visade vi att trans-signalering inte är specifikt för IL-6 utan sker 

även med IL-11 och dess lösta receptor hos endotelceller.  

Sammantaget har denna avhandling visat att IL-6 trans-signalering ger 

en proinflammatorisk karaktär till endotelceller medan trombocyter blir 

mindre benägna att klumpa ihop sig i närvaro av adrenalin. Vi har också 

visat att det finns individuella skillnader i trombocytreaktivitet, både vid 

aktiverande och hämmande ämnen, som också kan kopplas till individuell 

endotelfunktion. Dessutom har vi jämfört effekterna hos alla kända gp130 

signalerande cytokiner på endotelceller och även funnit att IL-11 kan 

använda sig av trans-signalering. 
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Introduction 

Primary hemostasis and inflammation 
The physiologic roles of the vascular endothelium include several important 

functions to keep the barrier between blood and extracellular matrix intact, 

contribute to the balance of blood pressure and blood flow, prevent throm-

bus formation, and contribute to wound healing. The functional and contin-

uous endothelial monolayer produces and releases substances like adeno-

sine, nitric oxide (NO) and prostacyclin (PGI2) which have both vasodilatory 

and platelet inhibitory effects [1], see Figure 1. The well known, major 

physiological function of platelets is primary hemostasis, which is essential 

to protect us against bleeding. The start of primary hemostasis is an injury of the 

vessel wall, exposing macromolecules within the sub-endothelial matrix to the 

blood. There are a lot of adhesive macromolecules in the sub-endothelial 

matrix like collagen, von Willebrand factor (vWF), fibronectin, laminin, and 

thrombospondin, which will bind to different platelet surface receptors.  

Out of these extracellular matrix components, collagen has the highest plate-

let activating potential and a strong affinity for vWF which supports stable 

platelet adhesion. At locations with high shear rates of the blood flow, for 

example small arteries or atherosclerotic plaques, platelet adhesion is de-

pendent on vWF binding to platelet glycoprotein (GP) Ibα. This interaction 

is transient and leads to platelet rolling over the exposed sub-endothelium. 

Transient platelet/endothelium interactions facilitate for further platelet ac-

tivation and stable adhesion [2].  

Platelet activation is characterised by platelet shape change, granule se-

cretion and aggregation to form a hemostatic plug. The platelet shape 

change consists of a rearrangement of the cytoskeleton which facilitates 

platelet spreading on the exposed sub-endothelium. Activation of the 

integrin GPIIb/IIIa causes fibrinogen binding which is essential for platelet 

accumulation and aggregation (i.e. fibrinogen links adjacent platelets to 

each other). Secretion of dense and α-granules will potentiate the 

aggregation response by release of activators like adenosine diphosphate 

(ADP), as well as increased membrane expression of glycoproteins which 

are stored in resting platelet granules [3].  

Recent research have shown that platelets possess additional potentially 

important functions in a wide range of perspectives such as inflammation, 

immunity, tissue regeneration and cancer metastasis [4]. Inflammation is 

generally associated to pathological conditions, but it is important to note 
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that inflammation is also an important part of our normal physiology in the 

innate immune response. Acute inflammation in response to infection or tis-

sue damage is essential to maintain our health. However, if the resolution of 

this acute inflammation is impaired it might progress into a more severe 

pathological process or develop into a chronic inflammation with subse-

quent pathophysiological effects [5].  

Figure 1. Platelet activation and vessel wall interaction. Schematic illustration of 

some molecules participating in platelet/endothelium interaction. Endothelium derived 

nitric (NO) causes platelet inhibition via soluble guanylyl cyclase (sGC) and cyclic GMP-

production. Endothelial cells can express various adhesion molecules, like selectins, that 

facilitates for platelet transient adhesion. Collagen provokes strong platelet activation 

via glycoprotein (GP) VI. This receptor induces intracellular signalling via FcRγ. The re-

ceptors GPIbα and GPIIb/IIIa are pivotal for binding to von Willebrand Factor (vWF) 

and fibrinogen. ADP and epinephrine can also induce platelet activation and potentia-

tion through their respective receptors.  

Atherosclerosis and thrombosis 
A dysfunctional endothelium gradually loses the ability to produce vasodila-

tors and platelet inhibitors and can be considered an early sign of atheroscle-

rosis [6]. The development of atherosclerosis is more prevalent in arterial 

areas with disturbed blood flow which, together with pro-inflammatory cy-

tokines, endotoxins or oxidized low-density lipoproteins (oxLDL) can acti-

vate the endothelial cells and promote a pro-inflammatory phenotype with 
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increased expression of adhesion molecules like vascular cell adhesion mol-

ecule-1 (VCAM-1) [7]. This will attract circulating monocytes into the intima 

where they differentiate to macrophages and later becomes foam cells 

when they have engulfed the deposited oxLDL. Foam cells drives the local in-

flammation further by secreting pro-inflammatory cytokines, reactive oxy-

gen species (ROS) and matrix metalloproteinases (MMPs) which makes the 

fibrous cap of the plaque vulnerable [8]. The activated endothelium and mac-

rophages will induce smooth muscle cell proliferation and excessive synthe-

sis of extracellular matrix which will lead to a growing plaque. This have 

been proposed to aid stability of the fibrous cap of the plaque, however, the 

proliferating smooth muscle cells can undergo a phenotypic switch that 

makes them less contractile, more prone to phagocyte lipids but not apop-

totic bodies, which even further promotes the local inflammation and the de-

velopment of a necrotic core of the atherosclerotic plaque [9]. The athero-

sclerotic development and progression is a slow and symptom-free process 

throughout adulthood, however, the subsequent development of ischemic 

cardiovascular disease (CVD) events like myocardial infarction or stroke due 

to thrombosis, is a rapid and life-threatening process [10]. The hemostatic 

response with platelet activation is needed to prevent us from blood loss, 

however, if it is not tightly regulated excessive platelet activation could re-

sult in thrombosis. Taken together, this shows that platelets play important 

roles both in physiology and pathophysiology in the development of CVD by 

thrombus formation and subsequent ischemic events [11, 12].  

Platelet activation and potentiation 
As previously mentioned, collagen is one of the most potent platelet activat-

ing substances, this activation is mediated via the main collagen receptor 

GPVI, which is an immunoglobin-like receptor that associates with the FcR 

γ-chain to induce intracellular signalling. The GPVI-dimer forms collagen-

binding grooves that matches the triple helices of collagen fibrils [13]. 

Besides collagen, many endogenous substances, like ADP and epineph-

rine, can cause platelet activation even if they are considered to be less po-

tent platelet activators. ADP induces different cellular effects via the two G-

protein-coupled receptors (GPCR) P2Y1 and P2Y12. Stimulation of P2Y1 in-

duces intracellular Ca2+-mobilization via Gq-signalling, while stimulation of 

P2Y12 induces a reduction of the intracellular messenger cyclic adenosine 

monophosphate (cAMP) via inhibition of adenylyl cyclase (AC) [14]. Epi-

nephrine can also induce platelet activation and have a potentiating effect 

on other platelet activators via signalling through α2-adrenergic receptors 
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(α2AR) [15], see Figure 1. There are also substances that do not activate 

platelets on their own but still can potentiate their response towards other 

activators. One example of such a substance is thrombopoietin (TPO) that 

potentiate the platelet response towards both strong and weak platelet acti-

vators like collagen and ADP, respectively [16, 17].  

Nitric oxide in hemostasis and vasodilation 
Endothelial cells can synthesize NO via the oxidoreductase endothelial nitric 

oxide synthase (eNOS, also called NOSIII). The synthesis of NO is induced by 

an intracellular increase in Ca2+ either by shear stress on the endothelial lu-

minal surface or by ligands like insulin and acetylcholine. eNOS is constitu-

tively expressed and located to caveolae in the plasma membrane of endo-

thelial cells. Upon increased cytosolic Ca2+ concentration a Ca2+/calmodulin 

complex is formed and this activates eNOS. The enzymatically active eNOS is 

a homodimer of two heme- and flavin-containing monomers structurally 

connected with a zinc ion in the middle [18]. NO is produced from the amino 

acid L-arginine and molecular oxygen by sequential mono-oxygenation to 

citrulline [19]. Nicotinamide adenine dinucleotide phosphate (NADPH) do-

nates electrons to flavin adenine dinucleotide (FAD) which then reduces fla-

vin mononucleotide (FMN), this reduces the heme iron and enable oxygen to 

bind in. Furthermore, eNOS needs the essential cofactor tetrahydrobiopterin 

(H4B) to facilitate the electron transfer [20].  

The synthesized NO diffuses from the endothelial cells both to underlying 

smooth muscle cells and to the lumen of the blood vessel and further into 

blood cells. In the target cells NO binds to and activates the heme-containing 

sGC which converts guanosine triphosphate (GTP) into cyclic guanosine 

monophosphate (cGMP). The sGC consists of one α-subunit and one β-subu-

nit connected by the heme-domain. Upon NO-binding to the heme-domain 

structural changes occur in the enzyme and enhance the catalytic capacity 

[21]. The elevated level of cGMP in the cells activates protein kinase G (PKG) 

that can phosphorylate many different proteins [22].  

In smooth muscle cells one key mechanism this elevation of cGMP results 

in is vasodilation when PKG phosphorylates Ca2+ channels and inhibits cal-

cium influx. The Ca2+ influx is required for vasoconstriction by phosphoryla-

tion of myosin light chain (MLC) which results in cross-bridge formation be-

tween myosin heads and the actin filaments and subsequent contraction of 

the smooth muscle cell. The elevated cGMP also induces a more direct path-

way to achieve vasodilation by activating MLC phosphatase which 

dephosphorylates MLC and thereby relaxes the smooth muscle cell [23].  
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Among the blood cells, platelets will be the majority in direct contact by 

NO released from the endothelium since the dynamics of the blood flow 

pushes these small cells close towards the walls of the vessels. In platelets 

the elevated cGMP induced by NO results in a general inhibition of cell re-

sponses to agonists [22]. As in smooth muscle cells, this is mediated by 

dephosphorylation of MLC and thereby inhibition of the contractile elements 

responsible for platelet shape change. The elevated cGMP also inhibits Ca2+ 

release from the dense tubular system (DTS) and inhibits the activating pro-

tein kinase C (PKC). This results in inhibition of many platelet functions such 

as granule secretion and integrin activation which is important for platelet 

adhesion and aggregation [24].  

To balance the effects generated by elevated cGMP some isoforms of phos-

phodiesterases (PDEs) can degrade cGMP by hydrolysation. There are at 

least 11 families of PDEs which also can be alternatively spliced and thereby 

generate many different isoforms [25]. PDE5, 6 and 9 specifically hydrolyses 

cGMP while PDE4, 7 and 8 only hydrolyses cAMP and the rest (PDE1, 2, 3, 10 

and 11) can degrade both cGMP and cAMP. This results in the inactive and 

noncyclic form of the nucleotides [26]. The expression of PDE isoforms differ 

among cell types, in platelets are only PDE2A, 3A and 5A detected [27, 28], 

while smooth muscle cells express PDE1A, 1B, 1C, 3A, 3B, 4 and 5 [29].  

Platelets and endothelial cells in inflammation 
Inflammatory conditions, both acute and chronic, induce an increased plate-

let production. This is mainly due to promoted megakaryocyte differentia-

tion and maturation in response to inflammatory cytokines directly or by 

their induction of TPO. This is beneficial if the platelet need is elevated due 

to increased turnover rate but could also increase pathological risk, espe-

cially in chronic inflammation [30]. Upon platelet adhesion and granule se-

cretion, several inflammatory mediators are released, for example platelet 

factor 4 (PF4) which attracts monocytes and promotes their differentiation 

[31]. Activation of platelets also results in surface expression of P-selectin 

and cluster of differentiation 40 ligand (CD40L) which increases plate-

let/leukocyte adhesion and activation [32]. Platelets have the ability to bind 

leukocytes as adhered cells to the sub-endothelium and then induce leuko-

cyte rolling via P-selectin, however, platelets also have the ability to form cir-

culating aggregates with monocytes via GPIb-binding [3].  

When the endothelium present an inflammatory phenotype it will express 

E- and P-selectin which can mediate platelet adhesion and rolling on the en-

dothelial cells even without exposure of the sub-endothelial matrix [33], see



MADELENE LINDKVIST IL-6 family signalling in endothelial cells and platelets 19 

Figure 1. Platelet expression of CD40L can also stimulate CD40 on endothe-

lial cells to enhance their release of chemokines like interleukin (IL)-8 and 

monocyte chemoattractant protein 1 (MCP-1), which in turn attracts neutro-

phils and monocytes to the inflammatory site [34].  

IL-6 classic and trans-signalling 
A big and important group of mediators in inflammation is cytokines. IL-6 is 

a cytokine with several important roles in the regulation of immune re-

sponses and inflammation, for example stimulation of B-cells to produce an-

tibodies or stimulation of hepatic cells to release acute phase reactants like 

C-reactive protein (CRP) [35]. IL-6 is synthesized and released by a variety 
of cells like monocytes/macrophages, T-cells, adipocytes, hepatocytes and 
hematopoietic cells [36]. The physiological plasma level of IL-6 is around 1 
pg/mL, and this can be elevated more than 100 times during inflammatory 

conditions [37]. Elevated IL-6 is associated to many inflammatory diseases 
like rheumatoid arthritis, systemic lupus erythematosus, psoriasis and 
Chron’s disease [38]. However, besides the pro-inflammatory contribution, 

IL-6 is also known to have anti-inflammatory properties like reducing tu-

mour necrosis factor alpha (TNF-α) release during inflammation [39] and 
promote IL-10 release during exercise [40]. One possible explanation for 
these two opposite effects of the same cytokine can be the two different ways 
IL-6 can induce intracellular signalling, the classic signalling, and the trans-

signalling. The classic signalling is restricted to cells that express the mem-

brane-bound IL-6 receptor (IL-6R), like hepatocytes and T-cells. To induce 
an intracellular signal the IL-6R needs to dimerize together with the glyco-

protein 130 (gp130) on the cell surface. This classic signalling is associated 
to the anti-inflammatory properties of IL-6 [41]. In contrast to IL-6R, the sig-

nal transducer gp130 is expressed on most cell types in the human body and 
is not specific for IL-6 signal transduction. The ubiquitous expression of 
gp130 promotes the possibility for IL-6 signalling in cells that lack the IL-6R 
in presence of a soluble IL-6R (sIL-6R) [42]. This refers to trans-signalling 
where IL-6 binds the sIL-6R and this complex binds to gp130 and induces an 
intracellular signal without IL-6R -expression on the specific cell (see Figure 
2). This trans-signalling is more associated to pro-inflammatory responses
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by IL-6 than the classic signalling [41]. The sIL-6R is mainly produced by pro-

teolytic cleaving from the cell surfaces, however, it can also be produced by 

alternative splicing [43]. 

Figure 2. Interleukin-6 classic and trans-signalling. Schematic illustration of the classic 

signalling via membrane bound interleukin-6 receptor (IL-6R) compared to trans-   
signalling were IL-6 binds the soluble IL-6R (sIL-6R) before binding gp130 to induce 

an intracellular signal.  

The gp130 signalling cytokines 
The IL-6 family of cytokines refer to several cytokines, which like IL-6, use 

gp130 as signalling receptor. There are also related cytokines that can be 

considered as IL-6 family cytokines even without using gp130 as signalling 

receptor, for example IL-31 [44]. They are however not included in the scope 

of this thesis. Therefore, in this thesis we will refer to this group of cytokines 

as the gp130 signalling cytokines. The gp130 signalling cytokines consists of 

oncostatin M (OSM), leukemia inhibitory factor (LIF), cardiotrophin 1 (CT-

1), cardiotrophin-like cytokine (CLC), ciliary neurotrophic factor (CNTF), IL-

27, IL-11 and IL-6 [45]. These different cytokines have both overlapping and 

diverse effects on a variety of cells like hepatocytes, hematopoietic stem 

cells, neurons, cardiomyocytes, megakaryocytes and leukocytes [46]. All 
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gp130 signalling cytokines form different complexes with ligand-binding re-

ceptors, without signalling properties, and/or signalling receptors like 

gp130, to induce an intracellular signal. The known ligand-binding receptors 

are IL-6R, IL-11R, CNTFR and CT-1R. They are specific for their respective 

cytokine, except CNTFR which can bind to both CNTF and CLC. When IL-6 

and IL-11 have formed complexes with their respective ligand-binding re-

ceptor they bind homodimers of gp130 to signal. In the case of CNTF, CT-1 

and CLC they can use heterodimers of gp130 and LIFR in their receptor com-

plexes. Both OSM and LIF can signal via a heterodimer of gp130 and OSMR 

or LIFR, respectively, without any ligand-binding receptor since both OSMR 

and LIFR possess signalling ability [47]. These complexes are necessary to 

induce an intracellular signal since none of the gp130 signalling cytokines 

nor their ligand-binding receptors have individual affinity for gp130 [48].  

Intracellular signalling pathways 
Inside every cell, there is a plethora of signalling molecules that affect each 

other in numerous combinations, creating complex intracellular signalling 

pathways. When an extracellular signal induces activation of intracellular 

signalling pathways, a serial of actions is started, for example phosphoryla-

tion of kinases which then can further phosphorylate downstream signalling 

molecules like transcription factors. The transcription factors then translo-

cate into the nucleus and initiate gene transcription of target genes, see Fig-

ure 3. 

A generally important signalling pathway for interleukins and growth fac-

tors is the JAK/STAT pathway.  Janus kinases (JAKs) are associated to the 

intracellular domain of receptors like gp130, which upon ligand binding di-

merize and thus bring their JAK tyrosine kinases closer together which facil-

itate their phosphorylation. The activated JAKs further phosphorylate the la-

tent cytoplasmic signal transducer and activator of transcription (STAT) 

which then dimerize and translocate into the nucleus to promote gene tran-

scription [49]. Despite relatively few steps in this signalling pathway, diver-

sity can be generated by various combinations of the four different JAK and 

the seven different STAT family members. This pathway is mainly regulated 

by one of its own target genes, suppressor of cytokine signalling (SOCS) [50].  

Another important intracellular signalling pathway for cytokines is the 

MEK/ERK pathway. This pathway is one part of the broad mitogen-activated 

protein kinase (MAPK) signalling pathway. This pathway consists of serial 

phosphorylation and dephosphorylation steps by several kinases and phos-

phatases. After the first common kinases in the MAPK pathway, the 
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MAPK/ERK kinase (MEK) activates the extracellular signal-regulated kinase 

(ERK) which further will phosphorylate transcription factors [51]. Since the 

MEK/ERK pathway is associated to such opposite effects like cell prolifera-

tion and cell cycle arrest it displays a broad diversity. This has been shown 

to be cell specific and to differ in various diseases, however there are many 

regulatory components in this pathway to take in consideration when dis-

cussing novel therapeutic targets [52].  

Additional to these major cytokine-associated signalling pathways the 

PI3K/AKT pathway is also a common contributor, either on its own or in 

crosstalk with compensatory pathways like the MEK/ERK pathway [53]. The 

phosphatidylinositol 3-kinas (PI3K) initiates this signalling pathway by con-

verting phosphatidylinositol bisphosphate (PIP2) to phosphatidylinositol 

trisphosphate (PIP3) which facilitates the phosphorylation of protein kinase 

B (AKT). From this point there are numerous of different targets that can be 

either inhibited or activated by the phosphorylated AKT [54]. The PI3K/AKT 

pathway is associated to the physiology of cell proliferation and furthermore 

the pathophysiology of cancer. Many therapeutical strategies have been de-

veloped to control this pathway by inhibiting activating steps in the signal-

ling cascade. However, this has also evolved the understanding of the com-

plicated network where signalling pathways crosstalk with, or even compen-

sate for each other [53, 55].  

These three big and important pathways of intracellular signalling are 

what we have focused upon in this thesis. However, there are many more 

important parts of the complex network of cascades involved in intracellular 

signalling and the research in this field is still revealing new connections.  

Figure 3. Schematic illustration of the JAK/STAT signalling pathway. Phosphorylation 

is shown as a P in a red circle.  
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Aims 
The overall aim of this thesis was to investigate and discover previously un-

known molecular mechanisms and causatives involved in processes of in-

flammation, hemostasis and thrombosis. More specifically, this was directed 

towards understanding the intracellular signalling and functional effects in-

duced by the IL-6 family of cytokines in endothelial cells and platelets. An-

other aim was to investigate individual variations in platelet reactivity and 

further analyse if platelet reactivity was associated to blood vessel tension 

homeostasis. This knowledge will be of importance to evolve more specific 

therapeutic targets and strategies in the vast field of inflammatory condi-

tions, specifically concerning the vasculature. 

The aims of the specific papers were: 

Paper I: Investigate possible differences in IL-6 classic- and trans-signal-
ling, both in activation of intracellular signalling pathways and induction of 
a pro-inflammatory phenotype of human endothelial cells.  

Paper II: Elucidate whether IL-6 classic or trans-signalling occur in human 
platelets and characterize subsequent molecular and cellular effects in-
duced by IL-6. 

Paper III: Investigate individual variations in platelet reactivity in young 
healthy individuals and evaluate whether this correlates to blood pressure, 
vasodilation, or cardiorespiratory fitness.  

Paper IV: Evaluate and compare intracellular signalling and further molec-
ular effects by gp130 signalling cytokines on human endothelial cells.  
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Methodology 
This section is an overview of the methodology used in this thesis. Detailed 

description of the materials and methods can be found in the corresponding 

articles/manuscripts. 

Study populations and biological material 

Cell culture 
In Paper I and Paper IV, commercially available human umbilical vein en-

dothelial cells (HUVECs, Life technologies, USA) were cultured in 37oC and 5 

% CO2, in complete endothelial medium supplemented with antibiotics. Me-

dium was replaced every 48-72 h and cells were maintained until passage 

10. Experiments were performed in complete medium without antibiotics.

Gene knockdown 
In Paper I, IL-6 gene knockdown was applied to explore how IL-6 produced 

by HUVECs affect regulation of surface expression of IL-6R and gp130. The 

IL-6 gene was knocked down by using lipofectamine which create liposomes 

to facilitate the transport of specific small interfering (si)RNAs into the cells. 

Lipofectamine further aids to avoid siRNA-degradation during transport 

within the cell [56].  Controls were treated with non-targeting siRNA.  

Blood collection 
Only self-reported healthy, adult volunteers who declared to not have used 

any non-steroid anti-inflammatory drugs (such as aspirin) within 10 days 

before blood collection were included for platelet analyses. For Paper II, ve-

nous blood was collected in heparinised tubes for subsequent platelet isola-

tion by serial centrifugations. In Paper III, venous blood for platelet 

analysis was collected in citrated tubes and centrifuged to obtain platelet 
rich plasma (PRP).  

Platelet isolation 
The heparinised whole blood used in Paper II was transferred into conical 

centrifugation tubes containing a ratio of 1:5 citric-acid-dextrose buffer 

(ACD, pH 4.5). PRP was prepared by centrifugation at 220xg for 22 min in 

room temperature. PRP was transferred to a new tube and a ratio of 1:10 

ACD was added before incubation in 37oC for 15 min. Platelets were pelleted 

by centrifugation at 480xg for 15 min in room temperature. The pellet was 
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washed three times, then suspended in pre-warmed Krebs Ringer Glucose 

buffer (KRG, pH 7.3) supplemented with 0.05 U/mL apyrase. Washed plate-

lets were diluted to 2.5x108 cells/mL in KRG supplemented with 0.05 U/mL 

apyrase and 1 mM CaCl2, unless other stated by each method. In Paper III, 

PRP was used for platelet aggregation and secretion assessment, therefore, 

only the first centrifugation step above was necessary to provide the platelet 

sample. Another centrifugation of the remaining blood, after PRP was trans-

ferred to a new tube, was made at 2000xg for 20 min to obtain platelet poor 

plasma (PPP) to use as an endogenous control of 100 % light transmission of 

the plasma.  

Mitochondria isolation 
In Paper II, platelet mitochondria were isolated with a commercially availa-

ble mitochondria isolation kit, by several centrifugation steps.  

The LBA-cohort 
In Paper III, a sub-population of participants from the Lifestyle, Biomarkers 

and Atherosclerosis (LBA) study [57] was studied. The total LBA-cohort con-

sists of 834 young, healthy, non-smoking volunteers enrolled from October 

2014 to June 2016 at Örebro University in Sweden. Out of the total LBA-co-

hort, 43 individuals were randomly selected for comprehensive platelet in-

vestigations. Inclusion criteria for the LBA-study were age of 18-25 years, 

non-smoker, and no diagnosis of chronic diseases.  

Molecular and cell functional methods 

Western Blot 
For investigations of protein expression, Western blot (WB), is a widely used 

technique to visualise and relatively quantify proteins detected by im-

munostaining. In this thesis, WB was used to detect proteins involved in in-

tracellular signalling pathways engaged by the IL-6 family of cytokines, alone 

or in combination with their respective soluble receptor. In Paper I and Pa-

per IV, HUVEC samples for WB were lysed with radioimmunoprecipitation 

assay (RIPA)-buffer and protein concentrations were determined by a BCA-

assay to load equal amount of protein onto the separation gels. HUVEC-sam-

ples were mixed with sodium dodecyl sulphate (SDS)-sample buffer and 

heated for at least 5 minutes in 96oC for denaturation and to become nega-

tively charged to promote movement when the current is applied to the sep-

aration gels.  In Paper II, platelet samples for WB were lysed in SDS-sample 
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buffer and then heated like the HUVEC-samples. Equal volume of sample pre-

pared from 2.5x108 cells/mL were loaded onto separation gels alongside 

protein standards to determine the molecular size of the proteins detected. 

In all WB-experiments included in this thesis, proteins were transferred 

from the gels and blotted on polyvinylidene difluoride (PVDF) membranes. 

Before the membranes were probed with antibodies against phosphoryla-

tion sites and total proteins, membranes were blocked by bovine serum al-

bumin (BSA) to avoid unspecific binding. Horse radish peroxidase (HRP) 

conjugated secondary antibodies were used to detect the primary antibodies 

bound to their specific proteins, subsequently visualised with a chemilumi-

nescent HRP substrate solution.  

Quantitative real-time polymerase chain reaction (qPCR) 
A widely used method to analyse gene expression is quantitative real-time 

polymerase chain reaction (qPCR). This requires only a small sample volume 

since the DNA is amplified during thermocycling. To investigate possible 

changes in gene expression induced by treatments, RNA was isolated and 

complementary DNA (cDNA) was synthesised to perform subsequent qPCR 

analyses of specific genes. In Paper I, qPCR was assessed to analyse HUVEC 

MCP-1 production in response to IL-6 classic or trans-signalling, both acti-

vated and inhibited. In Paper II, platelet mitochondrial gene expression in 

response to IL-6 trans-signalling was investigated. In Paper IV, gene expres-

sion of C-C motif chemokine ligand 23 (CCL23), hepatocyte growth factor 

(HGF) and IL-6 were analysed after treatment with gp130 signalling cyto-

kines. 

Flow cytometry 
Flow cytometry is a laser-based technique to analyse cell characteristics. 

Thanks to the fluid dynamics in the cytometer, cells in solution are passing a 

laser light beam one by one. Both the scattered laser light by the cell and flu-

orescence from stained structures are collected to analyse many variables 

like cell size, structure, and receptor expression. In Paper I, HUVECs were 

detached with EDTA, which is a gentle way of detaching adherent cells since 

it mainly chelates the calcium ions necessary for the integrins to maintain 

adhesion. Except staining with fluorescent antibodies against the receptors, 

the fluorescent compound 7-aminoactinomycin D (7AAD) was also included. 

Since the cell membrane is impermeable for 7AAD and it has strong affinity 

for DNA, it is commonly used as a viability marker. Only cells without 7AAD-
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staining was included in the analysis. Fluorescence minus one (FMO) con-

trols was used as negative controls for the fluorescent antibodies.  

In Paper II, washed platelets treated with IL-6, alone or in combination 

with sIL-6R, were stained with fluorescent antibodies against platelet iden-

tification and activation markers. Platelets were simultaneously incubated 

with Annexin V to detect phosphatidylserine (PS)-exposure, which would in-

dicate a changed phenotype of platelets. To analyse the mitochondrial in-

volvement, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), which is a 

mitochondrial membrane disrupter, and the mitochondrial membrane po-

tential marker MitoProbe™ DilC was used. Platelet activation in combination 

with sIL-6R/IL-6 was assessed by adding the platelet activators PAR1-AP 

and cross-linked collagen-related peptide (CRP-XL). Corresponding isotype 

controls were used. 

Enzyme-linked immunosorbent assay (ELISA) 
ELISA is a widely used method were antibodies are detecting specific pro-

teins in the sample, which subsequently are relatively quantified by spectro-

photometry. In Paper I, ELISA were used both for measuring HUVEC release 

of the pro-inflammatory chemoattractant MCP-1 as a consequence of IL-6 

signalling, and differences in surface expression and shedding of IL-6R and 

gp130 in response to pro-inflammatory stimuli. In Paper II, platelet storage 

and release of sIL-6R was analysed by comparing the content of sIL-6R in the 

cell lysate and the supernatant collected before lysing the cells. In Paper IV, 

ELISA was used to detect HUVEC release of IL-6 in response to different 

doses of gp130 signalling cytokines.   

Platelet aggregation and secretion 
One of the main features of activated platelets is their ability to form aggre-

gates by binding to each other with integrins expressed on the cell surfaces 

as a response to the activation. Another main feature upon activation, is the 

secretion of the stored content in platelet granules. Since some of the granule 

content are platelet activating substances like ADP and ATP, this will induce 

a potentiation of the initial platelet activation. To analyse platelet aggrega-

tion and dense granule secretion ability ex vivo, light transmission aggregom-

etry with simultaneously recording of chemiluminescence by addition of lu-

ciferin-luciferase, was assessed in a ChronoLog model 700. As platelets ag-

gregate to each other, the light transmission in the sample increases from 0 

to 100 %, as the platelet solution becomes as clear as the blank, which rep-
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resent 100 % light transmission. When platelet dense granule starts to se-

crete all their content, the ATP stored within the granules will be used in the 

oxidation of luciferin by the enzyme luciferase. This enzymatic reaction 

emits light, and after a known concentration of ATP is added, the concentra-

tion of ATP released by the platelets in the sample can be calculated. In Pa-

per II, platelet aggregation and secretion were analysed in isolated platelets 

in response to various platelet activators and inhibitors in combination with 

sIL-6R and IL-6. Experiments were performed in 37oC with stirring and the 

same KRG-solution as platelets were suspended in, was used as blank. For 

studies of microaggregates, treatment was made in the same conditions in 

the aggregometer to control for macro-aggregate formation. Samples were 

fixed in 2 % paraform-aldehyde and microaggregates detected with micros-

copy in a Quick Counting chamber. In Paper III, individual variations in 

platelet aggregation and secretion were analysed in PRP in response to var-

ious doses of the platelet activators ADP, epinephrine and collagen. In 

addition to these platelet activating substances, the platelet inhibitor S-ni-

troso-N-acetyl-DL-penicillamine (SNAP) was used in combination with the 

high dose of each activator. The function of SNAP is to contribute with NO to 

the sample. Individual-specific platelet poor plasma (PPP) was prepared by 

centrifugation (2000xg for 20 min) of the remaining blood after PRP was col-

lected. This homologous PPP was then used as blank.  

Intracellular calcium mobilization 
Intracellular levels of Ca2+ is important to regulate many cellular responses 

and functions, like shape change, aggregation, and granule secretion in plate-

lets. In Paper II, intracellular Ca2+-concentration was measured by adding 

the fluorescent Ca2+-indicator Fura2-AM to PRP. Fura2-AM diffuses into the 

cell, where esterase will cleave the acetoxymethyl ester off and the generated 

Fura2 is not permeable to the cell membrane. Fura2 will bind intracellular 

free Ca2+ and excite at wavelengths around 340. The emission peak of Fura2-

AM is 510 nm independent of Ca2+-concentration. Since the fluorescence in-

tensity ratio of excitation at 340 and 380 nm are used to present the data, the 

risk of artefacts due to uneven cell density, dye loading, or bleaching are re-

duced.  

Cytotoxicity assay 
In case of treatments with cell cytotoxicity, the cell membrane integrity is 

damaged, and the intracellular content will be released from the cells. To de-

tect rupture of the cell membrane, it is common to detect the intracellular 
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enzyme lactate dehydrogenase (LDH), which is present in most cell types. In 

case of cytotoxicity, LDH can be detected in the cell media by a spectropho-

tometric analysis. In Paper II, the treatment with sIL-6R/IL-6 was tested for 

cell toxicity on platelets for 6 and 24 hours. 

Olink® Proteomic proximity extension assay (PEA) 
A proteomic analysis by Olink® Proteomic was made in Paper IV to investi-

gate HUVEC protein release in response to gp130 signalling cytokines. The 

Olink® Proteomic proximity extension assay (PEA) is a combination of im-

munostaining with nucleotide-labelled antibodies towards specific proteins 

and further qPCR amplification. In Paper IV, the Olink® Proteomic panels 

Cardiovascular III and Inflammation, both consisting of 92 analysed proteins, 

were used. 

Physiological methods 
All physiological methods were applied only in Paper III, since that was the 

only study within this thesis that screened for individual variations among 

people included in a bigger, clinical study. The study participants are de-

scribed above as the LBA-cohort.  

Blood pressure 
Blood pressure regulation consists of a complex network of different signals, 

from different origin, which all together have the same purpose, to keep the 

blood pressure in a physiological good range. Since elevated blood pressure 

affects many people and is a major risk factor for CVD, it was of interest to 

compare with possible individual differences in platelet reactivity. In this 

thesis we measured systolic, diastolic, and mean arterial blood pressure 

(MAP) after 10-15 minutes of rest.  
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Flow-mediated vasodilation (FMD) 
As a read out of the in vivo endothelial function, flow-mediated vasodilation 

(FMD) was assessed. Ultrasound was used to image the brachial artery be-

fore, during and after blood flow was stopped for 5 minutes by an inflatable 

cuff. The diameter of the vessel was measured and compared before and af-

ter stop of blood flow to analyse the impact of the suddenly increased blood 

flow on the ability to dilate the vessel wall. Overview of the method is shown 

in Figure 4. 

Figure 4. Measurement of flow-mediated vasodilation of the brachial artery by ultra-

sound before, during and after blood flow is stopped by a cuff on the forearm.  

Body composition 
Several body size and composition parameters were screened since they all 

have been connected to risks of CVD. Waist circumference, body height and 

weight were measured, and body mass index (BMI) calculated. Body compo-

sition was measured with an impedance analyser and fat percentage used as 

a read out. 

Cardiorespiratory fitness 
To estimate the cardiorespiratory fitness, a submaximal exercise test was 

performed on a bike with simultaneous electrocardiography (ECG) registra-

tion to monitor heart rate. The read out was calculated as maximal oxygen 

uptake (VO2). 
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Statistical analysis 
In Paper I and II, quantitative data is shown as mean and standard error of 

mean (SEM), or standard deviation (SD). Paired t-test/Wilcoxon matched 

paired test or one-way analysis of variance (ANOVA) was used to compare 

groups, followed by Dunnett’s or Bonferroni multiple comparison test. In 

Paper I, statistical analyses were made in GraphPad Prism 5, while 

statistical analyses in Paper II were made in GraphPad Prism 6. In Paper 

III, all statistical analyses were made in IBM SPSS Statistics version 24 for 

Windows. Normal distribution was analysed with Kolmogorov Smirnov test 

and Shapiro-Wilk test. Quantified data are presented as mean and SD or 

shown as dot plots of all datapoints. Unpaired Student´s t-test was used to 

compare gender differences and Mann-Whitney U-test was used to compare 

differences between sub-groups. Correction for multiple comparisons was 

made according to Bonferroni. Spearman’s rank correlation coefficient was 

used to study associations between platelet reactivity and physiological 

measurements. In Paper IV, data is shown as mean and SEM. Comparisons 

between groups were analysed by one-way ANOVA followed by Dunnett’s 

or Bonferroni multiple comparisons test. Statistical analyses were made 

in GraphPad Prism 6 except for proteomic data from OLINK® Proteomic 

which were analysed with t-test followed by Benjamini-Hochberg correction 

by using Excel.
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Ethical considerations 
This thesis was planned and performed in line with the Helsinki Declaration. 

The projects of my thesis include cell culture of a commercially available cell 

line, isolation of primary cells from human blood, and a subproject where 

healthy volunteers donates blood samples, undergo clinical examinations, 

and reply to questionnaires. No animal models are used in the studies in-

cluded in this thesis since the research questions regarding intracellular sig-

nalling and human individual cellular effects are tested with advantages in 

in vitro/ex vivo models of cells with human origin.   

To isolate primary human blood cells, venous blood is collected from 

healthy volunteers. These primary cells are used in experiments the same 

day as the blood collection is performed and are not further cultured. No per-

sonal data is collected or stored from these donors and no financial compen-

sation is awarded. This is approved by the regional ethical review board in 

Uppsala, Dnr 2015/543.  

In the study with clinical examinations, the cellular results were com-

pared to possible future risk factors for CVD, therefore the subjects included 

in the study were young and self-declared healthy. The examinations con-

sisted of blood pressure measurement, ECG, ultrasound examinations of 

blood vessels, body composition, and oxygen uptake ability. These examina-

tions are usually not perceived as particularly demanding or unpleasant. The 

study also involved questionnaires regarding disease history and lifestyle, as 

well as venous blood collection. Biological samples were stored in a biobank 

and other test results, questionnaires and personal data were stored accord-

ing to the ethical permission approved by the regional ethical review board in 

Uppsala, Dnr: 2014/224. All subjects gave their written informed consent to 

participate, and were informed, both verbally and in writing, about their right 

to discontinue their participation in the study at any time, without any 

reason. The only compensation offered for participation was breakfast after 

the fasting visit.   
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Results and Discussion 
In this section, the overall results of this thesis will be reported and dis-

cussed. More details and original figures can be found in each paper.  

Classic and trans-signalling by gp130 signalling cytokines 
The IL-6 classic and trans-signalling has been associated to different diseases 

and cellular effects, where classic signalling is considered to have anti-in-

flammatory properties while trans-signalling has been associated to the pro-

inflammatory effects by IL-6 [58]. However, the reasons for these different 

effects by the same cytokine has not been known. The luminal orientation of 

the endothelium in the vessel wall results in a close and constant contact be-

tween the endothelial cells and the circulating blood. However, endothelial 

cells are much more than only a barrier and facilitates signals both from the 

vessel wall and out into the circulation, as well as the other way around. En-

dothelial cells have previously been shown to gain a pro-inflammatory phe-

notype with increased expression of adhesion molecules and release of the 

pro-inflammatory chemokine MCP-1 in the presence of IL-6 and soluble IL-

6R [59]. This leads to the aim of Paper I which was to elucidate the intracel-

lular signalling pathways involved in classic versus trans-signalling by IL-6 

and to detect the underlying molecular mechanisms responsible for the pro-

inflammatory phenotype of endothelial cells in response to IL-6.  

To induce a cellular effect, IL-6 needs to bind the specific IL-6R, only ex-

pressed on certain cell types or found soluble in the circulation, this complex

of IL-6R/IL-6 binds the generally expressed signal transducer gp130 to in-

duce an intracellular signal. In Paper I we show that endothelial cells is one 

of the cell types that express the membrane-bound IL-6R. This means that 

IL-6 can induce both classic signalling, via the membrane-bound IL-6R to-

gether with gp130, and trans-signalling when sIL-6R forms a complex with 

IL-6 in solution and then bind gp130 on endothelial cells. HUVEC turned out 

to be a suitable cell model to study this since they showed the ability of both 

IL-6 classic and trans-signalling. Furthermore, the expression of membrane-

bound IL-6R and gp130 was regulated by inflammatory conditions. Pro-in-

flammatory stimuli reduced the expression of IL-6R and increased the gp130 

expression, this could benefit a pro-inflammatory response by endothelial 

cells by facilitating cytokine trans-signalling. In Paper II we show that IL-6 

also induces trans-signalling in platelets, while classic signalling does not oc-

cur. This is in line with previous publications that have detected gp130 but 

without any sign of IL-6R on the platelet surface [60, 61]. Since platelets have 
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been shown, by us and others, to release soluble IL-6R upon activation [60, 

61], this could facilitate platelet IL-6 trans-signalling and be considered as a 

resource of sIL-6R for trans-signalling in other cells.  

The mechanism of trans-signalling is not restricted to IL-6, in Paper IV we 

show trans-signalling induced by IL-11 in combination with the soluble IL-

11R in endothelial cells. Others have also shown indications of trans-signal-

ling by CNTF and suggested it to be necessary to be able to induce CNTF-

actions outside the neuronal tissue where the CNTFR is known to be ex-

pressed [62]. Since the soluble receptors can be produced either by alterna-

tive splicing or proteolytic cleavage from cell surfaces [63-65] we cannot rule 

out the possibility that also other receptors for gp130 signalling cytokines 

could be found as soluble receptors and thereby facilitate trans-signalling of 

other cytokines. This is still an unexplored field that might reveal new func-

tions related to the gp130 signalling cytokines.   

Intracellular signalling induced by gp130 signalling cytokines 
It is well established that gp130 signalling cytokines engages the JAK/STAT 

pathway in several cell types, but also to some extent the PI3K/AKT and 

MEK/ERK pathway [66-68]. In this thesis, WB was used to investigate 

whether the gp130 signalling cytokines activates the respective signalling 

pathways. To detect whether the signalling pathways were activated, phos-

phorylation-state of specific proteins in each pathway was analysed. In Pa-

per I, IL-6 classic signalling was shown to only activate the JAK/STAT path-

way while IL-6 trans-signalling induced JAK/STAT, MEK/ERK and PI3K/AKT 

signalling in endothelial cells. In Paper II, IL-6 trans-signalling was shown to 

activate the JAK/STAT pathway in platelets. In Paper IV we show that the 

gp130 signalling cytokine to induce the most pronounced intracellular sig-

nalling, except IL-6, was OSM, followed by LIF and CT-1, see Table 1. OSM 

induced phosphorylation of STAT3, ERK1/2 and to some extent AKT, which 

indicates activation of the JAK/STAT and MEK/ERK pathway, and possibly 

also the PI3K/AKT pathway. LIF and CT-1 also induced activation of the 

JAK/STAT pathway, however, in contrast to OSM, these cytokines did not en-

gage the MEK/ERK or PI3K/AKT pathways. Despite the activating features 

of OSM, LIF and CT-1, the gp130 signalling cytokines CLC, CNTF and IL-27 

did not induce any activation of the signalling pathways analysed in endo-

thelial cells. The reasons for this difference in intracellular signalling capa-

bility by the same group of cytokines are unknown, but it is likely to be influ-

enced by specific receptor expression on human vascular endothelial cells. 
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The superior effect of OSM can, at least in part, be explained by a high expres-

sion of OSMR compared to other cell types [69]. Furthermore, this is the 

gp130 signalling cytokine that can be considered to have enhanced possibil-

ities of signalling since OSM also can bind LIFR to induce intracellular signal-

ling [70]. Besides receptor expression, receptor function can also be a con-

tributing factor to the observed differences in signal strength and diversity 

among the gp130 signalling cytokines. For example, it has been proposed 

that gp130 possess unique binding epitopes for different cytokine and recep-

tor complexes [71, 72] which could induce different effect on the subsequent 

intracellular signalling.  

In Paper I, Paper II and Paper IV, there were differences in strength and 
diversity of intracellular signalling pathways activated by either classic or 

trans-signalling by IL-6 and IL-11. This shows that classic signalling is de-

pendent on the limited membrane expression of the specific receptor while 

trans-signalling is not as restricted since it only requires the much more 

abundant gp130 to induce intracellular signalling. This enables trans-signal-

ling via gp130 to enhance the amplitude of downstream signalling and fur-

ther responses [73].  

Table 1. Summary of signalling pathways activated by gp130 signalling cytokines. 

Activated signalling pathways in human umbilical vein endothelial cells in response to 

10 ng/mL of the different cytokines for 2-60 minutes, detected by western blot.  

Impact of gp130 signalling cytokines on endothelial cells 
In Paper I we show that an upregulated production and release of the chem-

oattractant MCP-1 is dependent on the simultaneous activation of the 

JAK/STAT and PI3K/AKT pathway induced by IL-6 trans-signalling. Since 

JAK/STAT pathway MEK/ERK pathway PI3K/AKT pathway 
OSM ++ ++ + 
LIF ++ - - 
CT-1 + - - 
CLC - - - 
CNTF - - - 
IL-27 - - - 
IL-11 + - - 
IL-11+R ++ + - 
IL-6 + - - 
IL-6+R ++ - - 
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classic IL-6 signalling only induces JAK/STAT activation this is not sufficient 

to promote an upregulated release of MCP-1 by human vascular endothelial 

cells. This reveals an underlying molecular mechanism that can be a contrib-

uting factor to explain previous findings that associate IL-6 trans-signalling, 

but not classic signalling, to the pro-inflammatory effects by IL-6 [58]. In Pa-

per IV the proteomic analysis showed differentially regulated protein re-

lease by human vascular endothelial cells in response to OSM, LIF, CT-1, and 

trans-signalling by IL-6 and IL-11. Meanwhile, there was no effect by CLC, 

CNTF or IL-27 on protein release, which is congruent with the lack of intra-

cellular signalling induced by these cytokines. Further differences between 

the gp130 signalling cytokines were detected when gene expression of the 

top upregulated proteins, CCL23, HGF and IL-6 were analysed. Consistent 

with data of intracellular signalling and protein release, OSM, LIF, CT-1, and 

trans-signalling by IL-6 and IL-11 induced upregulated gene expression of 

CCL23, HGF and IL-6 while CLC, CNTF and IL-27 did not. Interestingly, solu-

ble gp130 antagonized the molecular effects by IL-6 and IL-11 trans-signal-

ling without affecting upregulations induced by OSM, LIF or CT-1. Since sol-

uble gp130 is present in high concentrations in the circulation it has been 

proposed to be a natural antagonist of trans-signalling by gp130 signalling 

cytokines [74, 75]. This is in line with our results and suggests that soluble 

gp130 preferentially blocks cytokine/cytokine receptor complexes formed 

in solution rather than complexes formed with membrane bound receptors 

on the endothelial surface. 

Impact of IL-6 on platelets 
As previously discussed, we have shown that IL-6 trans-signalling, but not 

classic signalling occurs in platelets. The subsequent effects induced by IL-6 

trans-signalling in platelets has so far been unknown. In Paper II we aimed 

to investigated whether IL-6 effect the haemostatic functions of platelets. 

Since IL-6 trans-signalling induces phosphorylation of STAT3 in a similar 

pattern as TPO, which is known to enhance platelet activation induced by 

several platelet activators and shear stress [16, 17, 76, 77], we hypothesised 

this could be the effect by IL-6 as well. In a canine model, indications of an 

enhanced platelet reactivity induced by IL-6 have previously been proposed 

[78]. This led to studies of platelet aggregation and dense granule secretion, 

expression of platelet activation markers and intra-cellular calcium mobili-

zation. However, our results showed no potentiating effect on platelet func-
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tions by IL-6 trans-signalling. Neither did IL-6 trans-signalling affect the in-

hibitory effects on platelet responses by NO nor adenosine in response to 

thrombin or collagen.  

Since STAT3 acts as a transcription factor in nucleated cells we analysed 

if the transcription of the mitochondrial genome in platelets could be regu-

lated by IL-6 trans-signalling. When the mitochondrial genes were also 

shown to not be differentially expressed by IL-6 a new review of the litera-

ture was performed regarding other functions of STAT3. This showed that 

except the role as a transcription factor, localization of STAT3 in the mito-

chondria can have a facilitating effect on complex I and II in the electron 

transport chain [79] and a sustained mitochondrial membrane potential 

[80]. Since these studies were made in other cell types, we isolated mito-

chondria from platelets and could then detect phosphorylation of STAT3 in-

duced by IL-6 trans-signalling within platelet mitochondria. However, our 

flow cytometry data with the mitochondria membrane potential marker DilC 

and the membrane disruptor CCCP did not show any changes in the mito-

chondrial membrane potential induced by IL-6. Further studies of platelet 

functions in response to various activators in presence of IL-6 trans-signal-

ling included microscopy of platelet morphology. This revealed an inhibitory 

effect by IL-6 trans-signalling on micro-aggregation induced by the weak 

platelet activator epinephrine. This inhibitory effect by IL-6 trans-signalling 

was confirmed with light transmission aggregometry as a reduction in the 

incidence of maximal platelet aggregation induced by epinephrine.   

Individual variations in platelet reactivity 
In Paper III we screened for individual variations in platelet reactivity to-

wards several platelet activators and the inhibitory effect by NO. Since devi-

ations from the normal platelet response is easier to detect with submaximal 

doses of platelet activators we used a low, intermediate, and high dose of 

ADP, epinephrine and collagen [81]. The high dose of each platelet activator 

was also combined with the NO-donor SNAP and platelet reactivity was 

measured by light transmission aggregation and ATP-secretion in PRP. This 

was screened in a reasonably homogenous cohort of young, healthy individ-

uals to not be influenced by diseases or age-related changes. The results 

showed that platelet reactivity in response to ADP and epinephrine differed 

more between individuals than the individual responses towards collagen. 

Especially, a low dose of ADP or epinephrine resulted in a high aggregatory 

response in some individuals. With collagen as activator no such subgroup 

could be detected. One possible explanation to the individual differences in 
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platelet reactivity could be genetic differences affecting the specific recep-

tors. Previous studies have shown a gain of function polymorphism of the 

alpha2 adrenergic receptor (α2AR) associated to enhanced epinephrine in-

duced platelet aggregation and hypertension [82, 83]. Another polymor-

phism associated to elevated platelet aggregation in response to epinephrine 

affects the activated G-protein [84]. The subgroups of individuals with high 

platelet reactivity towards both ADP and epinephrine could in part be ex-

plained by similarities in intracellular signalling. It has previously been 

shown that individuals with a low response towards epinephrine also can 

have reduced platelet response towards ADP [85]. 

       When the high dose of collagen or epinephrine was combined with 

SNAP, a sub-group of individuals showed a greater platelet inhibition, and 

we defined these individuals as NO-sensitive.  

Endothelial function and platelet inhibition 
In Paper III we assessed endothelial function in vivo by an FMD-assay de-

tected by ultrasound of the brachial artery. This can be used as an indirect 

measurement of the endothelial function since it reveals the vasodilatory 

ability of the vessel wall. We found that the individuals with NO-sensitive 

platelets in response to collagen and SNAP ex vivo, had significantly larger 

increase in vessel diameter after arterial occlusion compared to individuals 

with NO-insensitive platelets. This indicates a relationship between platelet 

reactivity and endothelial function, which may play a role in early cardiovas-

cular changes and subsequent development of atherosclerosis [6, 11]. The 

endothelial function was not found to be associated to platelet activation, 

which is in line with a previous study in a substantially older population [86]. 

One limitation in our study of endothelial function was the lack of technical 

possibilities to follow the new guidelines [87] with continuous measurement 

of vessel diameter and blood flow velocity. This means that we cannot be 

certain that we have captured the true peak of vessel diameter if it occurred 

in between our standardised, repeated measurements.  

Physiological and pathophysiological considerations 
In Paper I, we show that the membrane expression of gp130 is upregulated 

in response to different inflammatory stimuli. This indicates that endothelial 

cells would become more responsive towards gp130 signalling cytokines 

during inflammatory conditions. This will induce immune cell recruitment 
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by endothelial release of the chemoattractants MCP-1 (shown in Paper I) 

and CCL23 (shown in Paper IV). However, it will also lead to more regener-

ative outcomes with promotion of angiogenesis by endothelial release of 

CCL23 and HGF, as shown in Paper IV. Under normal physiological circum-

stances, the endothelium releases vasodilatory and platelet inhibitory sub-

stances like NO. As shown in Paper III, a relationship can be proposed be-

tween platelet sensitivity to NO and endothelial function. In pathophysiolog-

ical conditions like hypertension and coronary artery disease, the endothe-

lial dysfunction results in a reduced production of NO. This has been associ-

ated to development of platelet NO-resistance [88, 89]. However, none of the 

blood pressure variables tested correlated to any of the platelet reactivity 

variables. This is likely to be influenced by the homogenous nature of the 

study population where all individuals were young, healthy and within a nor-

mal range of blood pressure.  

Epidemiological studies show increased platelet function in relation to in-

flammation and hypercoagulation in many diseases with inflammatory prop-

erties [90]. Studies of platelets in whole blood have shown an activated mor-

phology and overall hypercoagulability in response to inflammatory cyto-

kines [91]. In platelets specifically, IL-6 have been proposed to exert a prim-

ing effect on platelet sensitivity towards activators [92]. However, our re-

sults in Paper II rule out such a direct priming effect on platelets. Instead we 

found an inhibitory effect of IL-6 trans-signalling on platelet aggregation in-

duced by epinephrine. Since IL-6 is also considered a  myokine and is re-

leased by skeletal muscles during exercise, plasma levels of both IL-6 and 

catecholamines will be increased after exercise [93]. Thereby, one hypothe-

sis could be that the inhibitory effect by IL-6 on platelets could be counter-

balancing the priming effect by epinephrine in physiologically stressful situ-

ations, like prolonged exercise. Another aspect to discuss is the complexity 

of whole blood that is not present in studies of isolated cells like in this thesis. 

The lack of complexity is beneficial to observe specific molecular mecha-

nisms while the drawback is the uncertainty of the physiological relevance 

when translated into a more complex system.  

The new knowledge generated by this thesis about the impact of gp130 

signalling cytokines on human endothelial cells and platelets sheds further 

light on the many diverse effects by this group of cytokines. This is important 

to take in consideration when developing novel therapeutics to gain more 

specificity and reduce the amount of unwanted side effects. 
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Summary of Papers included in this thesis
The first two papers in this thesis are concerning the signalling and func-

tional outcomes by the inflammatory cytokine IL-6 in endothelial cells and 

platelets. The research question to these studies was if IL-6 could induce an 

intracellular signal in these cells by either classic or trans-signalling, and 

whether this resulted in a pro- or anti-inflammatory phenotype of the cells. 

In the first paper entitled “Activation of the JAK/STAT3 and PI3K/AKT 

pathways are crucial for IL-6 trans-signalling-mediated pro-inflammatory 

response in human vascular endothelial cells” we showed that IL-6 induce 

both classic signalling via the membrane bound IL-6R and trans-signalling 

via the soluble IL-6R in HUVEC. However, the induction of intracellular sig-

nalling pathways differs between IL-6 classic and trans-signalling, with more 

pathways involved in trans-signalling. The IL-6 trans-signalling induced a 

pro-inflammatory phenotype of the endothelial cells with release of the pro-

inflammatory chemokine MCP-1. This paper concluded that there are molec-

ular differences in the intracellular signalling pathways induced by IL-6 clas-

sic and trans-signalling in endothelial cells and that the concurrent activation 

of JAK/STAT3 and PI3K/AKT is necessary to induce release of the pro-in-

flammatory chemokine MCP-1 [94].  

In the second paper, with the title “IL-6 trans-signalling inhibits micro- 

and macro-aggregation induced by epinephrine in human platelets” the aim 

was to elucidate whether IL-6 induce an intracellular signalling and thereby 

affects platelet function, similar to what we found in endothelial cells. We did 

find that IL-6 induce trans-signalling in platelets with a subsequent engage-

ment of the JAK/STAT pathway, without classic IL-6 signalling in platelets. 

We further showed that IL-6 does not induce platelet activation or affects the 

efficacy of several platelet activators or inhibitors on many physiologically 

relevant platelet functions. However, platelet aggregation, as well as mi-

croaggregate formation induced by epinephrine was negatively regulated by 

IL-6 trans-signalling. 

The third paper of this thesis was made as a sub-study in the Lifestyle, 

Biomarkers and Atherosclerosis (LBA)-study conducted at Örebro Univer-

sity between October 2014 and June 2016. The LBA-study enrolled a total of 

834 healthy, non-smoking volunteers of 18-25 years of age and had an over-

all aim to detect early signs and biomarkers for atherosclerosis. This was 

made by examinations of blood vessels with ultrasound, blood pressure and 

blood sample analyses, measuring body composition and physical activity, 

and by questionnaires. Out of the total study-population 43 individuals were 
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randomly selected for comprehensive platelet analyses. The platelet anal-

yses were designed to detect possible individual variations in platelet reac-

tivity in response to different agonists alone and in combination with the in-

hibitory effect by NO. Key findings of this study was inter-individual varia-

tions in platelet reactivity towards ADP, epinephrine and NO. There was a 

pattern of subgroups of individuals with high platelet response to a low dose 

ADP and epinephrine. Collagen alone did not induce any subgroup like ADP 

and epinephrine, however, in combination with NO there were inter-individ-

ual differences in inhibitory effect. We defined this as NO-sensitive or NO-

insensitive platelets. Interestingly, the individuals with NO-sensitive plate-

lets were found to have the best endothelial function, defined as the highest 

capacity of flow-mediated vasodilation of a. brachialis [95]. 

The fourth and last project in this thesis investigated the role of the ubiq-

uitously expressed signal transducing gp130, which is the shared unit of re-

ceptor complexes for the gp130 signalling cytokines. The aim was to com-

pare and evaluate the intracellular signalling and subsequent molecular ef-

fects induced by the gp130 signalling cytokines on endothelial cells. We 

found that OSM, LIF, CT-1 and trans-signalling by IL-6 and IL-11 engaged 

more signalling pathways than CLC, CNTF and IL-27. This result was in line 

with the pattern of regulations of endothelial gene expression and protein 

release in response to these cytokines, where CCL23, HGF and IL-6 were the 

top upregulated genes/proteins. We further showed that soluble gp130 in-

hibits the upregulation of CCL23, HGF and IL-6 induced by IL-6 and IL-11 

trans-signalling, however without effect on OSM, LIF and CT-1 responses.  
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Conclusions 
The conclusion of Paper I can be summarised in findings of molecular differ-

ences in IL-6 classic and trans-signalling in human vascular endothelial 

cells. We also show that concurrent JAK/STAT and PI3K/AKT activation me-

diates MCP-1 induction by IL-6 trans-signalling in human vascular endothe-

lial cells. 

Paper II concludes that IL-6 trans-signalling occurs in platelets and can 

inhibit micro- and macro-aggregation induced by epinephrine.   

The conclusion of Paper III is that platelet reactivity towards ADP, epi-

nephrine and NO differs between young, healthy individuals. Furthermore, 

some individuals have a more effective response towards NO, both in the 

as-pect of platelet inhibition ex vivo, as well as vasodilation in vivo.  

Paper IV concludes that the gp130 signalling cytokines show different pat-

tern of intra-cellular signalling and subsequent molecular effects in human 

vascular endothelial cells. OSM, LIF, CT-1 and trans-signalling by IL-6 and IL-11, 

upregulates both gene and protein expression of CCL23, HGF and IL-6, while 

CLC, CNTF and IL-27 had no effects in human vascular endothelial cells. 

In summary this thesis concludes that IL-6 trans-signalling takes place in 

platelets with engagement of the JAK/STAT pathway. In human vascular en-

dothelial cells, IL-6 and IL-11 can induce both classic and trans-signalling 

with activation of the JAK/STAT, PI3K/AKT and MEK/ERK pathway. In en-

dothelial cells, the IL-6 trans-signalling results in a pro-inflammatory pheno-

type, whereas platelets become less prone to aggregate in response to epi-

nephrine. We can also conclude that there are individual differences in the 

platelet activating effect of ADP and epinephrine, as well as in the platelet 

inhibitory effect by NO. Furthermore, an association between the platelet in-

hibitory effect by NO ex vivo can be associated to an increased capacity of 

flow-mediated vasodilation in vivo.  
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Future perspectives 
Knowledge of the molecular mechanisms behind symptoms induced by cy-

tokines are necessary to be able to develop novel, and improve current, ther-

apeutic strategies for inflammatory conditions. This is essential to gain spec-

ificity and reduce unwanted side effects of treatments. As this thesis has 

shown, the same group of cytokines, or even the very same cytokine, can give 

rise to numerous outcomes, even with opposite effects. General in vivo block-

ade of IL-6 by antibodies directed towards IL-6 or the IL-6 receptor has been 

shown effective in reducing inflammation in chronic inflammatory diseases 

[96, 97]. However, it has also been shown to be associated to increased sus-

ceptibility of bacterial infections and dyslipidaemia [98, 99].  A potential 

therapeutic strategy to avoid systemic side effects could be to target gp130 

in specific tissues to induce a more local effect where it is aimed to have ac-

tion. To study the development and progression of atherosclerosis, knock-

out of gp130 specifically in endothelial cells would be beneficial. This would 

preferably be done first in cell culture and further in an atherosclerosis-

prone mice model. 
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