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Dream!» 
 
'RQ¶W�EHWUD\��P\�'UHDP�� 
I eagered you so much,  
Had these sleepless nights and days.  
And now I dream at last.  
'RQ¶W�GLVDSSHDU��P\�GUHDP� 
The precious light of my exhausted eyes!  
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,W¶V�KLJK�WLPH�,�UHFRLOHG�XSRQ�P\�RZQ�
head,  
And now I have no turning back.  
 

Translated by Tatiana Starkova, SGT-218a 
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2 Abbreviations 

AP Alternative pathway 

BBB Blood-brain barrier 

C Complement protein (followed by number) 

C4BP C4-binding protein 

CD Cluster of differentiation 

CI Confidence interval 

CP Classical pathway 

CR Complement receptor 

CRP C-reactive protein 

CV Coefficient of variation 

DAMP Damage associated molecular pattern 

DC Dendritic cell 

dsDNA Double-stranded DNA 

E. coli Escherichia coli bacteria 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme linked immunosorbent assay 

FACS Fluorescence activated cell sorting 

FH Factor H 

FI Factor I 

FITC Fluorescein isothiocyanate 

HMGB-1 High-mobility group box-1 protein 

HUVEC Human umbilical vein endothelial cells 

HUVEC Human umbilical vein endothelial cells 

IL Interleukin 

INF Interferon 

INH Inhibitor 

IQR Interquartile range 

IRI Ischemia/Reperfusion injury 

LP Lectin pathway 

MAC Membrane attack complex 

NK Natural Killer cells 
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NLR NOD-like receptor 

OD Optical density 

OHCA Out-of-hospital cardiac arrest 

PAMP Pathogen associated molecular pattern 

PI Propidium Iodide 

PRM Pattern recognition molecule 

PRR Pattern recognition receptor 

PTX3 Long pentraxin 3 

RAGE Receptor for advanced glycation endproducts 

ROS Reactive oxygen species 

SAP Serum amyloid P component 

SD Standard deviation 

STEMI ST-elevation myocardial infarction 

TBI Traumatic brain injury 

TCC Terminal complement complex 

TLR Toll-like receptor 

TTM Target temperature management 
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3 Thesis summary 

 English Summary  
Acute brain injury and cardiac arrest are the number one causes of death and disabilities that 

occur every year in the world. Over half of the patients develop long-term complications and 

have lower survival rates over a long period compared to healthy controls. The common 

hallmark for both conditions is a temporal disturbance of blood flow locally or systemically, 

causing ischemia that leads to cell death. The reperfusion period upon treatment leads to an 

aggravation of organ damage. This phenomenon is called Ischemia/Reperfusion injury (IRI). 

IRI is known to impact cellular metabolism and may lead to the activation of inflammatory 

mechanisms. In this thesis, the impact of innate immunity in general and, in particular, 

complement activation was investigated in the course of local IRI (mild traumatic brain injury) 

and systemic IRI (cardiac arrest). The aim was to describe innate immune system activation 

and trajectory in specific patient groups compared to healthy controls. Association with causing 

factors and patient outcome was investigated. In addition, we aimed for improving the 

diagnostic strategy of complement activation measurement in patients with acute medical 

conditions by comparing the predictive value of either reporting concentration of a complement 

activation product alone or as a ratio to its un-split parent protein. Finally, the possible treatment 

approach of hypothermia that is used to lower metabolic processes and which is hypothesized 

to reduce the innate immune inflammatory response as well was evaluated in an in vitro setup.  

Patient blood samples were analysed from two large observational clinical studies in mild 

traumatic brain injury patients (n=207 patients and 82 matched healthy controls) and 

successfully resuscitated out-of-hospital cardiac arrest patients (n=232 patients and 12 age-

matched healthy controls). For the diagnostic study of complement activation, material obtained 

from patients developing heart failure after myocardial infarction (n=61 patients and 44 healthy 

controls) was analysed in addition to the cardiac arrest patients. Blood samples from healthy 

volunteers were assessed in the experimental study. In this study, whole blood and cultured 

primary endothelial cells were exposed to different temperatures in the range of 4-41°C. 

Complement activation, cytokines, and surface activation, as well as apoptosis and necrosis 

markers, were assessed and the effect of temperature on Escherichia coli-induced inflammation 

was described. Complement activation markers, cytokines, endothelial cell activation markers, 

and soluble CD14 were measured by antibody-mediated assays, such as enzyme-linked 
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immunosorbent assay (ELISA) and 27-plex bead-based immunoassays. Statistical analyses 

considered the repeated measurements and exploratory nature of these studies. 

Mild traumatic brain injury led to a significant systemic increase of cytokines compared to 

matched healthy controls, which persisted for up to one year. These findings are remarkable as 

previous studies had reported prolonged systemic inflammation in severe traumatic brain injury 

only and had been associated with worse clinical outcome. While the clinical outcome was not 

assessed in this study, clear associations with demographic and clinical variables were found.    

Resuscitated cardiac arrest patients with poor outcome (defined as coma or death) demonstrated 

higher levels of the complement activation products C3bc and sC5b-9. sC5b-9 at admission 

was independently associated with poor outcome and sub-sequent endothelial activation.  

In acute situations like cardiac arrest and circulatory shock due to heart failure, we demonstrated 

that the activation product sC5b-9 is the most sensitive and accurate assay for measuring the 

level of complement activation compared to C3bc and the sC5b-9/C5 and C3bc/C3 ratio.  

Complement activation is temperature dependent with and without an inflammatory stimulus 

showing increasing activity at higher temperatures. Cytokine production occurs after an 

inflammatory stimulus only and is detectable at temperatures above 33°C, but increased to 39°C 

only while a decrease was observed at 41°C. Likewise, white blood cell activation and 

endothelial cell death were absent at lower temperatures but increased significantly at 

temperatures above 37°C.  

This thesis has several conclusions but all highlight that the innate immune response and in 

particular the complement system should be understood and targeted as upstream recognition 

systems at the frontline of defense. The complement system was found to be associated with 

the induction of various inflammatory mediators that contribute to IRI, resulting in organ 

damage and failure, and eventually death. Interestingly, activation of the innate immune system 

did not seem to be limited to an acute incidence but can be induced over a long time even after 

a relatively mild sterile injury, and the association of prolonged systemic inflammation and 

injury sequelae should be investigated in the future. Targeting the complement cascade with 

complement activation limiting drugs seems thus promising and should also be evaluated in 

clinical studies in patients experiencing IRI, especially IRI affecting the whole body like cardiac 

arrest. To tailor therapy, patients with high complement activation probably should get 

identified prior to medication with a complement inhibitor. This thesis suggests that sole 
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measurement of the relatively stable marker sC5b-9 is sensitive in detecting complement 

activation in acute medical situations. Therefore, a single bedside test for sC5b-9 would be 

highly suggested in circumstances when complement inhibitor prescription verification is 

required. The temperature should also be considered as an active intervention limiting 

complement activation and inflammation and might be used in situations where low 

temperatures are possible to obtain as e.g., organ transplantation. In conclusion, this thesis 

highlights the prominent role of the innate immune system in sterile IRI and may be considered 

as a basis for future interventional clinical studies aiming at the reduction of the detrimental 

effects in the course of IRI described in this thesis. 
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 Norsk sammendrag 

Akutt hjerneskade og hjertestans er de viktigste årsakene til sykelighet og død i verden. Over 

halvparten av pasientene utvikler langtidskomplikasjoner og har lavere overlevelse over tid 

sammenlignet med friske kontroller. Det felles kjennetegnet for begge tilstandene er opphør av 

eller sterkt forstyrret blodsirkulasjon lokalt eller systemisk, som forårsaker iskemi og fører til 

celledød. Reperfusjonsperioden ved behandling, dvs. oppløsning av sirkulasjonsforstyrrelsen, 

fører til forverring av organskaden. Dette fenomenet kalles iskemi/reperfusjonsskade (engelsk: 

Ischemia/Reperfusion Injury, IRI). IRI påvirker cellulær metabolisme og kan føre til aktivering 

av inflammatoriske systemer. I dette arbeidet ble virkningen av det medfødte immunsystemet 

generelt, og komplementaktivering spesielt, undersøkt i forløpet av lokal IRI (mild traumatisk 

hjerneskade) og ved systemisk IRI (hjertestans). Målet var å beskrive medfødt 

immunsystemaktivering og forløp av en slik aktivering hos spesifikke pasientgrupper 

sammenlignet med friske kontroller. Sammenheng mellom immunsystemaktivering som årsak 

til IRI og pasientutfall ble undersøkt. I tillegg tok vi sikte på å forbedre den diagnostiske 

strategien for måling av komplementaktivering hos pasienter med akutte medisinske tilstander 

ved å sammenligne den prediktive verdien av enten å rapportere konsentrasjonen av et 

komplementaktiveringsprodukt alene eller som forholdet mellom aktiveringsproduktet og det 

ikke-aktiverte moderproteinet. Til slutt ble den etablerte behandlingen hypotermi som brukes 

til å senke metabolske prosesser studert i et in vitro oppsett for å evaluere om hypotermi kan 

også brukes til å redusere responsen fra det medfødte immunsystemet.  

Pasientblodprøver ble analysert fra to store kliniske observasjonsstudier som inkluderte 

pasienter med mild traumatisk hjerneskade (n=207 pasienter og 82 matchete friske kontroller) 

og pasienter etter vellykket gjenopplivning av hjertestans utenfor sykehus (n=232 pasienter og 

12 alders-matchete friske kontroller). For den diagnostiske studien av komplementaktivering 

ble materiale fra pasienter som utviklet hjertesvikt etter hjerteinfarkt (n=61 pasienter og 44 

friske kontroller) analysert i tillegg til hjertestanspasientene. Blodprøver fra friske frivillige ble 

vurdert i den eksperimentelle studien. I denne studien ble fullblod og primære endotel 

cellekulturer utsatt for forskjellige temperaturer i området 4-41°C. Komplementaktivering, 

cytokiner og overflateaktivering, samt apoptose- og nekrosemarkører, ble vurdert og effekten 

av temperatur på Escherichia coli-indusert betennelse beskrevet. Komplement-

aktiveringsmarkører, cytokiner, endotelcelleaktiveringsmarkører og løselig CD14 ble målt med 

antistoff-baserte analyser, slik som enzymkoblet immunosorbentanalyse (ELISA) og 27-plex 
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kulebasert immunanalyse. Statistiske analyser la vekt på de gjentatte målingene og det 

eksplorative designet av disse studiene. 

Mild traumatisk hjerneskade førte til betydelig systemisk økning av cytokiner sammenlignet 

med matchede friske kontroller. Forhøyede cytokinverdier ble observert opptil ett år etter 

skaden. Disse funnene er bemerkelsesverdige ettersom tidligere studier hadde rapportert 

langvarig systemisk betennelse kun ved alvorlig traumatisk hjerneskade assosiert med alvorlige 

kliniske utfall. Mens klinisk utfall ikke ble vurdert i denne studien, ble det funnet klare 

assosiasjoner med demografiske og kliniske variabler. 

Gjenopplivede hjertestanspasienter med alvorlig utfall (definert som koma eller død) viste 

høyere nivåer av komplementaktiveringsproduktene C3bc og sC5b-9. sC5b-9 ved innleggelse 

var uavhengig assosiert med påfølgende endotelaktivering og alvorlig utfall. 

I akutte situasjoner som hjertestans og sirkulasjonssjokk på grunn av hjertesvikt, var 

aktiveringsproduktet sC5b-9 den mest sensitive og nøyaktige analysen for å måle nivået av 

komplementaktivering sammenlignet med C3bc, samt med forholdene mellom 

aktiveringsprodukt og moderprotein; sC5b-9/C5 og C3bc/C3.  

Komplementaktivering er temperaturavhengig med og uten en inflammatorisk stimulus og viser 

økende aktivitet ved høyere temperaturer. Cytokinproduksjonen skjer kun etter en 

inflammatorisk stimulus og kan påvises ved temperaturer over 33 °C med økning til 39 °C, 

mens en reduksjon ble observert ved 41 °C.  

På samme måte var aktivering av hvite blodlegemer og endotelcelledød fraværende ved lavere 

temperaturer, men økte betydelig ved temperaturer over 37 °C. 

Dette arbeidet har flere konklusjoner som alle fremhever at den medfødte immunresponsen og 

spesielt komplementsystemet bør forstås og angripes som oppstrøms gjenkjenningssystemer i 

forsvarets frontlinje. Komplementsystemet ble funnet å være assosiert med induksjon av ulike 

inflammatoriske mediatorer som bidrar til IRI, noe som resulterer i organskade og -svikt, og 

eventuelt til død. Interessant nok så ikke aktivering av det medfødte immunsystemet ut til å 

være begrenset til en akutt tilstand, men kan induseres over lang tid selv etter en relativt mild 

steril skade. Assosiasjon mellom langvarig systemisk inflammasjon og senskader bør 

undersøkes i fremtiden. Målrettet hemming av komplement kaskaden med legemidler virker 

lovende og bør evalueres i kliniske studier hos pasienter som gjennomgår IRI, spesielt IRI som 

påvirker hele kroppen slik man ser det ved hjertestans. For å skreddersy terapien, bør trolig 
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pasienter med forhøyet komplement aktivering identifiseres før medisinering med en 

komplementhemmer startes.  Dette arbeidet antyder at måling av den relativt stabile markøren 

sC5b-9 alene er tilstrekkelig for å oppdage komplement aktivering i akutte medisinske 

situasjoner. Utvikling av en pasient-nær analyse for sC5b-9 ville derfor være svært ønskelig, 

slik at tilstander med forhøyet komplement aktivering blir tidlig identifisert og komplement 

hemmende terapi kun gitt ved riktig indikasjon. Temperatur bør også betraktes som en aktiv 

intervensjon for å begrense komplement aktivering med tilhørende betennelsesreaksjon, som 

kan brukes i situasjoner der lave temperaturer er mulig å oppnå, for eksempel ved 

organtransplantasjon. Avslutningsvis fremhever dette arbeidet den fremtredende rollen det 

medfødte immunsystemet har i steril IRI og kan derfor betraktes som grunnlag for fremtidige 

intervensjonelle kliniske studier som tar sikte på å redusere de skadelige følgene av IRI. 
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5 Background  
 Inflammation and innate immune response  

Inflammation is a biological response, part of our host defence system. The Latin term 

"inflammo" was used in ancient times and means blaze or burn  [1]. Approximately 2000 years 

ago, the Roman physician Aulus Cornelius Celsus (25 BC-50 AD) described the cardinal signs 

of inflammation (Figure 1): rubor (redness), calor (heat), tumor (swelling), and dolor (pain) [2]. 

Later the “functio leasa” (loss of function) was added as a fifth sign by either Thomas Sydenham 

(1624-1689) or Rudolf Virchow (1821-1902), indicating the consequence of the four first [3].  

Figure1. The representation of the cardinal signs of inflammation stated by Celsus and 
others. Created with BioRender.com  

 

The main causes of the described symptoms are immune responses to danger such as infection, 

tissue injury, ischemia, anaphylaxis, chemical toxins, and others. Inflammation causes 

vasodilation and hyperaemia, which again leads to local redness and heat. Furthermore, 

inflammation increases capillary permeability resulting in edema. Inflammation activates 

endothelial cells and induces leukocyte migration from the microcirculation into the interstitial 
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space at the site of the affected area [4]. The influx of immune cells leads to the formation and 

release of a number of vasoactive and inflammatory mediators, including eicosanoids like 

leukotrienes and arachidonic acid metabolites, acute-phase proteins, complement activation 

products, and innumerable cytokines. [5]. “Cytokine” is a general term for substances that 

communicate between cells and include both pro- and anti-inflammatory properties. Subgroups 

of cytokines are TNF, classical interleukins, interferons, chemokines, and growth factors, and 

are discussed below.  

The innate immune system represents an early detection of “danger” and thus constitutes the 

first-line defence system against every injurious stimulus [6]. Major external triggers are 

infectious agents, such as bacteria, viruses, and fungi (infectious inflammation), whereas a 

typical internal trigger is ischemia/reperfusion injury (IRI) leading to sterile inflammation. The 

innate immune system has several branches, of which the complement system and the Toll-like 

receptors with the cytokine network are the focus of this thesis.  

Inflammation is a general term including both infectious and sterile conditions. They may 

frequently occur simultaneously, like when a trauma that initially is sterile, is complicated by 

invasion of microbes, either directly through an open trauma, or indirectly when the patient is 

immobilized and the risk of infection increases [7]. The aim of the inflammatory reaction is to 

discard and eliminate the injurious agent or stimuli, to stop the harmful effect and restore 

homeostasis [4]. Depending on the extent of the infection and amount and pathogenicity of the 

microbes, the inflammatory response can be classified as local, limited to the particular area 

affected by the pathogen, or systemic, causing sepsis and a whole-body inflammatory reaction. 

Systemic inflammation is characterized by the criteria defined as a systemic inflammatory 

response, which is a “life-threatening organ dysfunction caused by a dysregulated host response 

to infection” [8]. Hallmark is an uncontrolled inflammatory reaction, which is principally the 

same whether it is induced by a pathogenic or sterile stimulus. Importantly, crosstalk of the 

inflammatory reaction with other plasma cascade systems such as the coagulation system 

exacerbates the homeostatic imbalance. In this case, the immune response has turned into being 

a threat to the host. 

The immune system is traditionally divided into two entities: innate immunity, which is the 

focus of this thesis, and adaptive immunity. Although highly specialized for their tasks, both 

are closely cross-talking, and they secure a substantial degree of redundancy. Furthermore, the 
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acute or chronic inflammatory responses evoked by a sterile stimulus are in many ways similar 

to activation of the innate immune system by infection [9]. The main differences between innate 

and adaptive immunity are described in Table 1. and illustrated Figure 2. 

 

Characteristics Innate immunity Adaptive immunity 

Response  First line defense has rapid response to 

the trigger  

Second line of the defence, 

longer time of response (1-2 

weeks) 

Presence Innate immunity is present from birth Adaptive immunity is created in 

response to exposure to a foreign 

substance. 

Specificity Non-Specific Specific 

Potency Limited and lower potency High potency 

Presence Present at birth Develops during a person’s 

lifetime and can be short-lived.  

Components  The innate immune system is 

composed of physical and chemical 

barriers, phagocytic leukocytes, 

dendritic cells, natural killer cells, and 

plasma proteins. 

Adaptive immune system is 

composed of B- and T cells 

Effectors  Cytokines  Antibodies, cytokines 

Table 1. Some main characteristics of the innate and adaptive immune system 
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Figure 2. Components of innate and adaptive immunity. Innate immunity mechanisms 
represent the first barrier against infection; the development of adaptive responses requires 
cross-talking events between these two types of immunity. Created with BioRender.com 

 

  Pattern recognition mechanisms  

The host is always threatened by danger. The statement “danger model” in immunology 

describes the theory of how the immune system is activated by substances that are normally not 

seen by the immune system. The principal idea of this theory is that the immune system does 

not differentiate between self and non-self, but rather between structures that might cause 

damage and structures that will not [10]. The danger theory was first introduced by Matzinger 

[11]. According to her, an immune response differentiates between dangerous and safe by 

recognition of exogenous pathogens or endogenous alarm signals from injured tissue.  The host 

recognizes so-called danger signals with induction of an initial innate and a late adaptive 

immune response (Figure 2). The recognition occurs by pattern recognition receptors (PRR), 

synonymously termed pattern recognition molecules (PRM). PRRs are germline-encoded 

sensors located on cells of the host or soluble in the plasma like e.g., complement molecules. 

There are at least five main families of cellular PRRs that initiate pro-inflammatory signalling 
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pathways: Toll-like receptors (TLR), NOD-like receptors, RIG-I-Like receptors, C-type lectin 

receptors, and 13 cytosolic dsDNA sensors.  

PRRs can recognize the molecular patterns, termed pathogen associated molecular patterns 

(PAMPs) when expressed on microbes. In contrast to PAMPs, damage associated molecular 

patterns (DAMPs) are host cell-derived molecules, which get released as endogenous, sterile 

molecules upon cell damage caused by trauma, and ischemia, and they are like the PAMPs 

recognized by the PRRs [12].  

 

 Toll-like receptors and CD14 

5.3.1 Toll-like receptors 

TLRs recognize the major PAMPs including microbial nucleic acids, double- and single-

stranded RNA, lipoproteins, surface glycoproteins, and membrane components 

(peptidoglycans, lipoteichoic acid, lipopolysaccharide). TLRs are expressed on dendritic cells 

(DCs), macrophages and non-immune cells such as fibroblasts and epithelial cells. TLRs are 

classified into two groups: cell surface TLRs and intracellular TLRs. Cell surface TLRs include 

TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, while intracellular TLRs are localized in the 

endosome and include TLR3, TLR7, TLR8, TLR9, TLR11, TLR12, and TLR13 [13].  

5.3.2 CD14 

CD14, a glycophosphatidylinositol-anchored protein, is an important co-receptor for several 

TLRs, in particular as the LPS receptor for TLR4/MD-2, but also for TLR2 and several other 

TLRs [14]. This places CD14 as a key targeting molecule for inhibition of the TLR system as 

presented in Figure 3. This observation has led to the development of a hypothesis in our group 

that combined inhibition of CD14 of the TLR system, and key molecules of the complement 

system (C3 and C5) may inhibit innate immune dys- or over-activation very efficiently, as 

reviewed in [15].  
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Figure 3. Overview of the TLRs. TLRs are transmembrane proteins that recognize common 
microbial structural patterns and molecules that are exposed by damaged cells i.e., cell debris. 
Ten TLRs have been described in humans. TLR1, -2, -4, -5, and -6 are found on the outer 
cellular membrane, whereas TLR-3, -7, -8, and -9 are endosomal receptors. MyD88 functions 
as an adapter protein for all TLRs except TLR3. TLR4 is the LPS receptor, with MD2 and 
CD14 serving as co-receptors, and is translocated from the plasma membrane to the endosomal 
membrane upon activation. CD14 is a co-receptor for almost all TLRs (apart from TLR5 and 
TLR10), making it a viable target molecule for broad TLR regulation. Black arrows indicate 
probable TLR target compounds. HSP, heat shock protein; HMGB1, high mobility group box 
1; MAL, MyD88 adapter-like; Pam3CSK4, palmitoyl-3-cysteine-serine-lysine-4; TBK1, 
TANK-binding kinase 1; IKKɛ, IkB kinase ɛ [15]. Published with permission of T.E. Mollnes 

 

 The complement system 

The complement system is part of the innate immune surveillance system. It has a crucial role 

in host defence against pathogens and is an important inducer of inflammation. It was first 

described in the 1890s by Jules Bordet as a heat-sensitive factor circulating in the human serum 

that aided or “complemented”, the reason for the name complement, the antibodies in the killing 

of bacteria [16].  
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The complement system consists of more than 40 proteins that are either soluble proteins in 

blood plasma or present as membrane-bound proteins on most cells in blood and tissue. 

Curiously, the numbering of complement components does not fully correlate with the sequence 

of their activation in the complement cascade (e.g. C4 before C2 and C3), but follows the 

chronology of their discovery.  

An overview of the complement system is presented in Figure 3. 

5.4.1 Initial complement pathways 

Three separate pathways can initiate activation of the complement cascade; the classical (CP), 

lectin (LP), and alternative (AP) pathway, each merging at C3 and leading to activation of the 

terminal pathway Figure 3.  

The classical pathway is typically activated by antibody-antigen immune complexes via C1q 

binding to IgM or IgG clusters. Moreover, the versatile PRM C1q can initiate the activation of 

complement by recognizing a variety of other surfaces and molecules such as a C-reactive 

protein (CRP), serum amyloid P component (SAP), long pentraxin 3 (PTX3), and apoptotic or 

necrotic cell elements including DNA, histones, and annexins presented on cell membranes [17, 

18]. The surface binding of C1q initiates activation of proteases C1r and C1s and further 

formation of C1 complex (C1qr2s2). The C1s component subsequently cleaves C4 to C4a, C4b, 

and C2 to C2a, C2b forming the C3 convertase C4bC2a of the classical pathway [19].  

The lectin pathway (LP) is activated when soluble recognition molecules such as collectins 

(MBL, CL-10 or CL-L1, CL-11 or CL-K1) and ficolins (FCN-1, FCN-2, FCN-3) bind to 

carbohydrates patterns on the surface of bacteria, virus, and fungi. After the binding of the 

recognition molecules, the MBL-associated serine proteases (MASP-1 -2, and -3) get activated. 

MASP-2 cleaves C4 while both MASP-1 and MASP-2 cleave C2. As a result, the C3 convertase 

C4bC2a of the lectin pathway is formed.  

 



   
 

23 
 
 

 

Figure 4. Overview of the complement system The complement system is composed of three 
pathways: the classical (CP), the lectin (LP), and the alternative (AP). The activation of each 
pathway leads to cleavage of the common central component C3 to C3a and C3b by the C3-
convertases C4bC2a (from CP and LP) and C3bBbP (from AP). C3b assembles with the 
C4bC2a and C3bBbP convertases and forms the C5 convertase (C4bC2a3b/C3bBbPC3b). C5 
gets cleaved into C5a and C5b. The anaphylatoxins C3a and C5a bind to the receptors C3aR 
and C5aR1/C5aR2 and induce further inflammatory reactions as degranulation, cytokine 
release, and oxidative burst. C5b initiates the formation of the terminal complement complex 
(TCC), which is termed membrane attack complex (MAC) when inserted into a membrane or 
soluble C5b-9 as a plasma marker of complement activation. C3b is converted to iC3b, a strong 
opsonin, which is recognized by complement receptor 3 (CR3, also known as Mac-1, 
CD11b/CD18) and 4	(CR4; CD11c/CD18). The complement cascade is closely controlled by 
soluble inhibitors including C1 inhibitor (C1-INH), factor H (FH), factor I (FI), C4-binding 
protein (C4BP). Moreover, host cells express complement regulators membrane cofactor 
protein (MCP/CD55) and CR1/CD35 [15]. Published with permission of T.E. Mollnes. 

 

The alternative pathway (AP) initiation differs from classical and lectin pathways. The AP 

sustains a low level of constant activation of complement in the blood by a process termed “tick 

over”. “Tick-over” is characterized by spontaneous hydrolysis of C3 and production of the 

bioactive C3 form C3(H2O). It is a “C3b-like” form of C3 but still contains the C3a moiety in 
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the fluid phase [20]. The level of hydrolysis of C3 depends on the interplay of C3 with other 

biological and artificial components including gas bubbles, biomaterial or lipid surfaces and 

complexes. C3(H2O) binds to factor B. Factor D cleaves factor B to Ba and Bb. Bb in 

combination with C3b forms the alternative pathway C3 convertase, C3bBb,	which is stabilized 

by properdin. Properdin stabilizes C3bBb by binding to C3b, which prevents its cleavage by 

factors H and I [21].  

 

5.4.2 The central C3 molecule and the terminal complement pathway 

The classical, lectin, and alternative pathways merge at the level of C3 and C5 proteins, which 

makes them the central components of the complement cascade. C3 can be cleaved by two 

convertases: C4b2a and C3BbP to C3b and C3a. C3b acts as an opsonin and together with C3 

convertases, it forms the C5 convertases C4bC2aC3b and C3bBbC3b. Subsequently, the C5 

convertases cleave C5 to C5a and C5b. C5b recruits C6 and C7 proteins in the fluid phase and 

forms the C5bC6C7 complex that can insert into the cell membranes. If inserted into cell 

membranes, the binding of C8 and multiple C9 molecules leads to the formation of the 

membrane attack complex (C5b-9, MAC). The MAC complex can form lytic pores, which lead 

to cell lysis through water and ion influx to the cell. Sublytic levels of C5b-9 can indirectly 

interact with several essential intracellular signaling pathways, leading to activation of the 

inflammasome [22]. The terminal complement complex also has a soluble form known as sC5b-

9, which cannot attack the cell membrane, but it is very useful as a fluid phase indicator of the 

degree of complement activation [23]. 

The cleavage products C3a and C5a, frequently named anaphylatoxin, bind to their specific G‐

protein‐coupled receptors C3aR, C5aR1, and C5aR2. C3aR is expressed on granulocytes, 

monocytes, macrophages, subsets of pulmonary and intestinal DCs and activated human T cells 

and has both pro- and anti-inflammatory effects dependent on the local condition [24]. C5aR1 

(CD88) is present on granulocytes, monocytes, macrophages, natural killer (NK) and NK T 

cells, subsets of DCs, endothelial cells, epithelial and human T cells. C5aR1 is one of the most 

potent pro-inflammatory receptors in the inflammatory response upon binding of C5a (the C5a-

C5aR1 axis), whereas the more recently described C5aR2 has first been thought to act as a 

decoy receptor but is now regarded as an anti-inflammatory receptor counteracting the C5aR1 

induced pro-inflammatory effects [24].  
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 The effector molecules of the innate immune system 

5.5.1 Cytokines - the messengers of the immune system  

The three R’s in the innate immune response are 1) Recognition, 2) Response, and 3) 

Resolution. 

After the recognition of danger has occurred through the complement system and the TLRs, the 

response starts immediately to produce the secondary response molecules, which are the 

“second line” defenders. The major group of these are the cytokines and it will take a few hours 

to have them synthesized and released since most of these are not pre-formed.  

Cytokines comprise a large group of signaling molecules, most being in the range of 10-40 kDa. 

These act as mediators or ‘messengers’ that provide the communication between cells in an 

autocrine, paracrine, and endocrine way and contribute to immune cell homeostasis [25, 26]. 

Cytokines are produced by virtually all cell types, though the main contribution is from immune 

cells. Depending on their function and activities, cytokines can be categorized into different 

groups.   

Interleukins are the classical cytokines, including TNF and the largest family of molecules 

termed interleukins (IL-) before the number; here are those included in this thesis: IL1-ra, IL-

2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, and IL-17. All are responsible 

for the activation and regulation of immune cells. They are released by several cells, including 

leukocytes. Interleukins are classical examples of autocrine and paracrine signaling, i.e., that 

they activate the same cells that have produced the interleukin or nearby cells. However, 

interleukins are not limited to these signaling actions as they are released into the systemic 

blood circulation [27]. 

Chemokines are a group of cytokines with chemotactic activities, which promote leukocyte 

migration towards the source of chemokine production, i.e., into a damaged area. They bind to 

receptors positioned at the target cell surface, mainly leucocytes [27]. Chemokines are defined 

by their very consistent gene structure and are divided into subgroups according to this 

structure. They are homogenous with respect to the molecular weight and are typically 10-15 

kDa. The following chemokines are assessed in this thesis: CXCL8 (IL-8), CXCL10 (IP-10), 

CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1β), CCL5 (RANTES), and CCL11 (eotaxin).  
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Growth factors also belong to the cytokine family and include cellular stimulating factors and 

proangiogenic factors. In the studies of this thesis the following growth factors are included: G-

CSF, GM-CSF, VEGF, bFGF and PDGF-BB.  

Interferons play a main role in defense against viral infections as they interfere with virus 

replication by enabling surrounding cells to increase anti-viral defense mechanisms [28]. 

Interferons include several families with INF-α, -β, and -γ of which INF-γ is included in this 

thesis.   

5.5.2 Reactive oxygen species (ROS) 

Molecular oxygen (dioxygen; O2) is the vital component for all living organisms, which rely 

on aerobic metabolism. The result of aerobic respiration is the formation of ATP molecules - 

the main source of energy generated entirely in mitochondria. 

During the last stage of cellular respiration, the electron receptor oxygen is reduced, and water 

is produced. If this O2 reduction is only partially performed, highly reactive metabolites of 

O2 will be formed. The main three oxygen compounds are superoxide anion (O2−·), hydrogen 

peroxide (H2O2), or hydroxyl radicals (OH·). These oxygen compounds are often referred to as 

“reactive oxygen species” (ROS) due to their higher reactivity relative to molecular O2 and they 

are pleiotropic including harmful, protective, and signaling effects [29]. During inflammation, 

ROS are made during phagocytosis and have direct cytotoxic effects, mediate cell signaling and 

can induce apoptosis.  

Uncontrolled levels of ROS can have harmful effects on important cell structures including 

lipids, proteins, and nucleic acids [30]. Oxidative stress is caused when an imbalance appears 

between free radical formation and the capability of cells to clear them. Oxidative stress may 

lead to malondialdehyde and conjugated diene compound formation, which are known to be 

cytotoxic as well as mutagenic. Being a radical chain reaction, lipid peroxidation spreads very 

quickly affecting many lipidic molecules [25]. If not strictly controlled, oxidative stress can 

contribute to several disease processes, both chronic and degenerative, as well as causing tissue 

damage in acute pathologies including trauma and systemic (cardiac arrest) as well as local 

(stroke) ischemia/reperfusion injury. 
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5.5.3 Arachidonic acid metabolites 

Arachidonic acid is present as one of the main elements of membrane phospholipids in all cells 

and is also one of the essential sources in the synthesis of biologically active mediators of 

inflammation, vasodilation, and vasoconstriction [5]. The stimulation of specific cell-surface 

receptors activates phospholipase A2 leading to the release of arachidonic acid from the cell 

membrane. The arachidonic acid is then rapidly converted into an active metabolite by two 

main classes of enzymes, the cyclooxygenases, and the lipoxygenases.  

The cyclooxygenases produce prostaglandins, prostacyclins, and thromboxanes, while 

lipoxygenases produce leukotrienes. Among these, prostaglandins and leukotrienes are widely 

studied given their recognized role in human disease conditions as well as physiological and/or 

pathophysiological activities. They play a major role in inflammation, where they particularly 

contribute to pain, redness, and swelling [6] 

 

 Therapeutic possibilities targeting the innate immune system 

The innate immune system as a first-line defence system plays a crucial role in the body’s 

defence against various pathogens, such as bacteria, viruses, and parasites and sterile stimuli. 

The ‘pre-programmed’ responses elicited by the innate immune system are hallmarked by 

“rapidity” with no need for individual “memory”. The consequence of triggering the innate 

immune system thus results in the initiation of many signaling cascades with the aim to regain 

homeostasis and clear the imminent threat.  

However, loss of control over the innate immunity can lead to uncontrolled activation leading 

to damaging effects to the host. Thus, the innate immune system, in particular the “first-line” 

effectors, are important candidates for therapeutic targeting in a number of pathophysiological 

conditions. 

5.6.1 Drugs reducing inflammation  

Inhibition of unspecific innate immune processes. The most commonly used drugs for reducing 

inflammatory processes and managing pain are non-steroidal anti-inflammatory drugs. The 

major therapeutic actions of non-steroidal anti-inflammatory drugs are primarily enacted by 

their ability to block the synthesis of certain prostaglandins through inhibition of the 
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cyclooxygenase enzymes (see above under “Arachidonic acid metabolites”). Among the non-

steroidal anti-inflammatory drugs aspirin, acetaminophen, and ibuprofen have been shown to 

interfere with antiviral immune functions influencing the duration of viral shedding in 

rhinovirus infected humans. The mechanism of action seems to affect also very basic cellular 

antiviral functions as in mouse models both aspirin and paracetamol decreased the interferon-

induced antiviral responses against influenza virus of cultured mammalian cells [9]. 

Inhibition of specific molecules of the innate immune system. The molecules of the innate 

immune system that are targets for therapy are related to the first two of the three R’s as 

discussed above: the molecules of the “Recognition” systems, and the effector molecules 

released as the “Response” to recognition. This is a field in “therapeutic explosion” and is out 

of the scope of this thesis, so only the principles and a few examples will be mentioned here. 

The molecules of recognition are regarded as the “up-stream” part as they are the first to 

recognize danger. They are limited in numbers and when blocked, will efficiently lead to 

reduced formation of the “down-stream” effector molecules, which are innumerable in 

amounts.  

Among the “up-stream” targets, the complement component C5 is the only target with FDA 

and EMA approved drugs for clinical use and C5 inhibition is used to treat a few rare diseases. 

However, the potential for the treatment of complement-driven diseases in the future is 

substantial with a broad spectrum of inhibitors, as recently reviewed [31]. Risks associated with 

blocking of C5 seem to be very low, as patients have been treated for 15 years without serious 

adverse effects, except for a low amount getting Neisseria infections, which occur during long-

term treatment only and are preventable by vaccination. Other inhibitors of “up-stream” targets 

have been tested in clinical trials and e.g. the TLR4 inhibitor Eritoran was promising until phase 

III in sepsis, where it failed to increase survival. CD14 is another important TLR molecule, 

being a co-receptor for several TLRs including TLR4 and TLR2 as discussed above. Preclinical 

trials in septic baboons are promising, but clinical studies are missing. Interestingly, our group 

has postulated a dual-blockade of combining inhibition of C5 and CD14, which has shown 

promising results on survival in both mice and pig polymicrobial sepsis [32, 33], and this 

inhibition of a major part of the innate immunity should be forwarded to the clinic in cases of 

systemic inflammatory reasons like sepsis and major trauma. These are diseases that can be 

treated for a short time, under intensive care and antibiotic protection, and the risk of blocking 
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most of the innate immune systems for a short time is probably less harmful than leaving the 

“cytokine storm” in place with a potential to kill the host. 

The “down-stream” molecules are innumerable, including the cytokines, and thus it seems 

intuitively difficult to block one of these and hope for reversing an overwhelming innate 

immune response. This was also the case when studies started using inhibitors of TNF, IL-6 

and others to treat sepsis [15]. This said, a few monoclonal antibodies are currently approved 

for clinical treatment, like TNF, IL-6, and IL-1R antibodies, but these are limited to mostly 

chronic inflammatory diseases or specific acute diseases where the disease is driven by special 

cell populations (e.g. anti-IL-6 treatment in CAR-T induced cytokine release syndrome), where 

these particular molecules are of importance, but not indicated when the innate immune system 

is systemically broadly over-activated [34].  

5.6.2 Targeting innate immunity by temperature regulation 

Temperature may have a significant effect on inflammation and thermotherapy, i.e., moderate 

lowering of temperature, may reduce local and systemic inflammation in situations like cardiac 

arrest [35, 36]. Thus, patients undergoing hypothermia and an ex vivo study where we 

investigated the effect of temperature on the inflammatory reaction over a large range from 4°C 

to 41°C are parts of this thesis.  

Hypothermia impairs immune function and inhibits various inflammatory responses. This is 

inherent to the treatment, and impairment of harmful inflammatory reactions may be one of the 

mechanisms through which hypothermia can exert protective effects [37]. In clinical studies, 

hypothermia has been linked to infection risk in the context of accidental hypothermia; 

controlled therapeutic cooling appears to carry a lower risk, especially if hypothermia is used 

for limited periods of time (<48 hours) [38]. Prophylactic antibiotics may be considered in high-

risk patients who are cooled for prolonged periods.  

Hyperthermia is typically seen in infectious diseases and in the first period of sepsis, where 

fever is typically associated with an increase in the C-reactive protein and the pyrogenic 

cytokine IL-6, but also in inflammatory, autoimmune and cerebral conditions without infection, 

where there is a disturbance in the hypothalamic temperature regulatory center [39]. Fever is a 

double-edged sword and there is a continuous discussion on whether fever is beneficial, 

detrimental, or just an inert sign reflecting the ongoing condition. To this discussion belongs 
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the question of whether fever should be treated with antipyretics. It is one of the most used 

medication groups with probably the less documented effects, except for the clear indication in 

children suffering from fever convulsions and for the general well-being of the patient. The 

evidence of beneficial and harmful effects of fever has been reviewed extensively including the 

evaluation of the evidence versus clinical practice of fever management [40, 41].  

 

 Ischemia/Reperfusion Injury (IRI) 

Ischemia/reperfusion injury (IRI) is defined as the tissue damage that follows restoration of 

blood flow to previously ischemic tissues. Re-establishment of blood flow and oxygenation is 

essential to salvage ischemic tissues. Paradoxically, reperfusion itself causes further damage, 

threatening function and viability of the ischemic organ and whole body. IRI can occur in all 

organs and is particularly dangerous when affecting vital organs like the heart, brain, lungs and 

kidneys, but may also be severe when abdominal organs and skeletal muscle are involved. Local 

IRI in a certain organ like the gut, may cause damage of remote organs, e.g. the lung leading to 

induction of respiratory failure. Finally, IRI may affect the whole body after cardiac arrest or 

severe trauma and induce a systemic multiorgan failure leading to severe morbidity or death.  

The pathophysiology of IRI is a multi-factorial process [42]. Tissue destruction occurs when 

the oxygen supply is less than the minimal demand required for cellular homeostasis. 

Derangements in metabolic function begin during the ischemic phase. Initially, glycogen 

breakdown by anaerobic glycolysis produces two molecules of adenosine triphosphate (ATP) 

along with lactic acid, resulting in a decrease in tissue pH, which then acts by negative feedback 

to inhibit further ATP production. ATP is then sequentially broken down into adenosine 

diphosphate (ADP), adenosine monophosphate (AMP), and inosine monophosphate (IMP) and 

then further into adenosine, inosine, hypoxanthine, and xanthine. At the cellular level, a lack of 

ATP production causes ATP-dependent ionic pumps, including the Na+/K+ and Ca2+ pumps, 

to fail and the transmembrane ionic gradients are lost. 

Due to the increasing supply of oxygen during reperfusion, reactive oxygen species are formed 

and may have a destructive role in mediating tissue damage causing IRI. Specifically, the influx 

of molecular oxygen catalyzes xanthine oxidase to degrade hypoxanthine to uric acid and 

thereby liberating the highly reactive superoxide anion (O2-). Superoxide is subsequently 

converted to hydrogen peroxide (H2O2) and the hydroxyl radical (OH•) [43].  
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Complement activation and deposition also contributes significantly to the pathogenesis of IRI 

as reviewed in [44].  The anaphylatoxins, in particular C5a, bind to anaphylatoxin receptors on 

leukocytes and endothelial cells and induce a substantial secondary release of inflammatory 

mediators. The terminal C5b-9 complex is deposited into the endothelial cell membrane after 

IRI, either leading to an inflammatory response in sub-lytic doses, or to cell lysis and death by 

penetrating the membrane.  

Moreover, as a result of the release of DAMPs the whole innate immune system recognizes 

these ligands by the PRRs and a “down-stream” response led by several cytokines is triggered 

as described above. Importantly, these cytokines are released systemically and are thus 

important in the development of the systemic inflammatory response and multi-organ failure.  

 

5.7.1 Local and systemic IRI 

Depending on the size and extension of the ischemic area and the observed consequences, IRI 

can be divided into systemic and local. Systemic IRI is typically caused by cardiac arrest or 

major trauma, while local IRI is classically caused by heart or cerebral stroke. A common 

clinical observation is that blood flow to an ischemic organ is often not fully restored after the 

release of vascular occlusion. Mechanisms of this IR-associated “no-reflow” phenomenon 

include increased leukocyte-endothelial cell adhesion, platelet–leukocyte aggregation, 

interstitial fluid accumulation, and decreased endothelium-dependent vasorelaxation, which, 

together, result in mechanical blood flow obstruction. Clinically, this may manifest as continued 

organ dysfunction in the post-reperfusion period (e.g. myocardial stunning), or increased infarct 

size. The interaction between activated endothelial cells and leukocytes leads to the 

phenomenon of rolling by integrins, followed by firm adhesion by the intercellular adhesion 

molecules (ICAMs/VCAMs) ending by penetration of the leukocytes through the endothelium 

to the tissue is a fundamental process in the pathophysiology of both local and systemic IRI and 

has been extensively review in several papers, e.g. [45].  

5.7.2 The mechanisms of endothelial damage during IRI 

The vascular endothelium is a single layer of cells that lines the entire circulatory system. 

Although a single layer, the total weight in adults is 1 kg and it thus might get recognized as an 

‘organ’[46] . Endothelial cells participate in hemostasis, immune, and inflammatory reactions. 
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These cells both produce and react to a wide variety of mediators including cytokines, growth 

factors, adhesion molecules, vasoactive substances, and chemokines, with effects on many 

different cells. The endothelium produces a number of vasodilator and vasoconstrictor 

substances that regulate vasomotor tone, the recruitment and activity of inflammatory cells, and 

coagulation. 

Regarding inflammation, endothelial cells produce and react to various cytokines and adhesion 

molecules. As endothelium is an important barrier to the free passage of molecules and cells 

from the blood to the underlying interstitial space, tight junctions between endothelial cells are 

crucial for paracellular transport and they can get altered in the course of cell activation through 

complement and cytokines. Leukocyte migration through this endothelial barrier can lead to 

interruption of this barrier, extravascular fluid leakage, and edema formation[47]. 

Leukocyte migration is difficult to assess in blood samples. However, leukocyte rolling on the 

endothelium, firm adherence to the endothelium and endothelial transmigration are described 

in detail in the review mentioned above [45]. This process is initiated by IRI-induced increases 

in endothelial P-selectin (CD62P) surface expression, which interacts with its leukocyte 

counter-receptor P-selectin glycoprotein 1 (PSGL-1). Firm leukocyte adherence results from 

the subsequent interaction of the leukocyte β2-integrins CD11a/CD18 and CD11b/CD18 with 

endothelial intercellular adhesion molecule 1 (ICAM-1). Leukocyte transmigration into the 

interstitial compartment is facilitated by platelet–endothelial cell adhesion molecule 1 

(PECAM-1) constitutively expressed along endothelial cell junctions. Upon reaching the 

extravascular compartment, activated leukocytes release toxic ROS, proteases, and elastases, 

resulting in increased microvascular permeability, edema, thrombosis, and parenchymal cell 

death. PMN accumulation in the extravascular compartment is also facilitated by the 

anaphylatoxin C5a and the chemokine IL-8 released from hypoxic tissues, resulting in a 

chemotactic gradient that directs neutrophils from the intravascular space towards the hypoxic 

interstitium. Thus, the measurement of endothelial activation markers in plasma can be used to 

assess indirectly endothelial cell activation and damage, which is used in this thesis. 

5.7.3 Traumatic IRI  

Acute trauma is one of the leading causes of morbidity and mortality in the world. Trauma 

varies from minor trauma, easily coped with, to extensive multi-trauma with a major challenge 
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to save the patient due to vast disturbance of normal physiology including the innate immune 

system.  

In acute major traumatic lesions, most pathophysiologic processes top during the first few hours 

and days [48]. The pathophysiological changes are characterized by a local IRI leading to 

consumption of oxygen and nutrients that generate ischemic and metabolic disturbance. Once 

reperfusion is established, local DAMPs are released into the systemic circulation and can cause 

a systemic inflammatory reaction leading to remote organ injury and failure.  

In this thesis, we are focusing on the effects of local trauma on systemic inflammation and how 

systemic IRI after a whole-body trauma affects outcome. 

 

5.7.3.1 Brain injury due to mild trauma – a local IRI 

Traumatic brain injury (TBI) represents an insult to the brain from an external mechanical force, 

leading to permanent or temporary impairment of cognitive, physical, and psychosocial 

functions, with an associated diminished or altered state of consciousness [49]. TBI is classified 

by severity and in this thesis - mild traumatic brain injury due to trauma. Although termed 

“mild”, mild TBI represents a major social, economic, and health burden world-wide and the 

World Health Organization estimates that between 70 and 90% of head injuries that receive 

treatment are mild [50, 51]. While inflammation in the injured brain, i.e. neuroinflammation, 

with spill-over to the systemic circulation has been acknowledged in moderate and severe TBI, 

it is not known if and how long systemic inflammation persists after mild, non-sport related 

TBI [52]. 

5.7.3.2 Cardiac arrest as a cause IRI – a systemic IRI 

A cardiac arrest is a situation where the heart immediately stops pumping blood. Cardiac arrest 

is often fatal if appropriate resuscitation is not started immediately. The most common cause 

of cardiac arrest is coronary artery disease with acute myocardial infarction. Less common 

causes include major blood loss, lack of oxygen, electrolyte imbalances, heart failure, and 

intense physical exercise. However, most often highly individualized sets of risk-factors are 

present [53]. Reveral inherited disorders may also increase the risk including long QT syndrome 

and various cardiomyopathies. The initial heart rhythm is most often ventricular fibrillation.  
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Treatment for cardiac arrest includes immediate cardiopulmonary resuscitation and if possible 

local defibrillation. Targeted temperature management in the resuscitated post-cardiac arrest 

patient may improve outcome [54].  

In Europe, approximately 535,000 cardiac arrests occur each year.  About 326,000 (61%) 

experience cardiac arrest outside of a hospital setting, while 209,000 (39%) occur within a 

hospital. Cardiac arrest becomes more common with age. It affects males more often than 

females. The percentage of people who survive out-of-hospital cardiac arrest with treatment by 

emergency medical services is about 8% and 50% in those successfully resuscitated [55]. 

Especially the latter patient group is of particular interest as systemic IRI might play a decisive 

role for outcome.  
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6 Aims of the study  

The main aim of this thesis was to assess the role of the innate immune system with a focus on 

complement activation and cytokines released during IRI. IRI is a challenge in the course of a 

number of clinical conditions, where we focused on two; local (traumatic brain injury) and 

systemic (cardiac arrest) IRI. We performed one methodological study to evaluate if activation 

products or the ratio of activation products to their un-split proteins is superior in evaluating 

complement system activation during IRI. This thesis was concluded with a related 

experimental study where we aimed to investigate the role of temperature on blood-derived 

inflammation.  

Thus, the specific aims were:  

1. To study the innate immune response as measured by cytokines in patients with mild 

traumatic brain injury from admission to 12-month after injury.  

2. To evaluate the degree of complement activation and soluble endothelial activation 

markers associated with long-term cerebral outcome and death in patients with successful 

resuscitation after cardiac arrest.  

3. To assess if the ratios between complement activation product and its native component, 

by using C3bc/C3 and sC5b-9/C5 as ratios, are superior to complement activation markers 

C3bc and sC5b-9 alone, for detecting complement activation in patients with IRI.  

4. To assess ex vivo the effect and mechanism of temperature on complement activation, 

cytokine release, and cell viability in a broad range of temperatures ranging from 40C to 

410C in a human whole blood model. 
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7 Methodological considerations  

 Study populations in the observational patient studies 

The research study design can vary based on the nature of the research question and the 

opportunity of resources and budget. In studies I-III, we included biobank material from three 

different patient populations to study the role of the innate immune system. Study I focused on 

cytokines with the aim to answer if a mild local injury might affect long-term systemic 

inflammation. Study II and III focused on complement system activation and if complement 

activation is associated with patient outcome (study II) as well as methodological issues on how 

to best assess complement activation. All three studies are sub-studies of already performed 

clinical prospective cohort observations with the aim to generate the basis and hypothesis for 

future clinical interventional studies. Only paper III included data from paper II and previously 

published data from one randomized clinical trial. This setup enabled a bigger patient group 

with the aim to elucidate the important methodological question if complement activation 

should be displayed as the ratio of the activation product to its un-split protein or solely as an 

activation product. Both prospective cohort studies included large sample materials with 

follow-up for six months (paper II) or one year (paper I), which allows prediction of long-term 

outcomes in these patient groups based on the level of cytokine release or complement 

activation. However, there are drawbacks to prospective cohort studies. Patients might get non-

protocolized interventions, risk factors are not corrected for, results are usually valid for the 

centers the study was performed at only, and no answers about future treatments can be made 

[56, 57]. The benefits of observational studies are that they are easier to perform, less cost-

intensive, and give an answer about the “real-time status” of the investigated patient group in 

comparison to protocolized randomized clinical trials. Prior to initiating clinical trials effect 

and sample size need to be calculated and this is usually done using observational or small pilot 

clinical trials.  

A considerable problem in both observational and randomized studies is that patients are lost 

to follow-up, i.e., patients although alive, choose to leave the study. This is a known problem 

in all trials and can affect the power and may thus lead to false-positive results. Guidelines 

recommend that no more than 20-40% of patients enrolled should be lost to follow-up to avoid 

biased effects [58]. We had a loss to follow-up of 21.1% (study I) and 10.4% (study II) and 
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regard the obtained results thus as valid within the above-mentioned limitations of 

observational studies. 

7.1.1 Control groups 

All studies included a control group. Although observational studies solely record what 

happens, control groups are necessary if only one group experiencing an insult is investigated 

for a certain read-out (here cytokines and complement activation), which is not assessed in a 

standard and accredited analysis. Thus, the read-out decides if a control group is necessary. Of 

the investigated read-outs in the studies of this thesis, only complement factors had a 

standardized reference range, which we adhered to [59]. However, for cytokines and endothelial 

activation markers, no accepted standard ranges exist. Thus, we needed to include healthy 

controls to assess the normal ranges of the investigated markers. The collection of controls has 

the potential to introduce selection bias [60]. Thus, we thrived to overcome selection bias by 

including age-, gender-, and education-matched controls in study I and age- and gender-

matched healthy controls in study II. 

 

 Study population in the experimental study 

The experimental study IV was conducted to explore the effect of an intervention (temperature) 

on innate immune inflammation. A whole blood model was used to assess effects in an ex vivo 

setup. However, this necessitated collecting blood from healthy donors. Healthy donors were 

recruited among co-workers in the lab only and thus a clear bias was introduced. The bias 

consisted of the workplace and age (all below pension age, most below the age of 40). However, 

as the study was truly explorative and should describe mechanisms rather than lead to a new 

general treatment, this design was accepted. 

 

 Blood sampling  

Each project included in this thesis was conducted in whole blood (study IV) or separated parts 

of whole blood including plasma or cells depending on the purpose (study I-III). The analysis 

of the levels of complement biomarkers and cytokine release is intricate. The complement 

system gets continuously activated in the blood and activation can be detected to a low degree 
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in healthy persons. However, in vitro, activation, and degradation of complement proteins start 

immediately and is affected by storage temperature, time, and type of anticoagulants [4]. Thus, 

it is critical that samples are collected and stored according to a strict protocol to produce 

reliable and trustable results. Here, we used rigorous, and most importantly, standardized 

sampling routines in all studies. 

It has previously been shown that complement proteins are more stable in plasma than in serum 

samples, in combination with ethylene-diamine-tetra-acetic acid (EDTA) [61]. For paper I-III 

peripheral venous blood was obtained directly in ethylenediaminetetraacetic acid (EDTA) 

vacutainer tubes, at a final concentration of 10mM for measurements of complement activated 

products formed in vivo. Moreover, the samples were placed immediately on ice and 

centrifuged within 30 min at 4ºC to separate the plasma. This excluded the possibility of in vitro 

cytokine release from leucocytes and platelets. After that, the collected EDTA plasma was 

frozen at -80C until further analyses, which ensures no biological activity and enables long-

term storage of complement activation products and cytokine proteins. 

For paper IV peripheral venosus blood was sampled into sterile 4.5 ml polypropylene tubes 

containing the anticoagulant lepirudin, (Refludan®) 50 μg/ml. Lepirudin is a thrombin inhibitor 

and prevents coagulation, while leaving the coagulation cascade functional until thrombin 

activation, enabling thus complement-coagulation factor interaction  [62]. Blood was collected 

by venous puncture of the forearm vein from healthy donors using an 18 G needle without 

tourniquet to prevent venous stasis and potential activation of coagulation and complement. 

Blood samples were immediately aliquoted and incubated at different temperatures with and 

without stimulation of E. coli in order to reduce the need for storage or preservation and the 

risk of spontaneous activation and loss of cell counts. In the end of incubation time, 10mM 

EDTA was added to the samples to prevent further complement activation after the desired 

experimental period. The samples were centrifuged, and plasma obtained for the required 

readouts, or the entire sample was analysed by flow cytometry to detect the activation of 

monocytes and granulocytes populations at different temperatures.  

 

 Antibody-mediated assays   

Antibody-mediated assays are highly sensitive analyses based on antibody-antigen interaction 

designed for detecting and quantifying antigens, e.g., proteins, immune complexes, or cell 
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populations. In these assays, the antigen can be detected in a solid phase or expressed on the 

cells.  

Depending on the principle of analyses used in our projects the assays can be divided into 

enzyme-linked immunosorbent assay (ELISA) or immunofluorescence-based assay (multiplex 

and flow cytometry). 

7.4.1 Enzyme-linked immunosorbent assay (ELISA) 

In all articles included in this thesis, we performed ELISA, which was either in-house developed 

or by commercial manufacturers. The principle of all in-house developed ELISA is based on 

pre-coating a plate with ‘capture’ antibodies specific to neoepitopes of activated biomarkers 

(C3bc, C3bBbP, and sC5b-9). This is followed by steps of a ‘detection’ antibody that recognizes 

a different domain or protein of the activated biomarker and at last with an antibody detecting 

the Fc-region of the ‘detection’ antibody and which is an enzyme-conjugated antibody. Here, 

this enzyme was horseradish peroxidase, which reacts with a substrate (hydrogen peroxide) to 

develop a color through oxidation [63].  

The intensity of the color is read as an optical density (OD) value, which is used to determine 

the amount of the measured antigen. This is done by comparing the OD of the antigen with a 

generated standard curve. The standard curve was prepared by dilutions of a sample with a 

known high concentration of the specific biomarker. Serial dilutions led a dose-dependent curve 

read as OD and this curve was used as standard curve for the assay.  

The soluble terminal complement complex (sC5b-9) was measured in EDTA-plasma by an in-

house sandwich-ELISA using monoclonal antibody (clone aE11) as a capture antibody and a 

monoclonal antibody against C6 (clone 9C4) as detection antibody [63]. For the standard, a 

zymosan-activated normal human serum was used. C3bc concentration was evaluated by an 

mouse anti-human C3bc antibody, mAB clone bH6 reacting with a neoepitope exposed in C3b 

and C3c after C3 activation [59]. C3bBbP was detected based on the monoclonal anti-factor P 

clone no. 2 (clone #2, Quidel, San Diego, CA) binding the C3bBbP complex and detected by 

anti-C3c (Behring, Marburg GmbH, Germany) upon activation. Endothelial activation markers 

in study II were assessed using the same principle, but with commercial DUO ELISAs 

according to the instruction from the manufacturer (R&D Systems, Minneapolis, MN). 
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The sandwich ELISA has a lot of advantages, including high specificity (the antigen is 

specifically captured and detected), flexibility, and sensitivity. However, variations between 

assays can be problematic and to assure reliable results the coefficient of variation (CV) was 

assessed. The inter-assay CV was determined by assessing the deviation of technical controls 

to the total mean of all technical controls over all plates analysed in a project. The intra-assay 

CV was assessed for each plate. Here, we either run all time points from one patient on the 

same plate (study I) or samples were run in triplicates (study II). However, one of the limitations 

in this method, that it is time-consuming, in comparison to other assays, and that it gives only 

one read-out per sample. 

7.4.2 27-plex bead-based immunoassay  

For detecting the cytokines in paper I and IV we used a Bio-Plex Pro™ Human Cytokine 27-

plex Assay #M500KCAF0Y from Bio-Rad Laboratories Inc. (Hercules, CA) analysed by 

Luminex MAGPIX technology. In brief, fluorescence-coloured beads coupled to specific 

detection antibodies as provided by the manufacturer were incubated with plasma samples.  

Magnetic washing removed all irrelevant plasma proteins. Afterward, biotinylated-detection 

antibodies were added, and this was followed up with exposure to streptavidin-PE and read on 

the multiplex.  

A flow cytometer excites the beads and the reporter molecules, respectively, leading to 

separation of the beads in a plot, and measurements of the fluorophore intensity reflecting the 

amount of the biomarker. The 27-plex kit was used to detect 27 different cytokines including 

chemokines and growth factors. Human standard I (Bio Rad) was used for all assays.  

The same control measures to detect CV as described above were used here as well. 

7.4.3 Flowcytometry 

In paper IV, we used multi-colour flow cytometry to detect and measure physical and chemical 

characteristics of cell populations by Attune NxT Acoustic Focusing cytometer (Thermo Fisher 

Scientific, MA) with multiple excitation lasers. 

Prior staining, erythrocytes were lysed with erythrocyte lysing solution and fixed with 0.1% 

paraformaldehyde in PBS containing 0.1% bovine serum albumin. The extracellular staining of 

whole blood cells was carried out with fluorophore-marked antibodies including anti-CD11b-
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PE (#333142) and anti-CD14-FITC (#345784) purchased from BD Biosciences (San Jose, CA); 

anti-human CD15 (#48015842) and anti-CD45-PO (#1912804B) purchased from Thermo 

Fisher Scientific. The flow cytometry analyses were used to detect the expression of CD11b on 

monocytes and granulocytes in whole blood. The sample was analyzed on a flow cytometer 

with a forward scatter threshold to remove debris and small particles from the sample collection. 

Data analysis was performed using FlowJo (Version10.7.1) software. First, the leukocyte 

population was identified with anti-CD45, and then monocytes (CD14+) and granulocytes 

(CD15+) were gated by the side scatter with CD11b expression. The data was presented as the 

median fluorescence intensity (MFI) of each population and the cell count for granulocytes and 

monocytes.  

This technique is useful when examining mixed populations of cells, such as blood and tissue 

cells as it allows for simultaneous identification of multiple cell type. 

Apoptotic and necrotic population of HUVEC cells were analysed by Dead Cell Apoptosis Kit 

with Annexin V FITC and PI from Invitrogen™ (V13242, Thermo Fisher Scientifi, MA). The 

viability of HUVEC cultured in growth media at 37°C in a 5% CO2 and 95% humidified 

atmosphere served as control for the experiment. The viability analyses were performed 

according to the manufacturer's instructions. 

 

 Models of inflammation  

7.5.1 Whole-Blood Model of Inflammation 

In paper IV, whole blood was used as an ex vivo model to evaluate the effect of temperature on 

activation of the complement cascade, release of cytokines and further investigations of 

temperature effect on granulocyte and monocyte cell populations.  

Lepirudin anticoagulated human whole blood from ten healthy donors was incubated in the 

presence of E. coli×10 7 /ml or absence in the range of clinically relevant temperatures for 15 

min, 30 min and 120 min.  

The advantage of this model is that it gives the opportunity to study several branches of the 

inflammatory network including complement, the changes in leukocyte and platelet cell surface 

markers, the release of their granular proteins, and cytokine production [62]. However, blood 
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interacts constantly with endothelial cells in vivo, a condition the whole blood model does not 

address. Thus, we also wanted to assess the effect of temperature on endothelial cells. 

 

7.5.2 HUVEC model  

In paper III, to examine the mechanism of endothelial cell activation we used the Human 

Umbilical Vein Endothelial Cell (HUVEC) model. Previous studies showed that endothelial 

cells are not only a passive barrier but can contribute actively to the inflammation process [64]. 

HUVECs, in concentration 25 000 cells/well, were seeded in 48-wells plates, coated with 1% 

gelatine. HUVECs were cultured in a specific endothelial growth media. HUVECs were 

incubated at 37°C in a 5% CO2, 95% humidified atmosphere until 90%-95% of confluence (2-

3 days). All cells were used in passage 4–6 only to avoid differentiation and different activities 

based on the age of the cells. HUVEC cells were exposed to different temperatures over 24h in 

ambient atmosphere. 

 

 Statistical considerations 

A core element in biomedical research is hypothesis testing. Typically, the null hypothesis 

states no difference between two samples, whereas the complementary alternative hypothesis 

is stating the opposite. A probability value or p-value is used to test the null hypothesis. A p-

value of ≤ 0.05 indicates evidence against the null hypothesis leading to rejection of the null-

hypothesis. Importantly, statistical testing can either reject or fail to reject the null hypothesis, 

but never prove that it is true. 

In our studies, all analyses were performed using IBM SPSS Statistics for Macintosh (IBM 

Cooperation, Armonk, NY) or GraphPad Prism 9 (GraphPad Software, San Diego, 

CA)statistical software. All data was tested for normality and based on these results, parametric 

or non-parametric tests were performed. Likewise, descriptive statistics were presented as mean 

with standard deviation (SD) or confidence interval (CI) for normally distributed data, and 

median with interquartile range (IQR) for skewed data.  

In study I, data was often normally distributed, while data in study II and III was mostly the 

data not normally distributed. This might be due to both the sample size (bigger sample size in 
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study I) and patient-to-patient variation: Patients in study I were mostly young, previously 

healthy adults experiencing a classified trauma, i.e., mild TBI. In contrast, patients in study II 

and III were older, had varying degree of underlying diseases and experienced unclassifiable 

severe trauma due to cardiac arrest and heart failure. 

We used the Mann-Whitney test for the comparison of two non-paired groups and the Wilcoxon 

test for the comparison of two paired groups. We used the Kruskal-Wallis or the Friedman test 

for the comparison of three or more unpaired or paired groups, respectively. All multiple 

comparisons were post-hoc corrected for multiple testing to minimize the likelihood of making 

a type I error (rejecting the null hypothesis on a false basis). 

Disadvantages of using nonparametric methods include lack of power as compared with 

parametric methods. This is a particular concern if the sample size is small, and results should 

thus be verified in bigger studies to check if the corresponding parametric analysis leads to the 

same significant differences. 

Regression analyses were performed to determine the association of clinical outcome variables 

to the level of measured biomarkers accounted for clinical variables that might have affected 

the outcome as well (confounders). 

Mixed model analyses were performed in papers I and IV to compare the time course of 

cytokine or complement levels versus a control group. This approach was chosen because 

mixed model analysis takes into account baseline variations and accepts missing data points, 

which a more traditional analysis like analysis of variance repeated measurements would not 

[65].  

 

 Ethical considerations  

Modern biomedical research requires the inclusion of human participants or human biological 

material to investigate medical interventions’ effect on health outcomes. All clinical studies 

conducted on humans must be pre-approved according to the Health Research Act by the 

Regional Committees for Medical and Health Research Ethics. Additionally, clinical studies 

and sampling from volunteers require the collection of informed consent from each included 

subject. 
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Obtaining informed consent in clinical research is always one of the most sensitive ethical 

challenges. Patients are in a vulnerable situation especially the patients included in studies of 

this thesis as all had experienced acute trauma prior inclusion. Thus, patients were carefully 

approached, and information was given both orally and through written brochures. If patients 

were not able to consent due to the trauma itself or because they were minors, consent of their 

legally acceptable representative, preferably guardians was obtained. However, consent of the 

patient itself was always collected if a patient regained ability to consent, e.g. the patient woke 

up after post cardiac arrest treatment. Additionally, the collection of all clinical records, 

questionnaires, and paramedic records should be done in a standardized way to enable 

systematic reviews and comparisons between studies. Thus, the collection of data in study II 

was based on the Utstein criteria, a consensus-based guideline on collecting and reporting data 

in cardiac arrest patients [66].  

All studies included in our project were approved by the Regional Committee for Medical 

Research Ethics of Norway. Written consent was obtained from all participants or their relatives 

or guardians. In paper I, the inclusion age was ≥ 16 years old, which is below the eligible year 

of 18 years in Norway. However, according to the Norwegian Health Research Act [66], minors 

aged 16 and over can give legal consent to participate in medical and health research, but in 

addition consent from a guardian (usually parents) also needs to be obtained. 

In paper II, the patient inclusion age was ≥ 18 years old. However, included subjects were 

unconscious due to brain damage caused by hypoxia period after out-of-hospital cardiac arrest.  

As a result, receiving the written consent from them was not possible at that time point. Thus, 

written informed consent was obtained from close relatives or guardians within 24 hours after 

hospitalization and from all patients regaining consciousness and decision-making capacity 

within six months. 
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8 Summary of results 

Paper I: Systemic Inflammation Persists the First Year after Mild Traumatic Brain 

Injury: Results from the Prospective Trondheim Mild TBI Study 

Hypothesis: In patients with mild brain trauma, innate immunity activation can be detected 

until one-year post-injury.  

Background: Mild traumatic brain injury has a low mortality rate (< 1%). However, it may 

cause long-term consequences known as post-concussion syndrome, which is mainly 

characterized by cognitive, emotional, and neurobehavioral problems. Activation of the innate 

immune system has been suggested to be an important mechanism of injury and driver of the 

long-term consequences. Nevertheless, the persistence and role of the innate immune response 

is unknown. 

Method: We investigated the concentration- and time-profile of plasma cytokines in 

hospitalized and non-hospitalized patients with mild brain injury (n=207) over 12 months after 

injury. EDTA plasma was obtained at admission (within 72 h post-injury), after 2 weeks, 3 and 

12 months. The associations of plasma cytokines to injury-related and demographic variables 

at admission were studied and compared to community controls (n=82). Cytokines were 

analyzed by a fluorescence magnetic 27-plex bead-based immunoassay. 

Results: 

1. Twelve cytokines (Fig. 4A, B ) were reliably detected including IFN-γ , IL-8, eotaxin , 

MIP-1b, MCP-1, IL-17A, IL-9, TNF,  FGF-basic, IP-10, PDGF, and IL-1ra. The first 

eight listed cytokines were significantly elevated at all time-points compared to 

controls, while IP-10, PDGF and IL-10 were not. IL-17A and FGF-basic showed 

significantly increases in patients from admission to follow-up at 3 months and 

remained increased at 12 months compared with admission. 

2. MRI findings were negatively associated with four cytokines: eotaxin, MIP-1b, IL-9, 

and IP-10.  

3. TNF increased in patients with other injuries. 

4. Age was positively associated with nine cytokines: IL-8, eotaxin, MIP-1b, MCP-1, IL-

17A, IL-9, TNF, FGF-basic, and IL-1ra. 
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Conclusion: Mild brain injury activates an innate immune inflammatory response persistently 

at low grade detected by cytokines released up to 1-year post-injury. Activation increased with 

age, but was negatively associated with MRI findings of brain injury 

 

Figure 4A and B. Levels of twelve cytokines for patients with mild traumatic brain injury and 
controls over time. Data are presented as box plots with median as line, borders, 25th and 75th 
percentile, and whiskers (value of the 25th and 75th percentile +1.5 interquartile range). Points 
above and below the whiskers represent outliers. Asterisks (*) indicate significant group 
difference between patients and controls at a particular time-point in the linear effect model. 
The p-value level is represented as follows:*<0.05,**<0.01, *** <0.001, **** <0.0001 

A 



   
 

47 
 
 

 

  

B 



   
 

48 
 
 

Paper II: Complement activation is associated with poor cerebral outcome after out-of-

hospital cardiac arrest  

Hypothesis: In patients with out-of-hospital cardiac arrest, the level of complement activation 

products and release of markers of endothelial activation are associated with cerebral outcome 

and death. 

Background: Cardiac arrest causes whole-body ischemia, and subsequent resuscitation inflicts 

reperfusion injury, triggering the activation of the innate immune system. Patients surviving 

cardiac arrest frequently suffer from permanent brain damage independent of the length of 

cardiac arrest. 

Methods: In this study, we investigated the level of complement activation and the following 

release of soluble endothelial activation markers and their association with long term cerebral 

outcome and death. A total of 232 patients with out-of-hospital cardiac arrest and successful 

resuscitation were included in the study. EDTA blood samples at admission and day three were 

analysed by in-house ELISA for the complement activation products sC5b-9 and C3bc. 

Furthermore, soluble endothelial activation markers, (E-selectin, thrombomodulin, and 

syndecan-1) and the co-receptor of toll-like receptors (CD14) were analysed by commercial 

ELISA. Complement results were compared to an international standard, CD14 and endothelial 

markers to age-matched healthy controls. Outcome was evaluated after 6 months by 

neurologists blinded to all parameters of cardiac arrest. Cerebral Performance Category score 

(CPC, 1-2 good outcome, 3-5 bad outcome with 5 including death) was used for evaluation of 

cerebral outcome. 

Findings: 

1. The levels of sC5b-9 and C3bc at admission were significantly higher in patients with 

bad cerebral outcome compared to those with good cerebral outcome (Fig. 5).   

2. High level of sC5b-9 was significantly associated with bad cerebral outcome regardless 

of time-to-return of spontaneous circulation (ROSC). Post hoc analysis of the interaction 

term showed that odds for poor outcome were increasing with increasing values of sC5b-

9 when time-to-ROSC was below 25 minutes. 
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3. All endothelial markers, as well as CD14, were significantly increased in patients 

compared to the control group. E-selectin and thrombomodulin were significantly higher 

in patients with poor versus good outcome. 

Conclusion: After out-of-hospital cardiac arrest and successful cardiopulmonary resuscitation, 

the complement system is activated, leading to endothelial cell activation. Levels of sC5b-9 

were associated with outcome after 6-months. 

 

Figure 5: The level of complement actiavtion products at admission (blue) is higher than at day 
3 (red) in all patients and higher in patients with poor compared to good cerebral outcome (panel 
A and B). At admission, patietns who later died of cerebral causes showed significantly higher 
complement activation than patients that survived or deceased during the observation period 
due to cardiac disease. Data is shown as box plots with median as line and box indicating 25th 
– 75th percentile and whiskers representing 10th – 90th percentiles. Wilcoxon signed-rank paired 
test and non-paired Mann-Whitney U test.  
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Paper III: Complement ratios C3bc/C3 and sC5b-9/C5 do not increase the sensitivity of 

detecting complement activation as compared to C3bc and sC5b-9 alone  

Hypothesis: We hypothesized that using the ratio of C3bc/C3 and sC5b-9/C5 levels may offer 

a more accurate assessment of complement activation compared to the activation products 

alone. 

Background: The evaluation of complement activation in clinical settings may be challenging. 

Acute activation of the complement cascades in vivo leads to the consumption of complement 

proteins. However, complement protein production is also increased during an acute phase 

reaction. Thus, some reports suggest that the ratio between an activation product and its parent 

protein (e.g. C3bc/C3 and sC5b-9/C5) is a more sensitive indicator of activation compared to 

the level of the activation product alone.  

Methods: Serial EDTA plasma samples obtained from two clinical studies including patients 

with acute heart failure following ST-elevated myocardial infarction (n=60 patients) and 

patients with out-of-hospital cardiac arrest (n=207 patients) were used. Healthy controls (n=20) 

served to determine reference cut-off values for activation products and ratios, defined as two 

SD above the mean. C3 was measured at the Routine Immunological Laboratory at Oslo 

University Hospital. C5 was analyzed by a commercially available enzyme-linked 

immunosorbent assay (Abcam, Cambridge, UK). C3bc and sC5b-9 were analyzed prior to this 

study in two already published studies (study II in this thesis and Orrem HL et al. [67]).  

Findings: 

1. Increased C3bc/C3 and sC5b-9/C5 ratios were vastly dependent on the activation product 

alone (99.5% and 99.1%, respectively). 

2. Strong correlations between C3bc and C3bc/C3-ratio and between sC5b-9 and sC5b9/C5-

ratio were found in both patients’ cohorts (sC5b-9 shown here, Fig. 6). 

3. sC5b-9 identified worse outcome groups better than sC5b-9/C5-ratio 

4. As compared to the activation products, the ratios were not more sensitive, rather less, in 

detecting systemic complement activation as compared to the activation products alone.  

Conclusion: Complement ratios C3bc/C3 and sC5b-9/C5 do not increase the sensitivity of 

detecting complement activation as compared to the activation products C3bc and sC5b-9 alone  
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Figure 6. No correlation was found between sC5b-9 and C5 (left panels), while there was high 
and significant correlation between sC5b-9 and the sC5b-9/C5 ratio (right panels), which was 
consistent in both the STEMI (upper panel) and OHCA (lower panel) patient population. Data 
presented log transformed. Spearman-rank correlation. STEMI; ST-elevation myocardial 
infarction, OHCA; Out-of hospital cardiac arrest. 
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Paper IV: Escherichia coli-induced inflammatory responses are temperature-dependent 

in human whole blood ex vivo 

Hypothesis: We hypothesized that temperatures above and below the baseline of normal 37°C 

have an impact on the complement system, granulocyte and monocyte activation, cytokine 

release in human whole blood, and endothelial cells viability in vitro alone or in the presence 

of bacteria.  

Background: Changes in body temperature from normothermia (37ºC) may be caused by 

environmental forces, diseases, or therapeutic measures. Hyperthermia may be caused by 

inflammatory reactions and fever. Hypothermia is usually instigated by external and therapeutic 

causes. Hyper- and hypothermia have both beneficial, i.e., protective, and harmful effects. 

Hyperthermia may stimulate immune responses while hypothermia might increase infection 

susceptibility. In this study, we selected a broad range of temperatures to investigate their effect 

on the innate immune response.: hypothermia (4°C, 12°C, 20°C, 33°C), normothermia (37°C), 

and hyperthermia (39°C and 41°C)  

Methods: EDTA plasma was collected from Lepirudin anticoagulated whole blood from 10 

healthy donors after incubation for 15, 30, or 120 minutes in the presence or absence of E. 

coli (1×107 bacteria/ml) at the above-mentioned temperatures. The complement activation 

products C3bBbP and sC5b-9 were analysed by in-house ELISA. Analysis of cytokines were 

performed by a fluorescence magnetic bead-based immunoassay (Bio-Plex Human Cytokine 

27-Plex, Bio-Rad Laboratories, Inc., Hercules CA, USA) after incubation for 120 min.  

After storage for 24 hours at the different temperatures, the viability of human umbilical vein 

endothelial cells (HUVEC) was analysed by flow cytometry using a Dead Cell Apoptosis Kit 

with Annexin V FITC and Propidium Iodide (PI). Granulocyte and monocyte activation was 

analysed by flow cytometry based on the expression of adhesion molecule CD11b on their 

surfaces and stained with anti-CD11b, anti-CD14, anti-CD15, and anti-CD45 fluorochromes. 

The analysis was performed using fluorescence-activated cell sorting on a flow cytometer. 

Findings: 

1. Complement activation was time- and temperature-dependent (Fig.7). E. coli induced 

stronger and faster formation of C3bBbP and sC5b-9, but showed the same temperature 

dependency. 
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2. Release of IL-1β, IL-2, IL-6, IL-8, and TNF occurred in the presence of E. coli only and 

cytokine release increased gradually from 33°C to 39°C. However, at 41°C cytokine 

release decreased and was at the same level compared to 37°C, except for IL-1β which 

was significantly lower than at 37°C.  

3. Granulocyte and monocyte activation measured as CD11 expression increased 

significantly between 37°C and 41°C after E. coli stimulation. Activation did not show 

important temperature dependency, although there was an increase from 37°Cto 41°C in 

non-stimulated cells. 

4. After exposing HUVEC cells to the different temperatures, percentage of Annexin V and 

PI negative cells were highest at the lower temperatures and dropped markedly above 

37°C. Corresponding to this finding, the number of necrotic and apoptotic cells was 

lowest at the lowest temperatures and increased strongly at temperatures above 37°C. 

 

Conclusion: 

Complement activation and cytokine production are temperature-dependent and increase with 

increasing temperatures within the temperature range studied. While increasing complement 

activation was observed over the whole temperature range, cytokine release decreased at the 

highest temperature (41°C). Activation of granulocytes and monocytes showed none or minor 

temperature-dependency. Cell viability was preserved at lower temperatures, while cell death 

and apoptosis increased strongly above 37°C. 
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Figure 7. Complement activation complement activation in human whole blood measured by 
the formation of C3bBbP (A and B) and sC5b-9 (C and D) with and without the presence of 
Escherichia coli (E. coli) is temperature-dependent. Results are expressed as CAU/ml (y-axis). 
Data are given as mean values ± 95% CI for n=10 donors. Time 0 represents the baseline 
activation measured immediately after collecting the blood while times 15, 30, and 120 
represent the incubation period in minutes. Statistical significance was estimated using the 
mixed model analysis by multiple comparisons of each temperature along the incubation time 
compared to 37°C with sequential Sidac post-hoc test. ∗;	P ≤0.05  
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9 Discussion  

Inflammation is critically involved in the reperfusion phase of IRI and may exacerbate ischemia 

induced injury. Thus, the studies in this thesis were designed to examine the multifaceted 

interplay of inflammation in diseases with characteristics of IRI and focus on the innate immune 

response – mainly on the complement system. This thesis investigated the impact of innate 

immunity and complement activation in local and systemic IRI as well as its role in the 

prognosis of patients’ outcome. In addition, the feasibility of complement activation 

measurement in patient samples was assessed to elucidate if concentration of a complement 

activation product or a ratio to its un-split parent protein is superior when complement 

activation is assessed in clinical patient samples. Finally, the possible approaches in treatment 

strategies targeting temperature with the aim to attenuate the innate immune inflammatory 

response by a general lowering of metabolic processes were assessed. 

 Long-term effects of ongoing sterile inflammation 

Sterile inflammation occurs in various diseases, including those associated with I/R injuries 

such as acute myocardial infarction, traumatic brain injury, organ transplantation, and the most 

severe condition - cardiac arrest. The rapid inflammatory reaction triggered by sterile stimuli 

initiates activation of a network of defense systems involving the complement system and 

endothelial cells leading to migration of immune cells and release of signaling molecules such 

as cytokines [9]. If the sterile stimulus cannot get eliminated or the inflammatory reaction is not 

stopped, inflammation persists long-term [68]. Long-term persisting inflammation may lead to 

the development of chronic inflammatory conditions like atherosclerosis and subsequent 

cardiovascular diseases, neuro-generative diseases (e.g., Alzheimer’s disease), autoimmune 

diseases (e.g., rheumatoid arthritis), cancer, and many more [69]. One of the main clinical goals 

over several decades has been to identify reliable inflammatory biomarkers that can be used in 

the long-term clinical prognosis in patients with ongoing sterile inflammation. Until now, most 

markers have shown modest value due to low sensitivity and specificity in predicting prognosis. 

Therefore, we focused our studies on investigating biomarkers of innate immune system 

activation at the time of the incident, over time, and their association with long-term outcomes. 

In paper I, we found supporting evidence that after traumatic brain injury, which leads to local 

IRI, a low-level activated systemic immune response can persist over a long time. Out of 27 

cytokines, twelve were reliably identified in the patient’s blood. Nine out of these twelve 
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cytokines were significantly elevated in patients with mild TBI during follow-up. These 

findings imply that although the initial result is local and minor in severity, systemic 

inflammation is caused over a long time, supporting the hypothesis that inflammation is not 

stopped in these patients.   

Paper II showed that sterile inflammation during the first three days after severe whole body 

IRI induced by cardiac arrest, was related to long-term cerebral outcome. We found that the 

activated complement proteins C3bc and sC5b-9 at admission were associated with poor 

cerebral outcome if the time to re-establishment of circulation was short (less than 25 minutes). 

This supports the hypothesis that reperfusion injury plays an important role for long-term 

outcome when the initial ischemic injury is not dominating the cell injury with an immediate 

bad outcome. 

9.1.1 The causes of inflammation in acute trauma  

Acute trauma elicits an acute inflammatory response that lasts from minutes to days and is 

characterized by three stages: recognition, response, and resolution. The first stage, which 

immediately starts after injury, is characterized by the appearance of an arsenal of DAMPs that 

are recognized by receptors of immune proteins and cells [70] via PRRs such as TLRs, NOD-

like receptors, RAGE, purinergic receptors or complement receptors [9, 71].  The main source 

of proinflammatory “particles” after local acute trauma are necrotic cells and their debris [72]. 

The dying cells release or expose proinflammatory molecules that are normally intracellular 

and "hidden" by the plasma membrane, which includes e.g. ATP, DNA, HMGB-1, SAP130, 

cytokines, and other intracellular proteins [72]. 

The endothelium is an important contributor to inflammation during acute trauma. Trauma-

generated DAMPs, such as mitochondrial DNA and ROS lead to endothelial expression of 

adhesion molecules that facilitate leukocyte adhesion [73]. Moreover, disturbed endothelial 

cells lead to an endothelial release of cytokines. The activation of endothelial-associated innate 

leukocytes, particularly neutrophil granulocytes, by complement and pro-inflammatory 

cytokines creates an overall pro-inflammatory microenvironment. 

In paper I, we focused on cytokines in the inflammatory process caused by mild brain trauma, 

which is localized trauma of one part of the body. The brain and the central nervous system 

have traditionally been considered sites of immunological individuality in the sense of 
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shortened or weakened responses. This theory has been based on the relative impermeability of 

the blood-brain barrier (BBB) to cellular and molecular components of the immune and 

inflammatory responses during normal physiological conditions. However, it is now evident 

that the passage of inflammatory mediators through the BBB is an active process under 

conditions with an inflammatory reaction in place. Thus, selectivity is actually decreased, 

leading to increased transfer of inflammatory mediators to the systemic circulation [74]. This 

applies especially to small proteins, like cytokines [75]. However, many more proteins are 

released from the CNS to the systemic circulation including (brain-specific) DAMPs that may 

stimulate systemic inflammation like e.g., S100, HMGB-1, and Tau-protein to name a few [52]. 

Indeed, even mild TBI has been shown to change genome-expression in peripheral blood 

mononuclear cells, which change to a more pro-inflammatory type [76]. 

Trauma to the whole body was assessed in study II. While traumatic brain injury is localized to 

one organ, cardiac arrest affects homeostasis of the whole body. Although origin of cardiac 

arrest is most often a cardiac event, e.g., myocardial infarction or primary arrhythmia, cessation 

of circulation affects the whole body. When resuscitated successfully, activation of the immune 

system is thus postulated to be immediate, broad, and systemic [77]. The damage caused by this 

activation has been thought to develop over hours and days after cardiac arrest and we showed 

that indeed complement activation precedes endothelial cell activation, which is a step to organ 

damage. Various DAMPs have been proposed to be responsible for the immune system 

activation, especially HMGB1, which is elevated over days after cardiac arrest, and cerebral 

inhibition thereof has been shown to diminish brain injury in mice [78].Thus, these findings 

demonstrate that remote organs act in a pro-inflammatory manner on cardiac arrest. The 

complement system might get activated directly by HMGB-1 [78], which may be a reason for 

the increased complement levels we found in our study.  

9.1.2 Causes of ongoing systemic inflammation – spill-over from local inflammation vs. 

persistent systemic inflammation 

In paper I, we determined the prolonged release of cytokines over a 1-year follow-up period in 

patients with mild brain trauma. Pro-inflammatory interleukins including TNF, IL-8, IL-17A 

and IL-9 were detected and significantly increased in patients during the whole observation 

period. These cytokines are believed to be involved in the neuroinflammation process and cause 

stimulation and recruitment of neutrophils [48, 79]. The neuroinflammatory process includes 
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activation of microglial cells, which results in the production of pro-inflammatory cytokines 

such as IL-1, IL-6, IL-8 and TNF [80]. A previously performed clinical study determined that 

microglial activation could persist for years following TBI [81]. The analyses of microglia and 

associated pathology in TBI patients revealed clusters of activated microglia (evidenced by 

CR3 and CD68 immunoreactivity) in 28% of patients that survived for more than one year after 

a single brain injury. Based on this knowledge, we can hypothesize that in study I, the detected 

prolonged release of cytokines to the peripheral blood were the result of spill-over from the 

local area of inflammation in the brain through the BBB and produced by microglial cells. 

However, the main number of cytokines are produced by lymphocytes and macrophages and 

have relatively short half-life in vivo [82]. Moreover, the source of cytokine production can be 

far from the brain as spilled-over cytokines through the BBB to the circulatory system can lead 

to systemic activation of leukocytes and endothelial cells and, thus, peripheral cytokine 

production with ongoing low grade sterile inflammation. 

In study II, we showed that cardiac arrest directly led to systemic complement activation. We 

did not investigate cytokine response here, as this has long been acknowledged before [78]. We 

were not able to determine the persistence of the systemic inflammatory reaction in this study 

as the samples were obtained only during the first days after cardiac arrest. However, it is known 

that cardiac arrest leads to disruption of the BBB and influx of peripheral immune cells  also 

leading to activation of microglia [83]. We showed that complement activation was associated 

to endothelial cell activation immediately after cardiac arrest and this activation was associated 

with cerebral outcome after 6 months, which might imply that cardiac arrest initiates an 

inflammatory cascade that leads to long-term inflammation also locally, i.e., in the brain. While 

no study has investigated remote organ inflammation over long-term after cardiac arrest, this is 

an emerging field in heart failure research where effects of circulating cytokines on kidneys, 

gut microbiota composition and skeletal muscle catabolism are described (reviewed in) [84].  

9.1.3 Consequences of long-term inflammation for the patient – advantages vs. 

disadvantages 

Accumulated previous experimental evidence supports the theory that an ongoing inflammatory 

reaction has both harmful and beneficial effects.  
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The advantages of sterile long-term inflammation caused by local and systemic injuries involve 

the clearance of tissue debris, restoring homeostasis of the tissue, and wound repair as described 

previously, but mainly in experimental systems [85].  

In study I, we assessed cytokines over a long period of time after the initial trauma in a clinical 

cohort of patients. Interestingly, basic fibroblast growth factor (FGF-basic) was elevated in 

patients compared to controls at all time-points, with a significant increase in patient levels 

from the admission phase to 3 months. FGF-basic has been shown to increase neurogenesis, 

preserve BBB integrity and enhance blood vessel proliferation, while suppressing autophagy 

[35].  Of note, the continuing increase of FGF-basic towards 3 months after injury evidenced 

in this study suggests that repair may continue longer than previously expected [36]. Moreover, 

an increased level of platelet-derived growth factor (PDGF), a pro-angiogenetic and vascular 

repair cytokine, was increased in our patients, consistent with previous observations [37]. 

Complement activation per se is short-lived and pro-inflammatory. However, C3a has been 

shown to promote neurogenesis and thus improve recovery after stroke, i.e., brain IRI [86]. 

Likewise, C3 and C5 have been shown to be of utter importance for liver regeneration and 

removal of damaged tissue [87, 88]. 

We cannot conclude if the observed prolonged inflammation in the studies of this thesis has 

beneficial effects, but our observations add that activation of known protective cytokines is 

present in clinical patient cohorts and exists longer than previously expected.   

Disadvantages of ongoing inflammatory reaction include extension of the area of inflammation, 

tissue injury, defective organ remodelling and reduction of organ function [7] Persistence of 

inflammatory processes leads to infiltration of primary inflammatory cells such as 

macrophages, lymphocytes, and plasma cells into the traumatized tissue, production of 

inflammatory cytokines, growth factors, enzymes and hence contribution to progression of 

tissue damage and secondary repair, including fibrosis, leading to tissue and organ dysfunction 

[89].Likewise, ongoing sterile inflammation leads to constant activation of the coagulation 

system and clot formation, eventually leading to thrombosis [85].  

In study I, chemokine IL-8 (CXCL8), eotaxin (CCL11) and MIP-1b (CCL4) were significantly 

increased at all timepoints. Previously, all have been reported to be of significance in TBI; IL-

8 as a key-mediator of neuroinflammation in severe TBI [90], eotaxin associated with chronic 

traumatic encephalopathy [91] and MIP-1b with early inflammation leading to recruitment and 
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activation of immunological cells [92]. All of these cytokines have been shown to induce 

production of the pro-inflammatory cytokine IFN-g [93]. Notably, IFN-g was also increased at 

all time-points in our study. IFN-g has been found to play an important role in regulating 

immune cell recruitment to the injured brain[94]. 

In addition, IL-17A increased further from admission to 3 months post-injury. In rodent models 

of severe focal TBI, IL-17A was associated with secondary brain injury, microglial autophagy 

and inflammation [95, 96]. To our knowledge, study I is the first clinical study that describes 

an increase in IL-17A over months in mild TBI patients, which may imply that a pro-

inflammatory milieu is maintained in the brain, inducing long-lasting inflammatory processes.  

We cannot conclude if these systemically observed cytokines generate from the brain, but as 

these patients had a mild TBI only, it is tempting to speculate that the origin of prolonged 

cytokine stimulation indeed was brain centralized. Long-term inflammatory reaction in the 

brain has been described to be a major contributor to neurodegenerative diseases, including 

Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis [97]. As a result of 

long-term neuroinflammation, activated microglia can trigger neuronal dysfunction, structural 

damage, ultimately cell death and formation of β-amyloid fibrils. Interestingly, the major 

pathological hallmark of Alzheimer's disease is the activation of the NLRP3 inflammasome and 

generation of IL-1β and IL-8 in microglia through activation of various PRRs [97]. We found 

long-term increase of IL-8 in TBI patients also at 3 and 12 months after the trauma. The findings 

from our study may thus prove mechanistically important assessing the proposed link of TBI 

to Alzheimer’s disease [98]. 

Deleterious effects of complement activation are difficult to assess as complement activation is 

mainly local. However, inhibition of the central component C3 has been shown to reduce time 

to recovery after brain IRI in stroke and intracerebral hemorrhage at least in mice [99, 100]. In 

this thesis, long-term neurological outcome was assessed. Initial systemic complement 

activation was found to be associated with poor neurological outcome and death 6 months after 

cardiac arrest. While previous studies focused on 30-day survival [101], we added that this 

effect also determines long-term outcome. Treating complement activation in the course of 

cardiac arrest, might thus both have short- and long-term beneficial and neuroprotective 

consequences [102]. 
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To conclude, chronic inflammation is a double-edged sword that has both beneficial and 

deleterious effects, and each treatment should get thoroughly evaluated prior clinical studies 

are planned and performed. 

 

 Possible reasons for prolonged systemic inflammation 

Prolonged systemic inflammation might be a result of an impaired resolution of acute 

inflammation, dysregulation of endothelial cells or the sympathetic-parasympathetic nervous 

system. Common for all is the failure to produce adequate amounts of anti-inflammatory and 

pro-resolving mediators or a failure these mediators to bind to their receptors. Result is 

nonetheless prolonged release of pro-inflammatory agents to the bloodstream [69].  

The molecules, which qualify as pro-resolving mediators are diverse and include specialized 

lipid mediators (lipoxin  LXA4), resolvins and protectins [103], proteins and peptides (annexin 

A1, adrenocorticotropic hormone, chemerin peptides, and galectin-1) [104], purines 

(adenosine) [105], as well as neuromodulators (acetylcholine and other neuropeptides) [106]. 

These mediators will not be further discussed here. However, the underlying mechanisms 

leading to imbalance of this intricate system of pro- and anti-inflammatory stimuli are closely 

related to the induction of prolonged systemic inflammation and are discussed in the following 

section. 

9.2.1 Impaired resolution of acute inflammation  

The resolution phase, the last step in the inflammatory response, involves the limitation or 

termination of complement activation and neutrophil tissue infiltration; the return to 

homeostatic regulation of chemokines and cytokines; the return of non-apoptotic immune cells 

to the blood vasculature, and the decrease in number of immune cells including macrophages 

and dendritic cells at the site of inflammation [69]. The final step of resolution is the induction 

of tissue repair, i.e., return to homeostasis without fibrosis or scar formation. 

An impaired resolution of acute inflammation is characterized by progression from non-

resolving acute inflammation to persistent chronic inflammation leading to excessive tissue 

damage.  Phagocytosis plays a central role in resolution of sterile inflammation. The 

macrophages ensure clearance of apoptotic cells in a non-inflammatory manner, whereas 

necrosis induces inflammation leading to cellular debris that is cleared by e.g., the classical 
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complement system. However, macrophages have a limited phagocytic capacity, and recent 

work has demonstrated that macrophages can reach a point of saturation (or so-called 

‘exhaustion’) beyond which their phagocytic activity is substantially impaired [107].  

In papers I and II, the pathological condition was caused by an acute IRI that stimulates the 

release of DAMPs and led to complement (study II) and cytokine (study I) activation. In study 

I, this cytokine release was substantial during the whole observation period of 12 months and 

might thus lead to phagocyte exhaustion and failure of the resolution program of acute 

inflammation. However, we did not investigate cytokine concentration with patient outcome at 

12-months and it would thus be worthwhile to investigate cytokine response and macrophage 

activity in patients suffering from long-term consequences of a mild TBI. 

9.2.2 Dysregulation of endothelial cell activation  

Endothelial cells represent a single monolayer of cells that covers the entire vascular system 

and separates the blood from the tissues [108]. The endothelium works as a receptor-effector 

organ and responds to physical and chemical stimuli to release relevant substances to maintain 

vasomotor balance and vascular-tissue homeostasis. Acute local or whole-body IRI causes 

endothelial activation because of complement activation and cytokine release, with 

accompanying increase in endothelial cell surface markers, including adhesion molecules like 

P- and E-selectins, ICAM-I and VCAM-I, attracting leukocytes [109]. The early release of pro-

inflammatory cytokines, including TNF , IL-1β and IL-6  in patients after myocardial infarction 

or TBI, both representing local I/R injury, has been associated with endothelial activation [52, 

110]. In paper I, we determined a systemic increased release of twelve cytokines over a one-

year period in the patient with mild TBI. We cannot exclude that this would lead to a low-grad 

systemic endothelial activation although we have no data on endothelial markers in this study.   

During acute IRI in cardiac arrest patients, as described in paper II, complement- and 

endothelial activation markers were increased. Complement activation occurred immediately, 

followed by release of soluble endothelial markers (e.g., sE-selectin), suggesting that 

complement was the primary event. This is consistent with previous findings that E-selectin 

expression on porcine aortic endothelial cells incubated with normal human blood is dependent 

on C5b-9 [111]. Of interest, the same study showed that C5a was responsible for leukocyte 

activation. Thus, an effect of complement system on endothelial activation is likely and was 

confirmed in a clinical material of cardiac arrest patients. 
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9.2.3  Dysregulation of the sympathetic and parasympathetic nervous systems affect 

the inflammatory response 

Another possible factor that may play an important role in unresolved long-term inflammation 

is dysregulation of the sympathetic and parasympathetic nervous systems, which have an effect 

on the inflammatory reaction via the hypothalamic-pituitary-adrenal axis and the vagal nervous 

system [112]. During stress situations, the hypothalamus produces corticotropin-releasing 

hormone, which stimulates the pituitary gland to secrete an adrenocorticotropic hormone that 

stimulates the adrenal cortex. As a result, the adrenal glands produce catecholamines 

(adrenaline and noradrenaline) and glucocorticosteroids (cortisol) which interact with immune 

cells. Cortisol, together with noradrenaline, modulates the release of cytokines and thus 

inflammation through the glucocorticoid receptor, also known as NR3C1, and adrenergic 

receptors, primarily the β2-adrenergic receptor on immune cells [113]. Moreover, 

catecholamines have additional anti-inflammatory effects on several human immune cell 

populations, however this is outside the scope of this thesis and reviewed in [113].  

The vagal nervous system affects the immune response via a cholinergic anti-inflammatory 

pathway. The release of acetylcholine following vagal activation has been shown to inhibit 

LPS-induced production of systemic pro-inflammatory cytokines (TNF-α, IL-1, IL-6, IL-18) in 

human macrophages [114]. Tracey and colleagues have documented a powerful anti-

inflammatory pathway mediated by the vagal nerve via acetylcholine, which acts on α7 

nicotinic cholinergic receptors to suppress release of TNF-α, IL-1β, IL-6, IL-8, and HMGB1 

by macrophages in visceral organs [115]. Because this pathway is activated in the brain in 

response to infection, injury, ischemia, and inflammatory cytokines, it constitutes an 

“inflammatory reflex” and electrical stimulation of the vagal nerve or administration of 

cholinergic agonists may exert a therapeutic effect in inflammatory states [115]. Thus, 

dysregulation of these two systems may lead to an un-balanced immune system and increased 

inflammation,  which could contribute to the increased cytokines in plasma one year after brain 

trauma as we found in paper I. 
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 Initiation of the innate immuneresponse in IRI  

9.3.1 The recognition systems of the innate immune response induced by IRI  

IRI induces exposure or release of endogenous innate immune activators as described above. 

These DAMPs are detected by several important classes of receptors, called the PRRs, that induce 

an inflammatory response upon detection.  

TLRs are, among others, an important group of receptors recognising DAMPs  [116, 117]. Animal 

studies have shown significantly increased expression of TLR2 mRNA in postischemic mouse 

brain, in lesion-associated microglia, and also in endothelial cells, neurons, and astrocytes [118, 

119]. TLR2 knockout mice, in comparison to wild-type, had decreased  proliferative capacity of the 

microglia in the ischemic tissue, reduced MCP-1 level, and decreased the concentration of the 

CD45+/CD11b+ cells at the site of cerebral ischemic injury [120]. 

TLR4, most known as the LPS receptor, is promiscuous, binds a number of DAMPs, and plays an 

important role in innate immunity and ischemic injury [121]. TLR4-knockout mice undergoing 

whole cerebral ischemia had significantly decreased cerebral damage in comparison to wild-type 

[122]. Clinical studies have further confirmed that TLR4 expression in neutrophils was 

independently associated with prognosis in cerebral stroke patients [123]. A common co-receptor 

for TLR2 and TLR4, and probably several other TLRs, is the CD14 molecule which is present both 

on the cell surface and as soluble sCD14 [14]. In paper II we found sCD14 to correlate with soluble 

endothelial markers. CD14 has been postulated to be an interesting target to attenuate the TLR-

induced cytokine response on a broad basis, both to attenuate IRI in transplantation [124], and 

together with a complement inhibitor to attenuate the sepsis-induced cytokine storm and has been 

shown in experimental sepsis models to improve survival [15]. It remains to be shown whether 

inhibition of CD14 will be efficient in clinical therapy of local or systemic IRI.  

9.3.2  Triggering the complement system 

9.3.2.1    DAMPS 

Both whole body- and local IRI cause cell damage and further cell death with release of 

DAMPs. One of the first systems to sense this danger is the complement system. It is generally 

accepted that the innate immune system has evolved mechanisms to recognize some of these 

molecules that are hidden form recognition in non-injured states.   
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Complement proteins have been demonstrated to deposit onto dead cells in tissues, indicating 

that cell injury and death can trigger the complement cascade [125]. The classical pathway is 

typically activated by antibodies, but also by e.g., serum amyloid P and C-reactive protein when 

bound to surfaces. Of particular interest with respect to complement activation in IRI has been 

the discovery of naturally occurring IgM antibodies that react with structures exposed from sub-

endothelial matrix when the endothelium disintegrates [126, 127]. These antibodies activate 

complement, probably through the lectin pathway [128], and then worsen the endothelial 

damage in I/R injury.   

9.3.2.1 Crosstalk between coagulation and the complement system 

The crosstalk between the complement and the coagulation system may contribute to the 

development of  postischemic capillary no-reflow phenomenon caused by microvascular 

occlusion as a result of possible thrombo-inflammatory response occurring during reperfusion 

[129].  In my work, we did not focus on the interplay between complement and coagulation, 

but the important role of complement-coagulation interaction needs to be considered when 

discussion the role of complement in IRI [130].  

Endothelial damage during IRI causes the exposure of subendothelial tissue factor initiating the 

extrinsic coagulation cascade, generation of thrombin and platelet activation. Platelets, through 

interactions of several platelet receptors with extracellular ligands and soluble proteins, adhere 

and aggregate to the damaged site. These platelet alpha granules contain Factor D that cleaves 

Factor B of the alternative pathway to its active form. Furthermore, platelets express binding 

sites for C1q. 

Many of the studies showing activation of complement by coagulation factors have been done 

in purified systems not representative for the physiologic situation. For example, thrombin has 

been postulated to cleave C5 directly. We recently showed in a physiologic model that thrombin 

could not cleave native C5 [131]. However, when C5 underwent a conformational change, as 

evident in the purified form or by acidification of plasma to pH ≤6.8, this thrombin induced 

cleavage was observed. Thus, we cannot exclude that at a very low pH locally in a tissue, might 

lead to direct C5 activation by thrombin. 

9.3.2.2    Reactive oxygen species   

The first line of harmful factors formed in ischemic tissues within seconds to minutes following 

the restoration of blood flow are reactive oxygen species (ROS) and activated complement 
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proteins. Both induce further inflammatory processes, extending the injured area. The reactive 

oxygen species are one of the of the most toxic products, which are formed as a natural by-

product of the normal aerobic metabolism of oxygen generation during mitochondrial electron 

transport [132].  

From previous experiments, like the reactive lysis test, it has been acknowledged that treatment 

of purified human C5 with hydrogen peroxide (H2O2) leads to activation of the C5 protein, 

without cleavage of C5a but rendering C5 able to bind C6 and induce reactive lysis by C5-9 

[133].  Another study performed in serum showed C5a-like chemotactic activity for human 

neutrophils, indicating formation of a C5a opsonin [134]. Moreover, the source of production 

of the oxygen radicals, including superoxide anion (O2-) and hydrogen peroxide (H2O2), can 

derive not only from the result of “oxidative stress”, but also from activated leukocytes i.e., 

macrophages and neutrophils [135]. These studies were performed in vitro under un-

physiological conditions, like those showing thrombin cleavage of C5, and with respect to 

translation to the in vivo situation, should be interpreted with caution. However, activation of 

complement by ROS and indirect induction of ROS production by complement is very likely. 

 

 The role of complement activation in sterile inflammation  

Inflammation is a complex pathophysiologic process that engages mediators and different cell 

types and tissues and gets initiated by any stimulus causing cell injury. Often, inflammation is 

a response to infection. However, physical injury alone can also induce this reaction and cause 

a sterile inflammatory response. Nevertheless, sterile inflammation share a near to similar 

formula with non-sterile inflammation in evoking the innate immune responses. Following cell 

injury, endogenous DAMPs and exogenous PAMPs are released, resulting in binding to soluble 

complement receptors [136]. These receptors are PRRs, or more properly called PRMs, since 

they are soluble proteins, and are particularly found in the lectin pathway [137].The most 

important ones are the mannose-binding lectin (MBL), ficolins 1, 2 and 3, collectin 10 and 11, 

in addition to the classical pathway PRM C1q. Many sterile DAMPs are recognized by these 

PRMs, all leading to complement activation, with subsequent down-stream activation of 

virtually the whole inflammatory network. This has become gradually apparent from 

experimental and clinical studies where specific complement inhibitors have been used in 

several inflammatory conditions [31].  
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 The assessment of complement activation in the clinic  

In this work, I found supporting evidence that complement activation products, in particular 

sC5b-9, were associated with patient outcome. Detection of complement in the clinic has 

challenges, and for a more comprehensive review, I refer to Harboe et al [23]. Thus, a 

ccomparison of the sensitivity of detecting systemic complement activation by the activation 

products alone vs. the ratios between the activation product and its parent protein was 

performed.  

9.5.1 Activation product vs. ratio of activation product/un-split product 

Many complement activation products are produced during complement activation and are used 

for quantification of complement activation in general or activation of specific complement 

activation pathways in particular, like C1rs-C1-INH, C4a, C4d, C3a, C3bc, Ba, Bb, C3bBbP, 

C5a and sC5b-9 (TCC).  Traditionally, levels of C3, C4 and C1-Inh have been used to assess 

complement. However, recent years have shown that activation products and especially sC5b-

9 (plasma TCC) are most valuable indicators of complement activation [138].  

In the clinical setting, it may be difficult to assess the presence of complement activation. Low 

levels of C3 and C4 could be interpreted as an increased consumption and thus increased 

activation but could also be explained by reduced synthesis due to liver failure or dilution of 

the sample. Increased values can be seen during an acute phase reaction, and in case of 

simultaneous consumption, the values can be within the normal range. The measurement of 

complement activation products is therefore required for safe documentation of in vivo 

activation. However, activation of complement occurs primarily locally, and a slightly 

increased formation of an activation product can easily be interpreted as insignificant. Thus, 

different reports have suggested that the ratio between an activation product and its parent 

protein (e.g. C3dg/C3, C3bc/C3 or C4bc/C4) is a more sensitive indicator of activation 

compared to the measurement of the activation product alone [139-141].  

In paper III we challenged this view as we could not find it sufficiently documented for large 

clinical trials with substantial complement activation. Thus, we investigated complement 

activation in patient material from two large clinical trials including patients with myocardial 

infarction (LEAF-study) [142] and cardiac arrest (NORCAST-study) [143], which is the same 
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patient population presented in paper II. The parent molecules C3 and C5 were quantified and 

compared to their respective activation products C3bc and sC5b-9. The ratios C3bc/C3 and 

sC5b-9/C5 were solely dependent on the increase in activation products in >98% of the patients 

and sC5b-9 alone identified worse outcome groups better than sC5b-9/C5 ratio. Thus, this study 

documents that the ratio of activation products, C3bc/C3 and sC5b-9/C5, did not improve 

sensitivity in detecting systemic complement activation when compared to the activation 

product itself. While previous studies were derived from small patient cohorts, our study 

comprised large patient cohorts. However, we cannot exclude that a difference between 

activation product and the ratio might occur in other populations with chronic diseases, less 

degree of complement activation and long-term complement protein consumption. 

9.5.2 Activation product to be used in routine and in research 

While all complement activation products indicate activation, specific research questions need 

to get formulated to decide on the activation product that describes the question in-mind best 

[23].  For routine use, sC5b-9 (plasma TCC) is now established as a standard world-wide. The 

reasons for this are as follows; sC5b-9 is the final product of complement activation and 

indicates that the whole cascade is activated to its very end. Although the protein itself hardly 

has any function in fluid-phase, it is a good surrogate marker for C5 activation and thus also 

C5a release. There are no indications in the literature that sC5b-9 is formed in vivo without 

release of C5a. However, C5a is more difficult to detect since it binds to the C5a receptor 

immediately and the half-life is approximately one minute [144], whereas that for the sC5b-9 

is 40-50 minutes [145, 146]. Finally, sC5b-9 has been shown to be one of the most stable 

complement activation products in vitro, tolerating repetitive freeze-thaw cycles [59]. 

Therefore, most clinical studies published the last couple of years have used sC5b-9 as indicator 

of complement activation.  

For scientific purposes several assays are available for dissecting mechanisms of activation. In 

paper II, we measured C3bc in addition to sC5b-9. C3bc gives important information with 

respect to the relative degree of initial vs. terminal activation and is the second choice on the 

list. Then, if detailed information on which of the initial pathway(s) are activated, a number of 

activation products can be studied and here, C3bBbP was measured to assess alternative 

pathway activation (study IV). The classical and alternative pathway have products to be 

quantified, but the lectin pathway has so far no reliable activation products published. There 



   
 

69 
 
 

are, however, some promising assay under development, but so far only been presented as 

abstract as congresses.   

 

 Treatment 

9.6.1 The role of temperature on sterile inflammation 

The effects of temperature on the inflammatory response, the metabolic rate and other aspects 

of the human body have been investigated for many decades. It has been hypothesized that 

hypothermia has a protective mechanism in cases of uncontrolled inflammation, occurring in 

patients experiencing systemic or local IRI [147, 148].  Temperatures from extreme (4.2°C; 

9°C) to moderate hypothermia (26°C-32°C) to treat patients during cardiovascular surgery or 

comatose cardiac arrest patients after successful resuscitation have been evaluated, however 

these patients had low survival and neither complement activation nor inflammation was 

assessed  [149-151]  

More recent studies investigating resuscitated cardiac arrest patients who were treated with 

prolonged (72 hours) hypothermia (32-34°C) showed that complement activation was 

suppressed during the whole hypothermia period and increased modestly during rewarming 

[152]. In contrast, cytokine and chemokine release remained stable during hypothermia and 

decreased during rewarming in the same study.  

Two big randomized controlled multicenter trials, performed on unconscious adults after out-

of-hospital cardiac arrest with targeted temperature management (TTM trial 1 and 2) at either 

33°C versus 36°C and 33°C versus <37.8°C for 28 hours showed that hypothermia at a targeted 

temperature of 33°C did not confer a survival benefit [153]. Inflammation has been assessed in 

sub-groups of the TTM1 trial and no difference between target temperatures was found for the 

cytokines assessed [154] . 

In paper IV, we used a broad range of temperatures (4°C, 12°C, 20°C, 33°C, 37°C, 39°C and 

41°C) to investigate the effect of both hypothermia and hyperthermia on the inflammatory 

response. In general, the data were consistent with the in vivo findings referred to above. 

Spontaneous complement activation increased modestly in a temperature dependent manner, 

and markedly after incubation with E. coli over the whole temperature range. An abrupt increase 

was seen between 20°C and 33°C. The release of the cytokines IL-1β, IL-2, IL-6, IL-8, and 
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TNF differed from complement activation as there was no spontaneous release at any 

temperature. E. coli induced an increase in the cytokines starting at 33°C, peaking at 39°C and 

then decreased at 41°C. This was accompanied by an increase in apoptotic cells with 

temperature, and a marked increase in necrotic cells at 41°C. These findings may indicate that 

cells are not able to continue cytokine production at higher temperatures although complement 

activation was still increasing. This extreme situation may be found in patients experiencing 

extreme temperatures, when the inflammatory response seems exhausted while the complement 

system is still uncontrolled activated.  

Thus, the results from the paper IV indicate that low temperature reduce complement activation 

and cytokine release. However, temperatures below 33°C seem to be necessary to obtain this 

effect, which cannot be used for whole body hypothermic treatment due to the risk of severe 

adverse complications like cardiac arrest. Nevertheless, very low temperatures are used for 

storage of transplantable organs and the optimal temperature for organ storage is discussed 

constantly [155]. The findings from this thesis might be of use as we show that inflammation 

is decreased also at higher temperatures than 4°C. Thus, from the inflammation point-of view, 

storage of transplantable organs could be possible at higher temperatures as well.    

9.6.2 Complement therapeutics in sterile inflammation 

Complement inhibition has been used as routine clinical treatment for  paroxysmal nocturnal 

haemoglobinuria (PNH) for 15 years. Later, three other diseases have been approved by the 

FDA for treatment with complement inhibitors: atypical haemolytic-uremic syndrome (aHUS), 

myasthenia gravis (MG) and neuromyelitis optica spectrum diseases (NMOSD). Until recently, 

only one drug has been available for clinical use; the monoclonal anti-C5 antibody eculizumab. 

New drugs are currently coming to the marked and several new diseases are suggested for 

complement therapy. It is far beyond the scope of the current thesis to discuss this topic in 

general and we refer to a newly published comprehensive review on clinical application of 

complement drugs [31]. Here, we limit the discussion for a possible application of complement 

inhibitors in IRI. 

9.6.2.1 Pre-clinical and clinical findings with complement inhibitors in IRI 

The effect of complement inhibition on post-transplant heart IRI was studied in C57BL/6 mice 

by using isografts to avoid any rejection [156]. All three initial pathways were inhibited level 

of C3 using CR2-Crry and the alternative pathway using CR2-fH immediately post 
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transplantation. Both inhibitors significantly reduced myocardial I/R injury. Moreover, 

compared with untreated controls, both inhibitors reduced graft complement deposition, 

neutrophil and macrophage infiltration, adhesion molecule expression (P-selectin, E-selectin, 

and I-CAM-1), and proinflammatory cytokine expression (TNF, IL-1β, KC (the human 

analogue to IL-8), and MCP-1). Eculizumab has been evaluated in kidney donation where it 

was given systemically to the recipient just prior reperfusion. Study results have not been 

published as a scientific article, yet, but are available on clinicaltrials.gov (NCT02145182) and 

as a pilot study [157]. No beneficial effect was found. However, complement activation has 

been shown to be initiated during preservation already [158] and damage can be initiated after 

both C3 deposition and C5 activation. Thus, complement inhibition in transplantation related 

IRI should be evaluated further with the aim to identify the correct timing and inhibitor.  

A substantial effect on myocardial infarction was observed in rats using the C3 inhibitor sCR1, 

with a reduction of the infarction size by 44% [159]. Similar results were documented in 

experimental myocardial infarction in pigs using the C5 inhibitor coversin [160]. Large clinical 

trials investigated the effect of the C5 complement inhibitor pexelizumab, a precursor of 

eculizumab, which also inhibits the cleavage of C5. However, this trial failed to show any 

beneficial effect in patients with acute myocardial infarction as measured by 30 days mortality 

[161]. However, a study in patients undergoing coronary bypass surgery showed that treatment 

with pexelizumab reduced the mortality in a subgroup of patients with multiple risk factor who 

underwent prolonged cross-clamping during coronary artery bypass surgery [162]. 

A possible effect of complement inhibition in patients with global IRI as seen in cardiac arrest 

has not been investigated. In a previous study in patients undergoing high aortic clamping due 

to thoracic aortic aneurysm surgery, we showed that complement was early activated, and the 

secondary cytokine response was most likely complement-dependent [163]. These patients 

were not undergoing cardiopulmonary bypass i.e., complement activation was not influenced 

by any foreign surface, and the IRI was due to a substantial loss of blood supply to all organs 

below the diaphragm during a 40 min period. The IRI seen after cardiac arrest, as presented in 

paper II, is even more global. In both cases, complement activation started immediately and in 

the cardiac arrest patients this activation was followed by endothelial cell activation. Therefore, 

we suggest a rationale for complement inhibition for patients undergoing cardiac arrest, 

provided that the treatment can be started shortly after the event i.e., at the prehospital stage. 
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 Future implications 

One of the central findings in this thesis was that levels of the complement activation products 

C3bc and sC5b-9 were associated with adverse cerebral outcome in patients with out-of-

hospital cardiac arrest. Based on our findings, targeting the complement cascade seems 

promising since complement is a recognition system acting upstream, in the frontline to fight 

danger, and because it is known to subsequently induce numerous inflammatory mediators 

contributing to IRI, leading to organ damage and failure, and ultimately to death. 

Importantly, complement treatment in acute medical conditions, including cardiac arrest, 

polytrauma and sepsis, all characterized by a severe IRI, would need to be treated immediately. 

The way “to the point of no return” is short. This contrasts with many chronic diseases that are 

current candidates for complement treatment.  

We also showed that in acute situations, the activation product sC5b-9 is the most sensitive and 

reliable test for evaluation of the degree of complement activation. Thus, a single bed-side test 

for sC5b-9 would be highly desired in the aforementioned acute situations to identify patients 

who could benefit of complement inhibitory therapy. Finally, the results from our temperature 

study imply that inflammation should always be regarded as a phenomenon that is influenced 

by many factors. Temperature should thus be regarded as an intervention and monitored closely 

also regarding inflammation. The need for future experimental studies on complement 

inhibition, regarding organ preservation for transplantation is obvious. 

In conclusion, there is an urgent need for clinical studies to evaluate the effect of complement 

inhibition in acute medical care, involving both local and systemic IRI. The main challenge will 

be to select the correct patient populations and the optimal time to start treatment and the correct 

complement inhibitor to ultimately prove the hypothesis that complement inhibition is 

beneficial for patients experiencing IRI.  
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Abstract

Innate immune activation has been attributed a key role in traumatic brain injury (TBI) and successive morbidity. In
mild TBI (mTBI), however, the extent and persistence of innate immune activation are unknown. We determined
plasma cytokine level changes over 12 months after an mTBI in hospitalized and non-hospitalized patients compared
with community controls; and examined their associations to injury-related and demographic variables at admission.
Prospectively, 207 patients presenting to the emergency department (ED) or general practitioner with clinically confirmed
mTBI and 82 matched community controls were included. Plasma samples were obtained at admission, after 2 weeks, 3
months, and 12 months. Cytokine levels were analysed with a 27-plex beads-based immunoassay. Brain magnetic
resonance imaging (MRI) was performed on all participants. Twelve cytokines were reliably detected. Plasma levels of
interferon gamma (IFN-c), interleukin 8 (IL-8), eotaxin, macrophage inflammatory protein-1-beta (MIP-1b), monocyte
chemoattractant protein 1 (MCP-1), IL-17A, IL-9, tumor necrosis factor (TNF), and basic fibroblast growth factor (FGF-
basic) were significantly increased at all time-points in patients compared with controls, whereas IFN-c-inducing protein
10 (IP-10), platelet-derived growth factor (PDGF), and IL-1ra were not. IL-17A and FGF-basic showed significant
increases in patients from admission to follow-up at 3 months, and remained increased at 12 months compared with
admission. Interestingly, MRI findings were negatively associated with four cytokines: eotaxin, MIP-1b, IL-9, and IP-10,
whereas age was positively associated with nine cytokines: IL-8, eotaxin, MIP-1b, MCP-1, IL-17A, IL-9, TNF, FGF-
basic, and IL-1ra. TNF was also increased in those with presence of other injuries. In conclusion, mTBI activated the
innate immune system consistently and this is the first study to show that several inflammatory cytokines remain increased
for up to 1 year post-injury.

Keywords: concussion; cytokines; growth factors; immune system; pathophysiology

Introduction

The World Health Organization (WHO) has identified
traumatic brain injury (TBI) as a key societal challenge as

it emerges as the number one cause of death and disability
from 2020, with 2.5 million cases estimated to occur each year in
the European Union.1 More than 85% of TBIs are classified as

mild.2 Although the majority recover well after mild TBI
(mTBI), 10–20% experience long-lasting symptoms such as
headache, emotional distress, and problems with concentration
and memory.3,4

Given that even mild tissue injury can damage cells and release
or expose damage associated molecular patterns (DAMPS), we can
hypothesize that inflammation in the brain, which is detectable in
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systemic blood, could be an important pathophysiological mecha-
nism following mTBI.5

The interplay between central nervous system (CNS)-derived
inflammation and systemic inflammation is intricate. Recent evi-
dence suggests that cytokines orchestrate a complex interplay be-
tween peripheral leukocytes and chronically activated microglia,
especially if the blood–brain barrier is compromised after me-
chanical damage, as seen in TBI.6 Although activation of the innate
immune system is crucial for recovery after TBI, as it promotes
beneficial clearance of injured cells/cell debris, prolonged neu-
roinflammation has been shown to be detrimental, leading to pro-
gressive CNS degeneration.5,7 In experimental models, it was
shown that repeated mTBI caused systemic and neuroinflammation
associated with chronic behavioral deficits.8 In sports-related mTBI
an immediate activation of the innate immune system (interleukin 6
[IL-6], IL-12) has been observed with return to baseline after a
week.9 The long-term course of systemic inflammation and type of
cytokines present in blood in patients with mTBI has been evalu-
ated sparsely, with one study including 52 patients showing an
increase of IL-1b, IL-6, and monocyte chemoattractant protein 1
(MCP-1) over a 3-month period with association of MCP-1 to post-
concussion syndrome.10

Many patients with mild TBI are not admitted to hospitals and
are thus possibly underrepresented in clinical studies.11 Therefore,
the Trondheim Mild TBI study was designed to include patients
who were seen in the primary care setting for mTBI, in addition to
patients who were admitted to the hospital, with 1-year follow-up
of all patients.12 In addition, age-matched community controls were
included for the same length of the follow-up for comparison.

In the present study, we examined plasma levels of a wide range
of inflammatory biomarkers in patients with mTBI from admission
to 12 months after injury compared with age-, sex-, and education-
matched community controls over the same time period. We then
examined associations between injury-related and demographic
variables and cytokine levels in the acute phase.

We hypothesized that mTBI leads to increases in systemic cyto-
kines over a prolonged time period and that acute-phase inflamma-
tory cytokines are associated with injury-related and demographic
factors.

Methods

Ethics, participants, and recruitment

The Trondheim Mild TBI study is a large-scale prospective
cohort study with follow-up for 12 months in patients with mTBI
and matched controls, all between 16 and 59 years of age (Nor-
wegian National Ethics Approval: REK 2013/754). The upper age
limit was chosen due to the higher frequency of comorbidities in the
elderly. All participants, and guardians of participants between the
age of 16 and 18 years, provided informed consent. The cohort and
magnetic resonance imaging (MRI) follow-up have been described
in detail previously.12,13 All data were handled in accordance with
the STROBE checklist (Supplementary Fig. S1).

Patients were included in the study between April 1, 2014 and
December 5, 2015. Patients were prospectively recruited by con-
tinuous screening of computed tomography (CT) referrals and
patient lists from two emergency departments (EDs): St. Olavs
Hospital (Trondheim University Hospital), a regional Level 1
trauma center in Trondheim, Norway, and Trondheim Municipal
Emergency Clinic, a general practitioner-run, outpatient clinic.
Patients were included when having sustained a TBI categorized as
mild according to the WHO criteria: 1) Glasgow Coma Scale
(GCS) score 13–15 at presentation in the ED; 2) witnessed loss of

consciousness (LOC) <30 min, confusion, or post-traumatic am-
nesia (PTA) <24 h, or traumatic lesion on neuroimaging, and did
not meet any exclusion criteria. (Supplementary Table S1).14,15

Clinical information was obtained from patient interviews and
medical records. LOC was rated as present only if observed.
Duration of PTA was recorded as the time after injury for which
the patient had no continuous memory (< 1 h, or 1–24 h). GCS
score was assessed in the ED or inferred from the record. Presence
of injuries to parts of the body other than the head was recorded,
and dichotomized into ‘‘yes’’ or ‘‘no,’’ based on self-report and
records. Such injuries were cranial fractures; fractures of ex-
tremities, clavicles, and ribs; wounds; and sprains, dislocations,
and other soft-tissue injuries. Bruises and wounds that did not
need suturing were not included. Major trauma was an exclusion
criterion in the study.

Community controls, matched on age, sex, and years of educa-
tion were recruited among staff, friends, and families of staff and
patients. The same exclusion criteria as for the TBI patients were
used (Supplementary Table S1).

Magnetic resonance imaging protocol

MRI scans were acquired using a 3.0 Tesla Siemens Skyra MRI
scanner, software version E11C, with a 32-channel head coil. The
same MRI protocol was used for all participants; three-dimensional
(3D) volumes were obtained with T1-weighted (magnetization pre-
pared rapid acquisition gradient echo [MPRAGE]), T2-weighted,
fluid-attenuated inversion recovery (FLAIR), and susceptibility-
weighted imaging (SWI). An axial (2D) diffusion-weighted scan and
a diffusion tensor/kurtosis scan were also acquired. The clinical
scans were read by an experienced neuroradiologist according to
predefined criteria as described in a previous publication.13

Blood samples

Blood was acquired from patients with mTBI in the admission
phase, defined as within 72 h post-injury; 2 weeks (– 3 days);
3 months (– 2 weeks); and 12 months (– 1 month) after the injury.
For the community controls, blood was collected at inclusion
corresponding to the admission phase for the patients, and after 3
and 12 months. Plasma samples used in the current study were
obtained from whole blood collected in 5-mL tubes containing
ethylenediaminetetraacetic acid (EDTA), directly placed on ice,
and centrifuged within 30 min at 2000 x g for 10 min at 4!C. Ali-
quoted plasma samples were immediately stored at -80!C.

Cytokine analysis

The EDTA plasma samples were analyzed using a commercial
fluorescence magnetic bead-based immunoassay, with high-
sensitivity detection range and precision (Bio-Plex Human Cy-
tokine 27-Plex, Bio-Rad Laboratories, Inc., Hercules, CA, USA).
The following cytokines were analyzed: IL-1b, IL-1 receptor
antagonist (IL-1ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8 (C-X-C
motif chemokine ligand 8; CXCL8), IL-9, IL-10, IL-12, IL-13,
IL-15, IL-17, eotaxin-1 (C-C motif chemokine ligand 11;
CCL11), basic fibroblast growth factor (FGF-basic), granulocyte
colony stimulating factor (GCSF), granulocyte-macrophage col-
ony stimulating factor (GM-CSF), interferon gamma (IFN-c),
IFN-c-inducing protein 10 (IP-10; CXCL10), monocyte che-
moattractant protein 1 (MCP-1; CCL2), macrophage inflamma-
tory protein-1-alpha (MIP-1a; CCL3), macrophage inflammatory
protein-1-beta (MIP-1b; CCL4), platelet-derived growth factor-
BB (PDGF-BB), RANTES (CCL5), tumor necrosis factor (TNF),
and vascular endothelial growth factor (VEGF).

The analyses were performed according to the manufacturer’s
instructions. Briefly, plasma samples were diluted 1:4 in Sample
Diluent (Bio-Rad Laboratories, Inc.). A lower detection limit for
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the cytokines in the low picogram/milliliter range (<20 pg/mL for
all cytokines) was determined automatically by the software
based on the standard curve for each cytokine. Based on many
years of experience with the multi-plex assay and a low inter-
assay coefficient of variation (<11 for all cytokines), the samples
were run in single. All samples from this study were analyzed
using the same batch of the Bio-Plex assay and on each plate
randomly chosen sample sets from patients and healthy controls
were analyzed.

Under physiological conditions most of the cytokines in plasma
are either not detected or detected in very low amounts.16 Thus,
only cytokines that were present in methodologically and clinically
meaningful amounts, according to our previous experience,16 in
more than 75% of all samples during the observation period, were
selected for further study (n = 12, see Results section). The re-
maining 15 were regarded as negative and therefore not included in
further analyses.

Statistical analysis

Frequencies and percentages of demographic and clinical vari-
ables for the total number of participants with data available at a
minimum of one time-point were calculated.

Descriptive statistics (mean, standard deviation, median, inter-
quartile range, and range) of non-log transformed cytokine values
were calculated.

Cytokine data are presented as box plots. Mixed model ana-
lyses were performed to compare the time course of cytokine
levels from the admission phase to 12 months after injury for the
mTBI group versus the community control group. As there are no
available control data at the 2-week time-point, this time-point
was removed from the mixed model analyses, although the 2-
week patient data are retained in the box plots. Certain cytokine
concentrations were log-transformed due to large ranges and non-
normal distribution of the data (marked on plot legends and table
legends). The mixed model analyses were conducted with time,
group, and time-by-group interaction as fixed effects and a
subject-specific random intercept to account for within-subject
correlations. Mixed model analyses were performed for all cyto-
kines with and without controlling for heterogeneous variances.
All model fits were shown to be improved with heterogeneous
variances controlled for (Supplementary Table S2), thus all data
presented are derived from these models. Post hoc contrast ana-
lyses between patient and control groups were performed for all
cytokines that showed a main effect of group. For those showing a
time-by-group interaction effect, further post hoc contrast ana-
lyses were used to assess within-group changes for the mTBI
group between successive time-points.

Best-subset regression analyses were performed to determine
the combination of demographic (sex and age) and clinical (GCS
score, PTA duration, LOC, traumatic MRI findings) variables that
best predict admission-phase cytokine levels. The best model was
determined based on the lowest Akaike Information Criterion
(AIC). The cytokine values were first standardized at each time-
point, and then the best-subset regression analyses were per-
formed using the standardized biomarkers as outcome variables.
Regression coefficients based on non-standardized biomarker
values were also reported. In the patients with mTBI, we also
calculated the empirical group means and standard deviations of
cytokine levels for each categorical predictor used in the best-
subset regression analysis.

All tests were two-sided with significance determined at
p < 0.05. Post hoc contrast analyses of the mixed models were
Bonferroni corrected (significance level of group differences at
each time-point: 0.05/3 = 0.017; significance level of within-group
changes for the mTBI group between time-points: 0.05/3 = 0.017).

All statistical tests were calculated using R version 3.2.2.17

Descriptive statistics were calculated using R’s base package

functions. Mixed model analyses were performed using the nlme
package.18 Best-subset multiple regressions were performed using
the bestglm package.19

Results

Study cohort

In total, 379 patients with mTBI participated in the overall study.
Blood samples were provided from 207 patients for at least one
time-point and of these, 194 had brain MRI performed within 72 h.
(Fig. 1). Of the 86 community controls enrolled, 82 provided blood
samples for at least one time-point (Fig. 2).

FIG. 1. Identification, enrollment, and follow-up of patients
with mild TBI (mTBI). Flow chart of inclusion of patients with
mTBI into the Trondheim Mild TBI follow-up study, along with
progression of blood data available at each successive time-point.
CT, computed tomography; mTBI, mild traumatic brain injury.
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Demographic and injury-related characteristics of the mTBI and
control group showed that 63.3% of patients with mTBI were male
(Table 1). The majority had very mild injuries, with GCS scores of
15 in 76%; 52.7% were not observed with a LOC, most had PTA of
less than 1 h (69.1%), intracranial traumatic findings MRI at 72 h
were present in few (11.1%), and the majority (63.3%) did not
experience other injuries (Table 1). The most common other in-
juries were soft-tissue injuries.

Time course of plasma cytokine levels in patients
with mTBI from admission to 12 months after injury
compared with controls

Cytokines were grouped according to biological function or
class; pro-inflammatory IFNc and chemokines (Fig. 3), pro-
inflammatory interleukins (Fig. 4A–C), growth factors (Fig. 4D,E),
and anti-inflammatory regulator IL-1ra (Fig. 4F). Nine of the
twelve cytokines assessed showed significant differences between
the mTBI patient and control groups, whereas IP-10, PDGF, and

IL-1ra did not show an effect of group (Table 2). For the cytokines
showing a significant effect of group, contrast analyses to assess
group differences at each time-point revealed significant differ-
ences between patients with mTBI and controls at each time-point
assessed (Fig. 3 and 4, Table 3). A time-by-group interaction was
evidenced for FGF-basic and IL-17A, indicating that the time
course between patients and controls differed for those two cyto-
kines. Five of the cytokines (MIP-1b, MCP-1, TNF, IL-9, and IL-8)
showed significant differences of both group and time, but no time-
by-group interaction. PDGF showed a significant interaction of
time-by-group, but no main effect of group or time. Two cytokines
(IP-10 and IL-1ra) demonstrated no effects of group or time, nor a
time-by-group interaction (Table 2).

Lastly, for the cytokines IL17-A and FGF-basic, which showed
both a significant group effect and a significant time-by-group in-
teraction, post hoc contrast analyses were performed to assess
differences between time-points for patients with mild TBI
(Table 4). Both increased between admission and 3 months; how-
ever, there was no significant increase between 3 and 12 months.
Significant differences were observed also between admission and
12 months, indicating patient cytokine levels did not return to
control levels at 12 months.

FIG. 2. Identification, enrollment, and follow-up of community
controls. Flow chart of inclusion of community controls along
with progression of blood data available at each successive time-
point. Blood samples were drawn from community controls at
enrollment (admission) and 3-month and 12-month time-points
(not 2 weeks).

Table 1. Patient Characteristics

Patients with mild
TBI Patients Controls

N = 207 N = 82

Gender (%)
Males 131 (63.3) 46 (56.1)
Females 76 (36.7) 36 (43.9)

Age at inclusion
Mean age, years (SD) 32.4 (13.2) 33.02 (12.9)
Age range, years 16 – 60 16 – 60

GCS (%)
13 5 (2.4)
14 33 (16.0)
15 158 (76.0)
Unknown 11 (5.3)

LOC (%)
Unobserved LOC 109 (52.7%)
Observed LOC 98 (47.3%)

PTA (%)
PTA <1 h 143 (69.0)
PTA 1-24 h 64 (31.0)

Traumatic intracranial finding on MRI at 72 h (%)
TAI only 6 (2.9)
Contusion only 3 (1.4)
Intracranial hematoma only 3 (1.4)
TAI and contusion 5 (2.4)
Contusion and hematoma 6 (2.9)
No findings 184 (88.9)

Other injuries (%)
None 131 (63.3)
Fractures 35 (16.9)
Soft-tissue injuries 41 (19.8)

Total number with percentages in parenthesis presented.
GCS, Glasgow Coma Score; LOC, loss of consciousness; MRI,

magnetic resonance imaging; PTA, post-traumatic amnesia; SD, standard
deviation, TAI, traumatic axonal injury.
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Association of cytokine levels at admission
with demographic and injury-related variables

Associations between the 12 cytokines at time of admission and
demographic and clinical predictors were calculated in an all-
subset multiple regression analysis with standardized beta coeffi-
cients (Fig. 5). Non-standardized beta coefficients and p-values are
presented in Supplementary Table S3 and exact values of cytokines
in Supplementary Table S4. The models of eotaxin, MIP-1b, IL-9,
and IP-10 included negative associations of MRI findings, meaning
those with MRI findings exhibited lower levels of inflammatory
markers than those with no MRI findings.

Age was included in the models for the majority of cytokines,
specifically: IL-8, eotaxin, MIP-1b, MCP-1, IL-17A, TNF, IL-1ra,
IP-10, and PDGF. The associations were positive for all cytokines,
indicating that inflammation markers increase as a function of in-
creasing age.

‘‘Other injuries’’ showed a strong positive effect on TNF, which
indicates that TNF levels are significantly higher in those with
injuries to other parts of the body. To ensure the group difference
between mTBI and controls (Fig. 3) was not due to other injuries,
we re-ran the time course linear mixed model including mTBI
patients without other injuries versus controls. The mTBI group
without other injuries had increased TNF levels compared with the
controls at 3 and 12 months, and a significant group and time effect
was present (Supplementary Tables S5 and S6). The increased TNF
level in the mTBI group in the acute phase was thus mainly due to
other injuries. But, during the first year TNF levels increased sig-
nificantly in the mTBI group without other injuries. These results
show that mTBI per se was associated with chronically elevated
TNF levels.

A negative effect of other injuries was also included in the model
for eotaxin. Re-running the time course linear mixed model with
the mTBI patients without other injuries versus controls uncovered

FIG. 3. Levels of IFNc and five chemokines for patients with mTBI and controls over time. IFNc, IL-8, eotaxin, MIP-1b, and MCP-1 were
significantly higher in patients than in community controls at all time-points. IP-10 was not significantly different between groups at any time-
point. Data are presented as box plots with median as line, borders, 25th and 75th percentile, and whiskers (value of the 25th and 75th percentile
+1.5 interquartile range). Points above and below the whiskers represent outliers. Asterisks (*) indicate significant group difference between
patients and controls at a particular time-point in the linear effect model. The p-value level is represented as follows:* <0 .05, ** <0.01, *** <0.001,
**** <0.0001. IFN-c, interferon gamma; IL-8, interleukin 8; IP-10, IFN-c-inducing protein 10; MCP-1, monocyte chemoattractant protein 1;
MIP-1b, macrophage inflammatory protein-1-beta; mTBI, mild traumatic brain injury. Color image is available online.
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that the mTBI group without other injuries contributed most to the
increased eotaxin levels in the acute phase. The mTBI patients
without other injuries had significantly higher eotaxin levels than
controls at all 3 time-points, and a significant group effect was
present (Supplementary Tables S5 and S6). The increased eotaxin
levels in mTBI can therefore be ascribed to the TBI alone.

LOC was included as a positive association in the IFNc model,
but a negative association in the MIP-1b and eotaxin models, in-
dicating that in those with observed LOC IFNc concentrations were
higher, whereas MIP-1b and eotaxin concentrations were lower.
GCS scores were included as negative associations in models of
eotaxin and MIP-1b, indicating those with lower GCS score (i.e.,
more severe injury) exhibited lower cytokine values. Lastly, sex
was included as a positive association in only the IFNc model, and
as a negative association in the eotaxin, IL-17A, FGF-basic, and
PDGF models. This indicates that female patients with mTBI ex-

hibited higher values of IFNc and lower values of the other four
cytokines mentioned above. PTA was not included in any of the
cytokine models.

Discussion

In this unique cohort of patients with mTBI, treated both in the
hospital and the primary health care setting, we showed a prolonged
increase in cytokines in blood, reflecting an inflammatory response
from admission to 1 year after mTBI compared with matched
healthy controls.

Prolonged activation of the systemic
immune system in mTBI

In contrast to previous studies investigating limited numbers of
cytokines, we used an unbiased assessment of 27 cytokines.10

FIG. 4. Levels of interleukins, TNF, growth factors, and IL-1ra for patients with mTBI and controls over time. IL-17A, IL-9, TNF,
and growth factor FGF-basic were significantly higher in patients than in community controls at all three time-points. No differences
were shown for growth factor PDGF and regulator IL-1ra. For IL-17A, FGF-basic, and PDGF, the group differences between patients
with mTBI and community controls increased throughout the 12-month observation period (x). Box plots, outliers, and group differences
are presented and calculated in the same manner as in Figure 3. x, significant time x group interaction in the linear effect model; FGF-
basic, basic fibroblast growth factor; IL, interleukin; IL-1ra, IL-1 receptor antagonist; mTBI, mild traumatic brain injury; PDGF,
platelet-derived growth factor; TNF, tumor necrosis factor. Color image is available online.
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Cytokines form part of a complex inflammatory network,20 which
has been shown to be associated with injury severity in moderate to
severe TBI, in both human and experimental studies.21,22 Our study
is, to the best of our knowledge, the first to show significant sys-
temic cytokine elevations persisting for 1 year in mTBI across a
pro-inflammatory cytokine network.23,24

To date, studies of cytokine expression patterns over time have
focused on patients with moderate to severe TBI demonstrating
slightly higher plasma concentrations in the acute phase post-

injury than observed in our study.22,24 Whereas long-term plasma
cytokine studies, to our knowledge, are lacking in patients with
severe TBI, autopsy studies have revealed that intracerebral in-
flammation leading to microglial activation can persist for years,
and we can thus only speculate that this inflammation would be
observable in plasma as well, comparable to patients with mTBI
in this study.7 In this study in mTBI, cytokine plasma levels were
generally low and lower than observed during severe TBI.24

However, persistent, low-grade inflammation, comparable to the

Table 2. Summary of Main Effects of Group and Time and the Interaction
of Group and Time for Each of the 12 Cytokines

Cytokines Group F-value (p-value) Time F-value (p-value)
Interaction (group-by-time)

F-value (p-value)

IFN-c F = 22.42, p < 0.0001 F = 1.55, p = 0.213 F = 2.99, p = 0.051
IL-8 F = 10.64, p 5 0.001 F = 7.83, p 5 0.0005 F = 2.00, p = 0.136
Eotaxina F = 8.90, p 5 0.003 F = 2.66, p = 0.071 F = 1.57, p = 0.210
MIP-1b F = 10.91, p 5 0.001 F = 4.34, p 5 0.014 F = 0.96, p = 0.382
MCP-1a F = 9.44, p = 0.002 F = 3.34, p = 0.037 F = 1.87, p = 0.155
IP-10a F = 3.75, p = 0.054 F = 0.82, p = 0.442 F = 0.05, p = 0.954
IL-17A F = 20.59, p< 0.0001 F = 14.38, p< 0.0001 F = 4.06, p 5 0.018
Il-9 F = 29.66, p< 0.0001 F = 10.00, p 5 0.0001 F = 0.17, p = 0.842
TNF F = 21.47, p< 0.0001 F = 6.30, p 5 0.002 F = 1.05, p = 0.351
FGF-basic F = 17.40, p< 0.0001 F = 14.67, p< 0.0001 F = 4.97, p 5 0.007
PDGF F = 2.80, p = 0.095 F = 1.35, p = 0.261 F = 4.99, p 5 0.007
IL-1raa F = 0.36, p = 0.698 F = 0.50, p = 0.481 F = 2.45, p = 0.088

aLog transformed data. Significant differences are bolded.
aLinear mixed model analysis.
Group: patients with mild TBI compared with community controls when time is not taken into account; Time: time course of cytokine concentrations

when group is not taken into account; Group-by-Time: interaction of Group and Time; a significant effect indicates the time courses of patients with mild
TBI and community controls significantly differed.

FGF-basic, basic fibroblast growth factor; IL, interleukin; IL-1ra, IL-1 receptor antagonist; IFN-c, interferon gamma; IP-10, IFN-c-inducing protein 10;
MCP-1, monocyte chemoattractant protein 1; MIP-1b, macrophage inflammatory protein-1-beta; PDGF, platelet-derived growth factor; TBI, traumatic
brain injury; TNF, tumor necrosis factor.

Table 3. Group Comparisons between Patients with Mild TBI and Community Controls at Each Time-point, for Each
of the Cytokine Concentrations Showing a Significant Group Effect in the Previous Analysis

Admission estimatea

[95% CI] p-value
3 months estimatea

[95% CI] p-value
12 months estimatea

[95% CI] p-value

IFN-c 1.4 [0.6 – 2.2] 1.0 [0.1 – 1.9] 2.3 [1.4 – 3.1]
p 5 0.0007 p = 0.023 p< 0.0001

IL-8 2.8 [0.04 – 5.5] 4.2 [1.2 – 7.1] 4.8 [2.2 – 7.4]
p = 0.047 p 5 0.006 p 5 0.0003

Eotaxinb 0.1 [0.02 – 0.2] 0.1 [0.05 – 0.2] 0.1 [0.05 – 0.2]
p 5 0.017 p 5 0.002 p 5 0.002

MIP-1b 9.3 [0.5 – 18.0] 11.5 [2.6 – 20.4] 14.4 [6.4 – 22.3]
p = 0.038 p 5 0.012 p 5 0.0004

MCP-1b 0.19 [0.06 – 0.32] 0.25 [0.010 – 0.329] 0.14 [0.03 – 0.26]
p = 0.04 p = 0.0008 p = 0.013

IL-17A 3.7 [1.1 – 6.4] 5.5 [2.8 – 8.2] 6.6 [4.1 – 9.1]
p 5 0.006 p< 0.0001 p< 0.0001

IL-9 19.4 [11.3 – 27.4] 20.2 [12.4 – 28] 20.9 [13.2 – 28.5]
p< 0.0001 p< 0.0001 p< 0.0001

TNF 8.0 [3.0 – 13.0] 10.7 [6.1 – 15.4] 10.5 [6.0 – 15.1]
p 5 0.002 p< 0.0001 p< 0.0001

FGF-basic 7.3 [1.3 – 13.3] 10.2 [4.4 – 16.0] 14.4 [8.8 – 20.1]
p 5 0.017 p 5 0.0006 p< 0.0001

aEstimate refers to mean group differences as estimated by the mixed model. CI is the 95% confidence interval of the estimated group difference.
bLog transformed data. Post hoc contrast analyses based on the linear mixed model. Significant differences are bolded.
FGF-basic, basic fibroblast growth factor; IL, interleukin; IFN-c, interferon gamma; MCP-1, monocyte chemoattractant protein 1; MIP-1b,

macrophage inflammatory protein-1-beta; TBI, traumatic brain injury; TNF, tumor necrosis factor.
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cytokine levels obtained in this study, has been described in one
prior study of patients with mTBI and chronic diseases with in-
flammatory components such as Alzheimer’s and multiple scle-
rosis, and has been attributed to long-term morbidity, such as
fatigue and mortality.10,25,26

A hallmark in this study is the prolonged activation of cytokines
over the 1-year follow-up period in patients with mTBI, compared
with matched community controls. This is in contrast to studies
showing acute but transient increase of plasma cytokines in mTBI.
In a study of blast-exposed military personnel, cytokines IL-6 and

TNF returned to baseline levels within hours,27 whereas in sports-
related concussion cytokines IL-6 and IL-12 returned to baseline
within 7 days.9 In children with concussion, TNF, IL-6, IL-1b, IL-
10, and several neuronal damage plasma markers returned to
baseline within days, whereas IL-8 remained increased for 3
months.28 Likewise, a recent study in 52 patients with mTBI
showed prolonged increase of IL-1b, IL-6, and MCP-1, combined
with a general increase in cytokine load in patients with mTBI in
comparison with healthy controls over a period of 3 months.10

Overall, few clinical studies have been conducted to evaluate the

Table 4. Comparisons between Time-Points in Patients with Mild TBI, for Each of the Cytokine Concentrations
Showing a Significant Group Effect and a Significant Group-by-Time Interaction

Admission – 3 months
Estimatea [95% CI] p-value

3 months – 12 months
Estimatea [95% CI] p-value

Admission – 12 months
Estimatea [95% CI] p-value

IL-17A 3.7 [2.3 – 5.2] -0.2 [-1.8 – 1.4] 3.5 [2.0 – 5.0]
p< 0.0001 p = 0.796 p< 0.0001

FGF-basic 7.3 [4.2 – 10.4] 2.5 [-1.0 – 5.9] 9.8 [6.4 – 13.2]
p< 0.0001 p = 0.157 p< 0.0001

aEstimate refers to mean group differences as estimated by the mixed model. CI is the 95% confidence interval of the estimated group difference.
Post-hoc contrast analyses based on the linear mixed model.Significant differences are bolded.
FGF-basic, basic fibroblast growth factor; IL, interleukin; TBI, traumatic brain injury.

FIG. 5. Cytokines at admission are associated with demographic and clinical variables. Cytokines were input into an all-subsets multiple
regression as outcome variables, and all demographic and clinical variables were input as possible predictor variables. Separate regressions
were performed for each cytokine, with the associations shown to improve model fit depicted as colored squares. Model fit was determined
based on the Akaike Information Criterion. Associations presented are the beta-values of the final model. A blank space indicates that the
predictor was not included in the final model. The direction and size of regression coefficient is represented according to the figure legend
color scheme, whereby increasingly positive associations are graded to red, and increasingly negative associations are graded to blue. The
nine cytokines colored in green correspond to those whose linear mixed models revealed a significant group difference between patients
and controls, whereas the three cytokines to the right (black) did not show significant group differences. All beta-values are standardized.
Non-standardized beta-values and p-values are presented in Supplementary Table S3. Baseline comparison for Sex was male. Baseline
comparison for GCS scores of 13–14 was a GCS score of 15. Baseline comparison for Observed LOC was ‘‘Unobserved LOC.’’ Baseline
comparison for PTA duration of between 1 and 24 h was PTA of less than 1 h. Baseline comparison for MRI findings was ‘‘No MRI
Finding.’’ Baseline comparison for presence of injuries to other parts of the body was ‘‘No Other Injuries.’’ GCS, Glasgow Coma Score;
LOC, loss of consciousness; MRI, magnetic resonance imaging; PTA, post-traumatic amnesia. Color image is available online.
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consequences of prolonged inflammation in TBI. Here, we show
that patients with mTBI experience a state of systemic low-grade
chronic inflammation, for up to 1 year after the initial injury, which
is much longer than reported previously and independent of trauma
beside the mTBI.

Almost all cytokines, which were increased in patients with
mTBI in this study, have been reported to be associated with TBI.
MCP-1 has been associated with post-concussion syndrome in
mTBI patients.10 IL-8 (CXCL8) has been reported as a key me-
diator of neuroinflammation in severe TBI,21 eotaxin (CCL11) has
been associated with chronic traumatic encephalopathy,29 and
MIP-1b has been shown to be induced early in sports concus-
sion.30,31 These chemokines induce production of the pro-
inflammatory cytokine IFN-c, which was increased in this study.
IFN-c has been shown to increase cell recruitment to an injured
brain and thus local inflammation.32,33 Pro-inflammatory inter-
leukins IL-17A34 and IL-9,35 as well as TNF36 are suggested to be
involved in neuroinflammation after experimental severe (IL-17A
and IL-9) and clinical repeated mTBI (TNF), by stimulating and
controlling recruitment of neutrophils.37 To our knowledge, IL-9
has not been reported in clinical studies assessing TBI patients,
yet. This may be due to pre-selection of known cytokines in
previous studies. Given the large IL-9 elevations in patients with
mTBI compared with controls in this study, further research into
IL-9’s relation to TBI is warranted. Growth factor FGF-basic has
been shown to increase neurogenesis, preserve blood–brain bar-
rier integrity, and enhance blood vessel proliferation, while sup-
pressing autophagy.38

Notably, although each cytokine separately may be of limited
pathophysiological importance for the clinical disease severity
and outcome, and may differ substantially between individuals,
the overall finding of sustained inflammation with an orchestra of
many cytokines acting together and via different pathways might
be of utmost importance. Crosstalk between the cytokines is fre-
quently not detected when reductionistic systems such as isolated
cells are used. We postulate that a holistic approach to under-
standing the neurobiological changes occurring in post-mTBI can
be obtained only by using complex panels of assays in an in vivo
situation, and that the possible implication to long-term neu-
roinflammation is a critical finding of our study that warrants
further investigation.

Associations between increased cytokine plasma
levels and injury-related and demographic variables

There were several findings from the best-subset regression
analyses that point to more severe injury being associated with
lower levels of cytokines in blood at admission. First, eotaxin, MIP-
1b, IL-9, and IP-10 were all negatively associated with traumatic
intracranial MRI findings, indicating that in all cases, visible
traumatic lesions resulted in lower systemic cytokine levels. This
finding was unsuspected. It may suggest that systemic low-grade
inflammation in patients with mTBI reflects disease severity not
obviously linked to neuroradiological findings, a fact reported in
other diseases such as febrile status epilepticus and brain swelling
in cerebral malaria.39,40 Likewise, more severe injury indicated by
lower GCS score was negatively associated with eotaxin and MIP-
1b. Although GCS score has been shown to be an important pre-
dictor of morbidity in severe TBI,41 it has shown relatively poor
prognostic utility in mTBI,42 and to our knowledge, its relation with
inflammatory markers has not been investigated. Thus the signifi-
cance of these findings remains to be explained.

On the other hand, LOC was positively associated with admis-
sion IFN-c. IFN-c is upregulated in the brain following TBI, but
there is ongoing discussion about whether IFN-c elevation is ben-
eficial or detrimental.43,44 A large positive association of other
injuries with TNF was demonstrated. These results are unsurpris-
ing, as TNF release has been reported in response to bone fractures
and virtually all forms of ischemia/reperfusion injury in the acute
phase.45,46 However, as TNF also was significantly increased in
patients without other injuries at 3 and 12 months, TNF probably is
associated with mTBI itself.

Age was associated with higher levels of the majority of cyto-
kines: IL-8, eotaxin, MIP-1b, MCP-1, IL-17A, TNF, IL-1ra, IP-10,
and PDGF. The impact of age on the immune system has been well
characterized, and our results confirm that older individuals expe-
rience generally higher levels of inflammation.47

Lastly, sex showed different cytokine expression pattern in male
compared with female patients. Although this phenomenon has
been observed in several clinical and experimental studies in other
diseases and is thought to be dependent on hormonal balances, our
findings should be regarded as hypothesis generating.48,49

Limitations

Inclusion of non-hospitalized patients led to considerable vari-
ation in time (up to 72 h) of obtaining the first ‘‘admission’’ blood
sample, as many patients first needed to be tracked down and in-
vited to participate. Thus, initial, time-critical cytokine kinetics
immediately following the injury might have been lost. However,
as systemic cytokine levels remained elevated and even increased
during the observation period in some cases (IL-17A and FGF-
basic), the initial kinetics and the significance thereof might be of
less relevance in comparison with the long follow-up period.

As can be seen from Figures 1 and 2, we did not obtain blood
samples from individuals at all time-points. Loss to follow-up is an
issue that poses problems for generalizing group differences be-
tween early and late time-points. However, using a linear mixed
model circumvents the majority of these issues with missing data.

Previous studies in TBI patients have reported absolute plasma
cytokine levels, which differ to levels reported in this study.31,50

Methodologically, it is impossible to compare absolute cytokine
levels when detection assays from different producers without
standardized reference controls are used.16 Hence, absolute cyto-
kine levels in this study should only be compared between patients
with mTBI and the matched healthy controls, whereas pattern of
expression and relative group differences are comparable between
studies.10 In this study, only 11% of patients had MRI findings.
Thus, regression analysis findings are based on relatively few pa-
tients and need to be verified in future studies.

Implications for diagnosis, follow-up and therapy

The distinct pattern of cytokine expression observed in this study
indicates a previously undocumented pattern of persistent inflam-
mation following mTBI for 1 year post-injury. Factors normally
used to grade severity of a TBI, such as GCS score, LOC, MRI
findings, and PTA, were not associated consistently with cytokine
expression patterns in this study. A biomarker especially for triage
of patients with mTBI to guide diagnostic procedures is warranted;
however, previous studies have demonstrated low specificity for
inflammatory markers for predicting, for example, CT findings.51

Thus, further studies are needed to investigate if the demon-
strated inflammatory state is caused by neuroinflammation, and
what are the clinical implications of prolonged inflammation with
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outcome, such as post-concussion syndrome, and potential for
manipulating it for improved outcome.

Conclusion

This prospective observational study including clinic outpatients
indicates that low-level systemic inflammation persists during
1 year post mild TBI as a high number of cytokines with different
functions and etiologies remain increased through the observation
period.

Long-term cytokine increase was not explained by injury se-
verity determined by MRI findings or other injuries beside mTBI,
which may imply that inflammation post mTBI may not solely be
caused by trauma per se or obvious pathology in the brain tissue.

Acknowledgments

We thank Professor em. Jarle Vaage for valuable help in writing
the results section. We thank the staff of the Trondheim Municipal
Emergency Department, the Department of Neurosurgery, the
Department of Anesthesiology and Insensitive Care Medicine, and
Department of Radiology and Nuclear Medicine at St. Olavs
Hospital, Trondheim University Hospital, for their cooperation
during patient recruitment. We thank Stine Bjøralt for coordinating
the data collection, Ingeborg Nakken for assistance with the MRI
procedures, and Marit Kristina Indergaard and Ina Møller for as-
sistance with the blood test procedures.

Funding Information

The Trondheim Mild TBI study was funded by the Liaison
Committee between the Central Norway Regional Health Author-
ity and the Norwegian University of Science and Technology
(NTNU). In addition, the MRI study was partly funded by the
National Norwegian Advisory Unit for Functional MRI and De-
partment of Radiology and Nuclear Medicine, St. Olavs Hospital,
Trondheim University Hospital. Additional, general financial sup-
port was obtained from The Odd Fellow Foundation and The Simon
Fougner Hartmann Family Fund. Individual funding was received as
follows: VC (The Norwegian Council on Cardiovascular Disease,
13117), SEP (Norwegian Research Council, 274352).

Author Disclosure Statement

No competing financial interests exist.

Supplementary Material

Supplementary Figure S1
Supplementary Table S1
Supplementary Table S2
Supplementary Table S3
Supplementary Table S4
Supplementary Table S5
Supplementary Table S6

References

1. Maas, A.I.R., Menon, D.K., Adelson, P.D., Andelic, N., Bell, M.J.,
Belli, A., Bragge, P., Brazinova, A., Buki, A., Chesnut, R.M., Citerio,
G., Coburn, M., Cooper, D.J., Crowder, A.T., Czeiter, E., Czosnyka,
M., Diaz-Arrastia, R., Dreier, J.P., Duhaime, A.C., Ercole, A., van
Essen, T.A., Feigin, V.L., Gao, G., Giacino, J., Gonzalez-Lara, L.E.,
Gruen, R.L., Gupta, D., Hartings, J.A., Hill, S., Jiang, J.Y., Kethar-
anathan, N., Kompanje, E.J.O., Lanyon, L., Laureys, S., Lecky, F.,
Levin, H., Lingsma, H.F., Maegele, M., Majdan, M., Manley, G.,

Marsteller, J., Mascia, L., McFadyen, C., Mondello, S., Newcombe,
V., Palotie, A., Parizel, P.M., Peul, W., Piercy, J., Polinder, S., Puy-
basset, L., Rasmussen, T.E., Rossaint, R., Smielewski, P., Soderberg,
J., Stanworth, S.J., Stein, M.B., von Steinbuchel, N., Stewart, W.,
Steyerberg, E.W., Stocchetti, N., Synnot, A., Te Ao, B., Tenovuo, O.,
Theadom, A., Tibboel, D., Videtta, W., Wang, K.K.W., Williams,
W.H., Wilson, L., and Yaffe, K. (2017). Traumatic brain injury: in-
tegrated approaches to improve prevention, clinical care, and research.
Lancet Neurol.16, 987–1048.

2. Bazarian, J.J., McClung, J., Shah, M.N., Cheng, Y.T., Flesher, W., and
Kraus, J. (2005). Mild traumatic brain injury in the United States,
1998–2000. Brain Inj.19, 85–91.

3. McMahon, P., Hricik, A., Yue, J.K., Puccio, A.M., Inoue, T., Lings-
ma, H.F., Beers, S.R., Gordon, W.A., Valadka, A.B., Manley, G.T.,
and Okonkwo, D.O. (2014). Symptomatology and functional outcome
in mild traumatic brain injury: results from the prospective TRACK-
TBI study. J. Neurotrauma 31, 26–33.

4. McInnes, K., Friesen, C.L., MacKenzie, D.E., Westwood, D.A., and
Boe, S.G. (2017). Mild traumatic brain injury (mTBI) and chronic
cognitive impairment: a scoping review. PLoS One 12, e0174847.

5. Simon, D.W., McGeachy, M.J., Bayır, H., Clark, R.S.B., Loane, D.J.,
and Kochanek, P.M. (2017). The far-reaching scope of neuroin-
flammation after traumatic brain injury. Nat. Rev. Neurol. 13, 171.

6. Marcet, P., Santos, N., and Borlongan, C.V. (2017). When friend turns
foe: central and peripheral neuroinflammation in central nervous
system injury. Neuroimmunol. Neuroinflamm. 4, 82–92.

7. Johnson, V.E., Stewart, J.E., Begbie, F.D., Trojanowski, J.Q., Smith,
D.H., and Stewart, W. (2013). Inflammation and white matter de-
generation persist for years after a single traumatic brain injury. Brain
136, 28–42.

8. Fehily, B., and Fitzgerald, M. (2017). Repeated mild traumatic brain
injury: potential mechanisms of damage. Cell Transplant. 26, 1131–
1155.

9. Merchant-Borna, K., Lee, H., Wang, D., Bogner, V., van Griensven,
M., Gill, J., and Bazarian, J.J. (2016). Genome-wide changes in pe-
ripheral gene expression following sports-related concussion. J. Neu-
rotrauma 33, 1576–1585.

10. Sun, Y., Bai, L., Niu, X., Wang, Z., Yin, B., Bai, G., Zhang, D.,
Gan, S., Sun, C., Wang, S., Zhu, F., and Zhang, M. (2019). Elevated
serum levels of inflammation-related cytokines in mild traumatic
brain injury are associated with cognitive performance. Front.
Neurol. 10, 1120.

11. Corrigan, J.D., Selassie, A.W., and Orman, J.A. (2010). The epide-
miology of traumatic brain injury. J. Head Trauma Rehabil. 25, 72–80.

12. Skandsen, T., Einarsen, C.E., Normann, I., Bjoralt, S., Karlsen, R.H.,
McDonagh, D., Nilsen, T.L., Akslen, A.N., Haberg, A.K., and Vik, A.
(2018). The epidemiology of mild traumatic brain injury: the Trond-
heim MTBI follow-up study. Scand. J. Trauma Resusc. Emerg. Med.
26, 34.

13. Einarsen, C.E., Moen, K.G., Haberg, A.K., Eikenes, L., Kvistad, K.A.,
Xu, J., Moe, H.K., Tollefsen, M.H., Vik, A., and Skandsen, T. (2019).
Patients with mild traumatic brain injury recruited from both hospital
and primary care settings: a controlled longitudinal magnetic reso-
nance imaging study. J. Neurotrauma 36, 3172–3182.

14. Carroll, L.J., Cassidy, J.D., Peloso, P.M., Borg, J., von Holst, H.,
Holm, L., Paniak, C. and Pepin, M. (2004). Prognosis for mild trau-
matic brain injury: results of the WHO Collaborating Centre Task
Force on Mild Traumatic Brain Injury. J. Rehabil. Med., 84–105.

15. Menon, D.K., Schwab, K., Wright, D.W., Maas, A.I., Demographics,
Clinical Assessment Working Group of the International and Inter-
agency Initiative toward Common Data Elements for Research on
Traumatic Brain Injury and Psychological Health. (2010). Position
statement: definition of traumatic brain injury. Arch. Phys. Med. Re-
habil. 91, 1637–1640.

16. Henno, L.T., Storjord, E., Christiansen, D., Bergseth, G., Ludviksen,
J.K., Fure, H., Barene, S., Nielsen, E.W., Mollnes, T.E., and Brekke,
O.L. (2017). Effect of the anticoagulant, storage time and temperature
of blood samples on the concentrations of 27 multiplex assayed cy-
tokines: consequences for defining reference values in healthy hu-
mans. Cytokine 97, 86–95.

17. R Core Team. (2015). R: a language and environment for statistical
computing. R Foundation for Statistical Computing: Vienna, Austria.

18. Pinheiro, J., Bates, D., Debroy, S., Sarkar, D., and R Core Team.
(2015). nlme: linear and nonlinear mixed effects models. http://CRAN
.R-project.org/package=nlme (Last accessed May 6, 2020).

INFLAMMATION PERSISTS ONE YEAR AFTER MTBI 2129

http://CRAN.R-project.org/package=nlme
http://CRAN.R-project.org/package=nlme


19. McLeod, A.I., and Xu, C. (2017). bestglm: best subset GLM. http://
CRAN.R-project.org/package=bestglm (Last accessed May 6, 2020).

20. Thelin, E.P., Tajsic, T., Zeiler, F.A., Menon, D.K., Hutchinson, P.J.A.,
Carpenter, K.L.H., Morganti-Kossmann, M.C., and Helmy, A.J.F.N.
(2017). Monitoring the Neuroinflammatory Response Following
Acute Brain Injury. Front. Neurol. 8, 351.

21. Kushi, H., Saito, T., Makino, K., and Hayashi, N. (2003). IL-8 is a key
mediator of neuroinflammation in severe traumatic brain injuries. Acta
Neurochir. Suppl. 86, 347–350.

22. Helmy, A., Carpenter, K.L., Menon, D.K., Pickard, J.D., and Hutch-
inson, P.J. (2011). The cytokine response to human traumatic brain
injury: temporal profiles and evidence for cerebral parenchymal pro-
duction. J. Cereb. Blood Flow Metab. 31, 658–670.

23. Casault, C., Al Sultan, A.S., Banoei, M., Couillard, P., Kramer, A.,
and Winston, B.W. (2019). Cytokine responses in severe traumatic
brain injury: where there is smoke, is there fire? Neurocrit. Care. 30,
22–32.

24. Di Battista, A.P., Rhind, S.G., Hutchison, M.G., Hassan, S., Shiu,
M.Y., Inaba, K., Topolovec-Vranic, J., Neto, A.C., Rizoli, S.B., and
Baker, A.J. (2016). Inflammatory cytokine and chemokine profiles are
associated with patient outcome and the hyperadrenergic state fol-
lowing acute brain injury. J. Neuroinflammation 13, 40.

25. Ross, J., Sharma, S., Winston, J., Nunez, M., Bottini, G., Franceschi,
M., Scarpini, E., Frigerio, E., Fiorentini, F., Fernandez, M., Sivilia,
S., Giardino, L., Calza, L., Norris, D., Cicirello, H., Casula, D., and
Imbimbo, B.P. (2013). CHF5074 reduces biomarkers of neuroin-
flammation in patients with mild cognitive impairment: a 12-week,
double-blind, placebo-controlled study. Curr. Alzheimer Res. 10,
742–753.

26. Flachenecker, P., Bihler, I., Weber, F., Gottschalk, M., Toyka, K.V.,
and Rieckmann, P. (2004). Cytokine mRNA expression in patients
with multiple sclerosis and fatigue. Mult. Scler. 10, 165–169.

27. Gill, J., Motamedi, V., Osier, N., Dell, K., Arcurio, L., Carr, W.,
Walker, P., Ahlers, S., Lopresti, M., and Yarnell, A. (2017). Moderate
blast exposure results in increased IL-6 and TNFalpha in peripheral
blood. Brain. Behav. Immun. 65, 90–94.

28. Parkin, G.M., Clarke, C., Takagi, M., Hearps, S., Babl, F.E., Davis,
G.A., Anderson, V., and Ignjatovic, V. (2019). Plasma tumor necrosis
factor alpha is a predictor of persisting symptoms post-concussion in
children. J. Neurotrauma. 36, 1768–1775.

29. Cherry, J.D., Stein, T.D., Tripodis, Y., Alvarez, V.E., Huber, B.R., Au,
R., Kiernan, P.T., Daneshvar, D.H., Mez, J., Solomon, T.M., Alosco,
M.L., and McKee, A.C. (2017). CCL11 is increased in the CNS in
chronic traumatic encephalopathy but not in Alzheimer’s disease.
PLoS One 12, e0185541.

30. Forstner, P., Rehman, R., Anastasiadou, S., Haffner-Luntzer, M.,
Sinske, D., Ignatius, A., Roselli, F., and Knoll, B. (2018). Neuroin-
flammation after traumatic brain injury is enhanced in activating
transcription factor 3 mutant mice. J. Neurotrauma 35, 2317–2329.

31. Di Battista, A.P., Churchill, N., Rhind, S.G., Richards, D., and
Hutchison, M.G. (2019). Evidence of a distinct peripheral inflamma-
tory profile in sport-related concussion. J. Neuroinflammation 16, 17.

32. Zlotnik, A., and Yoshie, O. (2012). The chemokine superfamily re-
visited. Immunity 36, 705–716.

33. Kunis, G., Baruch, K., Rosenzweig, N., Kertser, A., Miller, O., Ber-
kutzki, T., and Schwartz, M. (2013). IFN-c-dependent activation of the
brain’s choroid plexus for CNS immune surveillance and repair. Brain
136, 3427–3440.

34. Sankar, S.B., Pybus, A.F., Liew, A., Sanders, B., Shah, K.J., Wood,
L.B., and Buckley, E.M. (2019). Low cerebral blood flow is a non-
invasive biomarker of neuroinflammation after repetitive mild trau-
matic brain injury. Neurobiol. Dis. 124, 544–554.

35. Niesman, I.R., Schilling, J.M., Shapiro, L.A., Kellerhals, S.E., Bonds,
J.A., Kleschevnikov, A.M., Cui, W., Voong, A., Krajewski, S., Ali,
S.S., Roth, D.M., Patel, H.H., Patel, P.M., and Head, B.P. (2014).
Traumatic brain injury enhances neuroinflammation and lesion vol-
ume in caveolin deficient mice. J. Neuroinflammation 11, 39.

36. Juengst, S.B., Kumar, R.G., Arenth, P.M., and Wagner, A.K. (2014).
Exploratory associations with tumor necrosis factor-a, disinhibition
and suicidal endorsement after traumatic brain injury. Brain Behav.
Immun. 41, 134–143.

37. Wojkowska, D.W., Szpakowski, P., and Glabinski, A. (2017). Inter-
leukin 17A promotes lymphocytes adhesion and induces CCL2 and
CXCL1 release from brain endothelial cells. Int. J. Mol. Sci. 18, 1000.

38. Chen, J., Hu, J., Liu, H., Xiong, Y., Zou, Y., Huang, W., Shao, M.,
Wu, J., Yu, L., Wang, X., Wang, X., and Lin, L. (2018). FGF21
protects the blood-brain barrier by upregulating PPARgamma via
FGFR1/beta-klotho after traumatic brain injury. J. Neurotrauma 35,
2091–2103.

39. Gallentine, W.B., Shinnar, S., Hesdorffer, D.C., Epstein, L., Nordli,
D.R., Jr., Lewis, D.V., Frank, L.M., Seinfeld, S., Shinnar, R.C.,
Cornett, K., Liu, B., Moshe, S.L., and Sun, S. (2017). Plasma cyto-
kines associated with febrile status epilepticus in children: a potential
biomarker for acute hippocampal injury. Epilepsia 58, 1102–1111.

40. Harawa, V., Njie, M., Kessler, A., Choko, A., Kumwenda, B., Kam-
pondeni, S., Potchen, M., Kim, K., Jaworowski, A., Taylor, T.,
Mandala, W., Seydel, K., and Rogerson, S. (2018). Brain swelling is
independent of peripheral plasma cytokine levels in Malawian chil-
dren with cerebral malaria. Malar. J. 17, 435.

41. Perel, P., Arango, M., Clayton, T., Edwards, P., Komolafe, E., Poc-
cock, S., Roberts, I., Shakur, H., Steyerberg, E., and Yutthakasemsunt,
S. (2008). Predicting outcome after traumatic brain injury: practical
prognostic models based on large cohort of international patients. BMJ
336, 425–429.

42. Tellier, A., Marshall, S.C., Wilson, K.G., Smith, A., Perugini, M., and
Stiell, I.G. (2009). The heterogeneity of mild traumatic brain injury:
where do we stand? Brain Inj. 23, 879–887.

43. Chandrasekar, A., Heuvel, F.O., Palmer, A., Linkus, B., Ludolph,
A.C., Boeckers, T.M., Relja, B., Huber-Lang, M., and Roselli, F.
(2017). Acute ethanol administration results in a protective cytokine
and neuroinflammatory profile in traumatic brain injury. Int. Im-
munopharmacol. 51, 66–75.

44. Roselli, F., Chandrasekar, A., and Morganti-Kossmann, M.C. (2018).
Interferons in traumatic brain and spinal cord injury: current evidence
for translational application. Front. Neurol. 9, 458–458.

45. Durán, W.N. (2008). The double-edge sword of TNF-alpha in
ischemia-reperfusion injury [Editorial]. Am. J. Physiol. Heart Circ.
Physiol. 295, H2221–H2222.

46. Karnes, J.M., Daffner, S.D., and Watkins, C.M. (2015). Multiple roles
of tumor necrosis factor-alpha in fracture healing. Bone 78, 87–93.

47. Gubbels Bupp, M.R. (2015). Sex, the aging immune system, and
chronic disease. Cell. Immunol. 294, 102–110.

48. Stapleton, P.P., Strong, V.E., Freeman, T.A., Winter, J., Yan, Z., and
Daly, J.M. (2004). Gender affects macrophage cytokine and prosta-
glandin E2 production and PGE2 receptor expression after trauma. J.
Surg. Res. 122, 1–7.

49. Fan, H., Zhao, G., Ren, D., Liu, F., Dong, G., and Hou, Y. (2017).
Gender differences of B cell signature related to estrogen-induced
IFI44L/BAFF in systemic lupus erythematosus. Immunol. Lett. 181,
71–78.

50. Licastro, F., Hrelia, S., Porcellini, E., Malaguti, M., Di Stefano, C.,
Angeloni, C., Carbone, I., Simoncini, L., and Piperno, R. (2016).
Peripheral inflammatory markers and antioxidant response during the
post-acute and chronic phase after severe traumatic brain injury. Front.
Neurol. 7, 189.

51. Lagerstedt, L., Egea-Guerrero, J.J., Rodriguez-Rodriguez, A., Busta-
mante, A., Montaner, J., El Rahal, A., Andereggen, E., Rinaldi, L.,
Sarrafzadeh, A., Schaller, K., and Sanchez, J.C. (2018). Early mea-
surement of interleukin-10 predicts the absence of CT scan lesions in
mild traumatic brain injury. PLoS One 13, e0193278.

Address correspondence to:
Soeren E. Pischke, MD, PhD

Oslo University Hospital and University of Oslo
Sognsvannsveien 20, 0372 Oslo

Oslo
Norway

E-mail: s.e.pischke@medisin.uio.no

2130 CHABAN ET AL.

http://CRAN.R-project.org/package=bestglm
http://CRAN.R-project.org/package=bestglm




	

	

	 	

Article	II	





Clinical paper

Complement activation is associated with poor
outcome after out-of-hospital cardiac arrest

Viktoriia Chaban a, Espen R. Nakstad b, Henrik Stær-Jensen c, Camilla Schjalm a,
Ingebjørg Seljeflot d,e, Jarle Vaage e,f,g, Christofer Lundqvist e,h,i,
Jurat _e altyt _e Benth e,i, Kjetil Sunde c,e, Tom Eirik Mollnes a,e,j,k, Geir Ø. Andersen d,
Søren Erik Pischke a,c,e,f,*
a Dept. of Immunology, University of Oslo and Oslo University Hospital, Oslo, Norway
b Dept. of Acute Medicine, Oslo University Hospital, Oslo, Norway
c Dept. of Anaesthesiology, Division of Emergencies and Critical Care, Oslo University Hospital, Oslo, Norway
d Dept. of Cardiology, Oslo University Hospital, Oslo, Norway
e Institute of Clinical Medicine, University of Oslo, Oslo, Norway
f Dept. of Research and Development, Division of Emergencies and Critical Care, Oslo University Hospital, Oslo, Norway
g Section of Physiology, Dept. of Molecular Medicine, Institute of Basic Medical Sciences, University of Oslo, Oslo, Norway
h Dept. of Neurology, Akershus University Hospital, Oslo, Norway
i Health Services Research Unit, Akershus University Hospital, Oslo, Norway
j Research Laboratory, Nordland Hospital Bodø, and K.G. Jebsen TREC, University of Tromsø, Norway
k Centre of Molecular Inflammation Research, Department of Clinical and Molecular Research, Norwegian University of Science and Technology,

Trondheim, Norway

Abstract
Background: Cardiopulmonary resuscitation after cardiac arrest initiates a whole-body ischemia-reperfusion injury, which may activate the innate

immune system, including the complement system. We hypothesized that complement activation and subsequent release of soluble endothelial

activation markers were associated with cerebral outcome including death.

Methods: Outcome was assessed at six months and defined by cerebral performance category scale (1!2; good outcome, 3!5; poor outcome

including death) in 232 resuscitated out-of-hospital cardiac arrest patients. Plasma samples obtained at admission and day three were analysed for

complement activation products C3bc, the soluble terminal complement complex (sC5b-9), and soluble CD14. Endothelial cell activation was measured

by soluble markers syndecan-1, sE-selectin, thrombomodulin, and vascular cell adhesion molecule.

Results: Forty-nine percent of the patients had good outcome. C3bc and sC5b-9 were significantly higher at admission compared to day three

(p < 0.001 for both) and in patients with poor compared to good outcome (p = 0.03 and p < 0.001, respectively). Unadjusted, higher sC5b-9 at admission

was associated with poor outcome (odds ratio 1.08 (95% CI 1.01!1.14), p = 0.024). Adjusted, sC5b-9 was still associated with outcome, but the

association became non-significant when time to return-of-spontaneous-circulation above 25 min was included as a covariate. Endothelial cell

activation markers increased from admission to day three, but only sE-selectin and thrombomodulin were significantly higher in patients with poor versus

good outcome (p = 0.004 and p = 0.03, respectively) and correlated to sCD14 and sC5b-9/C3bc, respectively.
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Conclusion: Complement system activation, reflected by sC5b-9 at admission, leading to subsequent endothelial cell activation, was associated with

poor outcome in out-of-hospital cardiac arrest patients.

Keywords: Out-of-hospital cardiac arrest, Outcome, SC5b-9 protein complex, Cardiopulmonary resuscitation, Return of spontaneous circulation,

Immune system, Endothelial cells

Introduction

Out-of-hospital cardiac arrest (OHCA) remains an important public
health matter with a high mortality rate and is the third leading cause of
death in Europe.1 After successful resuscitation, the main reason for
mortality and morbidity is the duration of hypoxia and a whole-body
ischemia/reperfusion injury.2 The brain is most susceptible to this
reperfusion injury,3 and two-thirds of hospital deaths are due to the
neurological injury,4

The pathophysiology of ischemia/reperfusion injury is very
complex with a plethora of players. Cardiopulmonary resuscitation
(CPR) initiated reperfusion triggers the innate immune system by
danger agents acting as ligands for pattern recognition molecules of
the various branches of the innate immunity, including the comple-
ment system.5,6 This induces a secondary and broad-acting systemic
inflammatory response which, when over-activated or dysregulated,
leads to tissue damage, organ failure and in worst case to death.7

Complement is present in plasma and thus immediately activated
upon injury through the classical, lectin, or alternative pathway. All
three pathways converge at the level of C3, which gets cleaved and
forms a protease that cleaves C5 leading to the formation of the
terminal complement complex. The terminal complement complex is
either incorporated in cellular membranes, where it may result in lysis
and inflammation, or it is released as a soluble molecule (sC5b-9) to
the fluid phase.8 All C3 and C5 derived complement activation
products, including the anaphylatoxins C3a and C5a, can activate
endothelial cells.

The aim of the present study was to investigate if complement
activation with subsequent endothelial cell activation as part of the
initial ischemia/reperfusion injury was associated with poor cerebral
outcome and death in patients resuscitated after OHCA.

Material and methods

The present study is a planned sub-study of the prospective
observational Norwegian Cardio-Respiratory Arrest Study (NOR-
CAST, NCT01239420).9 The aim of NORCAST was to assess the
ability of currently recommended diagnostic tools to identify patients
with a poor prognosis. Importantly, results of prognostic tests were
blinded to clinicians to avoid hasty withdrawal decisions and self-
fulfilling prophecies. The design and patient population in NORCAST
has been previously described in detail.9 Briefly, 259 comatose adult
OHCA patients admitted to Oslo University Hospital Ullevål were
included between October 1st, 2010 and January 30th, 2014. Post-
resuscitation care was performed according to local standard
procedures including targeted temperature management to 33 !C
(TTM33) for 24 h and immediate coronary angiography with
subsequent percutaneous coronary intervention, if a cardiac cause
was suspected.9 Hypoxic cause of cardiac arrest was defined as a
non-cardiac cause of the arrest, where hypoxia of different reasons
resulted in unresponsiveness, absence of breathing and loss of heart

function. The Sequential Organ Failure Assessment (SOFA score)
was performed to assess the extent of a patient's organ failure within
the first 24 h of admission. Neurological outcome at 6 months was
assessed by Neurology specialists who were blinded to all clinical and
paraclinical scores during hospital admission and well acquainted with
Cerebral Performance Category (CPC, 1"2 good outcome, 3"5 poor
outcome with 5 including death) scoring. The examination on which
CPC scoring was based consisted of structured neurological and
cognitive examination as well as queries of functional level to patients
and next-of-kin. For complement activation markers, the upper
reference limit for each assay was set to the 95th percentile of a
healthy reference population consisting of 20 female and 20 male
blood donors without cardiovascular or autoimmune diseases.10

Upper reference limit of sC5b-9 is >0.7 complement activation units
(CAU)/mL and for C3bc >9 CAU/mL.10 For endothelial markers such
international reference limit do not exist and venous EDTA-blood
obtained from twelve healthy volunteers with a close to similar age
(median 59 years, interquartile range 51"68 years) and gender
distribution (7 female: 5 male) compared to the study population was
used as control.

Blood sampling protocol

At admission (before initiation of TTM33) and after 72 h (after
rewarming), peripheral venous blood was obtained in ethylenedia-
minetetraacetic acid (EDTA) vacutainer tubes (BD, Plymouth, UK).
Samples were immediately kept on crushed iced and centrifuged
within 30 min at 2500 g for 20 min at 4 !C. Plasma was collected and
stored at "80 !C until analyses.

Complement activation markers

Complement activation products, C3bc (common for classical, lectin
and alternative pathways) and sC5b-9 (soluble terminal complement
complex), were measured by in-house enzyme-linked immunosor-
bent assays (ELISA) which has previously been described11,12 and
later modified according to the protocol presented in Ref. 10.

Endothelial activation markers and sCD14

Soluble endothelial activation markers syndecan-1, sE-selectin
(sCD62E), thrombomodulin (sTM), vascular cell adhesion molecule
1(sVCAM-1) and sCD14 were measured by DuoSet ELISA (R&D
Systems, Minneapolis, MN) in EDTA plasma.

Ethics and data management

The Regional Committee for Medical Research Ethics of South-
Eastern Norway approved NORCAST (Approval number REK S-O/A -
2010/1116a). Ethics and study management have been previously
reported.9Written informed consent was obtained from close relatives
or guardians within 24 h after hospitalization and from all patients
regaining consciousness and decision-making capacity within six
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months. Clinical, biochemical and outcome data were prospectively
collected from medical records, questionnaires, and paramedic
records as presented in the Utstein criteria.13 Blood samples from
healthy donors were collected into a biobank approved by the
Regional Ethical Committee (REK S-04114).

Statistical analysis

Data were presented as medians, 25th!75th percentile, or frequen-
cies and percentages, as appropriate. Patients with good and poor
outcome were compared by Mann!Whitney U test for continuous and
x2-test or Fisher’s exact test for categorical data. The difference in
complement or endothelial activation between CPC groups was
assessed by Mann!Whitney U test. Kruskal!Wallis test was used for
comparison of more than two groups. Bonferroni correction was
applied to correct for multiple testing. The Wilcoxon signed-rank
paired test was used to compare the complement and endothelial
activation at admission and day three. Associations between cerebral
outcome and SOFA score, time from cardiac arrest-to-return-of-
spontaneous circulation (time-to-ROSC), cardiac arrest (unwitnessed
vs. witnessed), initial rhythm (shockable vs. non-shockable), bystand-
er CPR (yes vs. no), and cause of cardiac arrest were assessed by
unadjusted and adjusted (multivariable) logistic regression model. To
assess whether sC5b-9 and C3bc at admission was associated with
the odds for poor outcome separately as well as combined,
unadjusted logistic regression models were estimated. The models
were further adjusted for SOFA score, time-to-ROSC, and cause of
cardiac arrest. Interactions between sC5b-9 and time-to-ROSC, and
between C3bc and time-to-ROSC were included into the adjusted
model if significant. The results of logistic regression models were
presented as odds ratios (ORs) with the corresponding 95%
confidence intervals (CIs) and p-values. The regression coefficients
and standard errors (SE) were presented for the variables included
into the interaction term. For easier interpretation, the interactions
were illustrated graphically. To assess how well the sC5b-9 and C3bc
distinguishes between those with good and poor outcome, the area
under the characteristic (ROC) curve with the corresponding 95% CI
was calculated. The logistic regression models were estimated to
assess the association between the CPC score and sC5b-9 at
admission adjusted for endothelial markers Syndecan-1, E-selectin,
Thrombomodulin, and VCAM, and CD14 measured at day three, one
at a time. Also, the model combining all endothelial markers and CD14
was estimated. The models were adjusted for SOFA score, time-to-
return-of-spontaneous circulation (time-to-ROSC), and cause of
cardiac arrest. Area under the ROC curve calculated for the
unadjusted and each adjusted model was compared. Correlation
between complement and endothelial activation markers was
assessed using Spearman’s rank test. Results with p-values <0.05
were regarded as significant. Statistical analyses were performed in
Statistical Package for the Social Sciences (SPSS) software (version
26, IBM, Armonk, NY), Stata (version 16.0, StataCorp, College
Station, TX), SAS (version 9.4, SAS Institute, Cary, NC) and
GraphPad Prism (version 8, GraphPad Software, San Diego, CA).

Results

Out of 259 successfully resuscitated patients after OHCA, 232 were
included into the study (Fig. 1). Median age was 63 (54!69), 83%
were male, and 82% had cardiac cause of arrest (Table 1). Outcome

defined as best CPC score within six months after OHCA, was poor for
49% and good for 51% of patients with significant differences in time-
to-ROSC and SOFA score at admission (Table 1). Clinical variables
significantly associated with poor outcome in adjusted logistic
regression analysis were non-shockable initial cardiac arrest rhythm,
longer time-to-ROSC and higher overall organ dysfunction during the
first 24 h after admission (Suppl. Table 1). Unwitnessed cardiac arrest
was associated with outcome in unadjusted logistic regression model
only, while performance of bystander CPR was not significantly
associated with outcome (Suppl. Table 1).

Complement activation products

C3bc and sC5b-9 were markedly higher compared to upper reference
limit in all patients (n = 232) both at admission and day three (Fig. 2A,
B). C3bc and sC5b-9 were both significantly higher at admission
compared to day three. Patients with poor outcome had significantly
higher levels of C3bc and sC5b-9 at admission compared to patients
with good cerebral outcome (Fig. 2A, B).

In unadjusted models, higher sC5b-9 at admission was associated
with poor outcome (OR 1.08, 95% CI (1.01!1.14), p = 0.02, Suppl.
Table 2), while C3bc was not (Suppl. Table 3). The area under the
ROC curve (AUC) was 0.65 95% CI (0.57; 0.72) for sC5b-9 and 0.57
(0.49; 0.65) for C3bc. There was no additive effect on the ROC curve
by combining sC5b-9 and C3bc (AUC 0.66 (0.58; 0.73)). Longer time-
to-ROSC and higher SOFA scores at admission were also associated
with poor outcome (OR 1.06 (1.05!1.09), p < 0.001 and OR 1.23
(1.06!1.43), p = 0.006, respectively, Suppl. Table 2). Interaction
between sC5b-9 and time-to-ROSC was significant in an adjusted
model (p = 0.015, Suppl. Table 2). Post hoc analysis of the interaction
term showed that odds for poor outcome were increasing with
increasing values of sC5b-9 when time-to-ROSC was below 30 min,
while odds for poor outcome were dependent on time-to-ROSC alone
at 30 min and longer (Suppl. Table 2, Fig. 3). There was no significant
interaction between C3bc and time-to-ROSC in an unadjusted model,

Admit ted  to hospitalafter out-of-hospital cardiac arrest
(n=259 )

Included with avail able clinical data
(n= 243) 

Included with av ail able samples at admis sion(n=232 )and 
admis sion + day  3   (n=192 ) 

No blood collected at  admis sion  and day 3  (n=3)
No blood collected at  admis sion  (n=8)
No blood collected at  day 3 (n=40)

TTM protocol  disconti nued , earlydeath, early 
awakening(n=16) 

Fig. 1 – Flow chart of patient population in this study.
Enrolment in study and exclusions, availability of clinical
data and blood samples at each time point. TTM; target
temperature management.
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and C3bc alone was not associated with outcome (Suppl. Table 3).
Hypoxia as the cause of cardiac arrest increased the odds for poor
outcome, with increased levels of sC5b-9 and C3bc at admission in
comparison to acute myocardial infarction (OR 6.78 (1.90!24.16),
p = 0.003, and OR 5.97 (1.75!20.36), p = 0.004, respectively, Suppl.
Tables 2 and 3).

sCD14

sCD14, a co-receptor of TLR, was significantly higher in cardiac arrest
patients (n = 192) compared to healthy controls and significantly
higher at day three compared to admission (Suppl. Fig. 1). However,
sCD14 was not associated with outcome alone or in adjusted models
(Suppl. Table 4).

Markers of endothelial activation and damage

Glycocalyx damage marker sSyndecan-1 was higher in OHCA
patients (n = 192) compared to healthy controls at admission and day
three (Fig. 4A). It was significantly higher at admission compared to
day three in OHCA patients (Fig. 4A). Markers of endothelial activation
sE-selectin, sVCAM-1 and sTM were consistently higher in OHCA
patients and concentrations at day three were significantly increased
compared to admission (Fig. 4B!D). Among the four markers, only
sE-selectin and sTM were significantly higher in patients with poor
outcome compared to patients with good outcome (Fig. 5A, B). C3bc
correlated significantly with sSyndecan-1 and sTM at admission
(R = 0.26, p < 0.001 and R=0.17, p = 0.02, respectively) and day three
(R = 0.19, p = 0.007 and R=0.2, p = 0.007, respectively, Suppl. Fig. 2).
Likewise, sC5b-9 correlated significantly with sSyndecan-1 and sTM
at admission (R = 0.25, p < 0.001 and R=0.23, p = 0.001, respectively)
and at day three (R=0.16, p = 0.03 and R = 0.23, p = 0.002, Suppl.
Fig. 2). sCD14 was significantly correlated with sE-selectin at day
three (R = 0.44, p < 0.001). No other important correlations were

observed (Suppl. Fig. 2). sE-selectin was the only endothelial
parameter significantly associated with outcome in an unadjusted
model (OR 1.02 [1.00!1.05], p = 0.038), but did not improve the
discriminative ability of the model with only sC5b-9 (Suppl. Table 4).
Adjustment did not improve the discriminative ability of sC5b-9 in
combination with endothelial markers except for E-selectin with
additive effect on the ROC curve when sC5b-9 was combined with sE-
selectin (AUC 0.79 (0.72!0.85), p = 0.047, Suppl. Tables 4 and 5).

Discussion

A whole-body inflammatory reaction follows resuscitation after OHCA.
In the present study, we show that initial strong activation of the
complement system, in particular reflected by the terminal pathway
activation product sC5b-9, was associated with poor long-term
outcome. Following the initial rapid complement activation, endothe-
lial activation occurred after admission. While the endothelial damage
marker Syndecan-1 peaked at admission, all other measured markers
of endothelial activation showed highest level at day three in contrast
to complement activation, which then had markedly declined.

Complement activation

Complement activation at admission was associated with cerebral
outcome. Complement has been shown to get activated immediately
after initiation of resuscitation in OHCA patients with a swift decline
after ROSC.14 This might be due to release of damage associated
molecular patterns (DAMPs) from injured cells followed by a chain of
injurious events15 leading to activation of complement signalling
pathways, in particular the lectin pathway.16 While the aforemen-
tioned study showed no relation of lectin pathway activation and
outcome, this study confirms that the end-product of complement
system activation sC5b-9 is associated with poor outcome. TTM33

Table 1 – Demographics and clinical characteristics at admission.

Total (n = 232) Good outcome (CPC 1!2)
(n = 118)

Poor outcome (CPC 3!5)
(n = 114)

p-value

Age (years) 63 (54!70) 62 (54!69) 64 (55!71) 0.3a

Sex 0.5b

Female 39 (17) 14 (36) 25 (64)
Male 193 (83) 104 (54) 89 (46)

Cause of cardiac arrest (CA)
Acute myocardial infarction 89 (38) 48(54) 41 (46) 0.5b

Chronic cardiac disease 71 (31) 40 (56) 31 (44) 0.3b

Arrythmia (VF) 29 (13) 18 (62) 11 (38) 0.2b

Hypoxia induced CA 31 (13) 9 (29) 22 (71) 0.01b

Other causes 5 (2) 2 (40) 3(60) 0.7c

Unknown 7 (3) 1 (14) 6 (86) 0.6c

Survivors 123 (53) 114 (93) 9 (7) <0.001b

Scores at admission

SOFA score 11 (9.5!12) 10 (9!12) 11 (10!12) <0.001a

Time-to-ROSC (min) 25 (16!33) 19 (12!28) 30 (24!40) <0.001a

Data presented as median (25th!75th percentile) or n (%). Cerebral outcome is best CPC within 6 months after cardiac arrest. CPC; cerebral performance
category, VF; ventricular fibrillation, CA; cardiac arrest, SOFA; Sequential Organ Failure Assessment, Time-to-ROSC; time to return of spontaneous circulation,
min; minutes.
a Mann!Whitney U test.
b x2-test or
c Fisher’s exact test.
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treatment of OHCA patients leads to suppression of complement
activation with return to levels above reference limit after rewarming17

while one study reports that TTM33 lead to reduction of the regulatory
protein Map19 of the complement lectin pathway compared to
TTM36.18 All patients in this study were treated with TTM33 and it
might thus be speculated that the initial complement activation is of
special importance for outcome in OHCA patients. In line with this are
findings that the degree of complement activation correlates with the
severity of heart failure in patients developing cardiogenic shock after
acute myocardial infarction.19 Furthermore, blockade of C5 reduced
infarct size and improved cardiac function in an experimental porcine
model of severe myocardial infarction.20

An important factor influencing the reperfusion injury and degree of
neurological injury is the duration of hypoxia i.e., the time-to-ROSC.21

As in previous studies, we also verified an association between time-
to-ROSC and poor cerebral outcome.22 We add that for the same
time-to-ROSC, odds for poor outcome increased with increasing
levels of sC5b-9, suggesting that increased complement activation

per se had an effect on outcome and might be an effect-modifier. The
effect of association between sC5b-9 and outcome was absent in
patients with time-to-ROSC 30 min, indicating that the impact of
inflammation on cerebral outcome may be reduced when time-to-
ROSC is long and ischemic brain damage becomes the only decisive
factor. Despite the association between sC5b-9 and poor outcome,
complement activation cannot be used as a decisive prognostic
marker, given the large inter-patient variations of absolute values,
which were in this study almost all above an internationally accepted
upper reference limit.10 However, complement inhibition in OHCA
patients might be explored in further studies as inhibition of C5 has
been shown to reduce ischemia/reperfusion injury in general, and our
data on sC5b-9 support this hypothesis.

sCD14

sCD14 is a multifunctional molecule, which recognises and binds
endogenous and exogenous danger signals.23 It is also a co-factor for
several TLRs which are mainly expressed by monocytes and
macrophages. In the present study, sCD14 was increased upon
admission and highest on day three, suggesting a maintained release,
which might be due to shedding of membrane-bound CD14 protein or
secretion via intracellular vesicles by inflammatory cells.24 The
prolonged release of sCD14 may indicate prolonged activation of the
immune system which is in agreement with the pattern of complement
and endothelial activation.

Endothelial activation

The endothelium is an active component of innate immunity. It gets
injured during ischemia/reperfusion injury,25 e.g. by complement. This
again leads to retrograde complement activation resulting in a vicious
circle with exaggerated inflammatory reaction causing tissue damage
and organ failure.26
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Syndecan-1 was the only endothelial marker that peaked on the
day of admission, which is in-line with previous findings describing
shedding of glycocalyx as an initial event in OHCA patients, where
Syndecan-1 is an integral part.27 While sSyndecan-1 correlated
significantly with complement activation, it was not associated with
outcome. Thus, our findings confirm results of a previous study in 163
comatose patients after OHCA, where sSyndecan-1 was not
associated with mortality,22 which may imply that sSyndecan-1 is
an endothelial damage marker, but not necessarily associated with
prolonged inflammatory reperfusion injury.

Complement system and endothelial cell activation have been
shown to correlate with systemic cytokine release and haemodynamic
status early post-cardiac arrest. The magnitude of this response has
been associated with the severity of this post-cardiac arrest
syndrome,5,8 independent on TTM.28 Likewise, endothelial activation
and damage markers have been shown to be independent of TTM,
except for sE-Selectin, which is lower in TTM36 treated patients.22

The present study confirms this previously observed pattern of

complement and endothelial activation and that endothelial activation
reflected by thrombomodulin is associated with outcome,22 although
individual correlations of single parameters are relatively weak. In a
study on 163 patients with one-time blood sampling within
approximately two hours after OHCA, Cox proportional-hazard
analyses found sE-selectin to be a univariate predictor of mortality.29

Our findings add that sE-selectin is associated with outcome, also
when assessed three days after OHCA. In addition, we show that sE-
selectin is correlated with sCD14 at day three after cardiac arrest and
not with the complement system, highlighting the multifactorial
pathogenesis of the post-cardiac arrest syndrome. Unfortunately,
due to large inter-patient variations seen in our and the aforemen-
tioned studies, thrombomodulin and sE-selectin are not reliable
prognostic markers. Especially sE-selectin levels are affected by
body-mass index.30 However, both sE-selectin and thrombomodulin
could be used in future clinical intervention studies assessing effect of
an intervention by reduction of these endothelial activation markers.

Dual inhibition of both the complement system and CD14 in post-
OHCA patients may be a general approach to attenuate the innate
immune system broadly, preventing downstream overreaction of the
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sThrombomodulin.
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immune system including activation of endothelial cells, cytokine
storm, and adaptive immune system,31,32 and ought to be investigated
further.

Limitations

This was a post-hoc analysis of a single-center study, which limits
generalizability. Despite a rigorous sampling routine, blood was not
acquired from 40 patients at day three, decreasing power of
especially endothelial markers, which are known to be time-
sensitive and increase later than complement activation markers. All
patients were treated with the same TTM33 protocol reducing
generalization to internationally recommended post resuscitation
care, which includes TTM36. However, by focusing on TTM33,
confounders based on quality of care were minimized. Time-to-
ROSC is a pure quantitative parameter, and the quality of CPR,
which is a known predictor of outcome, was not assessed.33 This
could therefore impact on the data. As this is an observational study,
no cause-effect conclusions can be made, the study should thus be
regarded as hypothesis generating, and may facilitate design of
future studies investigating interventions in the immediate post-
cardiac arrest phase.

Conclusion

In comatose, resuscitated OHCA patients, activation of the comple-
ment system is present in the majority of patients at admission. In
particular, increased sC5b-9 was associated with poor outcome. The
whole-body inflammation included subsequent endothelial cell
activation and sCD14 release three days after OHCA.
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	2.5 Cytokine measurements
	3.1 Effect of temperature on complement activation in human whole blood
	Complement activation, represented by C3bBbP and sC5b-9, was both time- and temperature-dependent (Fig. 1). E-coli led to faster and stronger complement activation than temperature alone (Fig. 1). Both activation products increased consistently with i...
	3.2 Effect of temperature on cytokine release in human whole blood
	We then investigated the temperature effect on cytokine release in human whole blood. Of these, six (IL-1β, IL-2, IL-6, IL-8, IFN-γ, and TNF) were affected by the temperature condition (Fig. 2). The release of all six cytokines showed a common pattern...
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