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Introduction 
 
This project thesis reviews the human complement system and its significance in three arterial 

lesions; uteroplacental acute atherosis of pregnancy, atherosclerosis, and graft vascular 

disease. The project thesis is written as part of the medical student program at the Medical 

Faculty at the University of Oslo. The project thesis has two main aims – to review the 

literature on the field, and also to use these results to propose how complement related 

research could be used to make progress in pregnancy related uteroplacental acute atherosis 

research in the future.  

 

My supervisor has been Annetine Staff (Oslo University Hospital and University of Oslo), 

who has given excellent guidance and great advice throughout the work with this project, and 

I am very grateful for her support and enthusiasm.  
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Abstract 
 
Objectives: The objectives of this project thesis were to review the literature regarding the 

human complement system and its relation to three arterial lesions; atherosclerosis, graft 

vascular disease and uteroplacental acute atherosis, and to propose possible research 

approaches for the significance of complement activation in acute atherosis.  

 

Methods: This project thesis is based on a non-systematic literature review, using relevant 

search terms and combinations in PubMed to identify research findings relevant for the 

complement system in atherosclerosis, graft vascular disease and acute atherosis. Review 

articles were selected from the literature search, and relevant original research papers in 

English were then selected from the reviews, based on abstract reading.  

 

Results: The complement system is activated in atherosclerosis, graft vascular disease and 

acute atherosis. Activation pathways and extent of cascade activation differ between these 

arterial lesions. The classical, lectin, and alternative pathways are activated in both 

atherosclerosis and graft vascular disease, and activation is extended to the terminal complex. 

Activation of the classical pathway is indicated in acute atherosis, but contribution of the 

lectin and classical pathways and the extent of activation remain uncertain.  

 

Conclusions: The complement system holds an important role in the pathophysiology of 

atherosclerosis and graft vascular disease, both on a local and systemic level. Although there 

is evidence for complement activation in acute atherosis, there is still need for further research 

regarding the role of complement in the formation and progression of acute atherosis, as well 

as for a possible contribution of systemic complement activation to the lesion.   
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Background 
 
More than 100 years ago, the complement system was discovered and named due to its 

“complementing” role in antibody bacteriolysis (1). It was later discovered to be a cascade 

system, and part of the innate immune system. The complement system consists of more than 

40 known soluble and membrane bound proteins. Most of the complement proteins regulate 

the functions of other components of this system (2, 3). Activation of the complement system 

results in inflammation, phagocytosis, and/ or cell lysis by membrane attack (4), the system’s 

three main functions. The complement system works on its own as well as assisting other 

parts of the immune system (5). 

 

Atherosclerosis is a cardiovascular disease in which a large artery hardens (“sclerosis” from 

Greek “to harden”), following the growth of atheromatous plaques in the vessel wall. It is the 

main cause of myocardial infarction, stroke, and gangrene (6). Atherosclerosis is largely 

considered an inflammatory disease that develops over the course of years, with many parts of 

the immune system being involved in the different stages of the disease (7-9).  

 

Graft vascular disease is an arterial complication observed after allograft transplantation. 

Graft vascular disease is also known as graft arterial disease, allograft vasculopathy, 

transplant vasculopathy, and graft vascular sclerosis. This project thesis will use the term graft 

vascular disease. Graft vascular disease lesions are restricted to vessels of the transplanted 

organ, and do not affect host vessels. Development of graft vascular disease lesions has a 

significant immunological component, as the lesion occurs less often in immunosuppressed 

recipients than in non-immunosuppressed recipients (10).  

 

Acute atherosis is a pregnancy vascular lesion affecting the spiral arteries of the decidua 

(endometrium of pregnancy). These uteroplacental spiral arteries perfuse the intervillous 

space and thereby the placenta villous tissue in pregnancy. The mechanisms by which acute 

atherosis lesions develop are not fully understood, but many consider the immune system as 

well as excessive inflammation to be of importance (11, 12). 

 

In both atherosclerosis and graft vascular disease, activation of the complement system is of 

importance, especially in regards to endothelial dysfunction (13, 14), but this has not been 
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adequately explored in acute atherosis. Acute atherosis is morphologically similar to early 

lesions of atherosclerosis, with formation of intramural foam cells. There are also several 

other similarities between acute atherosis and graft vascular disease, as reviewed by my 

supervisor and coauthors previously (12). The aim of this student thesis was therefore to 

explore whether the complement activation patterns also are comparable between these three 

different arterial lesions.  
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Methods 
 
This project thesis is based on a non-systematic literature research in PubMed in August 

2018. To address the topic in question, articles focusing on complement activation in 

atherosclerosis, graft vascular disease, and acute atherosis of the uteroplacental spiral arteries 

were included.   

 

Search terms included “acute atherosis”, “preeclampsia”, “atherosclerosis”, “graft vascular 

disease”, “graft vessel disease”, “graft vasculopathy”, “allograft vascular disease”, “allograft 

vasculopathy”, and “transplant vasculopathy”. These terms were combined with the key 

words “complement activation”, “complement system”, and “complement”. Search results 

were filtered by “English language only”. For details regarding the search terms and 

combinations, please see Table 1.  

 

Selection of articles for the project was then performed in two steps; first, all articles other 

than systematic reviews were filtered out. Reviews were then selected for further reading 

based on their abstracts. Due to the large yield in search results for atherosclerosis, a time 

filter (“published in the last five years”) was added to the search. Original research papers and 

additional interesting reviews were selected from reading the full-text of the reviews. 

Secondly, for search results regarding graft vascular disease and acute atherosis, some 

original research papers were also selected from the search results based on reading their 

abstracts. This method was not applied to the search results for atherosclerosis due to the large 

yield in search results, even when filtering out papers older than five years. Although human 

studies were preferred for this project, some studies performed on animals were also included 

in the review.  

 

Articles were selected in agreement with supervisor Annetine Staff, who has extensive 

background and competence in this field of research. She also provided some additional 

studies and reviews of particular relevance, adding expertise insight from the research 

frontline of acute atherosis of uteroplacental tissue in pregnancy.  
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Search term Combinations Yield Date 

1. Complement activation 

2. Complement system 

3. Complement 

4. Acute atherosis 

5. Preeclampsia 

6. Atherosclerosis 

7. Graft vascular disease 

8. Graft vessel disease 

9. Graft vasculopathy 

10. Allograft vascular 

disease 

11. Allograft vasculopathy 

12. Transplant vasculopathy 

Filter: English language only 

   

 (1 OR 2 OR 3) AND 4 5 (of which 2 

reviews) 

08.08.18 

 (1 OR 2 OR 3) AND 6 795 (of which 229 

reviews, 60 

published in the 

last 5 years) 

08.08.18 

 (1 OR 2 OR 3 ) AND 

(7 OR 8 OR 9 OR 10 

OR 11 OR 12) 

63 (of which 21 

reviews) 

 

08.08.18 

 

 

 (1 OR 2 OR 3) AND 5 295 (of which 65 

reviews) 

08.08.18 

Table 1. Search terms and combinations used in this project thesis. 
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Results 
 

The complement system  

George Nuttall, Hans Buchner, Jules Bordet, and Paul Ehrlich were all central in the earliest 

discoveries of complement. Nuttall discovered in 1888 that blood serum from sheep contained 

a component with bactericidal properties, when he noted that the serum had the ability to 

inactivate the Bacillus anthracis, the bacteria that causes anthrax. This property disappeared 

when the sheep serum was heated, suggesting that the killing component was heat-labile (15, 

16). This component was first named alexin, which is Greek for “to ward off”, by Buchner in 

1891. Bordet, a supporter of this humoral immunity theory, proved that the bacteriolysis 

caused by the bactericidal component required both a heat-labile factor (alexin) and a heat-

stable factor, which he named sensitizer. Paul Ehrlich renamed the heat-labile component 

alexin to complement and the heat stable sensitizer to amboceptor (today known as antibody) 

in 1899 after describing the side-chain theory of antibody formation and the mechanisms of 

antibody neutralization of toxins and bacteriolysis with complement (15-17). According to his 

theory, a wide range of receptors (antibodies) on all immune cells are able to recognize 

antigens, multiply, and be shed into the circulation. The theory also proposed that antibodies 

could bind to complement. Ehrlich further proposed that this antibody-complement complex 

formed an enzyme with cytolytic abilities. Ehrlich was awarded the Nobel Prize in 1908, 

along with Elie Metchnikoff, for this important work in immunology (17). 

 

Soon after discovering complement, scientists realized that complement included more than 

just the two components, as it was in fact a broader system of proteins. The proteins of the 

system were named successively as they were discovered, instead of in their respective order 

of action within the pathways (5, 15), see Fig. 1 (Reproduced with permission from (5), 

Copyright Massachusetts Medical Society).  

 

Scientists originally considered complement solely as a defense system against microbes, but 

the complement system in fact has a number of tasks. Some of its most important tasks 

include surveilling the host and identifying danger, assist antibody in phagocytosis by 

opsonizing antigens, cell lysis by formation of the membrane attack complex (MAC), 

attracting leukocytes to a site of inflammation, and removal of apoptotic cells in the host (5) . 
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The first step of complement activation is activation of complement component 3 (C3) 

convertase. There are three pathways to this (Fig. 1); the classical pathway – named so 

because it was the first to be discovered – activated by antibody binding to antigen; the lectin 

pathway, activated by mannose binding lectin (MBL); and the alternative pathway, which is 

spontaneously and continuously activated at a low level due to hydrolysis of C3. C3 

convertase cleaves C3 to C3a and C3b, in a self-amplifying manner. C3 convertase is  

composed of 

different 

complement 

components in the 

different pathways 

(Fig. 1). C3b 

amplifies the 

cascade as well as 

binding to microbial 

or apoptotic 

surfaces 

(opsonization). The 

next step in the 

cascade is 

activation of C5 

convertase. C5 

convertase is 

composed of C3 

convertase with an 

additional C3b 

attached to it. C5 

convertase cleaves 

C5 to C5a and C5b. 

Both C3a and C5a 

are potent anaphylatoxins, and recruit immune cells and promote inflammation. C5b initiates 

the formation of the MAC, also known as the terminal complement complex. This is the 

 
Figure 1. Overview of the complement system, with details from each activation pathway.  

Reproduced with permission from (5), Copyright Massachusetts Medical Society. 
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terminal pathway of complement activation. C5b, C6, C7, C8, and C9 form the MAC, which 

inserts into the cell wall of the pathogen, allowing C9 to polymerize and create a pore in the 

pathogen. This exposes the pathogen’s insides to the host’s extracellular fluid, leading to cell 

lysis and death (1).  

 

With a vast array of potent cytolytic and inflammatory enzymes, there is a definitive need for 

regulation. The regulators of the complement system are mainly inhibitory, with the exclusion 

of properdin. Properdin stabilizes C3 convertase in the alternative pathway and increases 

activation. Three complement inhibitors mentioned in this thesis are factor H (inhibits mainly 

the alternative pathway, but also the classical pathway), decay-accelerating factor (DAF, 

inhibits all three pathways by increasing 

decay of C3 convertase, thus inactivating it), 

and C4 binding protein (binds C4 of the 

classical and lectin pathways and inactivates 

it) (1, 16). 

 

The complement system may seem difficult to 

navigate, with many activation pathways and 

several steps to reach the common end goal, 

assembly and activation of the membrane 

attack complex. How do you tell which 

pathway(s) have been activated? How do you 

know how far the cascade has been activated? 

These are central questions to ask when 

studying complement activation.  

 

To simplify the understanding of the 

complement system, one may think of it as a 

trident, as illustrated in Fig. 2. The three 

spikes symbolize each of the three activation 

pathways: the classical, lectin and alternative 

pathway. Where the spikes gather to form the handle is where you will find C3, the first 

 
Figure 2. Summary of activation pathways of the 

complement system. CP = classical pathway. LP = lectin 

pathway. AP = alternative pathway. MAC = membrane 

attack complex.   
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component of the common activation pathway. Further progression of complement activation 

will in turn activate C5, which sits halfway down the spear. At the very end of the spear, the 

MAC is located, and may be activated by C5.   

 

 Classical pathway Lectin pathway Alternative pathway 

Antibodies (IgG, IgM) X   

C-reactive protein X   

C1q X    

C1r X    

C4 X X  

C2  X X  

C4b, C2a X X  

C4a, C2b X X  

C4d X X  

Mannose-binding lectin  X  

Ficolins  X  

Factor B, Bb, Ba   X 

Factor D   X 

Properdin (reg.)   X  

Factor H (reg.) X  X 
Table 2. Important components of the complement system, arranged by pathways of action. Reg. = regulatory protein. C3, 

C3a, C3b/C3d, and decay-accelerating factor (DAF, reg.) are not specific to any one activation pathway. C5, C5a, C5b, C6, 

C7, C8, C9, MAC, are part of the terminal activation pathway (1, 16). 
 

The classical pathway may be activated by IgM or IgG. Only antibodies bound to antigens 

may activate C1. Thus, circulating, free IgM or IgG are not able to activate the complement 

cascade. C-reactive protein (CRP) is also able to activate the classical pathway (4, 16). 

Activation of the classical pathway can be measured by deposition of IgM or IgG, by 

circulating or deposited C1 (or components thereof, such as C1q) or CRP.  

 

The lectin pathway is activated by MBL binding to mannose on the surface of bacteria. 

Additionally, ficolins (a group of pattern recognition receptors) can activate the lectin 
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pathway by binding to foreign structures in the body (4). Activation of this pathway is thus 

confirmed in the presence of MBL or ficolins.  

 

The alternative pathway is, as previously mentioned, spontaneously and continuously 

activated at a low level, but only up to the point of hydrolysated C3, which can bind to factor 

B. When in presence of factor D, the newly formed C3/B-compound acts as a C3 convertase 

and produces C3b. If C3b is formed in close vicinity to a foreign surface (such as the 

membrane of a bacterium), C3b will bind to this surface and propagate further complement 

activation. Additionally, properdin is also exclusive to the alternative pathway (4, 16). 

Presence of factor B, factor D, or properdin indicate activation of the alternative pathway.  

 

The complement components C2, C3, C4, C5 and C6-9 (MAC) are not exclusive to any one 

pathway, but may give information on the extent of complement activation, i.e. how “far 

down” the complement cascade is activated (see Figs. 1 and 2 and Table 2). C2 and C4 are 

only found in the classical and lectin pathways. Presence of C3d (a stabilized and inactivated 

version of C3b) indicates that the C3 convertase has been formed.  

 

Complement activation can be studied in several ways, and appropriate methods differ 

between studying local and systemic complement activation. Frequently used methods in 

studying local complement activation include immunohistochemistry and 

immunofluorescence, in which the researcher aims to study the presence of a certain antigen 

(i.e. a peptide, protein, or hormone) in a tissue sample. By applying an antibody known to 

bind the antigen as well as a stain (immunofluorescent or chromatic), the researcher will be 

able to visualize the antigen in question. Presence of color or immunofluorescence in the 

prepared tissue indicates presence of antigen. One can also use gene expression techniques on 

tissue samples, for instance quantitative reverse transcription polymerase chain reaction, 

which identifies and quantifies a specific messenger RNA in a sample after extracting 

messenger RNA from the sample.  

 

Enzyme-linked immunosorbent assay (ELISA) is a method that is suitable for evaluating 

systemic complement activation. ELISA is used to identify a certain peptide, protein or 

antibody in the circulation, typically blood serum. Serum is first applied to a plate with wells, 
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which contain different concentrations (titers) of an antigen known to bind the molecule the 

researcher aims to detect. If the molecule in question (called the specific antibody) is present, 

it will bind to the antigen. Another antibody, specific to (for example) human antibody, is 

then applied. The second antibody is bound to an enzyme that will generate a specific color. A 

plate reader will then electronically read the intensity of the color. Different titers of the 

specific antibody will generate different color intensities. Gene expression techniques can also 

be used for evaluating systemic complement activation, but this implies to extract messenger 

RNA from blood samples instead of from tissue.  

 

Atherosclerosis 

Atherosclerosis is the primary underlying cause of the cardiovascular diseases such as 

coronary artery disease, cerebrovascular disease, hypertension and more. These diseases are 

the leading causes of death and disability globally, according to the World Health 

Organization, and are estimated to account for up to one-third of deaths annually. 

Cardiovascular diseases are in large preventable by means of reduction in use of tobacco, 

alcohol, and by increased physical activity (18).  

 

The pathogenesis of atherosclerosis begins with formation of atheromatous plaque (Fig. 3). 

Plaque formation takes place when circulating lipoproteins (mainly low-density lipoprotein, 

LDL) accumulate in the tunica intima (the innermost layer of the vessel wall) and become 

oxidized, which in turn damages the endothelium. When damaged, the endothelium may 

become dysfunctional and more permeable, by mechanisms such as an altered production of 

proinflammatory cytokines and upregulation of adhesion molecules, among other possible 

pathways (6, 19). Circulating monocytes will migrate to areas of such lipoprotein aggregates, 

transmigrate across the endothelium, and consume the lipoproteins. The monocytes-turned-

macrophages are at this point lipid-rich and referred to as ‘foam cells’. Accumulations of 

subendothelial foam cells are called ‘fatty streaks’, and make up the earliest lesions of the 

atherosclerotic development (Fig. 3A). As the lesion advances, smooth muscle cells from the 

tunica media receive signals that promote growth and proliferation, as well as migration to the 

intima. There, the SMCs secrete extracellular matrix, which forms a ‘fibrous cap’ around the 

fatty streak (19, 20). This makes up the atherosclerotic plaque. If the fibrous cap ruptures, the 

contents of the plaque will be exposed to blood and cause thrombus formation. The thrombus 
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may cause occlusion of the vessel (or travel with the circulation to occlude another vessel), 

downstream cellular injury, and even death by tissue ischemia or infarction (7, 19).  

 

In a review from 2012, LDL was described as “the 

spark that ignites complement activation in 

atherosclerosis” (23). This statement is supported by 

several original papers that demonstrate that 

enzymatically modified low density lipoprotein (E-

LDL) is able to spontaneously activate the alternative 

complement pathway (24), as well as the classical 

pathway in presence of CRP, and that oxidized LDL 

(ox-LDL) and native LDL do not possess these 

properties (24-26). However, a later report showed 

that ox-LDL too is able to activate the classical 

pathway, when bound to C1q (27). Presence of CRP 

ensured that only initial complement activation took 

place, and by some mechanism inhibited terminal 

complement activation (26). Bhakdi et al. (26) also 

showed that CRP and E-LDL co-localize in early 

atherosclerotic lesions in the intimal layer, together 

with deposition of large amounts of C3d and smaller 

amounts of C5b-9 (membrane attack complex).  

 

C1q’s presence in human atherosclerotic lesions has 

been confirmed by several reports (28, 29). Fraser and 

Tenner (27) showed that in addition to the ability of C1q to bind ox-LDL and activate the 

classical pathway, C1q also increased monocytes’ ability to ingest and clear ox-LDL in vitro. 

They also found that MBL, similarly to C1q, was able to increase clearance of ox-LDL. In a 

study on patients with rheumatoid arthritis, serum levels of MBL were found to be associated 

with intima-media thickness (a surrogate for severity of atherosclerosis) (30). Patients with 

rheumatoid arthritis have increased risk of atherosclerosis. Both too high and too low serum 

levels of MBL were associated with increased intima-media thickness (more severe 

 

 

 
Figure 3. Examples of A) early atherosclerotic 

lesion (reproduced with permission from (21), 

copyright 2007 American Society for 

Investigative Pathology), B) graft vascular 

disease  reproduced with permission from (22), 

copyright 2010 College of American 

Pathologists) and C) acute atherosis (own data). 

C	
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atherosclerosis). The population-based HUNT2 study from Norway found that MBL-

genotypes causing low levels of serum MBL were associated with increased risk of 

myocardial infarction (31).  

 

Speidl et al. showed (32) that C5a is present in human atherosclerotic lesions, and that C5a in 

vivo was able to upregulate the activity of matrix metalloproteinases. The same group had 

previously found increased serum levels of C5a to represent a marker for adverse 

cardiovascular events (e.g. myocardial infarction, stroke, death) in patients with advanced 

atherosclerosis (33). De Hoog et al. (34) also found increased serum levels of C5a to be a 

marker of acute coronary syndrome.  

 

Helske et al. (35) found C3a, the other anaphylatoxin of the complement system, to be present 

in advanced human atherosclerosis, and to increase the expression of proinflammatory 

cytokines in vitro. The CODAM study from the Netherlands, another population-based study, 

found that increased C3a was associated with increased intima-media thickness as well as 

decreased ankle-arm index (both signs of advanced atherosclerosis) (36). C3 showed similar 

results, but not when simultaneously considering other risk factors of cardiovascular disease. 

However, Carter et al. found increased levels of C3 to be an independent risk factor for 

myocardial infarction (37).  

 

Deposition of the membrane attack complex, C5b-9, has been detected in atherosclerotic 

lesions by several authors (26, 28, 35, 38-41). Helske et al. (35) noted that the deposition of 

C5b-9 was more prominent in advanced compared to early lesions of atherosclerosis, a 

finding also reported by others (26, 28, 38). C5b-9 deposits have been demonstrated to be 

most distinct in the deeper parts of the intimal layer (28, 39-41), and to co-localize with 

properdin (40), CRP (41), C1q, C3c, C4, IgG, and IgM (28). Another report, however, did not 

find IgM or C4 to localize with C5b-9 (40). The complement regulators factor H and C4b-

binding protein have only been demonstrated present in the superficial intima (where they co-

localized with C3 and C4), with little or no overlap with C5b-9 (39, 40). Hertle et al. (42) 

have studied soluble C5b-9 systemically and found that it was not associated with markers for 

atherosclerosis.  
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Graft vascular disease 

Graft vascular disease is an important long-term complication of allografts, and is a driving 

factor in late solid organ graft loss and antibody-mediated rejection (22, 43). Although graft 

vascular disease lesions are greatly heterogeneous, they are typically characterized by intimal 

accumulation of smooth muscle cells and extracellular matrix, constricting the lumen. Like 

atherosclerosis, graft vascular disease affects arteries. Graft vascular disease differs from 

atherosclerosis in that only the intimal layer is affected, with relative sparing of the media and 

adventitia, whereas in atherosclerotic lesions, all three layers of the artery are involved (Fig. 

3A, B). Furthermore, graft vascular disease lesions often affect the vessels diffusely instead of 

focally, which means that graft vascular disease affects larger parts of or even the entire 

vascular bed, but is strictly confined to vessels of the donated organs – host vessels are spared 

(22, 44). The lesion can in some instances develop rather rapidly – over the course of 12 

months after transplantation, around 50% of cardiac allografts will have developed graft 

vascular disease, and within 10 years post-transplant, the rate of allografts with graft vascular 

disease rises to 90% (43). Although graft vascular disease has been reported to occur in 

several different solid organ transplants (22, 43), the majority of the research presented in this 

project thesis focuses on cardiac graft vascular disease due to the vast interest in cardiac 

transplant research.    

 

In a study of local, graft-derived gene expression, Keslar et al. (45) found that cardiac grafts 

that histologically showed moderate antibody-mediated rejection expressed more factor B, 

properdin, C3, C3a receptor and C5a receptor genes than grafts with less severe rejection. 

There was no difference in gene expression for C4, C5, or factor D.  

 

Studies using immunohistochemistry or immunofluorescence have found significant 

deposition of C4d in grafts with graft vascular disease (46, 47), and that presence of 

circulating donor specific antibodies (host-derived antibodies to donor HLA, involved in 

antibody-mediated rejection (48)) significantly increases the rate of graft vascular disease as 

well as reduce the time from transplantation to graft vascular disease formation (46). Another 

study further found a relationship between antibodies against non-classical MHC molecules 

(which can also induce complement activation) and graft vascular disease as well as between 
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donor specific antibodies and graft vascular disease. Presence of either one type of antibody 

or both in combination increased the rate of graft vascular disease (49).  

 

Jane-Wit et al. (50) found that the membrane attack complex deposited on graft endothelial 

cells in vitro and in vivo in presence of donor specific antibodies. They further saw that MAC 

did not induce cytolysis, but rather up-regulated inflammatory genes, which in turn 

augmented formation of graft vascular disease. In a rat model where hearts were transplanted 

into either C6 sufficient or C6 deficient rats, researchers discovered that graft rejection and 

graft vascular disease formation happened earlier and more frequently in grafts of C6 

sufficient rats compared to C6 deficient rats (51).  

 

Regarding MBL and graft vascular disease, differing study conclusions exist. One report 

found that MBL deficiency was significantly more common in human cardiac grafts with 

graft vascular disease compared to grafts without, but found no deficiencies of C1q, factor B, 

C3 or C4 (52). Conversely, a later study did not find significant differences in MBL 

concentrations in human cardiac grafts with and without graft vascular disease (53).  

 

Pavlov et al. (54) studied the effects of the complement inhibitor decay-accelerating factor 

(DAF) in mice and found that in donor hearts deficient of DAF, rejection happened 

significantly sooner than in donor hearts from wildtype mice. Significant graft vascular 

disease lesions were only observed in mice with DAF-deficiency. Furthermore, they observed 

a protective role of C3 deficiency, as C3 deficient grafts survived longer than wild-type grafts. 

Another study of complement inhibition demonstrated that blocking antibodies to C5 

significantly reduced formation of C5b-9 as well as graft vascular disease lesions (55).  

 

Acute atherosis  

During pregnancy, the spiral arteries supplying the placenta with blood become altered 

(remodeled) by a process involving maternal uterine immune cells and invading “foreign” 

fetal cells (extravillous trophoblasts), as reviewed by my supervisor Staff and coauthor 

Redman (56). The fetal cells interact with maternal immune cells and induce the replacement 

of the muscular layer of the arteries with fibrinoid, a fibrin-like matter (57). These 

physiological changes are most prominent in the basal decidua (the endometrial lining of 



19 

 

 

pregnancy) and the inner third of the myometrium underlying the placenta, collectively 

termed the placental bed (58). The failure of this remodeling process is considered to be of 

importance in the pathogenesis of preeclampsia (59), with which acute atherosis is associated. 

Acute atherosis occurs in 20-40 % of preeclamptic pregnancies, compared to approximately 

10 % of normotensive pregnancies (60-62). The lesion is found in the spiral arteries of the 

placental bed (Fig. 3C) and is classically characterized by accumulation of lipid-filled foam 

cells, fibrinoid necrosis, and leukocyte perivascular infiltrate (11). A revised and evidence-

based definition for acute atherosis, including only the presence of CD68+ foam cells and 

fibrinoid has been proposed by the research group I am affiliated with (61). Acute atherosis is 

morphologically similar to early lesions of atherosclerosis with the presence of subendothelial 

foam cells and leukocyte infiltrate. As previously mentioned, the exact mechanism of lesion 

initiation and progression is unknown, but immune mechanisms have been proposed (60).  

 

Several authors have investigated complement activation in the placental bed, both in relation 

to spiral arteries with acute atherosis, and in normal spiral arteries. Due to the link between 

preeclampsia and acute atherosis, certain interesting papers focusing on complement 

activation in preeclampsia are discussed here as well.  

 

Labarrere and colleagues investigated decidual tissue from both normal pregnancies as well as 

from pregnancies with intrauterine growth restriction and acute atherosis using 

immunohistochemistry. They found “massive deposits” of IgM, along with deposits of C3, 

C1q, IgG, and IgA in the vessel wall of spiral arteries with acute atherosis, but no deposition 

of immunoglobulins or complement factors in normal spiral arteries without acute atherosis 

(63). They later found similar results in smaller studies (64, 65). However, they did find 

deposits of IgG, IgM, IgA, and C3 also in normal spiral arteries without acute atherosis in one 

of their studies (66) These deposits were smaller than the deposits found in acute atherosis 

arteries, and were located on the endothelial surface of the arteries, in contrast to the 

intramural deposits observed in spiral arteries with acute atherosis.  

 

Complementing investigations to those of Labarrere et al. have been performed by Weir (67) 

and Wells (68) who focused solely on spiral arteries from women with normal pregnancies.  

Weir (67) observed spiral arteries free of acute atherosis, but with C3 deposition in the vessel 
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wall in nearly half of the collected samples, similar to Labarrere (66). Unlike Labarrere’s 

findings, Weir observed no deposition of C1q, IgA, IgM, or IgG neither intramurally nor 

interstitially. Wells et al. (68) studied the placental bed from hysterectomy samples with 

varying gestational ages (4-40 weeks), and found deposition of C1q, C3d, C4, C6 and C9 in 

the spiral artery wall. They reported that C9 and C3d were the most intense in reactivity.  

 

Lichtig et al. (69) sampled the placental bed in patients undergoing abortion in first trimester. 

They observed lesions similar to acute atherosis in some of the biopsies, primarily in biopsies 

from primipara women. At the same time, C3 deposition in the spiral artery wall was 

observed, also here primarily in primipara. The authors did not mention whether complement 

deposition was observed more frequently in arteries with presence of vascular lesions or not. 

However, they did state that the combination of most severe vascular lesions and heaviest C3 

deposition only occurred in primipara.  

 

A study from Hustin et al. (70) found that acute atherosis was present in 50% of decidua 

samples of women with preeclampsia. Immunohistochemistry was performed on a minority of 

the samples collected, where deposits of IgG in the arterial walls were found in more than half 

of these preeclamptic samples. C3 was also observed in some samples, always co-localizing 

with IgG. Conversely, on samples from healthy pregnant women, C3 deposition was only 

found in one sample.  

 

In decidual tissue from rats with preeclampsia, C3 expression in uteroplacental vessels has 

also been found increased as compared with healthy pregnant rats. Similarly, C3 expression in 

human spiral arteries with acute atherosis has been shown to be increased compared to spiral 

arteries without acute atherosis (71), a study that used decidua basalis samples from our 

biobank (Fig. 4).   
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Although the literature search 

yielded no results for studies 

of systemic complement 

activation in acute atherosis, 

it has been investigated in 

patients with preeclampsia. 

Lynch et al. (72, 73) found 

that elevated plasma levels of 

factor Bb and C3a in early 

pregnancy (before gestational 

week 20) were associated 

with increased risk of 

developing preeclampsia and 

any hypertensive disease, 

respectively, later in pregnancy. Derzsy et al. (74) found that circulating levels of CRP, C4d, 

C3a, and soluble C5b-9 (MAC) were significantly higher, and that C3 was significantly lower, 

in preeclamptic patients compared with healthy pregnant women. Locally, deposition of C4d 

has been shown to be increased in placentas of preeclamptic women compared to placentas of 

normotensive pregnant women (75), however this study did not report significant MAC 

deposition, and rarely co-localization with MAC and C4d. Burwick et al. (76) found elevated 

C5a and C5b-9 levels in both urine and plasma in women with severe preeclampsia. 

Regarding C3a, they only found elevated levels in urine samples, but not in plasma.   

 

 

 

 

 
Figure 4. Decidual tissue from our group’s pregnancy biobank, showing 

increased C3 expression in preeclamptic decidua with acute atherosis 

compared to control (healthy) decidua without acute atherosis. Reproduced 

with permission from (71), DOI:(10.1161/HYPERTENSIONAHA.107.102905). 
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Discussion 
 
The project thesis search results demonstrate the presence of an activated complement system 

in each of the three arterial lesions studied, and that various parts of the system are involved. 

Fig. 5 shows the similarities and differences in complement activation in atherosclerosis, graft 

vascular disease and acute atherosis, respectively.   

The articles 

presented in this 

project thesis show 

that the classical, 

lectin, alternative 

and terminal 

pathways are 

activated in 

atherosclerosis, and 

that the activation is 

both systemic and 

local. Complement 

activation is shown 

to be important 

during all stages of 

atherogenesis, with 

LDL and CRP as 

the agents to set off 

the complement 

cascade at the 

earliest stages, and 

C5b-9 amounts 

increasing with 

lesion progression. The results further demonstrate the importance of balance between 

complement activation and inhibition, as demonstrated by the fact that both too much and too 

little MBL is associated with cardiovascular disease. Some reports moreover suggest a 

clinical applicability of the complement system as serological markers of severe disease, such 

 
Figure 5. Activation pathways of the complement system and their role in atherosclerosis 

(black dot), graft vascular disease (red dot), and acute atherosis (green dot). CP = classical 

pathway. LP = lectin pathway. AP = alternative pathway. MAC = membrane attack complex. 

Abs = antibodies. C4bp = C4-binding protein. DAF = decay accelerating factor. 
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as in myocardial infarction. Studies of the role of complement activation in atherosclerosis are 

however somewhat diverging, especially regarding the value of C3 as a marker for severe 

cardiovascular disease. Large population studies are warranted to conclude on C3’s 

applicability as a marker for atherosclerosis and adverse outcomes such as myocardial 

infarction or stroke. Conversely, C5a as a biomarker for severe consequences of advanced 

atherosclerosis seems to be better established.  

 

The classical, alternative, and terminal pathways are all activated in graft vascular disease, 

while data regarding the lectin pathway are controversial. The importance of complement in 

graft vascular disease is established on both a local and systemic basis. Further, the 

complement system is also of importance in antibody-mediated rejection, with which graft 

vascular disease is associated. There is some evidence that terminal activation of complement 

can cause graft vascular disease, not by cytolysis, but by up-regulating inflammatory genes. In 

addition, complement inhibition may present therapeutic options in the future, exemplified by 

the protective roles of C6 deficiency and blocking antibodies to C5, and the deleterious 

effects of defective endogenous complement inhibition. Further studies to determine with 

certainty the role of the lectin pathway in graft vascular disease are needed.  

 

The results regarding acute atherosis indicate local activation of the classical complement 

pathway in uteroplacental spiral arteries with acute atherosis, and systemic activation of the 

alternative, classical and terminal pathways in patients with preeclampsia. The presence of 

complement components both in normal spiral arteries as well as systemically in 

normotensive pregnant women indicate a role for complement also in normal pregnancy.   

 

One limitation of this project thesis is the relatively limited scope of the thesis, due to the time 

constraints set for the project thesis. Only one database (PubMed) was used, which could 

affect the results both qualitatively and quantitatively. Reaching the latest, up-to-date research 

is also a challenge, due to the rapid and ever-changing nature of biological research.  
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Possible future approaches for complement related research on uteroplacental acute 

atherosis 

 
As of today, there is little information available regarding acute atherosis and systemic 

complement activation. A possible approach to elucidate this topic could be to sample blood 

and decidua basalis tissue from pregnant women at delivery, evaluate presence of acute 

atherosis in tissue samples (by histology and immunohistochemistry) and complement 

components in the blood (e.g. by ELISA). It would be useful to investigate which of the 

complement pathways are activated, by selection of proper markers for each pathway. My 

proposal would be mannose-binding lectin for the lectin pathway, CRP, C1q or antibodies for 

the classical pathway, and properdin or factor B for the alternative pathway. The extent of 

complement activation is also of importance, and thus detection of C3, C5 and the membrane 

attack complex could provide useful information. 

 

There is also a need for further analysis of complement activation on a local level. For this, 

immunohistochemistry or immunofluorescence studies would be appropriate methods. The 

lectin and alternative pathways in particular need further investigation as their role in acute 

atherosis remains unclear. Mannose-binding lectin (MBL), properdin, factor B could serve as 

useful markers. Similar to the proposal of systemic complement activation, determination of 

the extent of complement activation would also be of importance on a local level.  

 

Studies of expressed complement genes (mRNA expression level) on both a local (decidua 

basalis or myometrium tissue) and systemic (blood samples) could similarly be useful in 

describing complement activation in acute atherosis.  

 

Both normotensive pregnant women and preeclamptic patients should be included in future 

research, because complement activation already has been shown in preeclampsia, and 

preeclampsia and acute atherosis are closely related. It would be useful to determine the 

contribution of preeclampsia and acute atherosis, respectively, to complement activation in 

one patient. Therefore, comparison of preeclamptic women with and without acute atherosis, 

as well as normotensive pregnant women with and without acute atherosis, would be suitable. 

Also, it remains to be elucidated what is the initiating step of the complement activation in 
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preeclampsia and acute atherosis, or if it could result from several of the multiple steps that 

lead to the syndromic clinical picture of preeclampsia, and the likely multifactorial pathway to 

uteroplacental acute atherosis.  
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