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Executive summary of Atheroremo 
 
It has been suggested that inflammation has a key role both in the initial development of the lipid containing 
atherosclerotic plaque as well as its transformation from “silent” lesion into the “vulnerable” rupture-prone 
coronary atheroma. The AtheroRemo consortium studied mechanisms behind development of vulnerable plaques, 
searched biomarkers to identify high risk patients and initiated development of novel treatment strategies. 
 
In the AtheroRemo project the earlier suggested association between dental infections and sudden cardiovascular 
death was studied in detail. We found that dental periapical abscess following root canal treatment associated 
significantly with the risk of SCD. Furthermore, it was demonstrated that complicated root canal treatment also 
associated with the severity of coronary atherosclerosis. In finally, the detailed genomic studies revealed viridans 
streptococci as the most potent bacterial species behind the CVD complications.  
 
The AtheroRemo’s basic research WP cluster succeeded in the identification of novel molecular mechanisms 
by which immune and inflammatory events regulate arterial remodelling and atherosclerosis and advanced 
the discovery of novel therapeutic strategies. In particular, this research contributed to significant advance in 
the understanding of inflammatory signalling in atherosclerosis. It was established that pattern recognition 
receptors are not all univocally pro-inflammatory and pro-atherogenic. For instance some signals originated 
by endosomal TLRs might exert vascular protection. While NODs, like extracellular TLRs appear to have a 
pro-atherogenic and pro-inflammatory function in the arterial wall. Secondly, the basic science cluster 
demonstrated that the outcome of TLR signalling varies according to the cell type (myeloid vs. non myeloid) 
in vascular disease. Thirdly, they clarified the pro-atherosclerotic role of CC and CXC chemokines (i.e. 
CXCL1 and CCL5) in both mouse intraplaque vulnerability and ischemic injury. In particular, selective anti-
chemokine treatments were shown to reduce atherogenesis and acute myocardial injury. Finally, they 
highlight the therapeutic potential of IL-28 cytokines in the treatment of atherosclerosis. This work will 
constitute a solid basis of new therapeutic and preventative approaches that will harness the potential of 
blocking unwanted inflammation, while enhancing protective pathways in cardiovascular disease. 
 
AtheroRemo revealed a number of novel genetic risk markers of coronary artery disease (CAD) in 
collaboration with a large international meta-analyses network. In addition, AtheroRemo consortium 
contributed significantly to genetic research by revealing functional details of the new candidate genes. 
Furthermore, AtheroRemo evaluated for the first time the potential association between coronary artery 
histology obtained by intra vascular ultrasound (IVUS) and genetic as well as lipidomic markers. 
AtheroRemo gene expression studies in turn revealed that atherosclerosis causes significant changes in the 
gene expression of human arterial wall and some of these changes seem to be site specific, reflecting that 
atherosclerotic process has unique features in different vascular beds. In addition, the microRNA profiling 
results indicate that interfering with the miRNA expression in the artery wall may be a potential way to 
affect atherosclerotic plaque and cardiovascular disease development. 
 
The AtheroRemo consortium identified also novel imaging and lipidomic biomarkers that have a true 
potential to change current clinical risk evaluation strategies of CAD patients. In the AtheroRemo-IVUS 
study the amount of the necrotic core in the imaged coronary segment was significantly associated with 
major acute cardiovascular events, suggesting that imaging biomarkers are useful clinical tools while 
assessing the future risk of major CVD complications in CAD patients. In addition, a lipidomics approach 
discovered specific circulating ceramide species that clearly outperformed all currently used lipid 
measurements including LDL-cholesterol, thus allowing a much better identification of people with a high 
risk of CVD complications. Based on these findings new diagnostic kits are currently being developed. 
Furthermore, based on lipidomic findings potential new drug targets were suggested and they were initially 
tested in vitro and in vivo by using newly designed liposomal delivery system. 
 
 



Description of AtheroRemo context and objectives 
 
ATHEROREMO  Consortium - targeting high risk atherosclerotic plaques: The atherosclerotic changes of 
the vascular wall are central in the development of serious cardiovascular complications. The traditional 
view that atherosclerosis is simply a lipid storage disease has recently been challenged by a growing body of 
evidence that immunity and inflammation play a central role in all stages of atherosclerotic disease from the 
early initial lesion to the late-stage plaque rupture. However, molecular mechanisms linking inflammation to 
premature atherosclerosis development are not fully understood, and this has severely hampered the advance 
of diagnostic and therapeutic programs. 
 
It has been observed that atheromatous plaque development takes place within, rather than on, the arterial 
wall. Thus, vascular events often follow the rupture of previously less prominent plaques. Novel targets of 
plaque regression could include decrease of endothelial injury and lipid content as well as alteration of the 
inflammatory milieu in the vessel wall to decrease the susceptibility of plaque growth and rupture. Thus, 
AtheroRemo has been designed to advance the present knowledge on the role of inflammatory remodeling in 
the different stages of atherosclerosis.  
 
The AtheroRemo consortium has a strong potential to achieve a significant number of scientific 
breakthroughs of high translational value due to several unique strengths: 
 
• Clinical and clinico-pathological cohorts: AtheroRemo originality lies in the possibility to evaluate the 
genetic makeup of atherosclerosis during its different developmental stages in large population cohorts. 
Particularly noteworthy is the possibility to characterize atherosclerosis and remodelling processes in a 
unique clinico-pathological series and in an intravascular ultrasound (IVUS) study that has particularly been 
designed for AtheroRemo. 
 
• Lipidomics: In addition to the latest genetic/genomic platforms AtheroRemo has access to automated high 
throughput lipidomics platforms. Combining large-scale genotyping data with world-class lipidomic 
profiling allows us to relate genetic risk factor scores to plasma biomarkers. 
 
• Functional Genomics and Target Validation Platforms: Accelerated target validation by functional 
genomics will be done by using targeted liposomal delivery of nucleic acid-based therapeutics (e.g. antisense 
oligonucleotides and siRNAs) in appropriate cell and animal models. 
 
• Immunology and Inflammation cluster: AtheroRemo basic science component includes groups with 
outstanding expertise and track-record on immunity and inflammation research in atherosclerosis. In the 
present project we will with the help of carefully selected population cohorts, careful phenotyping and novel 
high-throughput technologies (genotyping, transcriptomics, metabolomics) illustrate inflammatory 
mechanisms behind atherosclerotic remodeling of the arterial walls. In addition, strong hypothesis driven 
experimental research groups will study in detail the role of innate immunity in the context of atherosclerosis 
and arterial wall remodeling. The results will certainly allow us to pinpoint several novel molecular targets 
and significantly improve the current standards in diagnostics and treatment. New and refined diagnostic 
algorithms will be created that will improve the efficiency of preventive measures and the selection of 
treatments for individual patients. In a long run the findings of this study will play a significant role in the 
development of targeted drugs against atherosclerosis and will help materializing the hope and concept of 
personalized medicine. 
 



Description of the main Atheroremo S & T results/foregrounds 

AtheroRemo science and technology results and foregrounds are summarizes in four following scientific 
mini-reviews of data and observations recorded during the 66 months of AtheroRemo. In short, the 
consortium has by the end of the project published over 200 scientific papers and submitted 15 patent 
applications. Particularly the number of AtheroRemo publications will still significantly raise as the 
manuscripts in preparation will be accepted for publication. It is noteworthy that two follow-up EU-projects 
(RiskyCAD and AtheroFlux) have been established based on the AtheroRemo project results. RiskyCAD is 
designed to validate novel stratified CVD risk biomarkers and AtheroFlux will make use of AtheroRemo 
lipidomic data and pursue identification of new drug targets. 

This description is separately summarizing major study findings. The first mini-review deals with the 
interesting observation between oral bacteria and increased risk of coronary plaque vulnerability. The second 
review summarizes the massive work load carried out by the excellent basic science groups opening truly 
new research avenues for molecular science in the cardiovascular field. The third review consists of 
breakthrough biomarker findings including data from genetic, genomic, imaging and lipidomic studies. The 
last review presents data on new smart drug delivery technology that may in future allow better targeted 
therapeutic interventions.          
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Emerging role of oral bacteria in plaque vulnerability   
 
The development of lipid-containing atheroma in coronary arteries as well as beneficial effect of cholesterol 
lowering statins on cardiovascular mortality and morbidity have confirmed a key role for cholesterol and 
especially low density lipoprotein (LDL) in the pathogenesis of coronary heart disease (CHD). Why cholesterol -
containing coronary atheroma ruptures causing myocardial infarction has however remained unclear. A unifying 
view of the pathophysiology of atherosclerosis today proposes that inflammation has a key role both in the initial 
development of the lipid containing atheroma as well as its transformation from “silent” lesion into the 
“vulnerable” rupture-prone coronary atheroma. 
 
The development of  unstable   vulnerable plaque  - the key event behind rupture and thrombosis at the culprit 
lesion – has been shown to be linked with elevated serum levels of C-reactive protein (CRP) (Tanaka et el 2005). 
We found that C-reactive protein (CRP) is expressed in unstable coronary plaques and that the expression 
subsides with stabilizing of the plaque (Norja et al. 2007). These findings among others supports the concept that 
inflammation or infections may play a role as a triggering factor in the rupture of unstable vulnerable coronary 
plaque. So far the most commonly suspected infective agent has been considered to be Chlamydia pneumoniae  
(e.g. Saikku et al. 1988, Saikku1993), but its role has been disputed due to failure in large trials using long-term 
antibiotic treatment (Anderson 2005). Poor oral health and especially chronic periodontal infection has been 
linked to the development of coronary heart disease and MI (Mattila et al 1989,  Beck et al. 2001, Janket et al. 
2003), although conflicting studies have also been published (Hujoel et al. 2002). However, long-term 
clarithromycin treatment failed to reduce cardiovascular events among periodontitis patients (Paju et al. 2006).  
At present  thus little evidence supports bacteria a primary role though contributory roles are still considered 
possible (Rosenfeld & Campbell 2011)  The prevailing concept is that inflammation is caused by oxidized LDL 
particles or other substances released from necrotic core of atheroma (Virmani et al. 2005), which are then 
recognized by Toll Like Receptors (TLRs). We have previously shown  that genetic variation in the TLR4 gene 
was associated with severity of coronary stenosis (Hernesniemi et al. 2006). 
 
Road towards establishing a role for new bacteria species in coronary plaque inflammation 
Using broad-range 16-s rDNA PCR followed by cloning and sequencing, our study group was the first to show 
that coronary atheromas from victims of sudden out-of hospital death collected at autopsy contained genomes of 
several bacteria species commonly found in oral cavity or gut including gram-positive viridans streptococci 
(Lehtiniemi et al. 2005). Our findings were confirmed by other groups, who also found streptococci in extirpated 
heart valves and atheromatous plaques by PCR (Ott et al. 2006, Kozarov et al. 2006). This finding prompted us to 
study, whether the amount of dental pathology might predict sudden cardiac death (SCD) or associate with. We 
made use of the Helsinki Sudden Death (HSDS) series comprising 300 male autopsies on 35-70 year old males 
with detailed coronary measurements and dental pathological findings from post-mortem dental panoramic 
tomography. In multivariate analysis with age, BMI, smoking, diabetes, hypertension, education and number of 
teeth as confounders, we found that victims of SCD suffered from worse oral health (panoramic tomography 
index) compared to controls and that the association between poor oral health and risk of SCD was especially high 
(p=0.009) among victims aged 50 years or less (Karhunen et al 2006).  
 
In the AtheroRemo project we then started to explore in detail the association  between dental infections and SCD 
by studying whether there would be an association of some special dental pathological lesion with SCD as well 
with the extent of atherosclerosis or presence of coronary thrombosis We found that dental periapical abscess 
following root canal treatment associated significantly with the risk of SCD due to CHD (OR 3,2, p=0.011), acute 
MI (OR 3.1, p= 0.021) and especially with coronary thrombus (OR 7.9, p=0.002) whereas no such association 
was found for periodontal infection. We then studied whether complicated root canal treatment also was 
associated with the severity of coronary atherosclerosis in the same series. In logistic regression analysis with age, 
BMI, smoking, diabetes, hypertension, education, and number of teeth as confounders, presence of fatty streaks 
showed no association but the presence of fibrotic plaques (p=0.029), complicated plaques (p=0.020), and 
calcified lesions (p=0.032) were significantly associated with the previous root canal treatment complicated by 
periapical abscess (Karhunen et al. unpublished).  
 
Bacterial species in periapical abscess may vary greatly. Historically, viridans streptococci have been thought to 
be the major organisms in  dental periapical abscess (Williams et al. 1983). Studies incorporating anaerobic 
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sampling, culture techniques and PCR-based methods have reported a greater number of mixed infections and 
larger proportions of gram-negative rods (Rocas et al 2008).  We then constructed primers to cover by by real-
time (RT)-qPCR 14 most common bacteria detected in periapical abscess as well as 3 species of periodontal 
bacteria and Chlamydia pneumoniae. Recently, we reported in the leading cardiovascular journal Circulation that 
viridans streptococci were detected in 78.2% of thrombus aspirates from ST-segment-elevation myocardial 
infarction patients (n=101) by qPCR. The number of viridans streptococci genomes in the thrombi was 16 fold 
compared to peripheral blood (Pessi et al. 2013). Results were also verified by electron microscopy. We also 
detected viridans streptococci DNA in 56 % of ruptured intracranial aneurysms (Pyysalo et al. 2013). Moreover, 
we found DNA from gram-negative (Aggregatibacter actinomycetemcomitans, Porphyromonas 
gingivalis,Treponema denticola, Prevotella intermedia, Fusobacterium nucleatus, Dialister pneumosintes) and 
gram-positive (Parvimonas micra) periodontal bacteria in 34.7% of thrombus aspirates of clinical MI series (Pessi 
et al. 2013), and in 47 % of ruptured intracranial aneurysms (Pyysalo et al. 2013). In turn, Chlamydia pneumoniae 
DNA was not found in any of the samples studied. 
 
We then analysed bacterial genomes in a series comprising fresh thrombotic coronary specimens from 5 cases 
who died of acute coronary thrombosis, 2 cases with an older organizing coronary thrombus, and samples 
from adjacent coronary plaques and included a control case with healthy coronaries.  Viridans streptococci 
and other endodontic / root canal bacteria were found in in 6/7 (85.7%) of thrombosed plaques of autopsy 
cases. The most commonly found bacteria were bacteria from viridans Streptococcus mitis group (4/7 of 
cases). Periodontal bacteria (Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis) were 
found in 2/7 (28.6%) of the cases. None of the samples contained bacterial DNA from Chlamydia pneumonia 
(Karhunen et al. 2013, submitted). In addition, using Br-PCR we also detected 60 different clones such as 
Staphylococcus warneri, Selenomonas sputigena, Veillonella human clone, Firmicutes oral clone and 
Corynebacterium human clone that were classified to root canal/ endodontic bacteria, intestinal bacteria 
(Lactobacillus gasseri, Corynebacterium sp., Arcanobacterium pyogenes) and respiratory bacteria 
(Micrococcus luteus, Neisseria human clone and beta-proteobacteria). To confirm these results, as well as to 
obtain samples to study the interaction between genetics and bacterial infection, we started in 2010 the 
collection of a new autopsy series – Tampere Sudden Death Study (TSDS) to comprise 1000 autopsy cases 
with fresh coronary samples, in silico measurements of coronary atherosclerosis, DNA extractions from 
blood as well as bacterial DNA extractions from part of the coronary samples (post mortem time less than 5 
days, sterile protocol). At present we have already over 600 cases collected and partly GWAS genotyped.   
 
Viridans group streptococci (Str. mitis, Str. oralis, Str. salivarius, Str. gorgonii, Str. sangui, Str. mutans, Str. 
pneumoniae) are common bacteria in oral cavity, respiratory and gastrointestinal tract, and considered among the 
most common etiologic agents of infective endocarditis and sepsis (Westling et al. 2008). Their unique feature is 
the ability to easily attach to various surfaces and to create a biofilm that helps other bacteria to enter the site. 
Viridans streptococci take part in the dental plaque biofilm formation and are frequently found in root canal 
abscesses and endodontic infections. Viridans streptococci were the major species of bacteria (49%) detected in 
blood following tooth extraction (Lockhart et al. 2008).  
 
However, it may be possible that the presence of bacterial DNA may as well be due to bacteria attached as a 
biofilm on the surface of the plaques or cerebral artery aneurysm following transient bacteremia without 
pathogenic significance or that sensitive molecular probes may pick up bacterial DNA engulfed by phagocytic 
cells originating from non-cardiac site such as gingiva, skin, respiratory tract or intestinal tract. (Katz 2006). In 
true infection, pathogen invasion triggers TLR-dependent innate immune responses in target organs and primes 
antigen-specific adaptive immunity.   
 
In vitro studies with candidate bacteria 
To confirm that the new mostly low-pathogenic bacteria species we found to associate with MI really initiate 
inflammation, we next moved to  study the role of major bacteria detected in thrombus aspirates, ruptured 
aneurysms and coronary plaques and especially role of bacteria in true periapical abscess as inducers of 
inflammation cascade in short term cell cultures of atherosclerotic tissues. We purchased reference bacteria 
including  Streptococcus mitis  (ATCC 49456), Streptococcus sanguinis (ATCC 10556), Streptococcus gordonii 
(ATCC 10558), Aggregatibacter actinomycetemcomitans (ATCC  700685),  Porphyromonas gingivalis (ATCC 
33277), and also Chlamydophilia pneumoniae (ATCC 53592) to be used as inducers in the atheroma derived 
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smooth muscle cells (SMCs) and toll like receptor cell lines (TLR0, TLT2, TLR1/2, TLR2/6 and TLR4).  Dental 
infection focuses from extracted teeth with dental apical abscess were collected (DD Mikko Pyysalo; Tampere 
University Hospital) and  bacteriological DNA composition of these abscesses was determined by qRT-PCR.  
Cell culture experiments were performed in co-operation with Oxford University, London (néé Imperial College, 
partner 4). We found that all bacteria and dental bacterial preparates induced IL-6 production in SMCs via TLR2 
(together with TLR1 or TLR6).  In samples containing both oral streptococci and periodontal bacteria, the most 
activated signaling route was TLR1/2. Among pure reference bacteria, the most powerful inducer was 
Aggregatibacter  actinomycetemcomitans,  whereas among dental abscesses the highest IL-6 production was seen 
in abscesses with high content of viridans streptococci (Pessi et al, submitted). The responses were dose-
dependent. This objective led to international research mobility involving Dr. Leena Viiri (2 years) and Docent 
Tanja Pessi (5 weeks) to collaborate with partner 4, Prof. Monaco. 
 
 
In conclusion, all 4 objectives and tasks laid down in the AtheroRemo WorkPackage 1 were well achieved and a 
level of new information was reached. Achievement of  these findings would have not been possible without 
international research mobility with AtheroRemo partners. The present results suggest an emerging  role for a new 
species of low-pathogenic biofilm – forming oral bacteria derived from dental periapical abscess, that seem to 
associate with myocardial infaction and risk of sudden cardiac death. These bacteria among other previously 
known bacteria are capable of initiating TLR-dependent inflammatory pathway in short term cell cultures by 
activating TLR1/2 signaling route. In metabolomics analyses the presence of bacterial genomes associated with 
carboxylic acid metabolites known to be involved in the development of bacterial biofilm. These results are 
preliminary and the true role of bacteria as well as their interaction with host genetic factors needs to confirmed 
studied in future studies using immunohistochemistry, bacterial qPCR and genome wide analysis (GWAS)  in the 
new autopsy series that is being collected.  
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AtheroRemo revealed potential inflammatory targets of atherosclerosis 
 
Research over the past 20 years has revealed atherosclerosis to be a chronic inflammatory process that 
shares features with traditional inflammatory disorders. Inflammation is the important component of 
the pathogenesis of CVD that is not yet therapeutically targeted. The AtheroRemo’s Basic Research 
WP cluster succeeded in the identification of novel molecular mechanisms by which immune and 
inflammatory events regulate arterial remodelling and atherosclerosis and advanced the discovery of 
novel therapeutic strategies. We will herein summarize the most salient discoveries in the field of 
inflammatory signalling by the AtheroRemo Partners, with a particular focus on inflammatory 
signalling initiated by pattern recognition receptors and chemokine signalling. 
 
Pattern recognition receptors (PRRs) in atherosclerosis 
PRRs are a set of ‘ready-made’ receptors that recognize common pathogen constituents known as 
pathogen-associated molecular patterns (PAMPs). The mammalian host defense system makes use of 
at least 50 PRRs, which belong to one of three distinct groups: toll-like receptors (TLRs), retinoic acid 
inducible gene I (RIG-I)–like receptors and nucleotide-binding oligomerization domain (NOD)-like 
receptors (NLRs). Together, PRRs provide surveillance of both intracellular and extracellular 
compartments. RLRs and NLRs are cytosolic PRRs that survey the intracellular space, whereas TLRs 
are transmembrane PRRs. 
 
Toll-like receptors in atherosclerosis 
The TLRs are the best-characterised PRR family. Broadly, TLRs can be divided according to the 
compartment where they exert sensing of the relevant molecular patterns. While TLR1, 2, 4, 5 and 6 
are located on the cellular membrane (for surveillance of the extracellular space) the remaining TLRs 
are placed on the endosome and lysosome membranes (for surveillance of the lumen of these 
intracellular vesicles) [1]. The only exception is TLR4, which can translocate from the surface to the 
endosomes and induce signaling with all 4 of the signaling adapters. TLR activation leads to 
intracellular signaling along one of two distinct pathways depending on whether the adaptor molecule 
myeloid differentiation protein 88 (MyD88) is used following ligation [2]. All TLRs with the 
exception of TLR3 use MyD88 to initiate downstream signalling. TLR2 and TLR4 require MyD88 
adaptor-like (MAL) as a bridge between TLR and MyD88. On the other hand TLR3 utilises signalling 
via TIR-domain-containing adaptor-inducing interferon-beta (TRIF) to elicit responses. TLR4 is 
unique in that it can utilise both the MyD88 and TRIF dependent pathways. 
At the start of the AtheroRemo consortium, only MyD88, TLR2 and TLR4 had been extensively 
studied in atherosclerosis, with these molecules all being found to be pro-atherogenic in human 
and murine studies (reviewed in [3]. Work performed in the AtheroRemo project aimed to unravel 
the roles of other TLRs and their signaling molecules in atherosclerosis. 
 
To examine the role of the TLR signaling adapters TRAM, TRIF and Mal in hematopoietic cells in 
atherosclerosis, we performed bone marrow transfer experiments. Low-density lipoprotein receptor 
deficient (LDLR-/-) mice were irradiated and reconstituted with bone marrow cells from MAL, 
TRAM or TRIF deficient mice. We observed that hematopoietic deficiency of TRIF or TRAM 
reduced plaque size in the aortic sinus and reduced aortic levels of proinflammatory cytokines as well 
as macrophage and T cell attracting chemokines. In contrast, deficiency of the adaptor protein MAL 
did not affect atherogenesis or any mediator of inflammation analysed in this study [4]. 
 
We also examined the role of endosomal TLRs, in particular TLR3 and TLR7 in atherosclerosis, 
which had not previously been examined. One of the key features of endosomal TLRs is the 
activation of the interferon pathway as well as cytokine pathways. We observed that TLR3 expression 
is significantly increased on smooth muscle cells from diseased tissue (AthSMC) compared to control 
cells. This increased TLR3 expression on AthSMC led to a 40-fold enhancement of TLR3 signalling 
and generation of both pro- and anti-inflammatory cytokines [5]. In 2011, we were the first to 
describe TLR-mediated atheroprotection. We observed that in a murine model of arterial injury, 
intraperitoneal administration of the synthetic TLR3 ligand Poly(I:C) – which mimics viral long 
double stranded RNA - attenuates neointima formation and also reduces injury-induced medial 



damage in C57BL/6 mice. TLR3-mediated protection of the media from damage was also observed in 
the absence of exogenous stimuli, suggesting endogenous protective TLR3 ligands are produced 
during the response to injury to avoid medial damage[5]. In addition, in chow-fed ApoE-/- mice 
deficient in TLR3-/-, lesion development was accelerated, with disease enhancement at early (15 
weeks of age) but not late (30 weeks of age) timepoints, confirming that TLR3 has protective 
functions in the vessel wall. This enhancement of atherogenesis in TLR3-/- mice was observed in the 
absence of exogenous TLR3 stimulation suggesting that protective endogenous agonist for TLR3 may 
be generated during the initiation of atherogenesis [5]. We have also examined atherosclerotic lesion 
formation in high-fat fed LDLR-/-TLR3-/- bone marrow chimeras in which hematopoietic cells are 
selectively TLR3-deficient [4]. This study observed a protection from lesion development in the 
chimeric mice, suggesting TLR3 activation on hematopoietic cells is detrimental to lesion 
development. This suggests that the outcome of TLR3 stimulation is dependent on the overall 
contribution of the different cell types bearing this receptor. 
 
Moreover, work performed in the AtheroRemo consortium has also led to the description of a 
protective role for TLR7 in atherosclerosis. ApoE-/-TLR7-/- mice display enhanced lesion 
development compared to ApoE-/- mice [6]. Furthermore, lesions in ApoE-/-TLR7-/- mice displayed 
increased macrophages and lipids and reduced smooth muscle cell content within the lesions. 
Reduced production of pro-inflammatory cytokines and chemokines was associated with TLR7 in 
human plaques [6].  
 
Thus, research performed examining the roles of TLRs in atherosclerosis in this consortium has led to 
a great increase in our knowledge. We have uncovered previously unknown protective roles for 
endosomal TLRs in cardiovascular disease, which it may be possible to harness therapeutically in the 
future [3]. 
 
NOD receptors in atherosclerosis 
Studies over recent years have uncovered the NALP3 inflammasome as the molecular mechanism 
responsible for activation of IL-1β, a prominent atherogenic cytokine in the diseased artery. NALP3 is 
a member of the cytosolic NOD-like receptor (NLR) family, which is comprised of approximately 25 
receptors. NOD1 and NOD2 are NLR that signal to multiple pro-inflammatory pathways. NOD2 
homozygotes with mutations within the NOD1 gene have demonstrated an approximately 20-fold risk 
for Crohn’s disease. Bacterial peptidoglycan that harbors natural ligands for NOD was previously 
detected in human atherosclerotic lesions, suggesting a role for NOD in the pathogenesis of 
atherosclerosis.  

Through analysis of transcriptomic data in a large carotid atherosclerosis biobank established in our 
lab, we show that increased NOD2 expression is a hallmark of advanced atherosclerosis [7]. 
Stimulation of NOD2 in ex vivo-cultured carotid plaques by muramyl dipeptide, an extrinsic ligand of 
NOD2, instigates strong inflammatory responses and triggers prostaglandin E2 cascade by activation 
of p38 MAPK and subsequent release of interleukin-1β and tumor necrosis factor-α. These findings 
demonstrate for the first time that human atherosclerosis is accompanied by enhanced NOD2-
dependent innate immunity, and postulate a pro-atherogenic role for NOD2 signaling. Indeed, 
stimulating NOD2 in Ldlr-/- mice for 10 weeks exerts a potent impact on atherosclerosis 
development, as evidenced by significantly augmented lesion size, enlarged necrotic areas and strong 
vascular inflammation. Similar to TLR4, the pro-atherogenic role of NOD2 is primarily carried by 
macrophages as myeloid-specific ablation of NOD2 restrains the development of lipid-rich necrotic 
core. At the molecular level, stimulation of NOD2 leads to downregulation of ABCA1, resulting in 
impaired cholesterol efflux in macrophages, an important mechanism responsible for foam formation 
in atherosclerosis. Taken together, our studies demonstrate important roles of NOD2 in development 
of vulnerable atherosclerosis. 
 
In addition to NOD2, we recently also noted that human atherosclerotic lesions exhibit a high level of 
functional NOD1 in lesional smooth muscle cells (SMC), indicative of these vascular cell as non-
classic innate immune players. As compared to control mice, chronic stimulation of NOD1 in high fat 



diet fed Ldlr-/- mice causes a 3-fold increase in atherosclerosis in the aorta, and severe atherosclerotic 
occlusion in the innominate and coronary artery. Another distinct vascular response on NOD1 
stimulation is characterized by massive macrophages and neutrophils invading into media of aorta, 
fragmentation even loss of elastic lamina and phenotypic alteration of medial SMC, reminiscent of 
large artery vasculitis. Genetic ablation of hematopoietic NOD1 in Ldlr-/- mice suggests that myeloid 
NOD1 signaling is likely dispensable for the severity of atherogenesis. Interestingly, SMC express 
NOD1, and express both NOD1 and NOD2 when they acquire an intimal phenotype. In response to 
NOD1 stimulation, adult and intimal SMC released high levels of mediators accounting for the aortic 
inflammation. It is plausible that activation of SMC NOD1 initiates an inflammatory cascade 
contributing to the development of vasculitis. These dramatic pathologic traits and inflammatory 
responses suggest that NOD1 plays an unusual proatherogenic role, and identify vascular NOD1 as a 
specific mechanism for large artery vasculitis. 
 
Role of chemokines in atherogenesis and acute ischemic events 
Inflammation has been shown to play a critical role in adverse atherosclerotic plaque remodelling and 
patient vulnerability for acute ischemic cardiovascular diseases. CC and CXC chemokines have been 
investigated in AtheroRemo as potential pro-atherosclerotic factors in both human and animal models 
of atherogenesis and acute ischemic events. Considering the pathophysiological relevance of 
chemokines, the development of selective drugs targeting their bioactivities has been also investigated 
in vivo to improve plaque histological phenotype and tissue injury from ischemic insults.  
 
In 2010, the group of Prof. Mach investigated the role of chemokines, chemokine receptors and 
leukocyte recruitment in different portions (upstream and downstream the blood flow) of human 
carotid atherosclerotic lesions in patients with severe carotid stenosis and symptomatic vs. asymptotic 
for ischemic stroke (collaboration with Prof. Dallegri, University of Genoa [Italy]) [8]. CCL5 serum 
levels as well as TNFα and ICAM-1 expression on circulating neutrophils were increased in 
symptomatic as compared with asymptomatic patients. On the other, collagen content and smooth 
muscle cell infiltration were decreased in symptomatic plaques. In upstream regions of symptomatic 
plaques, lipid content and lymphocyte infiltration were increased. In downstream regions of 
symptomatic plaques, macrophage, neutrophil, and mast cell infiltration were increased. Intraplaque 
collagen content was positively correlated with smooth muscle cell infiltration and inversely 
correlated with macrophages, neutrophils, or serum TNFα. Collagen reduction in downstream regions 
and serum TNFα were independently associated with the likelihood of being symptomatic. However, 
no associations between intraplaque and circulating levels of chemokines were associated with carotid 
vulnerability in our patients [8]. 
 
The role of CC and CXC chemokines were investigated in mouse models of atherogenesis, acute 
myocardial infarction and stroke [9-12]. In particular, the chemokine CCL5 (shown to play a critical 
role as a neutrophil and macrophage activator) was neutralized by a treatment with monoclonal 
antibody (mAb) to mouse CCL5 in a mouse model of chronic myocardial ischemia [11]. Chronic 
ischaemia increased both circulating and intracardiac levels of CCL5. At 24 hours, treatment with the 
anti-CCL5 mAb resulted in a smaller infarct size and reduced circulating levels of chemokines. After 
3 days of chronic ischaemia, anti-CCL5 treatment reduced cardiac MMP-9. At 7 days, collagen 
content was significantly lower. At 21 days, neutralizing CCL5 improved mouse survival, cardiac 
myocyte size, and cardiac function. 
 
Considering CXC chemokines, the research group of Prof. Mach focused on the role of CXCL1 and 
CXCL2 in mouse atherogenesis, acute myocardial and stroke. The treatments with selective 
chemokine-binding proteins called “Evasins” were tested. These drugs were known to selectively 
inhibit CXC chemokine-mediated functions both in vivo and in vitro. Single administration of Evasin-
3 (inhibiting CXCL1 and CXCL2 bioactivities) before reperfusion reduced infarct size and cardiac 
troponin I levels compared with vehicle in a mouse surgical model of myocardial ischemia and 
reperfusion in vivo. This effect was associated with the reduction of neutrophil infiltration and 
reactive oxygen species production within the infarcted myocardium. Evasin-3 did not reduce infarct 



size in the absence of circulating neutrophils (Langendorff model). Evasin-3 did not influence the 
activation of intracellular cardioprotective pathways or the expression of leukocyte chemoattractants 
during early phases of reperfusion [12]. In a second study, we compared the effects of treatment with 
Evasin-3 and Evasin-4 (blocking CC chemokines) in a mouse model of chronic cardiac ischemia. 
After the coronary occlusion, 3 i.p. injections of Evasin-3, Evasin-4 or equal volume of vehicle (PBS) 
were performed at 5 minutes, 24 hours (h) and 48 h after ischaemia onset. Both treatments were 
associated with the beneficial reduction in infarct size as compared to controls. This effect was 
accompanied by a decrease in post-infarction myocardial leukocyte infiltration, reactive oxygen 
species release, and circulating levels of CXCL1 and CCL2. Treatment with Evasin-4 induced a more 
potent effect. At 21-day follow-up, mouse survival was exclusively improved by Evasin-4 treatment 
when compared to vehicle. In conclusion, we showed that the selective inhibition of CC chemokines 
with Evasin-4 reduced cardiac injury/inflammation and improved survival. Despite the inhibition of 
CXC chemokine bioactivities, Evasin-3 did not affect mouse survival. Therefore, early inhibition of 
CC chemokines might represent a promising therapeutic approach to reduce the development of post-
infarction heart failure in mice [9]. Finally, we investigated the potential benefits of CXC chemokine 
inhibition with Evasin-3 in mouse atherogenesis and stroke. In the first model, Evasin-3 as compared 
with Vehicle  (PBS) was investigated in ApoE-/- mice implanted with a 'cast' carotid device. In the 
second model, acute Evasin-3 treatment was assessed in mice subjected to transient left middle 
cerebral artery occlusion. In carotid atherosclerosis, treatment with Evasin-3 was associated with 
reduction in intraplaque neutrophil and MMP9 content and weak increase in collagen as compared 
with Vehicle. In ischemic stroke, Evasin-3 treatment was associated with reduction in ischemic brain 
neutrophil infiltration and protective oxidants. We concluded that Evasin-3 treatment was associated 
with reduction in neutrophilic inflammation in both mouse models. However, Evasin-3 administration 
after cerebral ischemia onset failed to improve post-stroke outcomes [10]. 
 
The role of IL-28 cytokines in atherosclerosis 
IL-28 cytokines (IL-28A, IL-28B, and IL-29), type III interferons (IFNs) or lambda IFNs are one of 
the latest additions to the class II cytokine family. They share low homology with type I IFNs and 
cytokines of the IL-10 superfamily, and signal through a heterodimeric complex composed of a 
unique IL-28Rα (IFNλR1) alpha chain and IL-10Rβ, a common beta chain with IL-10. IL-28 
cytokines are induced following viral infection or TLR stimulation. PEG-Interferon lambda (Bristol-
Myers Squibb) is in clinical development for the treatment of hepatitis C virus (HCV) infection and 
other antiviral indications are being considered. IL-28 cytokines also exhibit immune modulatory 
action. They suppress allergic inflammation and can induce regulatory T cells in certain settings. IL-
28 cytokines are produced by macrophages/dendritic cells and can act on macrophages and DCs to 
alter their function. Yet, their role in macrophage-driven diseases including atherosclerosis has not 
been investigated. Here, we show that IL-28rα-/-Apoe-/- mice, where IL-28 signalling is defective, 
exhibit accelerated atherosclerosis compared to Apoe-/- controls. IL-28rα-/-Apoe-/- mice develop larger 
lesions characterized by increased lipid deposition and accumulation of CD68+ macrophages. 
Interestingly, treatment of Apoe-/- mice with mouse pegylated recombinant IL-28A (the equivalent of 
human pegylated recombinant IL-29 used in clinical trials) or an adenoviral vector expressing IL-28A 
reduces macrophage accumulation in developing atherosclerotic plaques and severely alleviated 
atherosclerosis. These results highlight the therapeutic potential of IL-28 cytokines in the treatment of 
atherosclerosis.  
 
Concluding remarks 
The AtheroRemo Basic Research Cluster contributed to significant advances in the understanding of 
inflammatory signalling in atherosclerosis. Firstly, we established that PRRs are not all univocally 
pro-inflammatory and pro-atherogenic. For instance some signals originated by endosomal TLRs 
might exert vascular protection [5, 6]. While NODs, like extracellular TLRs appear to have a pro-
atherogenic function in the arterial wall [7]. Secondly, we demonstrated that the outcome of TLR 
signalling varies according to the cell type (myeloid vs. non myeloid) in vascular disease [4]. Thirdly, 
we clarified the pro-atherosclerotic role of CC and CXC chemokines (i.e. CXCL1 and CCL5) in both 
mouse intraplaque vulnerability and ischemic injury. In particular, selective anti-chemokine 
treatments were shown to reduce atherogenesis and acute myocardial injury, but not stroke in mice. 



Finally, we highlight the therapeutic potential of IL-28 cytokines in the treatment of atherosclerosis. 
Our work will constitute the basis of new therapeutic and preventative approaches that will harness 
the potential of blocking unwanted inflammation, while enhancing protective pathways in 
cardiovascular disease. 
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AtheroRemo Successful in Biomarker Discovery – Breakthroughs in Genetics, Imaging and 
Lipidomics 

AtheroRemo joined forces with the CARDIoGRAM consortium  

The genome wide association studies (GWAS) using chip technology opened a new avenue of genetic 
research and allowed identification of genetic variants predisposing to common diseases including coronary 
artery disease (CAD). At the same with AtheroRemo initiative a number of other GWAS studies were 
carried out and it was revealed that CAD is actually associated with many genetic variants having relatively 
small effects. Thus, many individual studies appeared to lack power to reliably demonstrate significant 
associations. This inspired formation of an international GWAS consortium in order to study more efficiently 
genes predisposing to CAD. This consortium baptized as CARDIoGRAM (Coronary Artery Disease 
Genome-wide Replication And Meta Analysis) is headed by Drs Nilesh Samani and Heribert Schunkert. 
CARDIoGRAM includes 14 different research groups globally with GWAS data for CAD. This joint effort 
lead to significantly increased sample sizes of 22,233 cases and a control sample size of 64,762 (with a 
replication sample size of 56,682) allowing a number of spectacular discoveries. In short, 13 novel genetic 
variants were identified, along with the confirmation of 10 variants previously published, for a total of 23 
variants predisposing to CAD. The confirmed genetic variants are shown in Table 1 and the novel previously 
published variants in Table 2.  

 

 



This joined meta-analysis doubled the number of genetic variants that were known to associate with 
increased risk for CAD before the AtheroRemo project was launched. A truly major observation was that 
only six of the genetic variants seem to act through known risk factors. This will have clear implications for 
the understanding of the pathogenesis of CAD and may open new development programs for prevention and 
treatment of coronary artery disease. The search for new molecular pathways is now again in the beginning 
of a new era in the pathogenesis of CAD. AtheroRemo consortium initiated first functional studies for some 
of the novel genetic variants associated with CAD risk. After a careful election process PPAP2B 
(phosphatidic acid phosphatase type 2b) gene was selected for further analyses due to its potential effect in 
the human lipidome, which was one of the major interest areas of AtheroRemo (see below for more 
lipidomic biomarker development). PPAP2B e catalyzes the dephosphorylation of phosphatidic acid (PA) to 
form diacylglycerol. It has a role in metabolic pathways controlling the synthesis of glycerophospholipids 
and triacylglycerols, and in receptor-activated signal transduction mediated by phospholipase D  

Lipid phosphate phosphatase 3 (Lpp3), encoded by the Ppap2b gene, regulates cell signaling by modifying 
the concentrations of lipid phosphates versus their dephosphorylated products. As a functional study in 
AtheroRemo we determined the role of hepatic Lpp3/Ppap2b in atherosclerosis development. Since targeted 
inactivation of Ppap2b/Lpp3 results in embryonic lethality, a conditional Ppap2b/Lpp3 liver-specific null 
mouse was generated, by using the Cre/loxP system. Ppap2b/Lpp3 was knocked out only in liver by crossing 
mice having the Ppap2b/Lpp3 gene flanked by loxP sites (Ppap2b-floxed) with mice expressing Cre 
recombinase under the control of a liver-specific albumin promoter (Cre-Alb+). These animals were then 
inserted into an atherosclerosis-prone apoE-KO background to evaluate the impact of Ppap2b/Lpp3 in 
atherosclerosis development. apoE-KO/Ppap2b-floxed/Cre-Alb- (Ppap2b/Lpp3+) and apoE-KO/Ppap2b-
floxed/Cre-Alb+ (Ppap2b/Lpp3-) were fed a Western diet for 12 weeks. Tissue distribution of Ppap2b/Lpp3 
mRNA expression was evaluated in Ppap2b/Lpp3+ and Ppap2b/Lpp3- mice. Atherosclerosis development 
was quantified at the aortic sinus and at the whole aorta by en-face analysis. In Ppap2b/Lpp3+ mice, 
Ppap2b/Lpp3 was mostly expressed in liver, aorta, heart, brain, white adipose tissue and lung. In 
Ppap2b/Lpp3-, as expected, Ppap2b/Lpp3 hepatic gene expression dropped dramatically, whereas no 
differences were observed in all the other organs. Ppap2b/Lpp3 deletion in liver had a significant impact on 
atherosclerosis development: the mean plaque area at the aortic sinus in Ppap2b/Lpp3- mice was 
significantly larger compared with that measured in Ppap2b/Lpp3+ mice (5.3x105±1.4x105 µm2 vs. 
4.2x105±1.2x105 µm2, p=0.0228, Figure 1). In addition, en-face analysis of the aorta showed that 
Ppap2b/Lpp3- mice developed significantly more plaques both in the aortic arch and in the thoracic segment 
compared to Ppap2b/Lpp3+ mice (arch: 45.84 ± 5.92% vs. 24.59 ± 6.29%, p=0.0001; thoracic: 3.59 ± 1.79% 
vs. 0.56 ± 0.57%, p=0.0008, Figure 2). Our data suggest that a liver-specific deletion of Ppap2b/Lpp3 
worsens atherosclerosis development in apoE-KO mice. 

 

 

 

 

Figure 1. Oil-Red O staining of the 

aortic sinus in Ppap2b/Lpp3+ (left) and 

Ppap2b/Lpp3- (right) mice.  



 

 

This precisely performed functional study demonstrated convincingly the relationship between a newly 
identified gene and atherosclerosis development. This state of the art functional characterization will later be 
completed with a full lipidomic characterization of tissue (plasma, liver and aorta) obtained from these new 
animal models, which in fact may in future replace the apoE-ko mouse as the prime animal model used in 
atherosclerosis studies. 

 

Transcriptomics and combined omics of human atherosclerotic plaques 

AtheroRemo transcriptomics work is based on two cohorts, Tampere Vascular study (TVS) and Biobank of 
Karolinska Endarterectomies (BIKE). BIKE consists of RNA isolated from atherosclerotic tissue form 
carotid plaques, whilst TVS has RNA from carotid, femoral and aortic plaques and healthy left internal 
thoracic arteries (LITA), which can be used as control samples. Genome wide expression analyses were 
performed on both cohorts with well-established arrays and genome wide single nucleotide polymorphism 
(SNP) genotyping was also done with both of the cohorts. In addition microRNA profiling has been done on 
subpopulation of TVS. 

Genome wide expression analysis in TVS was run with Illumina HumanHT-12 v3 Expression BeadChip and 
the accuracy of the array was confirmed with TaqMan low density arrays (qRT-PCR based method). The 
gene expression on these two methods correlated well (r=0.88 and slope 0.586) and our study showed that 
fold changes (FC) >2, p<0.05 were replicated with qRT-PCR in over 95% of study settings. Highest 
accuracy for screening of differently expressed genes between cases and controls were obtained with FC 
1.63.We concluded that the expression results of Illumina HumanHT-12 v3 Expression BeadChip were well 
replicated in qRT-PCR and findings with FC>2 are true positives in high certainty (Raitoharju, Seppala et al. 
2013).  

When analyzing the gene expression of human atherosclerotic plaques in TVS pilot data according to the 
selection criteria of FC>3.0 and p-value <0.05, 235 genes were up-regulated and 68 genes down-regulated in 
the carotid plaques, 242 genes up-regulated and 116 down-regulated in the femoral plaques and 256 genes 
up-regulated and 49 genes down-regulated in the aortic plaques. Nine genes were found to be specifically 

Figure 2. En Face staining of the aorta 

in Ppap2b/Lpp3+ (left) and 

Ppap2b/Lpp3- (right) mice.  



induced predominantly in aortic plaques, e.g., lactoferrin, and three genes in femoral plaques, e.g., 
chondroadherin, whereas no gene was found to be specific for carotid plaques. In pathway analysis, a total of 
28 pathways or gene sets were found to be significantly dysregulated in atherosclerotic plaques, for example 
TNFR2 Pathway and NKT Pathway. In conclusion atherosclerosis causes significant changes in the gene 
expression of human arterial wall and some of these changes seem to be site specific, reflecting that 
atherosclerotic process has unique features in different vascular beds (Levula, Oksala et al. 2012). 

The microRNA profiling of a subpopulation of TVS revealed 14 miRNAs that were statistically significantly 
up- or down-regulated in atherosclerotic plaques in comparison to healthy arteries. The expression of miR-
21, -34a, -146a, -146b-5p, and -210 was verified and found to be significantly up-regulated in atherosclerotic 
arteries versus LITAs. Several predicted targets of these miRNAs were down-regulated, and gene set 
enrichment analysis showed 6 pathways which could be differently expressed due to this miRNA profile, for 
example down-regulation of vascular smooth muscle cell contraction and up-regulation of p53 signaling. 
These results indicate that interfering with the miRNA expression in the artery wall may be a potential way 
to affect atherosclerotic plaque and cardiovascular disease development. Our microRNA profile also 
revealed that miRNA profiles presented in previous in vitro and in vivo studies as well as in human 
peripheral blood are quite representative of the miRNA expression in human atherosclerotic plaques 
(Raitoharju, Lyytikainen et al. 2011, Raitoharju, Oksala et al. 2013). 

During AtheroRemo project, several candidate genes studies have also performed in TVS cohort. One of the 
gene families of interest have been A Disintegrin and Metalloproteinase (ADAM) gene family, of which we 
have made 5 publications. In summary ADAM8 was shown to be highly up-regulated in human 
atherosclerotic plaques in comparison to LITAs, (Levula, Airla et al. 2009). The gene expression of ADAM8 
was also shown to be notably lower in aortic aneurysm, when as comparing to aortic dissection (Levula, 
Paavonen et al. 2011). The G allele carriers of the ADAM8 SNP rs2995300 were shown to have had 
significantly larger areas of fibrotic, calcified, and complicated plaques in coronary arteries and significantly 
higher occurrence of myocardial infarction (MI) and fatal pre-hospital MI than did the TT homozygotes 
(Levula, Airla et al. 2009). Also in verification cohorts the G allele carriers of rs2995300 SNP were shown to 
have a significantly increased MI risk. Similar effect was seen with A allele carriers, of another ADAM8 
polymorphism (rs2275725). The risk allele carriers were also shown to have higher sADAM8 serum 
concentrations but lower level of ADAM8 positive cells in their atherosclerotic plaques, indicating a 
functionality of the SNPs (Raitoharju, Seppala et al. 2011). ADAM9, -15 and 17 were found to significantly 
up-regulated in human atherosclerotic plaques in comparison to healthy LITAs. All of these ADAMs mainly 
co-localized with macrophage marker CD68 but in femoral arteries they also localized with endothelial cells. 
These ADAMs were also shown to be in active form in the plaque (Oksala, Levula et al. 2009). Like 
ADAM8, the gene expression of ADAM15 was also notably lower in aortic aneurysms as compared with 
aortic dissection, possibly having a role in the active remodeling leading to dissection (Levula, Paavonen et 
al. 2011).  

Our researches on candidate genes in human atherosclerotic plaques have resulted in 4 additional 
publications apart from the ADAM papers. We have shown the up-regulation of Indoleamine 2,3-
dioxygenase  (IDO) (Niinisalo, Oksala et al. 2010) and associated pathway in monocytes/macrophages of 
advanced atherosclerotic plaques and also localized the up-regulation of Furin and its targets BAFF and 
ANRIL to cells of monocytic origin (Turpeinen, Raitoharju et al. 2011). Netrin-1on the other had was found 
to be expressed mainly in the vascular smooth muscle cells in the atherosclerotic plaque. The down-
regulation of Netrin-1 and up-regulation of chemorepulsive receptor UNC5B in the human atherosclerotic 
plaque may have a role in retaining macrophages in the plaques (Oksala, Parssinen et al. 2013). We have also 
showed that Carbonic anhydrases (CA) CAII and CAXII are highly up-regulated in the atherosclerotic 



plaque and located in the in osteoclast-like cells multinucleated giant cells of monocyte-macrophage lineage, 
possibly affecting the calcification of the plaque (Oksala, Levula et al. 2010).  

The available expression data and pathway analysis possibilities from TVS have been used in several 
collaboration projects within the AtheroRemo consortium. Markus et al. validated in large sample set the 
association of polymorphisms of histone deacetylase 9 (HDAC9) to carotid intima media thickness and 
carotid plaques. In collaboration, we showed in this paper, that HDAC9 expression was also up-regulated in 
carotid plaques compared with LITA controls validating the role of HDAC9 in the progression of carotid 
plaque development (Markus, Makela et al. 2013). Viiri et al. also verified results obtained from proteomics 
and in vitro functional assays from intimal smooth muscle cells (SMC) isolated from human carotid 
endarterectomy specimens and medial SMC from thoracic aortas and carotids (Viiri, Full et al. 2013) in TVS 
expression data. The arterial expression data confirmed the down-regulation of ATP53 and ALDH2 and up-
regulation of ANXA1 in human atherosclerotic plaques in comparison to healthy LITAs eliminated here the 
possibility that the found changes in the molecules of interest could have been due to the culture conditions. 
In similar fashion Salagianni et al. used TVS and BIKE expression data to show that TLR7 expression is 
dysregulated in human atherosclerotic plaque to verify the role of this receptor in atherosclerosis. Their 
initial findings were obtained with APOE -/- mice with functional inactivation of TLR7, which lead to 
accelerated plaque development and well supported by the up-regulation of TLR7 in aortic, carotic and 
femoral atherosclerotic plaques in humans (Salagianni, Galani et al. 2012). 

The TVS expression data has been used to study the genetics behind large artery atherosclerotic stroke by 
combining the gene set enrichment results from the association meta-analysis of large artery atherosclerotic 
stroke (METASTROKE) and the gene expression results from the carotid plaques in comparison to healthy 
arteries. In this study by Traylor et al. 5 distinct pathways were found to be enriched with the genes 
associated to large artery atherosclerotic stroke in METASTROKE GWAS. When analyzing the expression 
of these pathways in carotid arteries in comparison to healthy LITAs from TVS, we found that three were 
significantly up-regulated and one was significantly down-regulated. In another manuscript by Traylor et al. 
our collaborators found an association with a novel genomic locus and ischemic stroke caused by large artery 
atherosclerosis (p=2.5x10-7) using an age-at-onset informed approach. When analyzing the expression of 
genes near this loci in TVS, one transcript showed extreme up-regulation in carotid plaques compared with 
LITA controls (P=1.2x10-15; FC = 335.6). Similar expression pattern was shown in femoral and aortic 
plaques further associating this SNP to the progress of atherosclerosis. 

Low serum levels of the amino acid derivative, homoarginine, have been associated with increased risk of 
total and cardiovascular mortality. Homoarginine deficiency may be related to renal and heart diseases, but 
the pathophysiologic role of homoarginine and the genetic regulation of its serum levels are largely 
unknown. In addition, increased levels of circulating asymmetric dimethylarginine (ADMA) and symmetric 
dimethylarginine (SDMA) are independent predictors of cardiovascular mortality. In cooperation with 
AtheroRemo collaborators, we set up to investigate novel genetic variants influencing circulating ADMA 
and SDMA levels and to evaluate whether they have a prognostic value on cardiovascular mortality. We also 
wanted to identify genomic loci associated with homoarginine serum levels and whether these polymorphism 
are functional.   

We found genome-wide significant associations with homoarginine serum levels on the carbamoyl 
phosphate synthetase I (CPS1) locus, at the alanine-glyoxylate aminotransferase 2 (AGXT2) locus, and at the 
glycine amidinotransferase (GATM) locus, as well as a suggestive association at the Homo sapiens mediator 
complex subunit 23 gene/arginase I locus. The major allele of rs1346268 at the GATM locus was 
significantly associated with increased mRNA levels of GATM and nearby genes in cells from the arterial 



plaque and whole blood, as well as in monocytes in the TVS cohort. For the CPS1 locus and the AGXT2 
locus, no association of the lead SNPs with gene expression could be detected (Kleber, Seppala et al. 2013).  

In regards to ADMA and SDMA, our meta-analyses replicated the previously known locus for ADMA levels 
in DDAH1, identified two non-synomyous polymorphisms for SDMA levels in AGXT2 and one in 
SLC25A45. We also fine-mapped the AGXT2 locus for further independent association signals. The two 
non-synonymous AGXT2 variants independently associated with SDMA levels were also significantly 
related with short-term heart rate variability (HRV) indices in young adults. The major allele (C) of the novel 
non-synonymous rs16899974 (V498L) variant associated with decreased SDMA levels and an increase in 
the ratio between the low- and high-frequency spectral components of HRV. Furthermore, the SDMA 
decreasing allele (G) of the non-synomyous SLC25A45 (R285C) variant was associated with a lower resting 
mean heart rate during the HRV measurements, but not with the HRV indices. None of the studied genome-
wide significant variants had any major effect on cardiovascular or total mortality in patients referred for 
coronary angiography (Seppala, Kleber et al. 2013). 

 

Atheroremo-IVUS study revealed imaging biomarkers that were highly predictive for one year 
outcome in patients with acute coronary syndrome (ACS) 

Acute coronary syndromes (ACS) are mostly caused by plaque rupture. AtheroRemo-IVUS study aimed to 
investigate the prognostic value of in vivo detection of high-risk coronary plaques by intravascular 
ultrasound (IVUS) in patients undergoing coronary angiography. Between November 2008 and January 
2011, IVUS of a non-culprit coronary artery was performed in 581 patients who underwent coronary 
angiography for ACS (n = 318) or stable angina (n = 263). Primary endpoint was major adverse cardiac 
events (MACEs) defined as mortality, ACS, or unplanned coronary revascularization. Culprit lesion-related 
events were not counted. Cumulative Kaplan-Meier incidence of 1-year MACE was 7.8%. The presence of 
IVUS virtual histology-derived thin-cap fibroatheroma (TCFA) lesions (present 10.8% vs. absent 5.6%; 
adjusted HR: 1.98, 95% CI: 1.09-3.60; P = 0.026) and lesions with a plaque burden of ≥70% (present 16.2% 
vs. absent 5.5%; adjusted HR: 2.90, 95% CI: 1.60-5.25; P < 0.001) were independently associated with a 
higher MACE rate. Thin-cap fibroatheroma lesions were also independently associated with the composite of 
death or ACS only (present 7.5% vs. absent 3.0%; adjusted HR: 2.51, 95% CI: 1.15-5.49; P = 0.021). Thin-
cap fibroatheroma lesions with a plaque burden of ≥70% were associated with a higher MACE rate within (P 
= 0.011) and after (P < 0.001) 6 months of follow-up, while smaller TCFA lesions were only associated with 
a higher MACE rate after 6 months (P = 0.033). In summary, in patients undergoing coronary angiography, 
the presence of IVUS virtual histology-derived TCFA lesions in a non-culprit coronary artery is strongly and 
independently predictive for the occurrence of MACE within 1 year, particularly of death and ACS. Thin-cap 
fibroatheroma lesions with a large plaque burden carry higher risk than small TCFA lesions, especially on 
the short term. 

Lipidomic Studies Identified Plasma Analytes Predict Fatal Cardiovascular Outcome in Coronary 
Artery Disease Patients Better Than Any Other Lipid Based Biomarker Today  

Mass-spectrometry-driven lipid analysis lipidomics is a rapidly growing technology that is able to resolve 
complex lipidomes in high-throughput at the level of molecular lipid species. Lipidomics can be used in 
biomedical research to study disease mechanisms, identify novel disease biomarkers, drug efficacy 
biomarkers, to select and compare therapy compounds and elucidate their mechanism of action or reveal off-
target effects. Furthermore, lipidomics can be utilized to identify deviations in metabolic and/or signaling 



pathways in different stages of disease. Therefore, this emerging technology has a substantial potential also 
in various drug discovery programs. 

An enormous complexity of lipid molecules exists in human body. Lipids are subject of active metabolism 
where molecular lipids play essential roles which we are only beginning to understand.  Mass spectrometry-
driven lipidomics has enabled the resolving of complex lipidomes at the level of molecular lipid species in a 
high-throughput mode, fulfilling the quality requirements of large clinical cohorts. Due to selectivity and 
high sensitivity of the methods, lipidomics analysis of minute sample amounts can be executed. Lipids play 
essential roles in membrane dynamics, energy metabolism, and signaling where lipid structure is a key 
determinant of the biological effects. Lipidomics is therefore an essential tool to increase the biological 
understanding of molecular lipids in basic research and pharmaceutical drug discovery and development.  

Animal models are widely used in medical/pharmaceutical research, where the choice of the right animal 
model is crucial. To study atherosclerosis, several options and animal models are available today. However, 
it is often difficult to know how well these models translate to man. Lipidomics has offered an opportunity to 
compare different animal models to find the most suitable model for specific purpose. To this end, Partner 14 
(Zora) developed state-of-art lipidomics methods suitable for quantification of molecular lipid species in 
plasma and aorta samples in different animals. The lipid profiles of human atherosclerotic aorta specimens 
and the healthy vessel wall samples (LIMA) were described and compared with several mouse models. In 
addition, the lipid compositions in three different aorta segments were analyzed. The results obtained 
demonstrated remarkably similar lipid distribution between mice and human aorta (Figure 1), and pinpointed 
the mouse model best resembling the human disease. These data increases our knowledge on arterial 
remodeling, a poorly know process despite its central role in the disease progression.   

 

Figure 1. The relative cholesteryl ester (CE) distribution in mouse (subjected to different dietary regimens) or human aorta samples. 

On y axis, the abundance of the molecular species is shown. The most abundant species in both species are highlighted. CE 

distribution is shown as an example, similar patterns were found in other lipid classes. 

Lipidomics may be highly useful in the development of alternative lipid-lowering therapies. For example, 
different Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9) inhibitors are currently being developed 
by pharmaceutical companies as very potent lipid lowering drugs. In AtheroRemo, a lipidomic screen was 
performed in humans with PCSK9 mutations and animal models, which revealed several candidate lipid 



molecules that could be used for characterization of novel PCSK9 inhibiting compounds and as sensitive 
efficacy markers of PCSK9 inhibition. 

It is generally accepted blood cholesterol levels (high total or low-density lipoprotein cholesterol (LDL-C)) 
predict the risk for cardiovascular diseases (CVD) and that reducing their levels by statin treatment the risk 
can be substantially reduced. LDL-C may not, however, be an optimal target for diagnostic/therapeutic 
purposes for several reasons. First, one half of the hospitalized acute myocardial infarction (AMI) patients 
have LDL-cholesterol levels within recommended range. Secondly, a substantial (~65 %) residual risk exists 
in patients despite a successful LDL-C lowering. Traditional risk assessment fails to recognize a large 
proportion of patients at high risk while a large proportion of individuals are classified as having 
intermediate risk, leaving patient management uncertain. Very recently, new recommendations to prevent 
CVD were released jointly by the American Heart Association and American College of Cardiology. 
Accordingly, the doctors are guided to depend less on reaching target LDL-C goals and instead aim to 
identify people at high risk. Thus, there is an unmet need for additional diagnostic/therapeutic targets beyond 
LDL-C.  

In the blood, cholesterol and other lipids are transported by lipoprotein particles. A major drawback of 
measuring cholesterol concentrations in the lipoproteins is that it does not necessarily reflect the quality or 
the quantity of the particles, shown to be closely associated with particle function. Instead, the 
presence/levels of bioactive protein and lipid constituents may better determine particle quality. Human 
plasma is estimated to contain a vast number of different lipid species, ranging from a few hundreds to 
thousands of lipids with well-defined roles in the cellular maintenance. To identify better CVD-related 
biomarkers, novel methods were developed to perform detailed lipid analyses of large scale collections of 
clinical samples. First, 445 subjects participating in a long-term follow-up of the Ludwigshafen Risk and 
Cardiovascular Health (LURIC) Study were analyzed whose coronary artery status was well-defined by 
angiography. The coronary artery disease (CAD) patients were divided into stable or high-risk CAD patients 
based on whether they faced any fatal CVD events. None of the traditional risk markers were able to 
distinguish high-risk patients from those with stable CAD. Lipidomic analysis, however, revealed that 
distinct ceramide species significantly associate with the fatal outcome. Ratios calculated based on the 
ceramide concentrations that turned out to be highly significantly indicative of the risk of fatal incidences in 
all subgroups (Figure 1).   



 

Figure 2. CVD outcome related lipid markers in all CAD patients (A), DM2 patients (B), and non-DM2 patients (C). The median 

differences between high-risk vs. stable CAD patients and p-values are shown for lipid concentrations and ceramide/ceramide 

ratios aiming to differentiate high and low risk CAD patients in the subgroups. These data demonstrate the potential of lipidomic 

markers to predict CVD outcome risk in the patient groups. 

The biomarkers identified here are superior to the standard measurements used currently, thus allowing a 
much better identification of people with a high risk of CVD complications as suggested by the recent 
AHA/ACC guidelines. The results have recently been published, and the findings have been verified in 
another clinical cohort of Finnish patients. In addition, a commercial diagnostic kit is being developed based 
on the data. 
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Novel drug delivery systems developed – a step closer to truly tailored treatments  
 
RNA interference (RNAi) mediated by antisense DNA and short interfering RNA (siRNA) 
oligonucleotides offers unprecedented opportunities for drug discovery and development of 
novel therapeutics in a wide range of diseases including cardiovascular disease. It is based on 
the binding of complementary oligonucleotides to target RNA through base pairing, and 
down-regulation of gene expression through enzyme-dependent RNA degradation. By 
contrast to traditional drugs such as small molecules and antibodies that can target proteins 
with enzymatic activity or receptors, i.e. only a small fraction of the total cellular proteins, 
RNAi-mediating oligonucleotides can be directed against any cellular RNA, and thus any 
cellular target.  
 
In the clinic, oligonucleotide-based therapeutics have already shown promise. In proof-of-
concept trials, several DNA and RNA oligonucleotides have demonstrated pharmacological 
activity for mediating target knock-down following topical or systemic (for liver-specific 
targets) administration with the list of drugs in preclinical or early clinical phase rapidly 
expanding [1, 2]. A prominent example is mipomersen (ISIS Pharmaceuticals), an antisense 
DNA oligonucleotide targeting ApoB, a key component of LDL cholesterol. ApoB was 
previously considered “non-druggable” since no small molecule inhibitors or antibodies could 
be developed against this protein. However, mipomersen has changed this paradigm by 
proving that this is now possible through the use of RNAi oligonucleotides. The drug has thus 
received approval for the treatment of familial hypercholesterolemia while it is being 
evaluated for a number of other indications as well [3]. This highlights the potential of these 
new pharmacological compounds in disease treatment. Yet, their application in the context of 
atherosclerosis, especially atherosclerotic plaque-specific targets has been limited.    
 
The major reason hampering the development of DNA or RNA oligonucleotide therapeutics 
in atherosclerosis has been the inefficiency of these molecules in reaching immune cells (e.g. 
monocytes/macrophages) and atherosclerotic plaques. These molecules have a very short 
half-life in the circulation (minutes or less), they are susceptible to nuclease-mediated 
degradation and they cannot reach distant cells or end up in the right cellular compartments of 
cells for activity. To circumvent these problems, and enable the delivery of antisense 
oligonucleotides to atherosclerotic plaques, we employed a systematic approach to screen, 
select and functionally validate new delivery carriers in vivo. It is known that in principle 
liposomal formulations can substantially increase the half-life of oligonucleotides for many 
hours or even days and can achieve targeting. 
 
We first performed a high throughput screen for a large number of liposomal formulations. 
The screen was done with lipid combinations for the novel class of amphoteric liposomes in 
all three possible amphoteric systems: 
Amphoter I: stable cation, chargeable anion 
Amphoter II: chargeable cation, chargeable anion 
Amphoter III: chargeable cation, stable anion 
 
Starting from collections of cationic, anionic and neutral lipids we established a  
combinatorial library of more than 2000 different liposome formulations, all of which were 
tested for efficacy and cytotoxicity in HeLa cells. Positive hits were confirmed and further 
validated in RAW264 macrophages as this is a primary target cell in atherosclerosis. These 
extensive screens of carriers using in vitro transfection of cell lines have established a 
quantitative relationship between the calculated shape parameter K[min] of the lipid mixture 
and the cellular transfection potency IC50. When plotted against each other, a strong 
correlation was observed between the two (Figure 1A); the same was found for macrophages. 
This made possible the development of a mathematical model/algorithm that predicts the 
transfection efficacy of new carriers on the basis of a “mode of action” hypothesis for 
amphoteric liposomes.  
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Liposomal carriers were then assessed for serum stability and biophysical properties. Serum 
components may destabilize liposomal membranes, e.g. through pore formation or lipid 
exchange, thus rendering them ineffective in vivo. We therefore analyzed the stability of 
several hundred carriers in human serum, using a newly developed protocol that facilitates 
analysis of both oligo encapsulation and serum resistance of the carrier. A substantial number 
of carriers passed the test criteria of not losing more than 50% cargo over a period of 2h in 
this environment. Another important parameter is the right balance between stability of 
carriers outside the cell, i.e. at neutral pH, and fusogenicity and destabization upon cellular 
uptake, i.e. at cationic pH. We were able to demonstrate appropriate biophysical properties for 
a number of our carriers in the test tube. On the basis of these data, we have selected 5 lead 
liposomal carriers and established manufacturing procedures using siRNA targeting CD45 as 
a cargo (Figure 1B). 

 
Figure 1: Optimization of amphoteric liposomes and generation of a structure/activity relationship. 

(A) A large sample of chemically distinct amphoteric liposomes was loaded with siRNA targeting pololike kinase 1 

(PLK-1) and examined for the inhibition of cell proliferation in HeLa cells. Matching liposomes were loaded with 

an unrelated siRNA and transfected in parallel to exclude lipid-mediated effects. The IC50 values describe the 

PLK-1 specific, half maximal inhibition of cell proliferation. The transfection of cells is limited by k[min] and low 

values of about 0.14-0.18 are required for optimized cellular transfection. No appreciable cellular transfection is 

observed for k[min]>0,33. Carriers with extreme fusogenicity (k[min]<0.12) are less successful, probably due to 

insufficient stability of these materials. (B) Potency of selected liposomes on macrophages (RAW264). Liposomes 

were loaded with siRNA against PLK1 and tested for their ability to inhibit proliferation of RAW264 cells. 

 

The next step in the development of liposomal formulations involved their evaluation in an in 
vivo set-up. For this purpose, selected liposome carriers with encapsulated siRNA or scramble 
(SCR) control were intravenously administered to C57BL/6 mice at various concentrations. 
We used a well-established siRNA [4] against CD45, a protein expressed on the surface of all 
leukocyte subsets, thus being able to screen multiple cell targets at once. 5-10% SCR siRNA 
conjugated with the fluorochrome Alexa488 was included in all liposome carriers to achieve 
monitoring of the biodistribution. We found that macrophages and dendritic cells were the 
cell populations selectively taking up these liposomes in vivo. The efficiency of uptake was 
already substantial at 4h after administration, and reached for some of the formulations tested 
>90% among monocyte/macrophage (CD11b+F4/80+) and dendritic cell (CD11b+CD11c+) 
populations assessed by flow cytometry in the blood and spleen (Figure 2, left panel). 
Confocal analysis validated the presence of Alexa488+ cells in the red pulp of the spleen, 
while the white pulp was mostly negative. Of note, efficient down-regulation of the CD45 
target was observed in cells that had taken up the liposomes, which in some cases reached 
80% specific knock-down (e.g. in splenic red pulp macrophages after two administrations of 
5mg/kg of the liposome Nov719) (Figure 2, right panel). Nov719, however, exerted some 
cytotoxic effects in the target cell populations. This effect was most prominent with nov719 
but certainly absent with Nov038, a formulation most efficient for antisense DNA 
oligonucleotide delivery. Reproducible patterns of biodistribution and knock-down efficiency 
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were obtained when these experiments were also performed in Apoe-/- mice. Thus, a set of 
effective liposomal carriers for in vivo delivery of siRNA oligonucleotides to 
monocytes/macrophages and dendritic cells has been developed.  
 

 
 
Figure 2: Uptake and functional delivery of siRNA in splenic macrophages.  

Left – Uptake of labelled siRNA was analyzed in splenic macrophages by flow cytometry. Both Nov038 and 

Nov757 yield very efficient delivery into macrophages, while uptake from other liposomes was less prominent. 

Right – Modulation of CD45 expression in selected cell populations in blood and spleen. CD11b
low

 and F4/80
+
 cells 

of the spleen show a substantial repression of the CD45 signal when treated with CD45 siRNA in amphoteric 

liposomes, but not upon administration of free siRNA. Interestingly, CD45 levels are most reduced when siRNA is 

delivered in Nov719, the most potent vector.  

 

Although Nov038 achieves the highest siRNA delivery yields in target cell populations, it 
does not exhibit knock-down efficacy. This is possibly due to the need for endosomal escape 
of siRNA oligonucleotides which is not optimal with this liposomal carrier. As endosomal 
escape is less of a requirement for antisense DNA oligonucleotides (ASO), we have next 
focused our efforts on the application of Nov038 and Nov038-related derivatives for the 
delivery of ASO in vivo. 
 
We have investigated Nov038, AN-CHEMS (characterized by anionic charge, stability and 
long circulation times), CAT-DOTAP (characterized by a stable cationic charge and potent 
transfection efficiency) and CAT-MoChol (characterized by ionisable cationic charge and 
better stability in the circulation compared to CAT-DOTAP). We encapsulated into these 
liposomes CD40 ASO containing 20% of Cy5.5-labelled ASO and tested their ability to 
deliver ASO in vivo in Apoe-/- mice following intravenous administration. Their 
biodistribution and cellular uptake was monitored by confocal microscopy. We observed that 
Nov038 and AN-CHEMS liposomal carriers were very efficient in delivering their cargo 
oligonucleotide to atherosclerotic plaques (Figure 3, A-B).  This is probably due to the 
anionic charge of both Nov038 and AN-CHEMS that provides increased stability in the serum 
and enhanced biodistribution. AN-CHEMS, however, suffered from poor encapsulation 
efficiency of its cargo oligonucleotide, requiring 10-fold more ASO in its production 
compared to Nov038 or the cationic carriers CAT-DOTAP and CAT-MoChol. CAT-DOTAP 
and CAT-MoChol carriers, in turn, were much less efficient in ASO delivery and were not 
investigated further, while unformulated ASO was not able to reach atherosclerotic plaques at 
all.  
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Figure 3:  Comparison of in vivo biodistribution of liposome carriers. 
22wk old male Apoe

-/-
 mice were injected i.v. with saline or a single dose of 5mg/kg CD40 ASO encapsulated in 

various liposomal carriers. Mice were sacrificed after 72h. 20% SCR ASO conjugated with the fluorochrome Cy5.5 

was included in all preparations to achieve monitoring of biodistribution. (A) Representative photomicrographs 

of Cy5.5-labelled SCR ASO biodistribution (upper panels), CD68-stained macrophages (middle panels), and ORO 

staining of lipids in sections from the aortic valve, and (B) quantification of Cy5.5 signal as a percentage of lesion 

area. Points indicate individual mice, lines indicate average values. Statistics was performed with student’s t test. 

 

These data were very encouraging and prompted us to investigate further the functional 
capacity of Nov038 as an ASO carrier. In depth analysis of Nov038 revealed that this carrier 
effectively administered Cy5.5-labelled ASO to both CD68+ macrophages and CD31+ 
endothelial cells, and was capable of promoting nuclear localization of its cargo 
oligonucleotide and achieving target knock-down effects (Figure 4).  
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Figure 4: Efficient delivery and functional efficacy of CD40 ASO/Nov038 in experimental atherosclerosis.  

(A) Apoe
-/-

 mice were administered i.v. saline or CD40 ASO-labelled with Cy5.5 either free or encapsulated in 

Nov038 at a single dose of 5mg/kg. Mice were sacrificed after 72h and aortic valve sections were analyzed for the 

biodistribution of the Cy5.5-labelled ASO (red, left panels), the presence of CD68
+
 macrophages (green, middle 

panels) or the accumulation of lipids by ORO staining (red, right panels). ASO was localized in macrophage-rich 

areas in atheromatic lesions. (B) Apoe
-/-

 mice were administered i.v. with saline or CD40 ASO encapsulated in 

Nov038 at a single dose of 5mg/kg. Mice were sacrificed after 72h, atheromatic plaques were collected by laser 

capture microdissection and CD40 mRNA levels were quantified by qPCR.  

 

Notably, Nov038/CD40 ASO was also capable of ameliorating disease. In Apoe-/- mice long-
term treatment with Nov038/CD40 ASO markedly reduced the burden of atherosclerosis 
while scramble ASO, empty Nov038 or unformulated CD40 ASO had no effect. 
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Figure 5: Atherosclerotic lesion size in 22 week old male Apoe

-/-
 mice.  

Apoe
-/-

 mice were treated i.v. weekly with 5mg/kg CD40 ASO encapsulated in Nov038 (CD40 ASO/038) for a 

period of 12 weeks starting from 10 weeks of age. As controls, groups of mice were administered with a scramble 

ASO encapsulated in Nov038 (SCR ASO/038), free CD40 ASO, emplty Nov038 carrier or saline. At the endpoint, 

the aortic valve area of mice was analyzed for the extent of atheromatic lesion size by ORO staining and 

quantified with ImageJ software. Each dot represents a single mouse. 
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In summary, we have developed new liposomal carriers of amphoteric nature that enable the 
systemic delivery of siRNA and antisense DNA oligonucleotides to disease-relevant cell 
types such as monocytes/macrophages and dendritic cells in vivo. Among them, Nov038 is of 
particular interest as it is safe, well-tolerated and highly effective in delivering ASO to 
established atherosclerotic plaques and achieving therapeutic effects in a well established 
preclinical model of atherosclerosis. These new delivery carriers should pave the way for the 
development of tailored treatments for atherosclerosis based on siRNA and antisense DNA 
oligonucleotides. 
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Potential impact and the main dissemination activities and the exploitation of results.  

 

The expected impact of the FP7-HEALTH-2007-2.4.2-1 call was to gain knowledge from research 
performed in the cardiovascular area that will lead to an improvement in the prevention and 
treatment of cardiovascular diseases, which are a major cause of ill health and death in Europe and 
worldwide.  

The major AtheroRemo mission was to bridge cutting-edge science from different disciplines in a 
meaningful way to support prevention programs and treatment of cardiovascular diseases. The 
translation of basic molecular studies, preclinical model systems, genomic and metabolomic 
information and integration of preclinical and clinical information relevant to atherosclerotic 
disease was considered make a remarkable contribution to future patient care. In addition, it 
assumed that measures promoted in AtheroRemo can reduce health care costs related to 
cardiovascular disease treatment and can help drug developers to improve the efficiency of their 
pipelines. 

AtheroRemo general impacts were: 

o Contribution to national and international prevention programs due to novel data on risk factors 
and disease mechanisms. 

o Reduction of health care costs due to early detection of the disease and new tools to monitor 
disease progression. 

o New generation treatments using latest targeted gene therapy technologies (RNA silencing) 
combined with smart delivery systems. 

o Value-added service platforms (genetic and metabolomic) for reducing time to market of new 
drugs, for improving drug lead compound selection, for better assessment of efficacy and safety of 
drug candidates. 

 

These impacts were planned materialize in AtheroRemo through the identification and validation of 
novel biomarkers, drug targets, developed diagnostic tests and therapeutic approaches. AtheroRemo 
was considered have major impact also prevention strategies through identification of new risk 
factors and widespread dissemination of results not only to fellow scientists, but also patient 
organisations, health care providers and governing bodies responsible for health care structures. 

Several steps were needed to bring about expected impacts of the program. First of all it was crucial 
to create collaboration between molecular and clinical scientists and to explore existing biobanks of 
well-characterized patient populations with latest reliable high throughput technologies. Data 
integration and combined analyses of ‘omics data providing reliable data on risk factors, potential 
biomarkers and affected pathways was playing a very central role. Robust preclinical model 
systems were needed for functional genetics and target validation. Exploitation was performed 
through effective IRP protection and involvement of active SMEs.  

 

 



Use and dissemination of foreground 

 

a) Dissemination of novel data worldwide: 

Consortium members agreed to publish novel findings as soon as possible without hindering IPR 
protection. Scientific data was published in high-class national and international journals and 
number of scientific meetings around the world.  As of today the number of international scientific 
publications has reach over 200 hundred and it’s expected still to rise during 2014-2015 
substantially.  

 

b) Exploitation of the data 

The number of patients eligible for cardiovascular therapies in general is forecast to increase 
significantly, and is primarily driven by increasing trends in the prevalence of diabetes and 
dyslipidemia. Although some data point to a degree of stabilization in the incidence of 
cardiovascular disease, the increasing prevalence of cardiovascular risk factors is driving a higher 
incidence of acute thrombotic events and the majority of other cardiovascular disease states. Eighty 
million individuals are estimated to have cardiovascular disease across the seven major markets 
with angina and stable peripheral artery disease estimated to be the most prevalent conditions with 
an incidence of 22 million and 36 million individuals, respectively. 

Despite technological advances as a result of substantial investment, the number of new drug 
approvals seems to remain stagnant and the cost of bringing a drug to market is higher than ever. 
Companies have increasingly sought to partner with academic medical centres to address some drug 
discovery problems. AtheroRemo offered a cluster of juxtaposed clinical and basic scientist, well 
characterized patient population based biobanks, state-of-art technologies and SMEs in order to 
provide value-added services for reducing time to market of new drugs, for improving drug target 
and lead compound selection, for better assessment of efficacy and safety of drug candidates. 

AtheroRemo recruited a cadre of investigators who are capable of developing and projecting 
hypotheses on the basis of quantitative biomarkers of mechanism, drug efficacy and safety from 
model systems into studies of drug response in humans. Besides a thorough understanding of 
human pharmacology, AtheroRemo investigators were trained in use of preclinical model systems, 
the development of quantitative indices of drug mechanism and response, the use and interpretation 
of genomic, metabolomic and proteomic information, the physiology of evoked phenotypes, novel 
biomarkers, and the use of bioinformatics to harvest and integrate preclinical and clinical 
information relevant to drug response. 

AtheroRemo specifically aimed to translate research in several clinical applications. We expected to 
reach precommercial level in biochemical and DNA based diagnostics at the end of the EC funding 
period. First commercially available products were assumed to be monoclonal antibodies to be used 
for research purposes and metabolomics based screening tools as cardiovascular biomarkers. Our 
ultimate goal was to bring new therapeutic agents to the market as several partners had expertise 
and experience in helping pharmaceutical companies to successfully develop and commercialize 
therapeutics. 

 

The exploitation was successfully performed on following strategic exploitation areas: 



1) Diagnostic development including genetics, imaging and lipidomics based biomarkers 

2) Drug target discovery  

3) Development of high throughput analyzing services e.g. lipidomics for other stakeholders. 

 

Drug target discovery  

The ultimate goal of this collaborative project was to find novel treatments against premature 
atherosclerosis development and vulnerable plaque. The role of participating SME (Novosom AG) 
was crucial in therapeutic development. Their efficient liposome based platforms for RNAi and 
antisense delivery may markedly speed up the drug discovery processes. During the AtheroRemo 
project we managed to develop specific liposomal drug delivery systems that can be used for 
example for target delivery of antisense oligonucleotides either to liver, macrophages or artery wall 
plaques.  

AtheroRemo consortium participated in very large international meta-analyses of coronary artery 
disease genetics. This approach resulted in numerous new genetic hits. AtheroRemo consortium 
members selected a few distinct genetic targets for closer investigation for their functional 
characteristics. As of today a few animal models have been generated and based on their properties 
it seems e.g. that PPAP2B gene were important in the development of atherosclerosis. We have now 
generate a new tool for future atherosclerosis research as the novel animal model seemed to be more 
suitable model than the traditionally used apoE knock-out model. Lipidomic and genomic analyses 
of the newly generated model are ongoing in order to evaluate potential pathways that would be 
suitable for therapeutic interventions. 

Lipidomic analyses of serum samples obtained from carefully characterized coronary artery disease 
patients revealed that distinct molecular lipid species particularly different ceramide molecules may 
be more close to actual atherosclerotic disease development than cholesterol. Thus, based on the 
current results it is supposed that different enzymatic steps of the ceramide synthesis may provide 
excellent new targets for efficient and better targeted lipid modifying treatments. In the context of 
AtheroRemo we performed first proof-of-concept studies in animal models using antisense 
oligonucleotides embedded in the new liposomal formulations. We will carry-on this developmental 
work in an offspring project of AtheroRemo called AtheroFlux, which will focus only to develop 
this target discovery work further by using latest technologies provided by cutting edge European 
SMEs and academic institutions. 

The AtheroRemo’s Basic Research WP cluster succeeded in the identification of novel molecular 
mechanisms by which immune and inflammatory events regulate arterial remodelling and 
atherosclerosis and advanced the discovery of novel therapeutic strategies.  

The AtheroRemo Basic Research Cluster contributed to significant advances in the understanding 
of inflammatory signalling in atherosclerosis. Firstly, we established that PRRs are not all 
univocally pro-inflammatory and pro-atherogenic. For instance some signals originated by 
endosomal TLRs might exert vascular protection. While NODs, like extracellular TLRs appear to 
have a pro-atherogenic function in the arterial wall. Secondly, we demonstrated that the outcome of 
TLR signalling varies according to the cell type (myeloid vs. non myeloid) in vascular disease. 
Thirdly, we clarified the pro-atherosclerotic role of CC and CXC chemokines (i.e. CXCL1 and 
CCL5) in both mouse intraplaque vulnerability and ischemic injury. In particular, selective anti-
chemokine treatments were shown to reduce atherogenesis and acute myocardial injury, but not 
stroke in mice. Finally, we highlight the therapeutic potential of IL-28 cytokines in the treatment of 



atherosclerosis. Our work will constitute the basis of new therapeutic and preventative approaches 
that will harness the potential of blocking unwanted inflammation, while enhancing protective 
pathways in cardiovascular disease. 

Finally, we found that dental periapical abscess following root canal treatment associated significantly 
with the risk of sudden cardiovascular death. Furthermore, we demonstrated that complicated root canal 
treatment also associated with the severity of coronary atherosclerosis. In finally, the detailed genomic 
studies revealed viridans streptococci as the most potent bacterial species behind the CVD 
complications. Thus, in addition to above mentioned drug target candidates AtheroRemo demontrated 
that dental health plays a significant role in the development and also prevention of fatal CVD events. 
Furthermore, the identified bacterial species may prove to be possible targets for the future prevention  
programmes.        

 

Diagnostic development including imaging and lipidomics based biomarkers 

AtheroRemo revealed a number of novel genetic risk markers of coronary artery disease (CAD) in 
collaboration with a large international meta-analyses network. In addition, AtheroRemo 
consortium contributed significantly to genetic research by revealing functional details of the new 
candidate genes. However, the genetic approach did not provide new diagnostic tools during this 
program. On the other hand, the large scale international meta-analyses programs will produce most 
likely genetic based diagnostic tools that can be adapted to clinical use later on.    

The AtheroRemo consortium identified novel imaging and lipidomic biomarkers that have a true 
potential to change current clinical risk evaluation strategies of CAD patients. In the AtheroRemo-
IVUS study the amount of the necrotic core in the imaged coronary segment was significantly 
associated with major acute cardiovascular events, suggesting that imaging biomarkers are useful 
clinical tools while assessing the future risk of major CVD complications in CAD patients. The 
other AtheroRemo unique was the lipidomics approach that discovered specific circulating 
ceramide species clearly outperforming all currently used lipid measurements including LDL-
cholesterol. These innovative lipid markers do allow a much better identification of people with a 
high risk of CVD complications. Based on these findings new diagnostic kits are currently being 
developed and active marketing activities are currently ongoing both in the US and Europe. It is 
expected that these new diagnostics will be in active clinical use starting latest 2015. 

Development of high throughput analyzing services for other stakeholders 

During the 5 year long project Zora Bioscience Oy developed high end lipidomic platforms that 
have since then in active service use for a high number of other stakeholders including mainly 
pharmaceutical companies in the US, Europe and Japan. It is important to note that the developed 
platforms are supporting not only CVD programs but also many other therapeutic areas.  

Intellectual Property Rights 

Since our Consortium carried out R&D activities within a major cardiovascular disease area, the 
opportunities for making commercially important discoveries and technological advances were very 
good. The market potential for drugs and diagnostics aimed at atherosclerosis is of course very 
significant, however on the other hand the competition on the CVD field is fierce. To ensure that 
our innovations can be optimally exploited, the AtheroRemo consortium partners had a very active 
IPR policy and the consortium invested resources to specific IPR training workshops. Over 20 
patents have been approved or filed as of today based on AtheroRemo research. 



Socio-economic impact and the wider societal implications 

 

AtheroRemo project has generated a vast amount of solid scientific data that will certainly affect 
future research directions. AtheroRemo opened new avenues of research by demonstrating linkage 
between dental health and coronary vulnerability, reveling novel inflammatory cascades 
accelerating CAD development and indicating novel molecular lipid based biomarkers for CAD 
outcome prediction. These examples are likely to affect national and international research 
emphasize areas and funding strategies. 

The American Heart Association published recently the new American guidelines for CVD 
prevention and treatment. These guidelines seem to change and develop currently with rapidly as 
new information accumulates. We believe that AtheroRemo has produced some genuine data that 
will in the future also affect official national and international prevention programs. We believe for 
instance that future developments will substitute use LDL-cholesterol values for prediction models 
and more detailed lipid parameters will later be as indicators for lipid treatments.                                                                                                                                

 


