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Atherosclerosis and society 
Atherosclerosis is today’s leading cause of death worldwide (1), but it is not a recent 
phenomenon. Tomographic images of around 4000 year old mummies revealed the 
presence of calcified atherosclerotic plaques in their carotid arteries (2). Atherosclerosis is 
not only visible with modern technology, it was already recognized around the year 1500 
by the famous universal genius and anatomist Leonardo da Vinci during an autopsy of an 
older man (3). Although atherosclerosis has been studied by pathologists and researchers 
ever since, the exact disease mechanism still remains unknown.  
Risk factors for atherosclerosis include male gender, obesity, smoking, high blood pressure, 
high plasma levels of low density lipoprotein (LDL) cholesterol and age (4). But it was 
strikingly demonstrated by Enos et al. in 1953 that atherosclerosis starts early in life. They 
found in autopsies performed during the Korean war that signs of atherosclerosis were 
present in over 77% of the soldiers already in the early twenties (5). This raises two 
important questions: Why does almost everybody have the disease? And why does not 
everybody develop clinical symptoms during the course of life?  

Atherosclerosis development   
To answer both questions, it is important to understand how an atherosclerotic plaque 
develops. Atherosclerosis is referred to as a lipid-driven inflammatory disease, but disease 
initiation is thought to start with the endothelial cells; the inner lining of a blood vessel. 
Endothelial cells become activated by shear stress. Shear stress is caused by turbulences in 
blood flow, typically near branch points of the arterial system (6). It is thought that 
activation of endothelial cells causes changes in cell morphology, triggers apoptosis and 
endothelial dysfunction, via reduction in nitric oxide and induction of endothelin-1, in this 
way allowing circulating LDL cholesterol to enter the subendothelial space (7). LDL 
cholesterol becomes oxidized (oxLDL) enzymatically by for instance myeloperoxidase, or 
lipoxygenases, or by naturally occurring reactive oxygen species. The retained oxLDL 
triggers an inflammatory signaling cascade in endothelial cells. They express chemokines, 
cytokines and adhesion molecules that cause the attraction and activation of inflammatory 
cells from the circulation (8,9). 
Predominantly monocytes are recruited by the endothelial cells in order to initiate the 
removal of the deposited oxLDL. To this end the extravasated monocytes differentiate into 
macrophages which engulf the free oxLDL. Macrophages finally turn into foam cells, named 
after the microscopic appearance as lipid laden foamy cell due to the excessive lipid 
endocytosis. (10) This lipid overload finally leads to programmed cell death (apoptosis) of 
foam cells. Apoptotic cells are normally immediately cleared by surrounding macrophages 
(efferocytosis). However, the efferocytosis system is defective in atherosclerosis and thus 
apoptotic foam cells accumulate. The exact mechanism for defective efferocytosis are 
unknown, but amongst others reduced activity or cleavage of the efferocytosis receptor 
MerTK is a likely explanation (11). The accumulation of apoptotic and/or necrotic cells 
evokes an even stronger inflammatory response (12). The potentiated immune response 
leads to an attraction of more immune cells and initiates a vicious circle of cell death and 
immune cell infiltration. The consequence of this vicious circle is the formation of a necrotic 
core consisting of cell debris and free cholesterol within the arterial plaque.  
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In parallel, smooth muscle cells migrate from the media (medial layer of a blood vessels 
consisting mainly of smooth muscle cells) into the intima. Smooth muscle cells initiate the 
formation of a fibrous cap by synthetizing extracellular matrix components such as collagen. 
The newly formed fibrous cap shields the plaque from the blood stream and is thought to 
prevent the plaque from rupturing. (8) However, the fibrous cap becomes thinner during 
disease progression as macrophages infiltrate the cap region and synthetize matrix 
degrading enzymes, matrix-metallo-proteases (MMPs). MMPs are able to cleave for 
instance collagen type I, the most common plaque collagen, thereby thinning the fibrous 
cap and increasing rupture susceptibility (13). 

Plaque rupture 
The rupture of an atherosclerotic plaque may have life threatening consequences for the 
patient, such as stroke or myocardial infarction. Once the content of a plaque is in contact 
with the blood stream an immediate thrombotic response is initiated by circulating platelets 
(14). The resulting thrombus may completely occlude the blood vessel at the location of 
rupture (heart) or dissociates and relocates to smaller blood vessels (brain). The imminent 
occlusion of smaller blood vessels rapidly causes oxygen-shortage (ischemia) and may finally 
result in loss of tissue functionality, fibrosis and even necrosis. 
The exact underlying mechanisms causing plaque rupture are unknown but several major 
observations could be linked with plaques at risk for rupture, mostly through imaging and 
autopsy studies: perivascular-Inflammation, an enlarged necrotic core, a thin fibrous cap, 
micro-calcification, intra-plaque hemorrhage, plaque neo-angiogenesis and hypoxia (8,15). 
Besides human imaging and autopsy studies, especially animal models for atherosclerosis 
have been used to characterize these risk factors. Frequently used animal models for 
atherosclerosis research are New Zealand white rabbits, pigs, and since the discovery in the 
1990s apolipoprotein E (ApoE) and LDL receptor (LDLr) knockout mice (16). 
Perivascular inflammatory cells such as macrophages, T cells, B cells and dendritic cells are 
already present in the adventitia of non-diseased murine arteries and proliferate during 
disease progression. It has been shown that this immune cell proliferation even leads to the 
formation of plaque-associated adventitial tertiary lymphoid organs in ApoE KO mice 
(17,18). In humans perivascular inflammation in the adventitia and media correlated with 
disease severity and cardiac death in pathological specimens from patients with unstable 
angina (19).  
A large necrotic core has been associated with an increased risk of plaque rupture in human 
autopsy studies (20). Mechanistically, the presence of a large necrotic core increases the 
circumferential tensile stress on the fibrous cap. This accelerated biomechanical force might 
cause rupture of the thin fibrous cap (21). 
The necrotic core, apoptotic cells and extracellular matrix might serve as starting point for 
the development of calcifications. The mechanism of how these calcifications develop is not 
understood, but vascular imaging by ultrasound and optical coherence tomography 
revealed a correlation between spotty calcification and plaques at risk of rupture (22,23). It 
is thought that smooth muscle cells might transdifferentiate into osteogenic smooth muscle 
cells which promote vascular calcification (24).  
Intra-plaque hemorrhage, or the leakage of blood components (erythrocytes, leukocytes, 
platelets and plasma) into plaques, has been associated with more advanced stages of the 
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disease and in particular with rupture prone lesions (25). The hemorrhage originates from 
either intimal intra-plaque microvessels, or healed thrombi of previous plaque ruptures 
(26). Erythrocytes in the plaque lead to cholesterol crystal formation, as their membrane 
contains up to 40% cholesterol, more than any other celltype. This in turn leads to an 
expansion of the necrotic core. Moreover, hemorrhages are also thought to increase 
reactive oxygen species and lipid oxidation via the release of Fe++ from hemoglobin during 
erythrocyte lysis and myeloperoxidase expressed by neutrophils. The increase of 
cholesterol oxidation enables an increased recognition of cholesterol by macrophages, and 
thus promotes foam cell formation. In addition to myeloperoxidase, neutrophils are also a 
source of proteolytic enzymes that are thought to reduce plaque stability via the 
degradation of extracellular matrix components (25,27). 
Besides the aforementioned risk factors for plaque rupture, also plaque hypoxia and plaque 
angiogenesis have been associated with rupture prone atherosclerosis. The role of both 
plaque hypoxia and plaque angiogenesis as risk factors is elucidated in greater detail in the 
following sections.   

Plaque rupture and plaque hypoxia  
Oxygen shortage (hypoxia) within plaques of major and midsized arteries seems paradoxical 
as the purpose of these vessels is the distribution of freshly oxygenized blood throughout 
the body. Several studies have shown that exposure of hypercholesterolemic animals 
(mostly rabbits) to hypoxia leads to an increase in arterial cholesterol and thus an increase 
in atherosclerosis (28–30). The methods to induce hypoxia in animals are fairly creative, and 
ranged from breathing of nitrogen (31), housing at constant 10% oxygen atmosphere (32), 
housing at simulated high altitude (33), to physical relocation of cholesterol fed rabbits to a 
mountain top (control group 4,000ft and experimental group 12,470ft above sea level (34)). 
Although hypoxia or induced hypoxia have been clearly linked to increased atherosclerosis, 
Greiner (35) made an interesting and logical statement: not many humans are constantly 
exposed to hypoxia or high altitudes, but still a lot of people suffer from atherosclerosis. 
This statement implicates that the source of hypoxia, if the hypothesis holds, has to be 
rather internal than external. Two major sources of internal hypoxia could be identified, 
cigarette smoke and sleep apnea. The first is assumed to cause hypoxia via increased carbon 
monoxide although enhanced plaque hypoxia was not studied in this model of cigarette 
smoking baboons (36).  Sleep apnea represents chronic intermittent hypoxia (37), which is 
also correlated with an increased risk of cardiovascular events. These cases still do not 
account for all people suffering from atherosclerosis as not everybody undergoing a 
myocardial infarction or stroke, uses cigarettes or suffer from sleep apnea. Besides these 
external causes for oxygen shortage, there are two conceivable internal mechanisms of 
plaque hypoxia in the wall of a main artery: I) large plaque size and II) the metabolic activity 
of the plaque.  
Atheroma can reach a size that is sufficient to limit the residual arterial lumen leading to 
distal ischemia, but more importantly exceeds the oxygen tissue diffusion distance of 100-
250µm (38). Although the oxygen diffusion distance is a reasonable explanation for hypoxia 
in human atherosclerosis, also murine plaques were positive for hypoxia-specific markers 
(39,40). Thus, besides the oxygen diffusion distance, there should be another explanation. 
It has been shown in human atherosclerosis that areas in plaque with high grade 



General introduction and outline of the thesis | 1 

11 
 

inflammation are positive for tracers of metabolic activity, such as fluorine-labeled 2-deoxy-
D-glucose (FDG, radioactively labeled glucose analogue) indicating a high oxygen 
consumption rate (41,42). Together with experimental data on the high glucose  demand of 
hypoxic macrophages, this indicates metabolic activity, rather than oxygen diffusion 
distance, as a main source of plaque hypoxia (43).  
As these observational data do not provide any insight in the mechanism of plaque hypoxia, 
it is important to understand the physiological reaction to hypoxia. Molecularly, the cellular 
hypoxia response (Figure 1) is regulated via the prolyl hydroxylase domain proteins (PHD). 
Besides iron and 2-oxaloglutarate, oxygen is the major cofactor of the PHD enzyme. The 
binding of oxygen enables the PHD enzyme to hydroxylate the transcription factor hypoxia 
inducible factor 1 alpha (HIF1α). Upon hydroxylation HIF1α is ubiquitinylated by the von 
Hippel-Lindau enzyme (pVHL) and subsequently degraded in the 26S proteasome complex. 
Conversely, in the absence of oxygen the PHD enzyme is inhibited due to its missing cofactor 
oxygen and HIF1α remains stable and translocates to the nucleus. In the nucleus, HIF1α 
binds to its constitutively expressed subunit HIF1β and upon dimerization to a distinct DNA 
promoter region, the hypoxia responsible element (HRE). HIF-HRE binding facilitates the 
transcription of hypoxia related genes for instance for the cellular oxygen metabolism 
(glucose transporter (GLUT1) etc.), and for angiogenesis (vascular endothelial growth factor 
(VEGF)). The goal of the molecular hypoxia response is decreasing cellular oxygen 
consumption/demand and restoring oxygen supply via the cellular stimulation of 
angiogenesis (44). Besides HIF1α also its isoform HIF2α is regulated by the PHD enzyme, 
however, HIF2α is not relevant for the work presented in this thesis.  
 

 
Figure 1. Schematic overview regulation of molecular hypoxia response by PHD  
(A) Under normoxia PHD binds to its co-factor oxygen and hydroxylates (OH) HIF1α. The hydroxylation enables 
ubiquitinylation (U) by the pVHL and subsequent degradation by the 26S proteasome. (B) Under hypoxia HIF1α 
remains stable and is able to initiate a transcriptomic response of hypoxia related genes via the binding to the HRE.   
 
Human plaque specimens were positive for the hypoxia specific marker pimonidazole (45), 
and  increased levels of HIF1α were found in several studies (46–48). HIF1α regulates 
processes that are negatively associated with disease outcome in general. Elevated HIF1α 
levels could be correlated with increased expression of the angiogenic mediator VEGF and 
increased plaque angiogenesis (45). On a cellular level, increased HIF1α induces a shift in 
the energy metabolism towards anaerobic glycolysis, predominantly in macrophages. This 
in turn skews macrophages to a -inflammatory phenotype (49). To understand the 
contribution of HIF1α responses in relevant cell types to atherosclerosis several transgenic 
mice were generated (Table 1): HIF1α KO in macrophages had no effect (50); HIF1α KO in 
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endothelial cells led to reduction in plaque size via decreased monocyte recruitment (51); 
HIF1α KO in dendritic cells increased plaque size via increased T cell infiltration (50), local 
adenoviral HIF1α inhibition resulted in decreased whereas local overexpression increased 
plaque size (52) and systemic HIF1 overexpression resulted in decreased plaque size via the 
downregulation of interferon γ (53). These experimental data allow no clear conclusion 
about the beneficial or adverse effects of HIF1α in atherosclerosis, as effects seem celltype 
dependent.  
A simpler manner to reverse the observed detrimental effects of plaque hypoxia is the use 
of hyperoxic gas. Already in 1954, Altschul et al. treated hypercholesterolemic rabbits with 
hyperoxic gas and could show a reduction in plaque size (54). The results were confirmed in 
1969 by Kjeldsen et al. who also reported a reduction in plaque size after inhalation of 
hyperoxic gas in rabbits (55). These findings prove the effectivity of this simple approach, 
though molecular insights in the underlying molecular mechanism were absent and direct 
effects on in plaque hypoxia were not analyzed. The translation of this treatment into 
clinical practice, however, is not feasible and thus a pharmacological approach seems more 
logical.  
In addition to HIF1α, also its master regulators, the PHD enzymes, may represent suitable 
drug targets. It should be noted that besides HIF1α, PHDs have several other binding 
partners (56), three of which have an established link with atherosclerosis: activation 
transcription factor 4 (ATF4), β(2)-adrenergic receptor (β(2)AR) and inhibitor of kappa B 
kinase β (IKKβ). These targets are regulated in an isoform specific manner: the activity of 
ATF4 is regulated by PHD1 and 3 (57,58), β(2)AR degradation is regulated by PHD3 (59) and 
the canonical pathway of nuclear factor kappa beta (NFκB) is negatively regulated by all 
three PHD isoforms (60–62). Thus, increasing PHD2 may not only lower HIF1α levels, but 
also decrease the pro-inflammatory canonical NFκB pathway. On the contrary, PHD2 
deletion has been proven beneficial as it protects from diabetes and obesity (63).  
To conclude, hypoxia is present in atherosclerotic plaques and is negatively associated with 
disease outcome and progression. In line, reversal by hyperoxic gas is beneficial, but 
inference with the cellular hypoxia pathway yields inconclusive results and was never 
attributed to direct changes in plaque hypoxia. Further investigation is needed to unravel 
the exact underlying mechanism of plaque hypoxia und to translate the findings into a 
therapeutic intervention.  

Plaque rupture and plaque microvessels  
In addition to hypoxia, also plaque microvessels have been associated with negative disease 
outcome in atherosclerosis. Under physiological circumstances, microvessels originate from 
the adventitia and provide the muscular media with oxygen and nutrients (64). It is thought 
that the physiological role of microvessels in atherosclerosis is drainage of lipids, nutrient 
supply and re-oxygenation (65). Therefore, it is postulated that plaque angiogenesis is likely 
initiated by plaque hypoxia. Hypoxia and the related HIF1α expression are a well-
established trigger for angiogenesis and both have been identified in atherosclerotic 
plaques (45). Furthermore, hypoxia/HIF1α-induced angiogenic growth factors have been 
found in human atherosclerosis, such as  VEGF, angiopoietin (Ang) 1 and 2 (66–69). In 
addition to hypoxia, also inflammatory cells are thought to contribute to angiogenesis 
induction (70).  
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The presence of microvessels has been linked to plaque rupture and cardiovascular events 
in human autopsy studies (71,72). Several experimental studies support this link, as induced 
angiogenesis increased plaque burden in all studies. Here, different methods of inducing 
angiogenesis in combination with different animal models (mouse, rabbit and pig) were 
used. Plaque angiogenesis was induced by stress (73,74), treatment with pro-inflammatory 
mediators (75), pro-angiogenic growth factors (67,76) and viral gene delivery of pro-
angiogenic factors (77–83). However, not only an increased number of microvessels was 
shown to have adverse effects on disease outcome, but also microvessel quality has 
emerged as a risk factor for human plaque rupture. Microvessel quality is determined by its 
ultrastructural composition: the morphology and integrity of endothelial cells, their 
junctions, and the extent of pericyte coverage. Microvessels from pathological specimens 
of ruptured plaques in coronary arteries displayed detachments of the endothelial 
junctions, endothelial membrane blebs and a thin or absent endothelial basement 
membrane. In addition to the endothelial malformation, surrounding pericytes were found 
to be absent in a majority of microvessels in ruptured plaques.(84) These ultrastructural 
characteristics suggest a leaky microvessel phenotype known from tumor vessels (85). 
Vascular leakage might result in increased extravasation of immune cells and deposition of 
lipids and red blood cells in the plaques (72,86). Therefore, these microvessels are thought 
to represent one of the main sources of intra-plaque hemorrhage, in addition to healed 
thrombi (27).  
Microvessel leakage might have three underlying causes in atherosclerosis: I) defective 
angiogenesis II) defective vascular maintenance/quiescence III) acute vascular permeability. 
The following paragraphs will highlight processes in physiological angiogenesis, sensitive to 
changes that may induce microvascular hyper-permeability.  
Physiological angiogenesis is a complex molecular process that relies on the interplay 
between different cell types and the optimal balance of pro- and anti-angiogenic factors 
(Figure 2). Upon stimulation of an existing vessel with proangiogenic factors, such as VEGF, 
fibroblast growth factors (FGFs) and Ang-2, pericytes detach from the endothelial cells. 
Subsequently, endothelial cell junctions loosen and proteases are released to prepare the 
surrounding extracellular matrix (ECM) for angiogenesis and free ECM bound angiogenic 
molecules. Integrin signaling stimulates the movement of endothelial cells into the ECM 
space. Vessel sprouting is led by one endothelial cell (tip cell) along a gradient of angiogenic 
factors. The tip cell is followed by dividing endothelial cells (stalk cells) assuring vessel 
outgrowth. A lumen is formed via the expression of amongst others vascular endothelial 
(VE) cadherin and VEGF by the endothelial cells. Finally, pericyte coverage is induced by the 
secretion of Ang-1, platelet derived growth factor B (PDGF-B) and tumor growth factor-β 
(TGF-β); and a basement membrane is established (87). If these processes are disturbed, 
leakage might be induced, as illustrated by severe blood-brain permeability after prevention 
of matrix-retention of PDGFB by a retention motif KO. Another example of a disturbance in 
growth factor balance has been shown for VEGF as increased levels have been found in 
leaky tumor vessels (88). Similarly immature leaky microvessels in atherosclerosis also 
correlate with high levels of VEGF (89).  
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Figure 2. Schematic overview angiogenesis  
(A) Vessel in its quiescent state. (B) Angiogenic stimulus by e.g. VEFG, FGF, Ang-2 causes first pericyte detachment 
and (C) second endothelial cell (EC) detachment and facilitated by protease secretion migration into the 
extracellular matrix. (D) Neo-vessel outgrowth along growth factor gradient guided by tip cell. (E) Lumen 
establishment, pericyte recruitment and basement membrane formation stimulated by e.g. Ang-1, PDGF-B, TGF-
β. (F) Newly formed quiescent vascular branch.   
 
Once a vessel has been formed, its quiescent state has to be maintained in order to function 
physiologically. Here, autocrine Ang-1 has a prominent role, as binding to its receptor Tie2 
inhibits VEGF induced permeability. Furthermore, it was shown that Tie2 receptors of 
neighboring endothelial cells dimerize at the junction upon Ang-1 binding, thereby 
contributing to junction stability. In addition, Ang-1 signaling is able to restore pericyte 
coverage. The beneficial effects of Ang-1 are counteracted by its natural antagonist Ang-2 
(90). High Ang-2 levels have been associated with increased plaque angiogenesis in culprit 
lesions and potentially also with microvessel instability suggesting increased leakage (68).  
Ang-2 also has a potential role in acute vascular permeability induced by inflammatory 
mediators such as histamine, bradykinin and VEGF. These mediators are able to induce rapid 
and robust hyper-permeability but only in the presence of Ang-2 (91). The same might be 
true for atherosclerosis as plaques with high numbers of histamine-producing mast cells are 
associated with increased intra-plaque hemorrhage and cardiovascular events (92). The 
direct effect of the proangiogenic factors on microvessel permeability in atherosclerosis is 
difficult to distinguish from their prominent role in angiogenesis. However, the potential to 
evoke hyper-permeability has been extensively investigated in other disease models, which 
strongly suggests a similar role in atherosclerosis.  
Overall, two therapeutic strategies arise from the current knowledge about angiogenesis in 
atherosclerosis: I) angiogenesis inhibition might be beneficial when assuming that high 
numbers of microvessels are associated with cardiovascular events and II) restoration of 
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vascular functionality and/or quiescence might prevent leakage of pre-existing microvessels 
and subsequent cardiovascular events.  
Inhibition of angiogenesis in atherosclerosis has been studied in various experimental 
animal models using different approaches such as pharmacological angiogenesis inhibitors 
(93–100), vascular growth factor antibodies (101,102) and vaccination for vascular growth 
factor receptors (103–105). All studies conclude that inhibition of angiogenesis decreased 
atherosclerosis and increases plaque stability (93–105). However, several of these studies 
hardly find any intra-plaque microvessels at baseline and the treatment was often started 
together with atherosclerosis induction. This makes a translation to humans difficult as 
microvessels are already present at time of clinical complications. Thus restoring 
microvessel functionality might be a more relevant clinical approach (106).  
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Overall aim and hypothesis  
The overall aim of this thesis is to explore a possible causal role for plaque hypoxia and 
angiogenesis in experimental murine atherosclerosis, as both have been identified as risk 
factors for plaque rupture in humans.  
 
We hypothesize that:   

I. Hyperoxic treatment alleviates plaque hypoxia and atherosclerosis burden and the 
underlying molecular mechanism can be identified (chapter 2).  

II. Aggravation of the cellular hypoxia response via myeloid PHD2 deficiency increases 
atherosclerosis burden via elevated hypoxia signaling and increased plaque 
angiogenesis (chapter 3).  

III. Microvascular pericyte loss via PDGF-B retention motif KO and subsequent 
increased microvascular permeability exacerbates atherosclerosis (chapter 4). 

IV. Microvessel normalization via anti-Ang-2 treatment reduces atherosclerosis 
progression (chapter 5).  

V. Comparison of histamine, and VEGF-A, D and F induced angiogenic response and 
microvascular permeability unravels overlapping and independent stimulation of 
relevant pathways in the endothelial transcriptome (chapter 6).    

Outline of the thesis  
Plaque hypoxia is associated with an adverse disease outcome and hyperoxic treatment 
seems beneficial (54). However, hyperoxic treatment is rather impractical on a large scale 
and therefore the molecular mechanism by which hyperoxic therapy ameliorates 
atherosclerosis was investigated (chapter 2) by treating pre-existing plaques in 
atherosclerosis-prone LDLr KO mice with hyperoxic carbogen gas (95% O2).  
As hypoxia is a known stimulus of angiogenesis it is conceivable that it also triggers 
angiogenesis in atherosclerosis. In chapter 3 cellular hypoxia was enhanced by a myeloid 
KO of the hypoxia master regulator PHD2 and intra-plaque and adventitial microvessels and 
atherosclerotic plaque characteristics were studied in LDLr KO mice.   
As not only microvessel quantity, but also microvessel quality, has been associated with 
consequences on human atherosclerosis (84), structurally defective microvessels in murine 
atherosclerosis were modeled in chapter 4. Therefore, microvessel pericyte loss was 
instigated in atherosclerosis-prone mice by breeding PDGF-B retention motif KO (107) LDLr 
KO mice.    
In contrast to the generation of defective microvessels in chapter 4, microvessels in pre-
existing atherosclerosis were normalized in chapter 5. LDLr receptor KO mice with pre-
existing plaques were treated with an antibody for the vascular growth factor Ang-2 and 
effects on atherosclerosis were analyzed.   
Defective microvessels are a major source of intra-plaque hemorrhage in humans and intra-
plaque hemorrhage is thought to originate from microvessel hyper-permeability. Hyper-
permeability, in addition to angiogenesis, is induced by members of the VEGF family, but 
also by histamine. The potential of VEGF to induce vascular permeability and angiogenesis 
in comparison to histamine is unknown. In chapter 6 the elicited transcriptomic response 
related to permeability induction and angiogenic capacity of these compounds was 
therefore compared. Their stimulation of the transcriptomic response was studied in 
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primary human umbilical cord endothelial cell using RNA sequencing. In addition, the 
permeability induction capacity was studied after injection of the compounds in wild type 
mice.  
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ABSTRACT 
 
Objective 
Advanced murine and human plaques are hypoxic, but it remains unclear whether plaque 
hypoxia is causally related to atherogenesis. Here, we tested the hypothesis that reversal 
of hypoxia in atherosclerotic plaques by breathing hyperoxic carbogen gas will prevent 
atherosclerosis. 
 
Approach and Results 
LDLr-/- mice were fed a western-type diet, exposed to carbogen (95% O2, 5% CO2) or air 
and the effect on plaque hypoxia, size and phenotype was studied. 
First, the hypoxic marker pimonidazole was detected in murine LDLr-/- plaque 
macrophages from plaque initiation onwards. Second, the efficacy of breathing carbogen 
(90min, single exposure) was studied. Compared to air, carbogen increased arterial blood 
pO2 5-fold in LDLr-/- mice, and reduced plaque hypoxia in advanced plaques of the aortic 
root (-32%) and arch (-84%). Finally, the effect of repeated carbogen exposure on 
progression of atherosclerosis was studied in LDLr-/- mice fed a high cholesterol diet for an 
initial 4 weeks, followed by 4 weeks of diet and carbogen or air (both 90min/day). 
Carbogen reduced plaque hypoxia (-40%), necrotic core size (-37%), and TUNEL+ apoptotic 
cell content (-50%) and increased efferocytosis of apoptotic cells by MAC3+ macrophages 
(+36%) in advanced plaques of the aortic root. Plaque size, plasma cholesterol, 
hematopoiesis and systemic inflammation were unchanged. In vitro, hypoxia hampered 
efferocytosis by bone marrow-derived macrophages, which was dependent on the 
receptor MerTK. 
 
Conclusions 
Carbogen restored murine plaque oxygenation and prevented necrotic core expansion by 
enhancing efferocytosis, likely via MerTK. Thus, plaque hypoxia is causally related to 
necrotic core expansion. 
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INTRODUCTION 
 
In many pathophysiological conditions, reduced oxygen tension (hypoxia) is a known 
stimulus of inflammation, angiogenesis and apoptosis (1,2). As the progression of 
atherosclerosis is driven by the very same processes (3–5), we recently investigated if 
hypoxia was present in atherosclerosis. Indeed, plaque hypoxia was detected specifically 
in macrophages of advanced human atherosclerotic lesions using administration of the 
hypoxia-specific marker pimonidazole (6), as well as in advanced rabbit and murine 
plaques (7–10). However, whether plaque hypoxia is an innocent bystander-effect of 
macrophage influx, or a driving force behind plaque progression is still unknown.  
As the in vitro effects of hypoxia on macrophage function are pro-angiogenic, pro-
inflammatory (11) and anti-fibrotic (12), we hypothesized that hypoxia in plaque 
macrophages is pro-atherogenic. Thus, reoxygenation would be expected to prevent 
plaque progression. An attractive strategy to achieve plaque reoxygenation may be the 
breathing of hyperoxic gas carbogen, composed of 95% O2 and 5% CO2, as this successfully 
alleviated tumor hypoxia (13–15). Hyperoxic carbogen will increase oxygen dissolved in 
blood, thus pO2, rather than enhancing already maximal hemoglobin saturation. 
Additionally, the CO2 component of carbogen contributes to increased oxygen supply: 5% 
CO2 ensures a respiratory drive, prevents vasodilation associated with 100% O2 and shifts 
the hemoglobin-O2 dissociation curve towards facilitated oxygen delivery (16). Thus, 
oxygen blood content, oxygen delivery, and oxygen diffusion are vastly improved, and 
enhance tissue oxygenation. Therefore, we hypothesized that carbogen delivery will 
reverse hypoxia in murine atherosclerotic plaques, and thus reverse hypoxia-associated 
detrimental effects on plaque inflammation and progression. 
 

 
  



Chapter 2 

30 
 

MATERIALS AND METHODS 
 
Animals 
Mouse experiments were approved by the regulatory authority of the Maastricht 
University Medical Center, and were performed in compliance with the Dutch government 
guidelines. All mice were bred at least 9x on C57/Bl6 background. Male LDLr-/- were 
obtained from an in-house breeding colony, originally derived from Charles River 
(Wilmington, MA, USA). Mer tyrosine kinase domain deficient (MerTKkd) (17,18) and CD36 
knockout mice (CD36-/-) (19) and wildtype control mice were previously described.  
 
Blood gas analyses 
An arterial catheter (20) was implanted in five LDLr-/- mice on chow using isoflurane 
anesthesia (1.5–2%) and peri-operative ibuprofen (s.c). The right femoral artery was 
exposed, and a heat-stretched polyethylene-25 cannula was inserted (1.5 cm) and 
subcutaneously guided to the neck of the mouse. Here the catheter was fixed, extended, 
filled with heparinized saline (10 U/ml), and plugged. The mice were allowed to recover 
24hrs before measurements were made. Mice were placed in induction chambers and the 
arterial line was extended through the outlet of the chamber to allow blood sampling 
without altering the continuous carbogen flow (5L/min, normobaric, NTG Sol). Arterial 
blood (70 µl) was collected before and after 30 minutes of flow, and 5 minutes after flow 
cessation and analyzed within 5 minutes on a Chiron blood gas analyzer (Siemens). 
 
Atherogenesis and carbogen exposure 
First, hypoxia development in atherogenesis was investigated in LDLr-/- mice (n=5/group) 
fed a 0.25% cholesterol diet (special diet services, #824171, 15% cocoa butter, 10% maize 
starch, 20%  casein, 40.5% sucrose, 5.95% cellulose) for 0, 4, 8, 12 or 16 weeks. Secondly, 
acute reversal of plaque hypoxia was investigated in LDLr-/- mice with advanced, hypoxic 
plaques (n=5/group, 12 weeks of diet), which were subjected to a single 90 minute 
exposure of carbogen or air (21% O2). Halfway during the exposure, mice were injected 
intraperitoneally (IP) with the hypoxia-specific marker pimonidazole (100 mg/kg, 
hypoxyprobe Omni kit, Hypoxyprobe Inc. Burlington, MA, USA) and sacrificed directly after 
cessation of carbogen flow. Thirdly, the effect of chronic carbogen exposure on 
atherogenesis was studied in thirty LDLr-/- (n=15/group), fed a 0.25% cholesterol diet for 
four weeks. During the four additional weeks of diet, mice were exposed daily to 90 
minutes of carbogen or air. Twenty-four hours after the last exposure, mice were injected 
with pimonidazole one hour prior to sacrifice.  
 
Atherosclerotic lesion quantification and immunohistochemistry 
Mice were euthanized using a pentobarbital overdose (100mg/kg) and blood was 
collected via the left ventricle for flow cytometry, absolute white blood cell counts 
(Coulter counter AC.T diff) and total plasma cholesterol analysis. Aortic roots, arches and 
organs were excised and fixed in 1% paraformaldehyde. In additional LDLr-/- mice, white 
blood cells were collected from the abdominal aorta and the saphenous vein, and fixed 
(1% paraformaldehyde, 2 hours) following erythrocyte lysis in iso-osmotic ammonium 
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chloride solution. Remaining white blood cells were mixed with agar and paraffin-
embedded.  
Aortic roots and arches were serially sectioned, and stained with hematoxylin and eosin 
(HE, Sigma) for blinded quantification of the lesion areas using computerized 
morphometry (Leica QWin V3, Cambridge, UK). Total plaque area and lipid core content 
were obtained by averaging measurements of five representative (HE) sections (25 μm 
apart) of the aortic root and aortic arch. In the aortic arch, plaque size was quantified as 
the sum of the inner and outer curvature plaques, as well as all three major branches.  
Necrotic core was defined as a-cellular and a-nuclear plaque area containing cholesterol 
clefts.  
Atherosclerotic plaque size and necrotic core area in the aortic arch was determined in 5 
representative HE stainings. 
Hypoxia was detected in atherosclerotic plaques (aortic root, aortic arch), murine kidney 
(positive control), liver, spleen, lymph nodes, thymus and white blood cells. In vivo, 
pimonidazole is irreversibly metabolized in living, hypoxic cells (pO2≤10mmHg~1%O2) (21), 
and metabolites form adducts onto thiol-containing proteins. These epitopes were ex vivo 
detected by immunohistochemistry with a rabbit polyclonal antibody (clone 2627)  that 
only recognizes hypoxic metabolites derivatives of pimonidazole (22). Hypoxia was 
quantified in images of entire organs or plaques (% pimonidazole area/total tissue area). 
Atherosclerotic plaques were further characterized for macrophage size and content 
(MAC3+ cells/total cells and MAC3+ cells/plaque area, BD), T-cells (CD3+ cells/plaque area, 
Miltenyi), collagen (picosirius red area/plaque area, analyzed with polarized light 
microscopy), proliferating cells (Ki67+ cells/plaque area, Abcam), tissue factor (TF) (TF+ 
cells/plaque area, Santa Cruz), M1 inducible nitric oxide synthase (iNOS+ cells/plaque area, 
Abcam), M2 mannose receptor (MR+ cells/adventitia, Abcam) expression and 8-hydroxy-
2’deoxy-guanosine (8OH-dG, Bioconnect) for oxidative stress damage (8OH-dG+ 
cells/plaque area, Japan institute for the control of aging). Apoptosis (TUNEL+ 
nuclei/plaque area, Roche) and clearance of apoptotic cells (efferocytosis) in situ were 
analyzed in entire tissue sections using TUNEL/MAC3 double immunohistochemistry as 
the ratio of bound/free apoptotic cells according to established methods (23,24). 
 
Multispectral image analysis 
Multispectral imaging was used to quantitatively measure colocalization of individual 
immunohistochemical staining products in tissue stained with multiple antibodies. 
Sections stained with pimonidazole and MAC3 were analyzed with the Nuance spectral 
imaging system (Perkin Elmer/Caliper Life Sciences, Hopkinton, MA, USA). Spectral 
imaging data sets were taken at 420-720 nm at 20 nm intervals using a DM-5000 Leica 
microscope system at 20x (plan apo). Spectral libraries of single-red (Vector Red), single-
blue (Vector Blue) were obtained from the control slides. The resulting library was applied 
to the double stained slides to spectrally segregate them into individual component 
images using the Nuance™ 3.0 software. Pseudo-colors were assigned to unmixed images, 
and composite images showing co-localization were generated with the Nuance 3.0 
software. Quantitative assessment of co-localization and pixel-based measurement of the 
individual markers per microscopic field was done with the same software. 
 
 



Chapter 2 

32 
 

Total plasma cholesterol, triglyceride, antioxidant capacity and cytokines  
Plasma was separated by centrifugation, and stored at −80°C until further use. Standard 
enzymatic techniques were used for the assessment of plasma cholesterol (product no. 
07-3663-5, Roche, Almere, the Netherlands) and plasma triglycerides (FS5’ Ecoline REF 1 
5760 99 90 314; DiaSys – Diagnostic Systems GmbH, Holzheim, Germany) automated on 
the Cobas Fara centrifugal analyzer (Roche). 
Anti-oxidant capacity of plasma was determined using the trolox equivalent antioxidant 
capacity (TEAC) assay, as described previously (25). In short, plasma was deproteinized 
with a final concentration of 5% TCA and incubated with an ABTS radical solution (2,2’-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt) for 5 min. 
Subsequently, the reduction in absorbance at 734nm was quantified. This was normalized 
to trolox control, a water-soluble vitamin E analogue. The assay reflects the amount of 
scavenged radicals expressed as µM trolox equivalents.  
Additionally, murine Interleukins (IL) 2, 4, 5, 6, 10, 12p70 and 1β, Interferon γ (IFN-γ), 
chemokine (C-X-C motif) ligand 1 (CXCL1, KC) and Tumor Necrosis Factor α (TNF-α)  were 
measured in plasma using  a multispot sandwich immunoassay (V-plex pro-inflammatory 
panel 1, Meso Scale Discovery, Gaithersburg, USA), according to manufacturers’ 
instruction.  
 
Flow cytometry analysis 
Flow cytometry analysis was performed on cells isolated from blood, spleen, lymph nodes, 
and bone marrow (n=10/group). Spleens and lymph nodes were dissociated into single-
cell suspensions, and enzymatically digested for dendritic cell separation using liberase 
and DNAse (both 0.2 mg/ml, Roche) for 30 minutes in RPMI medium. Blood and spleen 
were subjected to erythrocyte lysis. Staining was performed using combinations of specific 
antibodies to detect bone marrow stem cells (lin/Sca-1/c-kit; eBioscience, Bd), common 
myeloid progenitors (CD16/32int, CD34int; eBioscience, BD respectively), granulocyte-
macrophage progenitors (CD16/32high, CD34high), erythrocyte-megakaryocyte progenitors 
(CD16/32-, CD34-), monocytes (CD11bhigh, Ly6G-, Ly6Chigh/int/low; BD, eBioscience, Miltenyi 
respectively), granulocytes (CD11bhigh, Ly6Ghigh), T cells (CD3ε+; Miltenyi), T helper cells 
(CD4+; BD), cytotoxic T cells (CD8a+; BD), effector/memory T cells (CD44high, CD62low; BD, 
eBioscience respectively), naïve T cells (CD44low, CD62high), regulatory T cells (CD4+, CD25+, 
FoxP3+; eBioscience), B cells (B220+; BD), cDC (CD11chigh, eBioscience), pDC (CD11cmid, 
B220+, Ly6C+), and NK cells (NK1.1+; eBioscience). Data were acquired and analyzed using a 
FACSCanto II and FACSdiva software (BD Bioscience). 
 
Cell culture 
Bone marrow was isolated and cells were cultured for 7 days in RPMI-1640 (Gibco with 
Glutamax, 2g/L glucose) supplemented with 10% FCS, 100U/ml Penicillin-Streptomycin, 
and 15% L929-conditioned medium to generate bone marrow-derived macrophages 
(BMDM). Jurkat T cells and J774 murine macrophages were cultured in RPMI-1640 
supplemented with 10% FCS, 100U/ml Penicillin Streptomycin.  
Human THP-1 cells were obtained from the American Type Culture Collection (ATCC 
10801, Manassas, VA). Cells were grown in RPMI 1640 medium (Gibco-Invitrogen, Grand 
Island, NY, USA) containing 10% FetalClone® III (Hyclone, Pe-bio, Hogan, UT, USA) (v/v), 1% 
GlutaMAXTM I (w/v) (Gibco-Invitrogen, Grand Island, NY, USA), 125 mM Hepes, penicillin 
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(100 units/ml), and streptomycin (100μg/ml) (Gibco-Invitrogen, Grand Island, NY, USA) at 
37°C in a humidified incubator with a 5% CO2 atmosphere. To differentiate THP-1 cells into 
macrophages, cells were seeded at a density of 1 x 106 cells/ml and incubated for 72 
hours with 0.2μM phorbol 12-myristate 13-acetate (PMA, Sigma, Saint Louis, MO, USA). 
Jurkat T cells were labeled with calcein-AM (1µg/ml Invitrogen) prior to induction of 
apoptosis by UV irradiation (15 min 254nm, UVS-26, 6W bulb 0.02J/s/cm2) and added 3:1 
to J774 or BMDM. Macrophages were exposed to 21% or 0.2% O2 (Invivo2 1000, Ruskinn 
technology LTD, Pencoed, UK) during 45 min of efferocytosis. After thorough washing, 
macrophages were dissociated and analyzed using FACS for the percentage of 
calcein/jurkat+ macrophages. Twenty-four hours prior to efferocytosis, BMDM were 
differentiated into M1 (10µg/L LPS, Sigma, E. coli 055:B5, #L2637), M2a (20µg/L IL4, 
peprotech, #214-14), or M2c (10µg/L IL10, R&D systems, #417-ML) macrophages. 
To analyze apoptosis, BMDM or J774 were exposed to hypoxia (0.2% O2) for 24 hrs or UV-
irradiated for 15 min and apoptotic cells detected using annexin A5-Alexa594 (Invitrogen) 
on microscopic images. Additionally, BMDMs were cultured in normoxia or hypoxia with 7 
ketocholesterol (25µM, Sigma), tunicamycin (2.5µg/ml, Sigma) or oxLDL (25µg/ml) 
supplementation for 24 hrs and apoptotic cells were detected using TUNEL (Roche). 
Pimonidazole specificity was confirmed in bone marrow derived macrophages treated 
with 25µg/ml oxLDL, LDL or control for 24 h. Foam cell formation was confirmed by Oil-
Red-O staining. Subsequently, cells were supplemented with pimonidazole (100µM,) and 
exposed to 0, 0.2, 1, 5 or 20% O2 for 0 h, 1 h, 4 h or 16 h. Cells were subsequently fixed, 
stained with anti-pimonidazole-FITC and geomean fluorescence was acquired and 
analyzed using a FACSCanto II and FACSdiva software (BD Bioscience).  
ROS production by BMDMs cultured in 21% or 0.2% oxygen for 24hours was measured 
using the cell permeant reagent 2',7' –dichlorofluorescin diacetate (DCFDA, 10µM, 
Invitrogen, 488). Percent DCFDA positive cells were assessed via flow cytometry and H2O2 
treated BMDMs in normoxia (100µM, 10min) served as positive control.  
 
Quantitative RT- PCR (QPCR) 
In vitro experiments for gene expression analysis were performed in quadruplicate, and 
repeated twice. Total RNA was isolated and transcribed as described (26). QPCR analyses 
were performed from 10 ng cDNA using SYBR green and gene specific primer sets 
(supplemental table 1). Two housekeeping genes (cyclophilin, 18S rRNA) insensitive to 
changes in O2 were used to correct for differences in mRNA levels between samples. 
 
Statistical analysis 
All data are presented as mean±SEM. Blood gas parameters were analyzed using paired-
sample testing, while independent-sample tests were done for all other parameters. 
Following a Shapiro-Wilk normality test, two groups were compared with student’s t-test 
or Mann-Whitney rank-sum test. Parameters with more than two groups were analyzed 
using Kruskal-Wallis rank-sum test, followed by Dunn’s post-hoc testing (GraphPad 
Prism4). Correlations between MAC3, plaque area and necrotic core with hypoxia 
(pimonidazole) were analyzed using univariate and multivariate linear regression (IBM 
SPSS Statistics 20).  
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RESULTS 
 
Murine plaque macrophages are hypoxic, independent of plaque stage 
Low density lipoprotein receptor (LDLr-/-) mice were fed a Western type diet (WTD) for 0-
16 weeks to monitor the onset and distribution of plaque hypoxia with pimonidazole at 
different plaque stages in the aortic root (Figure 1A).  
First, specificity of pimonidazole and its detection antibody was confirmed in mice injected 
with vehicle or pimonidazole (Supplemental Figure 1A). Plaque hypoxia colocalized mainly 
with MAC3+ macrophages and foam cells shown by multispectral analysis of double 
immunohistochemistry (Figure 1C-D). Pimonidazole detection in cultured bone marrow 
derived macrophages (BMDM) sharply increased below 1% O2 (~10mmHg) (Supplemental 
Figure 1 B-C), confirming previous data (21). Also, macrophage lipid loading per se did not 
result in pimonidazole positivity (Supplemental Figure 1 D). Earlier studies have also 
shown that oxidative stress exposure does not affect pimonidazole detection (6), overall 
suggesting that pimonidazole staining truly marks hypoxic macrophages. 
Plaque hypoxia may either arise from reduced oxygen supply to the growing plaque or 
from increased oxygen demand by inflammatory cells. A strong correlation between 
MAC3 content and pimonidazole positivity supports the latter explanation, while plaque 
size was not a determinant for plaque hypoxia (Figure 1E). A slight reduction in 
macrophage content after 16 weeks was mirrored by a reduction in hypoxia (Figure 1A, D). 
Thus, murine plaque hypoxia is dictated by macrophage content, not by plaque thickness 
and oxygen supply. Indeed, pimonidazole was detected directly adjacent to the luminal 
arterial oxygen supply, in small fatty streaks after 4 weeks WTD, while being absent in the 
media of diseased and non-diseased arteries (Figure 1A). Although pimonidazole is 
metabolized by living cells only, reflected by a significant univariate correlation of plaque 
necrosis and hypoxia, necrosis was not a significant predictor in multivariate regression 
(figure 1A, E). In addition, tissue-resident macrophages in inflammation-rich fatty livers 
and lymphoid organs of WTD-fed LDLr-/- mice were hypoxic (Supplemental Figure 2 A-C). 
As even venous pO2 is 4-fold higher than the 10 mmHg detection threshold of 
pimonidazole (21), arterial and venous white blood cells were negative for pimonidazole 
(Supplemental Figure 2 D), as expected. 
In conclusion, tissue resident and plaque macrophages are hypoxic. Plaque macrophages 
remain the only predictor of plaque hypoxia after multivariate regression, not plaque size 
or necrotic core content.  
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Figure 1. Murine plaque macrophages are hypoxic, independent of plaque stage 
(A) Representative pictures of pimonidazole-stained aortic root (red) from LDLr-/- mice after 0, 4, 8 and 16 weeks 
of WTD (n=5/group) and (B) quantification of plaque area (left y-axis), necrotic core (right y-axis) and 
macrophage content (right y-axis), *p-value<0.05 vs. 4 weeks. (C) Illustration of principle multispectral analysis in 
aortic roots from LDLr-/- mice with advanced plaque, double-stained with pimonidazole (Pimo, red) and MAC3 
(blue), respectively. (D) Quantification of plaque hypoxia and hypoxic macrophages (MAC3, pimonidazole double 
positive) in LDLr-/- aortic root (n=5/time point). *p-value<0.05 4 vs. 16 weeks, **p-value<0.01 12 vs. 16 weeks. (E) 
Scatter plots of plaque hypoxia with MAC3 (top panel), plaque area (middle panel), or necrotic core area (lower 
panel) with univariate linear regression line and 95% confidence interval (dashed lines). Data from LDLr-/- mice 
fed WTD for 4, 8, 12 and 16 weeks (n= 5 per time point + n=15 air breathing controls. n=35 in total). 
 
Carbogen exposure increased arterial pO2 and alleviated plaque hypoxia 
Carbogen significantly increased arterial pO2 in awake LDLr-/- mice (Figure 2A). 
Simultaneously, blood lactate was drastically reduced, while pCO2 was slightly elevated 
(Figure 2A), and pH, glucose and electrolytes (data not shown) unchanged. Within minutes 
after cessation of carbogen breathing, all blood levels, except for lactate, returned to 
baseline (data not shown). 
As carbogen successfully increased arterial pO2, its effect on plaque hypoxia was studied. 
Single 90 minute carbogen exposure in LDLr-/- mice with advanced, hypoxic plaques led to 
a dramatic reduction of plaque hypoxia in the aortic arch and root compared to similarly 
sized plaques in mice breathing air (Figure 2B, C). Macrophage content, the main predictor 
of plaque hypoxia, was similar in both groups (Figure 2B, C). Likewise, repeated carbogen 
exposure was able to alleviate plaque hypoxia in LDLr-/- mice, which were fed a WTD for an 
initial 4 weeks followed by 4 weeks of diet and carbogen or air exposure (both 
90min/day). Hypoxia decreased with 50% in the aortic arch and 42% in the root compared 
to control (Figure 2D,E), while macrophage content was not affected by carbogen gas 
(Figure 2D-F). Moreover, carbogen was able to significantly reoxygenate liver and spleen 
(Supplemental Figure 2 A-C). 
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To prevent oxygen toxicity possibly associated with long-term carbogen exposure, 
carbogen exposure was limited to 4 weeks. Chronic carbogen exposure did not affect 
plasma cholesterol, triglycerides, hemoglobin, or hematocrit, nor erythropoiesis, or 
myelopoiesis as shown by flow cytometry analysis (27) of stem cells and myeloid 
progenitors in bone marrow. Also it did not impact monocyte, granulocyte, T cell, B cell, 
and dendritic cell numbers in blood, spleen and lymph node (Supplemental Figure 3). 

 
Figure 2. Carbogen increased arterial pO2 and alleviated plaque hypoxia 
(A) Arterial pO2 (left panel), lactate concentration (middle panel) and pCO2 (right panel) before and after 30 
minutes of carbogen exposure in LDLr-/- mice on chow, ***p-value<0.001, **p-value<0.01 vs. before exposure. 
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(B) Representative pictures and quantification of pimonidazole (brown) and MAC3 (red) immunohistochemistry 
in aortic arch and branches of LDLr-/- mice exposed to single dose of air or carbogen. (C) Representative pictures 
and quantification of plaque hypoxia and macrophages in the aortic root upon single dose of air or carbogen. (D) 
Representative pictures and quantification of plaque hypoxia and macrophages in the aortic arch and (E) root of 
LDLr-/- mice after chronic carbogen or air treatment. *p-value<0.05 vs. air. (F) Quantification of macrophage size 
(left graph) and density (right graph) upon air or carbogen treatment.    

 
Plaque reoxygenation improved efferocytosis and apoptosis in vivo 
Notably, plaque reoxygenation through daily carbogen exposure was able to prevent 
necrotic core expansion by 37% in advanced plaques of the aortic root compared to 
control, while plaque size was not altered (Figure 3A). Necrotic core expansion is 
determined by the balance between apoptosis and the clearance of apoptotic cells by 
phagocytes, a process called efferocytosis. Efferocytosis was quantified in situ, as the ratio 
of macrophage-bound vs. free apoptotic cells in a TUNEL/MAC3 double 
immunohistochemistry (23,24). Indeed, carbogen exposure reduced the density of 
apoptotic cells in the plaque in situ by 50% and improved efferocytosis of apoptotic cells 
by MAC3+-macrophages by almost 40% compared to air (Figure 3B,C). Increased 
efferocytosis was seen despite similar plaque macrophage content, size and density 
(Figure 2E, F). Intraplaque proliferation, collagen content, T cell and total cell density as 
well as tissue factor (TF) expression as a measure of thrombogenicity (28) were unaffected 
by carbogen (Figure 3E-H). 
In initial plaques of the aortic arch, carbogen did not affect plaque size or macrophage 
content (Supplemental Figure 4), despite successful reoxygenation (Figure 2D).  
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Figure 3. Plaque reoxygenation prevented necrotic core expansion and stimulated efferocytosis in vivo 
(A) Hematoxylin and eosin staining and quantifications of aortic root plaque size (left graph) and necrotic core 
content (right graph) of male LDLr-/- mice treated with air or carbogen and fed a WTD for 8 weeks. ***p-
value<0.001 vs. air. (B) TUNEL and MAC3 double immunohistochemistry and weak counterstain with hematoxylin 
(1:50) of LDLr-/- aortic roots treated with air or carbogen. Insets show free TUNEL + nuclei (brick red) in air treated 
group, while TUNEL+ nuclei were associated with macrophages (blue) in carbogen treated group. Graphs 
represent quantification of apoptosis, and (C) efferocytosis (ratio MAC3-bound/free TUNEL+ cells), *p-value<0.05 
vs. air (D). Quantification of proliferation (Ki67) expression (E) collagen content, (F) T cell density and total cell 
density, as well as (G) tissue factor expression, as a measure for thrombogenicity, in aortic roots of LDLr-/- mice 
after chronic air or carbogen exposure (left graph) and in BMDM exposed to 21 or 0.2% O2 (right graph). 
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Neither ROS formation, nor macrophage polarization explain hypoxic repression of 
efferocytosis 
Generation of reactive oxygen species (ROS) during carbogen-induced reoxygenation 
might be involved in apoptosis or efferocytosis. However, neither ROS-mediated DNA 
damage, analyzed by 8-hydroxy-2’deoxy-guanosine (8OH-dG) immunohistochemistry, nor 
anti-oxidant capacity of the plasma was changed after chronic (Figure 4A) and single 
carbogen exposure (not shown). Additionally, hypoxia did not alter macrophage ROS 
activity in vitro (Figure 4A).   
Apoptosis and efferocytosis were further studied in vitro. Chronic hypoxia (0.2% O2) did 
not stimulate apoptosis in murine primary BMDM (Figure 4B) or J774 (data not shown) as 
single stimulus, nor augment apoptosis of additional ER-stress stimuli such as 7-
ketocholesterol or tunicamycin. In fact, cells even seemed to be protected from ER-stress 
mediated apoptosis (Figure 4B). Efferocytosis of labeled, apoptotic Jurkat T-cells by both 
the J774 murine macrophage cell line and BMDM was hampered in hypoxia (0.2% O2) 
compared to 21% O2 control (Figure 4C). Thus, hypoxia hampered efferocytosis in vitro.  
Since anti-inflammatory M2c macrophages are thought to be more efficient in 
phagocytosis/efferocytosis (29), the effect of hypoxia on polarization was studied. Hypoxia 
reduced M2 gene expression (interleukin 10 (IL-10) and mannose receptor (MR)), whereas 
M1 genes (IL-6 and inducible nitric oxide synthase) were strongly upregulated (Figure 4D). 
In vivo, unlike iNOS, MR+ macrophages were hardly present in the plaque; therefore 
adventitial MR+ cells were quantified.  A trend towards less M1 in the plaque and more 
M2 expression in the adventitia of carbogen treated mice was found (Figure 4E-F). 
Additionally, plasma cytokine levels were essentially not changed, with a trend towards 
less IL-6 in the carbogen treated group (Figure 4G). 
Next, it was investigated if M2 polarization prior to hypoxia could rescue hypoxia-
mediated repression of efferocytosis. Under normoxic conditions M2c polarization 
enhanced macrophage efferocytosis capacity compared to unpolarized BMDM, and, 
unexpectedly, so did M1 polarization (Figure 4H). However, polarization to M2c or M1 was 
not able to restore the repression of efferocytosis by hypoxia, suggesting that macrophage 
polarization is not involved in oxygen-dependent regulation of efferocytosis. 
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Figure 4. Neither ROS formation, nor macrophage polarization explain hypoxic repression of efferocytosis 
(A) Representative images and quantifications of ROS-mediated DNA damage (8OH-dG) in aortic roots of 
carbogen or air-treated mice (n=15/group, left panel), LDLr-/- plasma anti-oxidant capacity relative to the 
standard trolox, a water-soluble vitamin E analogue (trolox equivalents, middle graph), and DCFDA incorporation 
in BMDM exposed to 21%, 0.2% O2 (right graph) for 24hours. (B) Representative images and quantifications of 
percentage of annexin A5 (red) apoptotic BMDM exposed to 21% O2, 0.2% O2 or UV-irradiated (left graph). 
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Quantification of apoptosis (% TUNEL) in 7 ketocholesterol and tunicamycin treated BMDM in 21% O2 or 0.2% O2. 
*p-value<0.05 vs. normoxia, † p-value<0.05 vs. normoxia vehicle. (C) Representative images of calcein-AM 
labeled, apoptotic Jurkat T cells (green fluorescent) ingested by BMDM (phase contrast overlay with 
fluorescence) in 21% O2 and 0.2% O2. Quantification shows percentage of calcein+ BMDM or J774 macrophages 
having ingested labeled, apoptotic Jurkat T cells. *p-value<0.05. (D) M1 (IL6 – interleukin 6; iNOS - inducible nitric 
oxide synthase) and M2 (IL10; MR - mannose receptor) gene expression of BMDM exposed to 21% or 0.2% O2. 
*p-value<0.05 (E) iNOS in plaque and adventitia and (F) MR expression in the adventitia of aortic roots after 
chronic carbogen compared to air. (G) Plasma cytokine expression in carbogen and air-treated mice (H) 
Efferocytosis of apoptotic Jurkats by normoxic or hypoxic unpolarized (M0) BMDM or polarized towards an M1, 
M2a or M2c phenotype. *p-value<0.05 vs. normoxia of same polarization state, † p-value<0.05 vs. normoxic M0. 
 
Hypoxia limits efferocytosis via MerTK  
Efferocytosis is a receptor-mediated process. Therefore, we studied whether hypoxia 
affects expression of known efferocytosis receptors. Indeed, expression of the 
efferocytosis receptor Mer tyrosine kinase (MerTK) and Cluster of Differentiation 36 
(CD36) was reduced in hypoxic BMDM, whereas that of Scavenger receptor A (SRA) was 
unchanged. In contrast, low density lipoprotein receptor-related protein 1 (LRP1) was 
upregulated (Figure 5A). As efferocytosis capacity was decreased upon hypoxia and LRP-1 
was previously not involved in efferocytosis (30), LRP1 is likely not involved. 
Compromised function of MerTK was seen to underlie the impaired efferocytosis during 
murine atherogenesis in vivo (17,24). As expected, disrupted MerTK signaling in MerTK 
kinase domain deficient (MerTKkd) BMDM led to repressed efferocytosis in normoxia 
(Figure 5B). Importantly, while hypoxia significantly reduced the efferocytosis capacity of 
WT BMDM, hypoxia was not able to repress efferocytosis in MerTKkd BMDM any further 
(Figure 5B). This effect was specifically mediated by the MerTKkd, since expression of other 
efferocytosis receptor expression in MerTKkd BMDM was unaltered, except for a reduction 
in CD36 mRNA (Figure 5C). However, as CD36 knockout did not affect efferocytosis (Figure 
5D), as reported previously (30), this suggests that hypoxic repression of efferocytosis in 
WT BMDM is no longer effective in MerTKkd BMDM. Hypoxia-dependent downregulation 
of MerTK in WT is thus likely responsible for repression of efferocytosis in a hypoxic 
milieu, such as the atherosclerotic plaque. 
 

 
 
Figure 5. Hypoxia limits efferocytosis via MerTK  
(A) Efferocytosis receptor gene expression (SRA – Scavenger receptor A; LRP1 - Low density lipoprotein receptor-
related protein 1) in normoxia or 0.2% O2. *p-value<0.05 vs. normoxia of same gene. (B) Efferocytosis in wildtype 
and MerTKkd BMDM exposed to 21% or 0.2% O2. *p-value<0.05 vs. wildtype normoxia. (C) Efferocytosis receptor 
gene expression in wt and MerTKkd BMDMs. *p-value<0.05 vs. wt of same gene. (D) Efferocytosis of apoptotic 
Jurkats by wt and CD36-/- BMDM. 
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DISCUSSION 
 
This study revealed that reversal of plaque hypoxia can inhibit the progression of 
atherosclerotic plaques to a vulnerable phenotype, by reducing the development of the 
plaque-destabilizing necrotic core. Also, it was shown that murine plaque macrophages 
are hypoxic from the initiation of atherosclerosis on, using the hypoxia-specific marker 
pimonidazole. Importantly, we revealed that hyperoxic carbogen gas not only achieved 
reoxygenation of atherosclerotic plaques, liver and spleen in LDLr-/- mice, but also 
prevented apoptotic cell accumulation in the plaque.  
Apoptosis induction in vitro was not augmented by hypoxia, suggesting that 
reoxygenation restored the known deficiency in apoptotic cell clearance in atherosclerosis 
(23). Mechanistically, hypoxia-dependent transcriptional downregulation of MerTK, and 
subsequent reduction of apoptotic cell clearance by MerTK is the likely underlying cause 
for hampered efferocytosis by hypoxic macrophages. Thus, this study is the first to show a 
causal role of hypoxia in plaque destabilization, specifically in efferocytosis.  
In addition, plaque thrombogenicity was studied using TF expression, a key trigger of the 
extrinsic coagulation system causally linked to plaque thrombosis (28). Interestingly, 
hypoxia enhanced macrophage expression of TF, supporting the prior correlation of 
human plaque hypoxia to intraplaque hemorrhage (6). Nevertheless, carbogen did not 
prevent the hypoxia-induced expression of plaque TF. 
The oxygen debt in atherosclerosis is thought to arise from the sizeable oxygen-consuming 
metabolism of inflammatory cells, as even macrophages of LDLr-/- fatty streaks directly 
adjacent to arterial oxygen supply, within the 100-200µm oxygen diffusion distance, were 
hypoxic. This was already suggested by our previous work, showing that human plaque 
macrophages were hypoxic, despite the close proximity – within 40µm – of arterial blood 
oxygen supply (6). Moreover, hypoxia was also detected in most tissue-resident 
leukocytes of lymphoid organs in LDLr-/- mice. Not surprisingly, as hypoxia was found in 
many, if not all tissues with an extensive inflammatory influx, such as wound healing, 
obesity, rheumatoid arthritis, and tumors (31–34). As pimonidazole only forms adducts in 
low oxygen concentrations (<10mmHg oxygen (21)), this indicates that hypoxia in plaque 
macrophage arises from a high oxygen demand exceeding oxygen supply. Indeed, 
activated macrophages, in need of ATP for protein production and migration, show 9-fold 
enhancement of their oxygen consumption (35). Oxygen usage of activated macrophages 
would then compare to the notoriously high O2 consumption by cardiac myocytes (36) 
which were indeed also positive for pimonidazole and sensitive to carbogen-mediated 
reoxygenation (data not shown). Therefore, it is highly likely that upon activation, 
macrophages rapidly become hypoxic, even within the oxygen-diffusion limit.  
Once hypoxic, macrophages will primarily rely on glycolysis as main energy supply, as 
suggested by a hypoxia-dependent increase in glucose uptake (37). Together, this may 
explain prior results of plaques with low glucose and ATP content, and high lactate levels 
(38). Increased glycolytic activity has been linked with M1 polarization of macrophages 
(39). Indeed, hypoxic macrophages presented with a pro-inflammatory M1 phenotype in 
vitro, although reoxygenation in vivo failed to switch polarization. Nevertheless, tumor-
associated macrophages located in hypoxic tumor regions, express an M2-like profile, and 
both M1 and M2 marker expression was found in hypoxic adipose tissue macrophages 
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(40,41). Hence, macrophage subtype distinction might not be as clear in vivo, and despite 
hypoxia, the microenvironment seems to influence macrophage polarization/function also 
in the plaque. M2c macrophages are the most superior efferocytic macrophage subtype in 
humans. (29). However, neither M1 nor M2 polarization could protect from hypoxia-
mediated reduction in efferocytosis. Mechanistically, low oxygen tension downregulated 
MerTK and CD36 expression, while upregulating LRP1. Both CD36 and LRP were not 
involved in efferocytosis in vitro as shown by us and others (30). Hypoxic upregulation of 
LRP1 expression may be efferocytosis-independent, as LRP1 has a myriad of other 
functions related to atherosclerosis (42). Only MerTKkd mimicked the reduced 
efferocytosis seen in hypoxic macrophages. In fact, MerTKkd has been shown to aggravate 
atherosclerosis in mice and worsen lupus-like autoimmunity (17,24,43), suggesting a role 
of MerTK in chronic inflammatory diseases.  
While MerTKkd bone marrow accelerated both atherosclerotic plaque size, as well as 
necrotic core size (17), carbogen treatment only affected the latter. This may be explained 
by the potentially partial inhibition of MerTK expression, the intermittent nature of the 
carbogen treatment and treatment onset after initiation of atherosclerosis. While MerTKkd 
transplanted LDLr-/- recipient mice presented with a continuous and complete absence of 
MerTK activity prior to plaque initiation (17), normoxic macrophages in vitro show a 50% 
increase in MerTK expression compared to hypoxic macrophages. Treatment of MerTKkd 
mice with carbogen gas could provide definite proof of the MerTK-mediated carbogen 
effect.  
The current study is limited by the systemic nature of carbogen exposure. Therefore, 
many aspects of peripheral processes instrumental in atherogenesis were examined. 
Carbogen did not affect erythropoiesis, myelopoiesis, thrombogenicity or plasma 
cholesterol level. Also, blood pressure and heart rate were unaffected (44,45). Although 
unlikely, we cannot fully exclude an indirect effect of carbogen on atherogenesis. 
Our results unveil an exciting new process to exploit for therapeutic strategies for 
atherosclerosis. In mice, carbogen gas was able to stabilize the atherosclerotic plaque; if 
translatable to the human situation, this may potentially prevent plaque ruptures and 
thrombosis. Indeed, carbogen and hyperbaric oxygen therapy were safely and successfully 
applied in cancer and diabetic foot patients, respectively (46,47). While in humans with 
sleep apnea, maintained oxygen supply through continuous positive airway pressure 
therapy already proved effective in reversing sub-clinical atherosclerosis (48), 
effectiveness in existing human atherosclerosis remains unclear. Additionally, currently 
developed tools for imaging of hypoxia (13,49) can be used to monitor the efficacy of 
carbogen to alter human plaque hypoxia and stability. 
In conclusion, carbogen-mediated reoxygenation supports the role of plaque hypoxia as a 
driver of plaque instability through dysfunctional MerTK-mediated clearance of apoptotic 
cells and subsequent necrotic core expansion. Nevertheless, translation of carbogen 
therapy to human atherosclerosis will need to be confirmed using non-invasive imaging of 
plaque hypoxia and stability. 
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SUPPLEMENTAL DATA 
 
Gene Forward primer Reverse primer 
Cyclophylin CAAATGCTGGACCAAACACAA TTCACCTTCCCAAAGACCACAT 
18S rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
IL6 ACAAGTCGGAGGCTTAATTACACAT TTGCCATTGCACAACTCTTTTC 
iNOS CAGCTGGGCTGTACAAACCTT CATTGCAAGTGAAGCGTTTCG 
IL10 TGCTCCTAGAGCTGCGGACT TGCTCCTAGAGCTGCGGACT 
MR GCAAATGGAGCCGTCTGTGC CTCGTGGATCTCCGTGACAC 
MerTK CACAATGACAAAGGACTGACG AGTAGCCATCAAAACCAGGG 
CD36 GCCAAGCTATTGCGACATGA AAAAGAATCTCAATGTCCGAGACTTT 
LRP1 GGACCACCATCGTGGAAA TCCCAGCCACGGTGATAG 
 
Supplemental table 1. Sequences of quantitative RT-PCR primers   
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Supplemental figure 1. Specificity of pimonidazole as a hypoxic marker 
(A) Representative pictures of pimonidazole detection (brown, DAB) in LDLr-/- mice receiving pimonidazole 
injection (right panels) or vehicle (left panels), and immunohistochemistry using anti-pimonidazole antibody 
(bottom panels) or isotype IgG control (top panels). (B) THP-1 macrophages exposed to decreasing oxygen 
concentrations show increased pimonidazole incorporation. (C) Pimonidazole positivity in THP-1 macrophages 
subjected to 0.2% oxygen for increasing time periods. (D) BMDMs treated with LDL, oxLDL or control only show 
increased pimonidazole incorporation upon exposure to 0.2% O2 not after incubation in normoxia. Foam cell 
formation was confirmed with Oil Red O. All graphs present geo mean fluorescence of anti-pimonidazole FITC 
measured by flow cytometry.  
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Supplemental figure 2. Carbogen reoxygenated liver spleen and lymph nodes 
(A) Representative pictures and quantifications of liver, (B) spleen, and (C) lymph node stained with 
pimonidazole (brown) from air or carbogen treated LDLr-/- mice. * p-value<0.05. D. Representative pictures of 
pimonidazole stained arterial and venous white blood cells of two separate LDLr-/- mice, with their respective 
mouse-matched kidney sections stained as positive control. 
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Supplemental figure 3. Cholesterol and hematopoiesis are unchanged after carbogen exposure 
(A) plasma cholesterol, (B) plasma triglycerides (TG), (C) hemoglobin (Hb), and (D) hematocrit (Ht), (E) bone 
marrow erythrocyte-megakaryocyte progenitors (EMP, CD16/32-CD34-), (F) absolute erythrocyte counts and (G) 
absolute white blood cell counts were similar between carbogen (black bars) or air-treated mice (white bars). (H) 
Bone marrow stem cells, (I) common myeloid progenitor (CMP), and granulocyte-macrophage progenitor (GMP) 
were similar between carbogen or air-treated mice. (J) Blood and (K) spleen monocyte and granulocyte 
populations and (L) blood and (M) spleen Ly6C monocytic subsets (Ly6Chigh, white bar; Ly6Clow, grey bar; 
Ly6Cneg, black bar) were similar between carbogen or air-treated mice N. Total T cells (CD3), T helper (CD4) and 
cytotoxic T cells (CD8) were similar between carbogen or air-treated mice in blood, (O) spleen, and (P) lymph 
nodes. (Q) T regulatory cell (T-reg) counts were also similar in blood, spleen and lymph nodes of carbogen or air-
treated mice. (R) B-cells were similar between carbogen or air-treated mice in blood, and (S) spleen. (T) 
Plasmacytoid dendritic cells (pDC), (U) conventional DC (cDC) and (V) cDC subsets were similar between 
carbogen or air-treated mice in spleen. 
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Supplemental figure 4. Carbogen did not change plaque initiation in the aortic arch 
Representative hematoxylin and eosin images and quantification of aortic arch plaques of LDLr-/- mice exposed to 
an initial 4 weeks of WTD followed by 4 weeks of diet in combination with air (white bars) or carbogen gas (black 
bars).  
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ABSTRACT 
 
Objective 
Angiogenesis and macrophage hypoxia in atherosclerotic plaques are causally related to 
plaque inflammation and progression, but the underlying triggers remain unknown. 
Hypoxia-dependent, pro-angiogenic signaling is mainly regulated by the oxygen sensor 
prolyl hydroxylase domain protein 2 (PHD2), mediated by its stabilization of the hypoxia-
inducible transcript factor (HIF) 1α. Here, the effect of myeloid-specific PHD2 knockout 
was studied in atherosclerotic mice.  
 
Approach and results 
PHD2 expression was analyzed in human atherosclerotic plaques by 
immunohistochemistry and microarray. We found that PHD2 expression correlated mainly 
with macrophages. To further study PHD2 knockout in atherosclerosis, low-density 
lipoprotein receptor knockout (LDLr-/-) mice were crossed with LysMCre+/- PHD2 floxed 
(PHD2 cKO) mice. The resulting PHD2 cKO mice were put on a high cholesterol diet for 
either 6 or 12 weeks. The aortic root and brachiocephalic artery were excised, paraffin 
embedded and sequentially sectioned for atherosclerosis characterization.  
Myeloid PHD2 deficiency resulted in significantly larger atherosclerotic plaques in the 
aortic root and brachiocephalic artery in all plaque stages (early +60%, intermediate +50%, 
advanced +40%). Plaque and adventitial angiogenesis were similar, while PHD2 cKO 
resulted in a remarkable pro-fibrotic phenotype of atherosclerotic plaques accounting for 
the larger plaques of PHD2 cKO mice (early +65%; intermediate +70%, advanced +22% 
collagen). This collagen expansion stabilized atheromas, as cap thickness was increased in 
intermediate (+47%) and advanced (+29%) plaques.  
Macrophages generally regulate collagen content by matrix metalloproteinase (MMP)-
dependent collagen degradation. PHD2 cKO macrophage MMP activity was unchanged 
and plaque macrophage content decreased by PHD2 cKO. This suggests a net reduction in 
collagen degradation. Also, PHD2 cKO macrophages in vitro increased collagen synthesis 
(Sirius red +13%, p<0.01). In addition, SMC content increased slightly during plaque 
initiation, although SMC collagen synthesis, proliferation and migration was not altered by 
PHD2 cKO macrophage conditioned medium. Nevertheless, the ratio between collagen-
producing SMC and collagen-degrading macrophages was increased. Thus, the increased 
ratio between smooth muscle cell and macrophage content, together with the increase in 
macrophage collagen production, most likely accounts for the net increase in plaque 
collagen. 
 
Conclusions 
Myeloid PHD2 deficiency shifts the balance between collagen production and degradation 
to net collagen accumulation, thus firmly enhancing plaque stability.  
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INTRODUCTION 
 
Ruptured atherosclerotic plaques account for the highest number of deaths in the 
Western world through their devastating consequences such as ischemic heart disease (1). 
Several hallmarks have been identified in the transition from a clinically silent, stable 
atherosclerotic plaque to a clinically relevant, unstable atherosclerotic plaque: 
inflammation, intra-plaque hemorrhage, thinning of the fibrous cap, a large necrotic core, 
hypoxia and angiogenesis (2). Although plaque angiogenesis is a well-known risk factor in 
humans, the underlying mechanisms and its exact contribution to plaque rupture remain 
unknown, as murine models of spontaneous plaque angiogenesis are scarce.  
Human plaque angiogenesis is thought to be triggered by hypoxia (3). Even fatty streaks 
are hypoxic, suggesting that increased oxygen consumption on top of limited oxygen 
diffusion determines plaque hypoxia (4). We and others have previously demonstrated 
that macrophages, the most prominent cell type in atherosclerotic lesions, are the main 
hypoxic cell type present (5). It has been shown that hypoxia stimulates macrophage 
expression of several pro-angiogenic factors such as vascular endothelial growth factor (6), 
thereby linking hypoxia signaling to plaque angiogenesis. In addition, hypoxia triggers 
inflammation and lipid accumulation, both factors worsening atherosclerosis. Hypoxia 
related gene expression is mainly coordinated by the transcription factor hypoxia 
inducible factor (HIF) 1 alpha, via its binding to the hypoxia responsive element within 
their promotor region. In the presence of oxygen, HIF1α is marked for degradation by 
oxygen-dependent hydroxylation by prolyl-hydroxylase domain enzymes (PHD), 
predominantly by PHD2. In the absence of its essential co-factor oxygen, PHDs are 
inactive, preventing HIF degradation. HIF levels are thereby tightly regulated, and PHD2 
represents the main regulatory switch for the cellular hypoxia response (7).  
It has been demonstrated that knockdown of the master regulator PHD2 in macrophages 
increased angiogenesis under acute, ischemic conditions through HIF-independent 
signaling via nuclear factor kappa B (NFκB) (8). In addition, PHD2 knockdown evoked an 
M2-like macrophage phenotype, which is considered pro-angiogenic, but anti-
inflammatory and involved in pro-fibrotic wound healing processes (8). 
As multiple processes are affected by macrophage PHD2, and often have opposing effects 
on plaque stability, we investigated the consequences of PHD2 knockout in macrophages 
on atherogenesis and plaque angiogenesis using lysosyme M-driven Cre (LysMCre) PHD2 
floxed (PHD2fl/fl) mice on a low density lipoprotein receptor (LDLr) knock out background.  
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METHODS 
 
Human plaque selection  
All experiments were conducted in agreement with the code for proper secondary use of 
human tissue in the Netherlands (http://www.fmwv.nl). PHD2 protein expression was 
assessed by immunohistochemistry in human carotid autopsy samples (n=38, mean age 72 
years, 64% men) representing the following stages of atherosclerosis: intimal thickening, 
pathological intimal thickening, thick fibrous cap (stable) atheroma, and plaque with 
intraplaque hemorrhage. PHD2 mRNA expression in 21 thick fibrous cap atheromas 
(stable) and 23 ruptured plaques was analyzed by microarray derived from human carotid 
endarterectomy, as described in (9). PHD2 mRNA expression intensities from microarrays 
was correlated with morphometrically analyzed histological plaque characteristics: plaque 
size, lipid core, necrotic core (% of plaque), hemorrhage (% of plaque), microvessels 
(%CD31 of plaque), macrophages (%CD68 of plaque), T-cells (%CD3 of plaque). 
Classification of  all used plaques was performed on hematoxylin and eosin (HE) stained 
slides according to Virmani et al. (10) by two investigators independently (T.L.T. and S.F.). 
 
Experimental animals  
All animal experiments were approved by the Dutch regulatory authorities and performed 
in accordance with the Dutch governmental guidelines. PHD2 cKO (fl/fl) mice were 
provided by Carmeliet (8) and crossed with LysMCre provided by Förster (11). The 
resulting cKO PHD2fl/fl LysMCre+/- mice were crossed with LDLr-/- mice from an in house 
breeding colony (referred to as PHD2 cKO, Charles River). All mice were crossed back on a 
C57Bl6 background at least nine times. LysMCre+/- LDLr-/- mice served as control in all 
experiments (referred to as PHD2 WT). For atherosclerosis experiments, only male mice 
were used (n=20 per group). Animals were housed in the laboratory animal facility of 
Maastricht University under standard conditions. Food and water were provided ad 
libitum during the entire experiment.  
 
Atherosclerosis induction and plaque size measurement 
Atherogenesis was induced by feeding a Western-type diet: 0.25% cholesterol (Special 
Diet Services, #824171, 15% cocoa butter, 10% maize starch, 20% casein, 40.5% sucrose, 
5.95% cellulose) for 6 or 12 weeks. The mice were euthanized by an intraperitoneal 
pentobarbital overdose (100mg/kg) and subsequent blood draw from the right ventricle 
for hematopoietic parameters, flow cytometry, plasma cholesterol and plasma triglyceride 
determination. The remaining blood was removed by perfusion with PBS-sodium 
nitroprusside dehydrate. The aortic root and brachiocephalic artery were isolated and 
fixed in 1% paraformaldehyde.  
Serial sections (4µm) from the paraffin embedded aortic root and brachiocephalic artery 
were cut and HE stained for plaque size measurement. Plaque size was measured in five 
representative sections of the aortic root and six sections of the brachiocephalic artery 
using computerized morphometry (Leica QWin V3, Cambridge, UK). Morphometry was 
performed by two blinded researchers independently. Necrotic core was defined as a-
cellular and a-nuclear plaque area containing cholesterol clefts. 
 
 

http://www.fmwv.nl/
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Immunohistochemistry 
Mouse atherosclerotic plaques were characterized for macrophage content (Mac3+ 
area/plaque area, BD Cat. No. 553322), smooth muscle cell content (αSMA+ area/ plaque 
area, αSMA Sigma F3777), adventitial microvessel density (CD31+ microvessels/adventitial 
area, BD Cat. No. 550274), collagen type I (Coll-I+ area/ plaque area, Abcam ab21286), 
collagen (picosirius red area/plaque area, analyzed with polarized light microscopy, 
Polyscience 09400), HIF1α (Novus Biologicals, NB100-449), glycosaminoglycans (alcian 
blue+ area/ plaque area, Sigma A5268) and cartilage (safranin O). Sections were subjected 
to heat-induced antigen retrieval (PHD2, MAC3, Coll-I) or trypsin digestion (CD31) if 
needed, and specific antigen-antibody binding visualized by appropriate secondary 
antibodies and diaminobenzamidin (DAB), unless specified otherwise. In murine plaques, 
αSMA (DAKO M0851) and Ki67 (Abcam ab15580) doublestaining was done to measure 
SMC proliferation. Thickness of the fibrous cap was measured on αSMA-staned sections of  
the brachiocephalic artery (at least three continuous sections) and in the aortic root (two 
sections per plaque) as described in (12) using ImageJ. Murine PHD2 expression (Novus 
Biologicals NB100-2219) was visualized using streptavidin Dyelight 594 (Jackson 
Laboratories 016-510-084), and DAPI nuclear staining (Sigma D9542). Human plaques 
were serially stained with PHD2 (Novus Biologicals NB100-2219) and CD68 (DAKO M0814).  
 
Multispectral imaging  
Multispectral imaging (MSI) was performed as described (5) to analyze murine and human 
PHD2 expression, and PHD2-CD68 and αSMA-ki67 co-localization aSMA. Spectral images 
were taken between 420-720 nm (10 nm interval) at a 10x (human) and 20x (mouse) (plan 
apo) magnification using a Nuance spectral imaging system (Perkin Elmer/Caliper Life 
Sciences, Hopkinton, MA, USA) mounted on a Leica DM4000 B LED microscope, in case of 
immunofluorescence by using filters for N21 and A. Single stained sections, one 
chromogen/fluoro-chrome or counter stain only (DAB, Vector Red, Vector Blue, Dyelight 
594, hematoxylin, DAPI), were used to create a spectral library. Computational 
decomposition of the individual image components was performed using the spectral 
library and NuanceTM 3.0.2 software. In case of aSMA/Ki67 double staining co-localization 
was assessed on a pixel-based measurement of the individual markers per plaque area 
using the same software. 
 
Blood count and flow cytometry  
White blood cells, red blood cells and platelets counts, hematocrit, hemoglobin, mean cell 
volume, mean cell hemoglobin, and mean corpuscular hemoglobin were measured using a 
Coulter Counter (Beckman Coulter, Woerden, NL). Immune cell subsets were defined in 
blood using flow cytometry (see supplemental figure 6 for gating strategy), and the 
TrueCount (BD, Cat No 340334) system to obtain absolute cell counts. Prior to antibody 
labeling the blood was subjected to erythrocyte lysis. Combinations of different antibodies 
were used to identify leucocytes (CD45 Biolegend clone 30-F11), B-cells (B220 BD clone 
RA3-6B2), T-helper cells (CD3 eBioScience clone 17A2/CD4 BD clone GK1.5), cytotoxic T-
cells (CD3/CD8 eBioScience clone 53-6.7), NK cells (CD8/NK1.1 BD clone PK136) NKT cells 
(CD3/NK1.1), monocyte subsets (Ly6C Milteni clone 1G7.G10/CD11b BD clone M1/70) and 
granulocytes (Ly6G BD clone 1A8/CD11b).  
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Cell culture  
Bone marrow was isolated and cells were cultured for seven days in RPMI-1640 (Gibco 
with Glutamax, 2g/L glucose) supplemented with 10% FCS, 100U/ml Penicillin-
Streptomycin, and 15% L929-conditioned medium to generate bone marrow-derived 
macrophages (BMDM).  
Primary vascular smooth muscle cells (SMC) were isolated by enzymatic digestion (4h at 
37°C in DMEM with 3 mg/ml collagenase (Sigma, Zwijndrecht, the Netherlands) and 1 
mg/ml elastase (Sigma, Zwijndrecht, the Netherlands)) from aortas of C57Bl6 mice (after 
removal of endothelium and adventitia) and cultured in DMEM (Gibco) supplemented 
with 10% FCS and 100U/ml Penicillin-Streptomycin.  
Macrophage conditioned medium was obtained by culturing differentiated BMDM for 48h 
in RPMI-1640 (Gibco with Glutamax, 2g/L glucose) supplemented with 1 or 10% FCS 
depending on the assay, 100U/ml Penicillin-Streptomycin, and 15% L929-conditioned 
medium. 
 
Real time quantitative PCR 
In vitro experiments for gene expression analysis were performed in quadruplicate and 
repeated twice. Total RNA was isolated and transcribed as described (13). QPCR analyses 
were performed from 10 ng cDNA using SYBR green (Biorad) and gene specific primer sets 
(Eurogentec, Liege, Belgium, Supplemental Table 1). Two housekeeping genes (cyclophilin, 
18S rRNA) insensitive to changes in O2 were used to correct for differences in mRNA levels 
between samples. 
 
Macrophage polarization measurement  
Macrophage polarization markers were measured using qPCR (Supplemental Table 1) and 
enzyme-linked immunosorbent assays (ELISA) for TNF-α, IL12 and IL10 secretion (all from 
Invitrogen). ELISAs on conditioned medium from stimulated macrophages (PBS, LPS, IL4 or 
IL10) were performed according to manufacturer’s protocol. Nitric oxide (NO) production 
was measured in conditioned medium using Griess reagent (2.5% H3PO4, 1% sulfanilamide, 
and 0.1% naphthalene diamine dihydrochloride). Analysis was performed using a 
microplate reader (Bio-Rad) at 450 nm (for ELISA) and at 550 nm (for NO assay). 
 
Western blot  
Cell pellets of BMDM were homogenized in an equal volume of RIPA buffer with EDTA-free 
protease inhibitor cocktail (Roche). The protein concentration was determined using BCA 
kit (Thermo Fisher Scientific, Cat. No. 23227), subsequently separated by 10% SDS-PAGE 
and transferred to a nitrocellulose membrane. Target proteins were detected with 
primary antibodies against HIF1α (Novus Biologicals, NB100-449), HIF2α (Novus 
Biologicals, NB100-122) and β-actin as loading control (MP biochemical, 691001), followed 
by secondary antibody incubation (Cell signaling, 7074 or Jackson Laboratories 715-035-
150) and chemiluminescent detection (SuperSignal West Femto, ThermoScientific, 34095) 
on a digital scanner. 
 
Collagen synthesis assay  
Collagen synthesis by BMDM and primary murine vascular smooth muscle cells (SMC) was 
evaluated after stimulation with BMDM-conditioned medium using Sirius red. SMC (2x105) 



Myeloid PHD2 deficiency in experimental atherosclerosis | 3 

59 
 

were incubated for 96 hours with BMDM-conditioned RPMI medium. Macrophage 
collagen synthesis was measured after 72 hours with the last 48 hours under hypoxia 
(0.2% O2), in 24 wells plates with a density of 0.4x106 cells per well. Collagen was 
visualized by Sirius red staining (1% Sirius red in 0.01M HCl for one hour at RT), after 
fixation with 3.7% formaldehyde for 1h at RT. The amount of collagen was 
spectrophotometrically determined in cell lysates at 544nm.  
 
SMC proliferation assay  
Proliferation of SMC in response to macrophage conditioned medium (see above) was 
measured on an ACEA xCELLigence (Roche). Primary SMC (2x104 cells) were seeded on a 
gold electrode implemented in a 96 wells plate and allowed to attach for 24 hours. After 
starvation for 12h in RPMI-1640 (Gibco with Glutamax, 2g/L glucose) containing 0.5% FCS, 
BMDM-conditioned medium was added to the cells and incubated for 96 hours. 
Impedance was measured hourly and used to quantify proliferation (slope of impedance 
increment over time) using RCTA software (version 1.2, Roche).  
 
Smooth muscle cell migration assay  
Migration stimulation in primary murine SMC by conditioned macrophage medium of WT 
and PHD2 cKO was measured on an ACEA xCELLigence (Roche). SMC were starved in 
RPMI-1640 (Gibco with Glutamax, 2g/L glucose) containing 0.5% FCS for 24 hours. Upper 
chambers of ACEA CIM 16 plates (ACEA, 20131122) were coated with 10ug/ml collagen G 
(Biochrom, L7213) for one hour per side prior to start of the experiment. Subsequently, 
lower chambers were equilibrated for the respective conditioned mediums and controls. 
BMDM-conditioned medium contained a final concentration of 1% FCS and 15% LCM. SMC 
(4x104 cells) were then added to the upper chamber and migration was quantified in 
hourly measurements over time (during 24 hours) using the slope of the impedance 
increment over time. 
 
Collagen degradation assay  
MMP activity was determined using OmniMMP™ fluorogenic substrate (Enzo Life Science, 
BML-P126-0001). The substrate (Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2) incorporates a 
quencher (Dpa) and a fluorescent side (Mca). MMP cleavage of the quencher will yield an 
increase in fluorescence. A total of 0.14*106 BMDM (lysed in PBS containing 1% Trition-
X100) were incubated with 180mM CaCl2 and 65µM OmniMMP substrate at 37°C and the 
fluorescence was detected at an interval of two minutes up to 300 minutes on a 
Spectromax (Ex 328nm, Em 393nm, Molecular Devices SPECTRAmax M2). 
 
Plasma lipid measurements 
Plasma was separated by centrifugation, and stored at −80°C until further use. Standard 
enzymatic techniques were used to assess plasma cholesterol (CHOD-PAP method - 
Cholesterol FS Ecoline product no. 113009990314, DiaSys, Holzheim, GE) and plasma 
triglycerides (FS5’ Ecoline REF 157609990314; DiaSys – Diagnostic Systems GmbH, 
Holzheim, Germany) automated on the Cobas Fara centrifugal analyzer (Roche). 
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Statistical analysis  
All data are presented as mean±SEM. Shapiro-Wilk test for normal distribution was 
performed, followed by a Grubbs outlier test. Finally, groups were compared with 
student´s t-test or Mann-Whitney rank-sum test. (GraphPad Prism4, La Jolla, CA, USA). A 
p-value of p<0.05 was considered significant (* p<0.05, ** p<0.01, *** p<0.001).  
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RESULTS 
 
PHD2 expressed in human plaques, mainly in macrophages 
PHD2 protein and mRNA was detected in human atherosclerosis however, expression 
levels were similar in stable versus ruptured human atherosclerotic plaques (Figure 1A-B). 
Protein expression was present in macrophages, endothelial cells and smooth muscle 
cells, but protein correlated mostly with macrophages (Figure 1A). Similarly, mRNA 
expression of PHD2 correlated with CD68 positivity in adjacent immunohistochemically 
stained plaque locations (Table 1).   
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Figure 1. PHD2 expression in human plaques, co-localized with CD68+ macrophages  
(A) PHD2 and CD68 protein expression (both in red) in different stages of human atherosclerosis, HE for overview 
(samples from autopsy; IT=intmal thickening, PIT=pathological intimal thickening, TkFCA=thick fibrous cap 
atheroma, IPH=intra plaque hemorrhage). (B) PHD2 mRNA expression (derived from microarrays) in stable and 
ruptured human carotid endarterectomy plaques (n=21 for stable, unstable n=23). PHD2 and CD68 100x 
magnification, HE insert 100x magnification, picture 50x magnification. 
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Table 1. PHD2 mRNA expression in human plaques correlates with plaque macrophages 
Correlation of PHD2 mRNA expression (derived from microarray) with histological features in neighboring plaque 
areas. Samples were prepared from human carotid endarterectomy samples (n=44 patients). *P < 0.05. 
 
Effective myeloid PHD2 knock out in atherosclerotic mice  
Although hypoxia and HIF expression have been demonstrated in murine lesions (5), the 
expression pattern of PHD2 in murine atherosclerosis is unknown. Here, we show the 
expression of PHD2 in macrophages, EC and SMC of murine plaques (Figure 2A). To study 
macrophage specific PHD2 deficiency, PHD2 cKO LDLr-/- mice were used. PHD2 cKO 
reduced PHD2 levels in macrophages in vivo and in BMDM in vitro (Figure 2A, B). Since 
PHD2 is the main regulator of HIF1α stability, higher HIF1α levels were observed in PHD2 
cKO macrophages and plaques (Supplemental figure 1A-B). HIF2α protein was unchanged 
(Supplemental figure 1A). Thus, PHD2 cKO mice show a functional PHD2 knock down. 
 
Conditional PHD2 knock out increased plaque size without systemic side effects 
To study macrophage specific PHD2 deficiency, atherosclerosis was induced in PHD2 cKO 
LDLr-/- mice by feeding a Western-type diet for 6 or 12 weeks. PHD2 cKO increased plaque 
size in all examined arteries and all time points (Figure 2C left panel): fatty streaks in the 
aortic root after 6 weeks, intermediate plaques in the brachiocephalic artery after 12 
weeks, and advanced plaques in the aortic root after 12 weeks of Western type diet. In all 
three locations, no difference in necrotic core percentage (AR 6 weeks 1.6% vs 2.7%; BC 12 
weeks 4.9% vs 5.9%; AR 12 weeks 12.7% vs 12.5%)  could be found between PHD2 cKO 
and WT (Figure 2C right panel).  
The potent decrease in PHD2 levels did not affect body weight or plasma lipid levels, 
except a slight decrease in plasma cholesterol level at 12 weeks (Supplemental Figure 2C-
E). Flow cytometry revealed no difference in immune cell counts (Supplemental figure 2). 
Also total red blood cells, hemoglobin and hematocrit were normal in the PHD2 cKO mice 
(Supplemental figure 3), despite HIFs known role in erythropoiesis. An experienced 
laboratory animal pathologist (M.G.) did not detect any macroscopic or microscopic 
abnormalities in any major organ (data not shown).  
 

PHD2 versus: Regression Coefficient  P-value  

Plaque size  -0.3579 0.7204 
Lipid Core 157063752194667.0000 0.1163 
Necrotic core (%) 151417511136095.0000 0.1300 
Hemorrhage (%) 10053255065528.0000 0.3147 
CD31 (%) 114598631697176.0000 0.2518 
CD68 (%) 196932166967027.0000 0.0489* 
CD3 (%) 111014971234584.0000 0.2669 
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Figure 2. Myeloid PHD2 cKO increased plaque size  
(A) Immunofluorescent staining for PHD2 expression in murine plaques (left) and PHD2 cKO (right). (B) PHD2 
mRNA expression in PHD2-cKO (n=4) compared to PHD2-WT (n=4) BMDM. (C) Plaque size in PHD2 cKO mice in all 
analyzed locations: early plaques in the aortic root after 6 wks of HCD (upper panel, n=17 for PHD2-WT, n=19 for 
PHD2-cKO), intermediate plaques in the brachiocephalic artery after 12 wks of Western diet (middle panel, n=18 
for PHD2-WT, n=16 for PHD2-cKO) and advanced plaques in the aortic root after 12 weeks of diet (lower panel, 
n=17 for PHD2-WT, n=17 for PHD2-cKO). Quantification of the necrotic core in all stages (right panel). Mean±SEM 
*P < 0.05, **P < 0.01, ***P < 0.001. 
 
Increased plaque size was not related to angiogenesis 
As myeloid specific PHD2 downregulation is known to induce angiogenesis (8), CD31 
positive microvessels in plaque and adventitia were quantified. PHD2 cKO was not able to 
boost the paucity of intra plaque microvessels common to murine plaques: no CD31+ 
microvessels were observed in any arterial bed (Figure 3A). In addition, no difference in 
adventitial microvessel density was found (Figure 3A), despite the enhanced expression of 
pro-angiogenic growth factors (VEGF-A and Ang-1, Figure 3B) by isolated macrophages in 
vitro. Likewise, maturation of the adventitial microvessels (αSMA-surrounded 
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microvessels) was similar (Figure 3C), Moreover, secondary effects of plaque angiogenesis 
were not observed either, as Perls iron staining did not detect iron deposition resulting 
from extravasated, degraded red blood cells (data not shown). Also, angiogenesis was not 
enhanced in any other major organ (data not shown). Thus, despite the previously 
reported high angiogenic potential of PHD2 cKO in other mouse models of vascular 
disease, we were unable to find changes in atherosclerosis-related angiogenesis.  
 

 
 
Figure 3. PHD2 cKO does not affect adventitial microvessel density  
(A) Quantification of the adventitial CD31+ microvessel density underlying plaques of the brachiocephalic artery 
(for both n=17) and aortic root (for both n=15) after 12 wks of Western diet. (B) Gene expression of angiogenic 
factors in PHD2 cKO BMDM (VEGF n=4, Ang-1 n=4, Ang-2 n=3). (C) Maturation status of adventitial plaque 
associated microvessels in the aortic root after 12 wks of HCD (n=14). Insert 100x magnification, zoom picture 
200x magnification. Mean±SEM *P < 0.05 
 
  



Chapter 3 

66 
 

Conditional PHD2 knock out increased plaque stability via increased collagen 
Plaques of PHD2 cKO mice contained an increased amount of collagen (Figure 4A), 
specifically type I collagen (Supplemental figure 4A). The increase in collagen resulted in a 
significantly thickened cap in intermediate and advanced plaques of the PHD2 cKO mice 
(Figure 4B). Also, glycosaminoglycans, reflecting extracellular matrix components, were 
increased in PHD2 cKO plaques (Supplemental figure 4B). Staining for cartilage revealed 
that no mature cartilage or chondrocytes were present in any of the plaques 
(Supplemental figure 4C). Overall, the increased total collagen and cap thickness together 
with the unchanged necrotic core size (Figure 2C right panel) suggest improved plaque 
stability by PHD2 cKO despite the increase in atheroma size.  
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Figure 4. Increased plaque collagen and cap thickness by PHD2 cKO  
(A) Total plaque collagen content of early plaques (upper panel), intermediate plaques and advanced plaques 
(lower panel) visualized by Sirius red staining and polarized light. (B) Mean cap thickness measurement of Sirius 
red stained sections in intermediate (upper panel) and advanced plaques (lower panel). Mean±SEM *P < 0.05, 
**P < 0.01, ***P < 0.001. 
 
 
 



Chapter 3 

68 
 

PHD2 cKO macrophages account for increased collagen  
Collagen content depends on SMC-dependent synthesis and macrophage-dependent 
collagen degradation. Macrophages degrade collagen through the expression of matrix 
metalloproteinases (MMPs). The observed increase in plaque collagen content could thus 
be explained by a reduction in plaque macrophages and/or enhanced macrophage 
collagen degradation capacity. Indeed, macrophage content was significantly decreased in 
early and advanced plaques of PHD2 cKO mice, and a similar trend was observed in 
intermediate plaques (Figure 5A). Macrophage MMP activity and expression of the MMPs 
most relevant for murine atherosclerosis in vitro was unaltered by PHD2 cKO (14) (Figure 
5B,C). Similarly, the expression of major MMPs inhibitors, TIMP2 and 3 did not differ 
(Figure 5C). In addition, a clear in vitro M1-M2 polarization prolife is lacking (Supplemental 
Figure 5). However, arginase is enhanced, which is mostly associated with fibrosis (15). 
Together, despite the similar degradation capacity per macrophage, an absolute reduction 
in collagen-degrading macrophages is expected to yield a net reduction in collagen 
degradation.  
Macrophages are also capable of producing slight amounts of collagen (16) and direct 
collagen production by PHD2 cKO macrophages in vitro was enhanced compared to WT 
macrophages (Figure 5D). Notably, the production of collagen by WT macrophages was 
enhanced by hypoxic conditions, while hypoxia did not further enhance collagen 
production by PHD2 cKO macrophages (Figure 5D). This suggests that hypoxia and PHD2 
have overlapping transcriptional effects, likely mediated by HIF. Indeed, transcription of 
collagen prolyl 4-hydroxylase alpha (P4HA) 1, a key enzyme of the collagen production 
cascade regulated by HIF1α (17), was upregulated by PHD2 cKO in a hypoxia-dependent 
way (Figure 5E). In contrast, P4HA2 expression was dependent on synergistic, but not 
overlapping signaling pathways induced by hypoxia and PHD2. Together, PHD2 cKO 
stimulated macrophage collagen production in vitro likely via P4HA1. However, in light of 
the reduction in macrophage content in vivo, a slight increase in collagen production by 
macrophages may not be completely sufficient to explain the accumulation of plaque 
collagen in PHD2 cKO mice.  
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Figure 5. PHD2 cKO decreased macrophage content, but enhanced collagen synthesis, not degradation  
(A) Percentage of Mac3 positive macrophages in early, intermediate and advanced plaques. (B) In vitro MMP 
activity in lysates of PHD2 WT and cKO BMDM (n=4 for all conditions). (C) In vitro mRNA expression levels of 
relevant MMPs in PHD2 cKO BMDM compared to PHD2 WT BMDM (n=4 for all). (D) In vitro macrophage collagen 
synthesis in PHD2 WT and PHD2 cKO BMDM (n=4 for all conditions). (E) In vitro gene expression of collagen 
prolyl hydroxylases 1 and 2 in PHD2 WT and PHD2 cKO BMDM (n=4 for all). Mean±SEM *P < 0.05, ***P < 0.001.  

 
Increase in collagen independent of altered smooth muscle cell function 
Smooth muscle cells (SMCs) are the major source of collagen production in 
atherosclerosis. Net collagen deposition depends on increased SMC content, and/or 
enhanced SMC collagen production, which can both be regulated by paracrine signaling 
through factors secreted by macrophages. However, while αSMA positive SMC content 
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was increased in early lesions, it was unchanged in intermediate plaques and even 
decreased advanced plaques (Figure 6A). The early increase in SMC content was not due 
to SMC proliferation in vivo (Figure 6B). SMC proliferation and migration in vitro in 
response to WT or PHD2cKO macrophage conditioned medium were also unchanged 
(Figure 6C,D). In addition, SMC collagen production was not altered by incubation with 
conditioned medium of PHD2 cKO macrophages (Figure 6E). However, the ratio of 
collagen-producing smooth muscle cells over collagen-degrading macrophages was 
enhanced in plaques of PHD2 cKO mice (Figure 6F). Overall, the enhanced 
SMC/macrophage ratio, together with a slight increase in collagen production by 
macrophages likely explains the accumulation of plaque collagen in PHD2 cKO mice.  
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Figure 6. Increased SMC content in PHD2 cKO plaques but no difference in SMC functionality  
(A) Percentage of αSMA positive SMC in early, intermediate and advanced plaques. (B) SMC proliferation in early 
and intermediate plaques. (C) SMC proliferation (n=4 for both) (D) migration (n=4 for both) and (E) collagen 
synthesis (n=4 for both) in vitro after stimulation with WT or PHD2 cKO BMDM conditioned medium. (F) In vivo 
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ratio of SMC percentage to Mac3 percentage in early, intermediate and advanced plaques. Mean±SEM *P < 0.05, 
**P < 0.01, ***P < 0.001. 
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DISCUSSION 
 
Myeloid PHD2 deficiency resulted in a remarkable pro-fibrotic phenotype of the 
atherosclerotic plaque, while plaque size was increased all throughout plaque progression 
(early and advanced plaques). Interestingly, the increase in plaque size could not be 
attributed to augmented angiogenesis. Rather, lesions had increased collagen content and 
a thickened fibrous cap, together with an unchanged necrotic core and reduced 
macrophage content, all features of a more stable plaque. PHD2 cKO thus firmly enhanced 
plaque stability. 
 
PHD2 deficiency shifts balance to collagen accumulation  
Collagen content is the resultant of a balance between production and degradation. This 
balance is dependent on macrophage and smooth muscle cell density, as well as their 
activity. As smooth muscle cells are major contributors to collagen production, the effect 
of paracrine signaling by PHD2 cKO macrophages on SMC function was studied. SMC 
collagen synthesis was unchanged. SMC density in vivo was only enhanced during the 
initiation phase of atherogenesis, and proliferation and migration were not affected by 
PHD cKO. Macrophages have been shown to play a major role in collagen homeostasis via 
MMP excretion (18). Although macrophage MMP activity was unaltered in PHD2 cKO 
macrophages, macrophage density in vivo was reduced. This may result in a net decrease 
of collagen degradation. Interestingly, collagen production by macrophage was increased. 
However, macrophage collagen production could only be assessed in vitro, making a 
definite conclusion difficult. Although macrophages represent the most frequent cell type 
within an atherosclerotic plaque and are capable of producing slight amounts of collagen, 
the overall contribution of macrophage collagen production to the total collagen 
production in atherosclerosis remains unknown (16). Thus, the increased ratio between 
smooth muscle cell and macrophage content, together with the slight increase in 
macrophage collagen production, most likely accounts for the net increase in plaque 
collagen.  
 
Myeloid PHD2 deficiency does not increase angiogenesis in atherosclerosis 
Unexpectedly, PHD2 cKO did not enhance microvessel density, nor maturation in plaques 
or other organs. This is in contrast to a previous report showing increased angiogenesis by 
macrophage PHD2 knockdown under acute ischemic conditions (8). The major difference 
between the present study and the previously reported study (8) are the use of 
homozygous PHD2fl/fl-Cre+/- versus heterozygous PHD2fl/wt-Cre+/- mice. Macrophages 
derived from PHD2fl/fl mice did display an increase in the expression of pro-angiogenic 
cytokines, as did PHD2fl/wt macrophages. However, initiation of angiogenesis not only 
depends on EC proliferation, but is also critically dependent on EC migration and thus 
degradation of extracellular matrix. Here, the massive matrix production by PHD2 
homozygous knockout mice, may simply have inhibited EC migration in vivo. Indeed, 
Takeda et al did not observe any changes in fibrosis, and PHD2 heterozygosity might have 
resulted in a different balance of pro-angiogenic and anti-fibrotic signaling. Nevertheless, 
homozygous PHD2 deficiency in macrophages does not appear to affect angiogenesis in 
atherosclerosis.  
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Therapeutic PHD2 inhibition in human atherosclerosis 
PHD inhibitors which are currently tested in clinical trials for the treatment of anemia in 
patients with chronic kidney disease (NCT02174731), might represent an accessible drug. 
Cardiovascular events might be an interesting secondary outcome of these clinical trials, 
elucidating the role of PHD inhibition in atherosclerosis. Although our data clearly suggest 
PHD2 inhibition as a potential way to stabilize plaques, one should be aware of the risk of 
enhancing plaque size. The macrophages in our model were PHD2 deficient from the 
beginning of atherosclerosis formation onwards, therefore the effect of PHD2 inhibition 
on established plaque burden and stabilization remains unclear.  
The current PHD inhibitors are neither PHD isoform specific nor cell type specific. There 
are four PHD isoforms with varying biological functions. The general inhibition of all PHDs 
is therefore difficult to predict. In the current study only the myeloid compartment was 
PHD2 deficient, and orally administered PHD inhibitors would affect the entire body and 
evoke off-target effects. One possibility for targeted delivery of PHD inhibitors into 
plaques would be the packaging in HDL nanoparticles, which has been shown for statins 
recently (19). Thus, PHD2 inhibition might become a suitable target once isoform-specific 
and cell-targeted inhibitors are available to assess the effect of PHD2 inhibition on 
established plaque size and stability. 
In conclusion, myeloid PHD2 deficiency dramatically enhanced plaque stability by 
autocrine and paracrine effects on macrophages and smooth muscle cells respectively, 
resulting in massive accumulation of plaque collagen. Future studies with macrophage-
targeted therapy should thus exploit PHD2 inhibition to promote plaque stabilization. 
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SUPPLEMENTAL DATA

 
Supplemental figure 1. Increased HIF1α expression in PHD2 cKO, no change in bodyweight and blood lipids 
(A) HIF1α and HIF2α levels in macrophage lysates in vitro (n=4 for both). (B) Representative image of HIF1α 
immunoreactivity in intermediate murine plaques. (C) Bodyweight of PHD2 WT and PHD2 cKO mice given HCD 
for 6 or 12 weeks. (D) Plasma cholesterol and (E) plasma triglycerides of PHD2 WT vs PHD2 KO mice after 6 or 12 
weeks of HCD. Mean±SEM *P < 0.05. 
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Supplemental figure 2. Unchanged immune cell subsets in PHD2 cKO mice 
Gating example of flow cytometry for (A) monocytes and quantification of (B) total monocytes and (C+D) Ly6C 
high/low monocyte subsets after 12 weeks of diet. (E) Table of all immune cell subsets analyzed by flow 
cytometry. Mean±SEM  
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Supplemental figure 3. No difference in hematopoietic parameters in PHD2 cKO 
Number of white blood cells, red blood cells, platelets, hematocrit, hemoglobin, mean cell volume, mean cell 
hemoglobin, mean corpuscular hemoglobin were measured in whole blood of PHD2-WT and PHD2-cKO mice. 
Mean±SEM *P < 0.05.  
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Supplemental figure 4. Increased collagen and glycosaminoglycans, but not cartilage in plaques of PHD2 cKO 
mice 
(A) Immunohistochemistry for collagen type I in advanced plaques of PHD2 WT and PHD2 cKO mice. (B) 
Histological staining for glycosaminoglycans (Alcian blue) and (C) mature cartilage (Safranin O) in advanced 
plaques of PHD2 WT and PHD2 cKO mice, and (D) in trachea (positive control for Safranin O). Mean±SEM **P < 
0.01.  
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Supplemental figure 5. No distinct M1 or M2 polarization pattern in PHD2 cKO macrophages  
(A) mRNA expression of macrophage polarization markers of polarized BMDM (M0=PBS, M1=LPS, M2a=IL4, 
M2c=IL10) in vitro (n=4 for all). (B) Secretion of cytokine and NO by polarization markers of polarized BMDM 
(M0=PBS, M1=LPS, M2a=IL4, M2c=IL10) measured in conditioned medium in vitro (n=4 for all). Mean±SEM *P < 
0.05 
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Supplemental figure 6. Gating strategy of flow cytometry 
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Supplemental table 1. List of all used primers for quantitative PCR 
 
 



 

 
 

Chapter 4  
 

Deficiency of platelet derived growth factor B 
retention motif is associated with increased 

atherosclerotic plaque fibrosis and size  
 

Theelen TL, Marsch E, Legein B, Austen L, Janssen A, Jeurissen ML, Shiri-Sverdlov R, Gijbels 
MJ, Biessen EA, Betsholtz C, Daemen MJ, Sluimer JC 

 
In preparation  

 
 
 
 

 



Chapter 4 

86 
 

ABSTRACT  
 
Objective 
Human plaque rupture, the fatal event in atherosclerosis, has been associated with a high 
number of intra-plaque microvessels. More recently, also poor microvessel quality of intra-
plaque microvessels, defined by amongst others the absence of microvessel-surrounding 
pericytes has been associated with plaque rupture through leakage of erythrocytes and 
immune cells into the plaques, thereby increasing disease progression and rupture 
susceptibility. Similar leaky microvessels due to absent pericytes have been modelled in the 
blood-brain barrier by platelet derived growth factor B (PDGF-B) retention motif KO (PDGF-
Bret/ret) in mice.  
Thus, we hypothesized that microvascular pericyte loss via PDGF-B retention motif KO and 
subsequent increased microvascular permeability would exacerbate atherosclerosis. 
 
Approach and results  
PDGF-Bret/ret mice were crossed with atherosclerosis-prone low density lipoprotein receptor 
KO (LDLr-/-)  mice and at the age of 10 weeks fed a Western type diet (0.25% cholesterol) for 
additional 10 weeks, PDGF-BWT/WT LDLr-/- mice served as control. The aortic root was excised 
and sequential cryo-sections cut for analysis of plaque size (hematoxylin-eosin staining) and 
phenotype (macrophages MOMA2, microvessels CD31, smooth muscle cells αSMA, iron 
deposition Perls iron, plaque collagen and cap thickness Sirius Red). Arterial blood was 
collected during sacrifice to determine leukocyte profiles by flow cytometry and plasma 
lipids.  
Plaque size was significantly increased in PDGF-Bret/ret compared to control mice (+41%, 
p<0.001), without differences in necrotic core content. The increased plaque size was 
independent of differences in microvessel quantity and/or quality.  While plasma lipid levels 
were unaltered, PDGF-Bret/ret mice featured overt leukocytosis (total leukocytes +44%, 
p<0.001), with major increments in blood T-cells and in particular myeloid subsets. Despite 
increased myeloid numbers in blood, plaque macrophage content was even decreased in 
PDGF-Bret/ret mice (-50%, p<0.01). The plaque expansion in PDGF-Bret/ret mice could be 
attributed to an increase in collagen content (+25%, p<0.01), whereas smooth muscle cell 
contend remained unchanged. 
 
Conclusions  
PDGF-Bret/ret resulted in plaque expansion and fibrosis independent of microvessel quantity 
or quality. The increase in fibrosis was unrelated to plaque smooth muscle cell content. A 
potentially pro-inflammatory myelocytosis in blood of PDGF-Bret/ret mice was not reflected 
in plaque macrophage content.    
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INTRODUCTION 
 
Atherosclerosis still remains the major cause of death in Western society, despite the large 
scale cholesterol lowering treatment in 71% of cardiovascular patients (1). Atherosclerosis 
is a lipid driven, slowly progressing, inflammatory disease that becomes clinically relevant 
after plaque rupture and subsequent luminal thrombus formation. Several processes have 
been associated with plaque rupture, perivascular inflammation, necrotic core size, micro-
calcification, intra-plaque hemorrhage, plaque hypoxia and angiogenesis (2). Indeed, the 
formation of intra-plaque microvessels that originate from the adventitia, has been 
identified as major source of intra-plaque hemorrhage, i.e. the leakage of erythrocytes and 
immune cells into the plaque. Hence plaque and adventitial microvessels are thought to 
increase disease progression and severity (3). An important criterion in this association is 
not only microvessel quantity, but also the quality. Microvessel quality is defined by healthy 
endothelial cell morphology, intact endothelial junctions, an intact basement membrane 
and especially the presence of microvessel surrounding pericytes. Microvessels in ruptured 
human coronary plaques generally display with endothelial abnormalities and the absence 
of stabilizing, and supportive pericytes (4). Pericytes are recruited to the endothelium by 
platelet derived growth factor B (PDGF-B), which is secreted by healthy endothelial cells. 
PDGF-B is anchored in the extracellular matrix via its retention motif, forming a growth 
factor gradient, which guides pericytes towards the endothelial cells of the developing 
vessel (5). Disruption of this gradient by deletion of the retention motif was seen to induce 
pericyte loss, and subsequently to increase microvascular leakage of the blood-brain barrier 
(6). Vice versa, absence of pericyte coverage and vessel dysfunction, can be restored by 
overexpressing PGDF-B (7). 
Besides its role in angiogenesis, PDGF-B may have effects on other cell types involved in 
atherogenesis. For instance, PDGF-B stimulates smooth muscle cell proliferation (8) and 
extracellular matrix formation (9). Also, immune cells have been shown to express PDGF-B 
(10) and hematopoietic KO of PDGF-B resulted in a pro-inflammatory phenotype as it 
increased numbers of activated CD4 T cell in blood and monocyte accumulation in plaques 
of ApoE-/- mice (11).  
Thus, we hypothesized that microvascular pericyte loss via PDGF-B retention motif KO and 
subsequent increased microvascular permeability would exacerbate atherosclerosis. 
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MATERIALS AND METHODS 
 
Experimental animals  
All animal experiments were conducted according to Dutch governmental guidelines and 
approved by the Dutch regulatory authorities. PDGF-B retention motif knockout (PDGF-
Bret/ret KO) mice with  XlacZ knockin as pericyte marker were provided by Betzholz (6) and 
crossed with low density lipoprotein receptor (LDLr-/-) KO mice from an in house breeding 
colony. All mice were crossed back on a C57Bl6 background at least nine times. PDGF-B 
retention motifwt/wt LDLr-/- mice served as control in all experiments (referred to as control). 
For all experiments male mice were used (control n=19, PDGF-Bret/ret n=10). Animals were 
housed in the laboratory animal facility of Maastricht University under standard conditions. 
Food and water were provided ad libitum during the entire experiment.  
 
Atherosclerosis induction and plaque size measurement 
At the age of 10 weeks, mice were fed a Western type diet containing: 0.25% cholesterol 
(Special Diet Services, #824171, 15% cocoa butter, 10% maize starch, 20% casein, 40.5% 
sucrose, 5.95% cellulose) for 10 weeks to induce atherosclerosis. All mice were euthanized 
by an intraperitoneal pentobarbital injection (100mg/kg) and heart puncture of the right 
ventricle. Whole blood was collected to analyze hematopoietic parameters, immune cell 
subsets (flow cytometry), and plasma cholesterol and plasma triglyceride content. Mice 
were then perfused with PBS-sodium nitroprusside dehydrate. The aortic root was 
dissected and immediately embedded in OCT compound. Serial cryo-sections (5µm) from 
the OCT embedded aortic roots were cut and HE stained to quantify plaque size and necrotic 
core content in four representative sections of the aortic root using computerized 
morphometry (Leica QWin V3, Cambridge, UK). The necrotic core was defined as acellular 
and anuclear plaque areas, rich in cholesterol clefts. 
 
Histology and immunohistochemistry 
Atherosclerotic plaques were analyzed for collagen (Sirius red area/plaque area, 
Polyscience 09400), iron (Perls Prussian blue), macrophage content (MOMA-2 area/plaque 
area, produced by M.L.J.), smooth muscle cell content (αSMA+ area/ plaque area, αSMA 
Sigma F3777) and adventitial microvessel density (number of CD31+ 
microvessels/adventitial area, BD Cat. No. 550274). Mean fibrous cap thickness was 
determined in the aortic root as described in (12) using ImageJ software. 
 
Blood count and flow cytometry  
White blood cells, red blood cells and platelets counts, hematocrit, hemoglobin, mean cell 
volume, mean cell hemoglobin, and mean corpuscular hemoglobin were measured using a 
Coulter Counter (Beckman Coulter, Woerden, NL). Flow cytometry was performed to 
quantify absolute immune cell subsets in blood (TrueCount BD, Cat No 340334). 
Erythrocytes were lysed before antibody labelling. Combinations of the following antibodies 
were used to characterize leucocytes (CD45 Biolegend clone 30-F11), B-cells (B220 BD clone 
RA3-6B2), T-helper cells (CD3 eBioScience clone 145-2c11/CD4 BD clone GK1.5), cytotoxic 
T-cells (CD3/CD8 eBioScience clone 53-6.7), NK cells (CD8/NK1.1 BD clone PK136), 
monocyte subsets (Ly6C Miltenyi clone 1G7.G10/CD11b BD clone M1/70) and granulocytes 
(Ly6G BD clone 1A8/CD11b). Gating was performed as described previously (13).  
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Plasma lipid measurements 
Plasma samples were obtained by centrifugation of whole blood drawn from the heart, and 
stored at −80°C until further use. Standard enzymatic techniques were used to assess 
plasma cholesterol (CHOD-PAP method - Cholesterol FS Ecoline product no. 113009990314, 
DiaSys, Holzheim, GE) and plasma triglycerides (FS5’ Ecoline REF 157609990314; DiaSys – 
Diagnostic Systems GmbH, Holzheim, Germany) automated on the Cobas Fara centrifugal 
analyzer (Roche). 
 
Statistical analysis  
All data are presented as mean±SEM. Shapiro-Wilk test for normal distribution was 
performed, followed by a Grubbs’ outlier test. Finally, groups were compared with student´s 
t-test or Mann-Whitney rank-sum test. (GraphPad Prism4, La Jolla, CA, USA). A p-value of 
p<0.05 was considered significant (* p<0.05, ** p<0.01, *** p<0.001).   
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RESULTS  
 
Increased plaque size after PDGF-B retention motif KO  
To investigate the effect of PDGF-B retention motif KO on atherosclerosis, mice were fed a 
Western type diet for 10 weeks. Weight gain after 10 weeks of Western type diet was less 
in PDGF-Bret/ret mice (Figure 1A). This effect was independent of changes in plasma lipids, as 
both plasma cholesterol and triglyceride levels were not affected by the PDGF-Bret/ret KO 
(Figure 1B). As hypothesized, plaques of PDGF-Bret/ret mice displayed a significantly increase 
in size of 41% compared to control (Figure 2A,B). The increase in plaque size was not 
accompanied by an increase in necrotic core content (Figure 2C).  
 

 
Figure 1. PDGF-Bret/ret mice have reduced diet-induced weight gain with similar plasma lipid levels 
(A) Bodyweight of control and PDGF-Bret/ret at the beginning and end of Western type diet feeding. (B) Plasma 
cholesterol levels (left graph) and plasma triglyceride levels (right graph) diets after 10 weeks of Western type 
diet. Mean±SEM ***p < 0.001 

 
 

 
Figure 2. PDGF-B retention motif KO increased plaque size, but not necrotic core 
(A) Representative images and (B) Quantification of plaque size, and (C) necrotic core percentage on hematoxylin 
eosin stained plaques of the aortic root after 10 weeks of high cholesterol diet. Mean±SEM ***p < 0.001 
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Increased plaque size unrelated microvessel quality  
PDGF-Bret/ret KO has been shown to increase microvessel leakage at the blood-brain barrier 
(5). However, no CD31 positive microvessels could be detected in plaque of WT or of PDGF-
Bret/ret KO (Figure 3A). Due to the lack of intra-plaque vessels, we assessed adventitial plaque 
vessel quantity (CD31, Figure 3B) as a surrogate parameter. However, also adventitial vessel 
quantity did not differ between genotypes. In line, no difference in intra-plaque iron 
residues, potentially originating from lysed erythrocytes after hemorrhage, could be found 
in PDGF-Bret/ret compared to WT mice (Figure 3C). 
 

 
Figure 3. Unaltered microvessel quantity or quality by PDGF-Bret/ret 
(A) Representative pictures and (B) quantification of CD31+ microvessels (red) in the adventitia. (C) 
Representative pictures of Perls iron staining (both negative for Perls iron). Mean±SEM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 4 

92 
 

PDGF-Bret/ret increased leukocytes numbers in blood 
Atherosclerosis is an inflammatory disease and immune cell numbers can causally influence 
atherogenesis. Therefore, blood counts were first analyzed by coulter counter showing 
marked increases in blood leukocytes of PDGF-Bret/ret mice (Figure 4). Apart from B-cells, all 
of the analyzed immune cell subsets were increased in PDGF-Bret/ret mice (Figure 5). 
Especially the observed monocytosis and granulocytosis point to a pro-inflammatory 
immune cell status of the PDGF-Bret/ret KO mice.    

 
Figure 4. Increased circulating white blood cells in PDGF-Bret/ret mice 
Number of (A) white blood cells, (B) red blood cells, (C) platelets, (D) mean cell volume, (E) mean cell 
hemoglobin, (F) mean corpuscular hemoglobin, (G) hemoglobin and (H) hematocrit in whole blood of control and 
PDGF-Bret/ret mice. Mean±SEM *p < 0.05, **p < 0.01 
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No increase in plaque macrophages 
Atherosclerotic plaque macrophages are thought to originate from extravasated circulating 
monocytes or by clonal expansion (14). Although overall blood monocytes including the 
tissue homing Ly6Chigh monocyte species were elevated (Figure 5), and although PDGF-B 
was previously reported to stimulate macrophage proliferation in vitro (15), the percentage 
of MOMA2-positive macrophage  plaque content was even decreased in PDGF-Bret/ret KO 
mice (Figure 6A,B).  

 
Figure 5. PDGF-Bret/ret mice display a pro-inflammatory leukocyte phenotype in circulating blood  
Flow cytometry for (A) total leukocytes, (B) granulocytes, (C) NK cells, (D) B cells, (E) total T cells, (F) cytotoxic T 
cells, (G) T helper cells, (H) total monocytes, (I) tissue homing monocytes (Ly6Chigh) and (J) patrolling monocytes 
(Ly6Clow). Mean±SEM *p < 0.05, **p < 0.01, ***p < 0.001 
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Increased collagen content with no change in smooth muscle cell content 
PDGF-B is an important factor for smooth muscle cell function and proliferation (16). 
Therefore, plaques were analyzed for smooth muscle cell presence. No increase in the 
percentage of plaque smooth muscle cells could be found in plaques of PDGF-Bret/ret mice 
(Figure 6C,D). In contrast, collagen content (Figure 6E,F)  and cap thickness (Figure 6G) were 
found increased in PDGF-Bret/ret mice. This was unexpected, as smooth muscle cells are a 
major source of collagen in atherosclerosis (16). 
 

 
Figure 6. Increased plaque size in PDGF-Bret/ret mice caused by increased collagen content rather than 
macrophages and smooth muscle cells  
(A) Representative pictures and (B) quantification of MOMA-2 stained macrophages and (C+D) αSMA stained 
smooth muscle cells (red) in plaques of the aortic root. (E) Representative pictures and (F) quantification of Sirius 
red stained plaque collagen and (G) mean cap thickness. Mean±SEM *p < 0.05, **p < 0.01 
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DISCUSSION 
 
Disruption of PDGF-B´s ability to anchor to extracellular matrix, by deleting its retention 
motif, led to increased plaque size in atherosclerosis-prone mice. Surprisingly, this did 
neither affect plaque or adventitia microvessel number nor leakage, as assessed by iron 
deposition. The increase in plaque size was accompanied by an increase in leukocyte counts 
in blood and in particular of major myeloid subsets relevant to atherosclerosis. However, 
the increased circulating monocyte and granulocyte presence did not translate into 
enhanced plaque macrophage content. Rather, we observed clear profibrotic effects: 
collagen content and cap thickness increased and likely accounted for the plaque expansion 
in PDGF-Bret/ret mice. Interestingly, the increase in fibrosis was independent of plaque 
smooth muscle cell content. PDGF-Bret/ret reduced weight gain after Western type diet 
feeding. However, the difference in bodyweight did not reflect a diminished food intake and 
related plasma lipid profiles, as cholesterol and triglyceride levels were similar.   
 
No effect of PDGF-Bret/ret on adventitial microvessel quantity or quality 
It was reported previously that PDGF-Bret/ret reduced microvessel density in the retina (5), 
suggesting reduced angiogenesis in PDGF-Bret/ret KO mice. In line no intra-plaque vessels 
were found in PDGF-Bret/ret mice, however, also no intra-plaque vessels could be found in 
control mice. In addition, no difference in adventitial microvessel numbers was observed. 
The pericyte coverage of adventitial microvessels, thus microvessel quality, remains to be 
elucidated in the current model using pericyte markers such as the XlacZ transgene and/or 
NG2. However, the absence of iron deposition in the plaque hints to similar microvessel 
leakage as intra-plaque and adventitial hemorrhage is absent in both control and PDGF- 
Bret/ret mice.    
 
Despite increased leukocytes in blood, less macrophages in PDGF-Bret/ret plaques  
A prominent feature of PDGF-Bret/ret mice was the leukocytosis, with expansion of almost all 
subsets in circulation. This effect has not been reported earlier, but a possible explanation 
for the elevated blood immune cell counts could be differences in hematopoiesis in PDGF-
Bret/ret mice. Culture of bone marrow cells with PDGF-B led to activation of primitive 
hematopoietic precursors via the upregulation of interleukin 1 in marrow macrophages 
(18). However in vivo proof of this concept is absent. In contrast to the in vitro observations, 
bone marrow reconstitution of lethally irradiated mice with fetal PDGF-B KO liver cells 
showed no effect on hematopoiesis (19). In this model, PDGF-B is completely absent, while 
in our model PDGFB is not anchored into the extracellular matrix. This may result in 
redistribution of extracellular PDGFB from tissue to circulation. Besides possible effects on 
hematopoiesis, PDGF-B may act on circulating immune cells. Myeloid PDGF-B deficiency 
was reported to increase T cell number, resulted in pro-inflammatory T cell skewing and led 
to increased intimal monocyte recruitment (20). However, the elevated leukocyte counts in 
blood did not correlate with macrophage content within the plaques, as the macrophage 
content was even found to be decreased. This may be explained by the recent finding that 
plaque macrophage numbers in advanced plaques rather depend on local proliferation, 
instead of monocyte recruitment from the circulation (21). However, PDGF-B stimulation 
was reported to induce macrophage proliferation in vitro (15) suggesting lower PDGF-B 
levels within the analyzed plaques of PDGF-Bret/ret mice. The plaque PDGF-B levels remain 
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elucidated in the current study, but the lack of the matrix-retention motif may indeed result 
in lower plaque PDGF-B. Also, the effect of increased immune cells counts on other plaque 
immune cells such as T cells and granulocytes remains to be investigated in the current 
model.  
 
PDGF-B pro-atherogenic via effects on smooth muscle cells 
There are strong indications that PDGF-B may play a detrimental role in atherosclerosis, as 
local overexpression (22) or PDGF-B infusion (23) resulted in larger plaques. In both studies, 
smooth muscle cell proliferation could be identified as causal mechanism for the expansion. 
Since in the present study no difference in smooth muscle cell content was found, the 
altered PDGF-B distribution after retention motif KO might rather act on smooth muscle cell 
functionality than proliferation. The possible effect on smooth muscle cell functionality is 
supported by a previous finding that PDGF-B stimulates collagen production in smooth 
muscle cell in vitro (24) and in vivo (25). This is in line with the current observation of 
increased total collagen and cap thickness in PGDF-Bret/ret mice. Thus, elevated serum PDGF-
B levels in PDGF-Bret/ret would partially explain the current findings. As PDGF-B after 
retention motif KO cannot anchor in the extracellular matrix, serum levels may be enhanced 
by increased diffusion. To explain our findings, an altered distribution of PDGF-B after 
retention motif KO in plaques and plasma seems likely, but remains to be proven.  
 
Dual role of PDGF-B in atherosclerosis   
PDGF-B expression is enhanced at predilection sites of atherosclerosis exposed to turbulent 
flow and low shear stresses (26). PDGF-B is also strongly expressed in atherosclerotic 
plaques, compared to non-diseased vessels (27). In addition, high PDGF-B plasma levels 
were associated with hypercholesterolemia (28), stenosis (29) and symptomatic patients 
(30). Moreover, inhibition of PDGF-B receptor by either a kinase inhibitor (31) or a blocking 
antibody (32) inhibited atherosclerosis in atherosclerosis-prone ApoE-/- mice. Besides the 
aforementioned pro-atherogenic effects of PDGF-B and the results of the current study, also 
anti-atherogenic properties have been reported. Hematopoietic PDGF-B KO resulted in a 
pro-inflammatory phenotype in atherosclerosis (11) and PDGF-B may thus have anti-
inflammatory properties. This is supported by the finding that stimulation of isolated NK 
cells with PDGF-B results in reduction of cytotoxicity (33). Finally, PDGF-B inhibition was not 
able to prevent stent restenosis in patients with pre-existing atherosclerosis (34), but did 
not accelerate the disease either. Thus PDGF-B inhibition or overexpression does not 
represent an ideal target for atherosclerosis treatment, suggesting the further investigation 
of downstream pathways to isolate beneficial and detrimental effects of PDGF-B in different 
stages of atherogenesis.  
 
Conclusion 
Retention motif KO of PDGF-B resulted in a pro-inflammatory immune cell phenotype in the 
blood, while plaque macrophage content even decreased. Rather, the plaque expansion in 
PDGF-Bret/ret mice could be attributed to an increase in collagen content, whereas smooth 
muscle cell content remained unchanged. 
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ABSTRACT 
 
Objective 
Angiopoietin-2 (Ang-2) blocking agents are currently undergoing clinical trials for use in 
cancer treatment. Ang-2 has also been associated with rupture-prone atherosclerotic 
plaques in humans, suggesting a role for Ang-2 in plaque stability. Despite the availability of 
Ang-2 blocking agents, their clinical use is still lacking. Our aim was to establish if Ang-2 has 
a role in atheroma development and in the transition of subclinical to clinically relevant 
atherosclerosis. We investigated the effect of antibody-mediated Ang-2 blockage on 
atherogenesis in a mouse model of atherosclerosis. 
 
Approach and results 
Hypercholesterolemic (low-density lipoprotein receptor-/- apolipoprotein B100/100) mice 
were subjected to high-cholesterol diet for eight weeks, one group with and one group 
without Ang-2 blocking antibody treatment during weeks 4-8. To enhance plaque 
development, a peri-adventitial collar was placed around the carotid arteries at the start of 
antibody treatment. Aortic roots, carotid arteries and brachiocephalic arteries were 
analyzed to evaluate the effect of Ang-2 blockage on atherosclerotic plaque size and stable 
plaque characteristics.  
Anti-Ang-2 treatment reduced the size of fatty streaks in the brachiocephalic artery (-72%, 
p<0.05). In addition, antibody-mediated Ang-2 blockage reduced plasma triglycerides (-
27%, p<0.05). In contrast, Ang-2 blockage did not have any effect on the size or composition 
(collagen content, macrophage percentage, adventitial microvessel density) of pre-existing 
plaques in the aortic root or collar-induced plaques in the carotid artery.  
 
Conclusions 
Ang-2 blockage was beneficial as it decreased fatty streak formation and plasma triglyceride 
levels, but had no adverse effect on pre-existing atherosclerosis in hypercholesterolemic 
mice. 
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INTRODUCTION  
 
Increased plasma levels of the vascular growth factor angiopoietin-2 (Ang-2) occur in several 
diseases, including cancer (1), systemic infections (2), and in cardiovascular diseases such 
as acute myocardial infarction (3). Ang-2 is also increased in highly vascularized, rupture-
prone human atherosclerotic plaques (4,5). Despite the detrimental role of Ang-2 in 
atherosclerosis suggested by these results, Ang-2 overexpression decreased plaque size in 
a mouse model of atherosclerosis (6). However, we considered that systemic Ang-2 
overexpression fails to mimic the function of endogenous Ang-2 in atherogenesis. 
Despite increased Ang-2 levels in clinically relevant atherosclerosis, and the availability of 
Ang-2 blocking agents, there have been no attempts to study Ang-2 blockage in 
cardiovascular diseases. Therefore, we considered it important to study the role of Ang-2 
blocking as a therapeutic strategy in atherosclerosis. Because the blocking of vascular 
endothelial growth factor in cancer therapy increased the risk of unpredicted cardiovascular 
side effects, such as arterial thrombosis, heart failure or cardiomyopathy (7–10), and 
because anti-Ang-2 therapy is currently used for cancer treatment as well, we aimed to 
evaluate the potential cardiovascular risk of anti-Ang-2 treatment in an experimental 
setting of pre-existing atherosclerosis. In order to investigate the role of endogenous Ang-
2, a blocking strategy was adopted. Currently, a wide variety of Ang-2 blocking agents are 
being tested in clinical trials already in Phase III against different types of cancer (reviewed 
in (11)). We used an antibody that inhibits tumor growth in mice by blocking Ang-2 binding 
to its receptor Tie-2 (12). 
The therapeutic potential of Ang-2 blockage is based on the adverse effects of Ang-2 on 
processes leading to plaque instability: microvessel growth (angiogenesis), decreased 
pericyte coating of microvasculature and increased vascular permeability (2,13,14), that 
promotes leukocyte recruitment (13,15,16). In addition, Tie-2 expressing macrophages 
respond to Ang-2 by secreting tumor necrosis factor α (TNFα) (17), which can contribute to 
the inflammation in the vessel wall. 
Microvessel growth and permeability, and inflammation are also involved in the transition 
of a clinically silent, stable atherosclerotic plaque into a vulnerable plaque at risk of fibrous 
cap rupture and ensuing clinical events (18). The abundance and compromised structural 
integrity of plaque microvessels are detrimental to plaque stability, increasing the likelihood 
of plaque rupture (18–20). Structurally abnormal microvessels involve the risk of plaque 
hemorrhage and lead to increased lipoprotein deposition and influx of leukocytes, 
triggering a pro-inflammatory cycle that results in plaque weakening.   
In this study, we investigated the effects of the Ang-2 blocking antibody on fatty streak 
formation and atherosclerotic plaque progression in aortic root, brachiocephalic arteries 
and in collar-induced carotid atherosclerosis in LDLr-/- ApoB100/100 mice.   
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MATERIALS AND METHODS 
 
Experimental Animals  
Ten to twelve week old male LDLr-/- ApoB100/100 mice (n=26) were placed on a high 
cholesterol diet (42% of calories from fat and 0.15% from cholesterol, no sodium cholate; 
TD 88173 Harlan Teklad, Boxmeer, NL) for 8 weeks. After 3 weeks of diet, mice underwent 
collar placement surgery as previously described (21). In brief, the mice were anaesthetized 
with isoflurane (induction: 4.5% isoflurane, 450 ml air, maintenance: 2.0% isoflurane, 200 
ml air; Baxter International, Helsinki, Finland) and injected with 0.1 mg Rimadyl s.c. (Pfizer, 
Helsinki, FI). Anesthesia was controlled regularly by visual inspection and toe pinch reflex. 
Carotid arteries were accessed via a sagittal anterior neck incision and dissected from the 
surrounding tissue without damaging the vagus nerve or the carotid arteries. A 2 mm silastic 
collar was placed bilaterally, right under the bifurcation and fixed with three circumferential 
surgical silk knots. 
One day after collar placement surgery, the mice were distributed randomly and injected 
intraperitoneally with either a monoclonal Ang-2 blocking antibody (12) (n=14) or a control 
immunoglobulin (n=12; IgG) at a dose of 10 mg/kg, as previously described (22). The 
injections were repeated three times weekly over a total time of five weeks.  
Food and water were provided ad libitum during the entire study. All animal experiments 
were approved by National Experimental Animal Board of Finland and carried out in 
accordance with guidelines of the Finnish Act on Animal Experimentation.  
 
Plasma Ang-2 levels  
Plasma Ang-2 concentrations were measured using enzyme linked immunosorbent assay 
for murine Ang-2 (R&D systems, Abingdon, UK).  
 
Echocardiography and carotid artery ultrasound  
Echocardiographic measurements were performed before the collar operations and at 5 
weeks after the operation/antibody treatment using the Vevo® 2100 Ultrasound System 
(VisualSonics®, Amsterdam, NL). The animals were anesthetized with isoflurane. The 
Ejection fraction (EF), fractional shortening (FS), left ventricle (LV) mass, LV diastolic and 
systolic volume were analyzed from parasternal short axis M-mode measurements. EF was 
calculated by Vevo2100 software using the Teicholz formula (23). Carotid strain was 
measured as percent change in the arterial diameter: (SD – DD)/DD, where SD was the 
systolic and DD the diastolic CCA diameter. Peak wall shear stress at 1 mm proximal to the 
collar was calculated by the Poiseuille equation: τ (dyn/cm2) = 4 × V × η/ID, where V is the 
peak systolic flow velocity (cm/s), η is the blood viscosity (taken as 0.035 poise), and ID is 
the maximal lumen diameter of the targeted carotid artery (cm) (24,25). 
Total serum cholesterol and triglycerides 
Plasma was separated by centrifugation and stored at -80°C until further use. Cholesterol 
was determined using standard enzymatic assays (CHOD-PAP method - Cholesterol FS 
Ecoline product no. 1 1300 99 90 314, DiaSys, Holzheim, GE), as were triglyceride levels 
(GPO method - Triglycerides FS Ecoline REF 1 5760 99 90 314 both DiaSys). 
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Atherosclerotic plaque quantification and immunohistochemistry  
Atherosclerotic plaque development in the murine arterial tree starts in the aortic root, 
extending to the aortic arch and brachiocephalic trunk and, after an extended time period, 
develop into the carotid bifurcation (26). In this study, the mice were fed a high cholesterol 
diet for 8 weeks and subjected to antibody treatment during the last 5 weeks. The plaques 
in the brachiocephalic artery consisted mainly of foamy macrophages without an overlying 
cap or extracellular cholesterol crystals, thus termed fatty streaks. The plaques in the aortic 
root and carotid arteries were classified as advanced plaques composed of immune cells, 
smooth muscle cells and a necrotic core, all covered by a fibrous cap. The antibody effect 
on fatty streak formation could thus be studied in the brachiocephalic artery, while the 
effect on progression of pre-existing, advanced plaques was studied in the aortic root and 
carotid arteries with a collar placement, respectively. 
Mice were euthanized by CO2 asphyxiation and blood was collected via the right ventricle 
for ELISA, total cholesterol- and triglyceride analysis. Remaining blood was cleared by 
perfusion with 20 ml PBS via the left ventricle. Brachiocephalic arteries, aortic root and right 
common carotid arteries were excised and immersion fixed in 1% paraformaldehyde 
overnight.  
Tissue samples were paraffin embedded, serially sectioned (4 µm) and stained with 
hematoxylin and eosin (HE, Sigma, Zwijndrecht, NL) for quantification of the plaque areas 
using computerized morphometry (Leica QWin V3, Cambridge, UK). Total plaque area and 
necrotic core content were obtained by averaging measurements of five representative 
sections of the brachiocephalic artery, aortic root and right common carotid artery. The 
necrotic core was defined by cholesterol clefts, lipid droplets and acellular regions. Collagen 
content was determined from representative sections stained with Sirius Red (Sirius Red+ 
area/plaque area; Sigma). Plaque macrophages and the intra-plaque and adventitial 
microvessels were quantified using immunohistochemistry for Mac-3 (Mac-3+ area/plaque 
area; BD Pharmingen, Breda, NL) and CD31 (BD Pharmingen, Breda, NL) respectively. 
 
Statistical analysis  
All data are presented as mean±SEM. Following Shapiro-Wilk test for normal distribution, 
the groups were compared with student´s t-test or Mann-Whitney rank-sum test. 
(GraphPad Prism4, La Jolla, CA, USA). A p-value of p<0.05 was considered significant. 
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RESULTS  
 
Ang-2 blocking decreases plasma triglycerides but not plasma cholesterol levels  
The Ang2 antibody used in the study blocks the Ang-2 fibrinogen binding domain that is 
responsible for receptor binding (12), and this results in increased Ang-2 levels in the 
circulation (27). The antibody injections resulted in an almost 30-fold increased plasma Ang-
2 concentration after five weeks of treatment (Figure 1A). An increase in plasma Ang-2 has 
also been described in humans treated with the anti-Ang-2 antibody (27). During five weeks 
of administration, the antibody treatment did not affect the general health status, including 
body weight (Figure 1B), cardiac function (Figures 1E-J) or shear stress in carotid artery after 
collar implantation (Figures 1K and L). However, the treatment led to a 27% decrease in 
plasma triglycerides (Figure 1D) without any effects on plasma cholesterol (Figure 1C). 

 
 
Figure 1. Anti Ang-2 antibody treatment increases plasma Ang-2 levels and decreases plasma triglycerides  
Plasma Ang-2 levels in anti-Ang and IgG treated mice (A). During the five weeks of administration, the antibody 
treatment did not affect the general health status, body weight (B), cardiac function (E-J) or shear stress in carotid 
artery after collar implantation (K+L). However, the treatment led to a decrease in plasma triglycerides (D) without 
effects on plasma cholesterol (C). Mean±SEM, *p<0.05; **p<0.01  
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Ang-2 blocking decreases fatty streak formation 
In order to investigate if Ang-2 blockage affects fatty streak formation, the brachiocephalic 
artery (28) was analyzed after eight weeks of high-cholesterol diet. Interestingly, fatty 
streak formation in the brachiocephalic artery was significantly less in mice treated with the 
anti-Ang-2 antibody than control IgG (Figures 2A-C). While anti-Ang-2 therapy reduced the 
percentage of stenosis, the lumen and media size remained unchanged (Figures 2D-F). 
Furthermore, Ang-2 blockage did not alter the fatty streak composition: the collagen 
content and the percentage of Mac-3 positive macrophages in the plaques (Figures 2G-I and 
J-L, respectively) remained unaltered. No microvessels were found in the fatty streaks and 
adventitial microvessel density was not altered by the antibody treatment (Figures 2M-O 
and data not shown). 
 



Chapter 5 

108  
 

 
Figure 2. Antibody mediated Ang-2 blockage delays fatty streak formation in the brachiocephalic artery  
Representative images of HE-stained brachiocephalic arteries (A+B) show a decrease in fatty streak size in animals 
treated with anti Ang-2 antibody (C). There is no difference in lumen area or medial thickness (D+E) but a reduction 
in stenosis after anti-Ang-2 treatment (F). Plaque collagen content (percentage of Sirius Red positive area/total 
plaque area, G-I), percentage of macrophage area (Mac3+ area/total plaque area,J-L) and adventitial microvessel 
density (microvessels/mm2) (MVD) (M-O).. Representative images: left panels IgG, right panels anti-Ang-2 
antibody. Mean±SEM, *p<0.05 
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Existing and advanced plaques are not affected by antibody-mediated Ang-2 blockage 
Mice were fed a high-cholesterol diet for three weeks followed by anti-Ang-2 antibody 
treatment while the diet was continued. This allowed us to analyze the pre-existing plaques 
in the aortic root in addition to fatty streaks in the brachiocephalic artery. Plaque sizes in 
aortic roots of mice treated with anti-Ang-2 did not differ from control IgG injected mice 
after eight weeks of high- cholesterol diet and five weeks of antibody administration 
(Figures 3A-C). In addition, the treatment did not alter the amount of necrotic core (Figures 
3A,B and D), collagen content (Figures 3E-G) or the macrophages in the plaques (Figures 3H-
J). No changes in intra-plaque vessels or adventitial microvessel density were observed 
(Figures 3K-M and data not shown). Hence, Ang-2 blockage did not interfere with the 
progression or stability of pre-existing plaques. 
In addition to the pre-existing plaques in the aortic root, we were interested in the effects 
of the antibody on collar-induced fast-growing advanced plaques. The plaque size and 
necrotic core content in these rapidly progressing collar-induced advanced plaques did not 
differ between the anti-Ang-2 and control IgG-treated mice (Figures 4A-D). The effect of 
anti-Ang-2 on fatty streak formation and atherosclerotic plaque development has been 
summarized in Table 1. 
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Figure 3. Anti Ang-2 antibody treatment does not alter pre-existing atherosclerosis in the aortic root 
Representative images of HE-stained plaques in the aortic root (A+B) show no difference in plaque size (C) or 
necrotic core (D) in pre-existing plaques of the aortic root after antibody treatment. Also, collagen (percentage of 
Sirius Red positive area/total plaque, E-G), macrophage content (Mac3+ area/total plaque area, H-J) and 
adventitial microvessel density (microvessels/mm2, K-M) were not altered by the anti-Ang-2 antibody treatment. 
Representative pictures: left panels control IgG, right panels anti-Ang-2. Mean±SEM  
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Figure 4. Advanced lesions in the carotid arteries are not affected by Ang-2 blockage 
Representative images of HE-stained collar induced advanced plaques (A+B) in the right common carotid artery. 
Plaque size (C) necrotic core (D). Representative images and quantification of (E-G) collagen, (H-J) macrophages, 
(K-M) microvessels: left control IgG, right anti-Ang-2. Mean±SEM 
 
 
 

 
Table 1. Summary of the presented data 
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DISCUSSION 
 
Our study is the first one to investigate Ang-2 depletion in experimental atherosclerosis and 
the results demonstrate that antibody-mediated Ang-2 depletion reduces fatty streak 
formation in the brachiocephalic arteries. In addition, anti-Ang-2 treatment reduces plasma 
triglycerides while plasma cholesterol levels remain unchanged. The anti-Ang-2 antibody 
did not interfere with pre-existing plaques of the aortic root or with collar-induced plaques 
in the carotid artery. Moreover, Ang-2 depletion had no effect on the stability of the plaque 
phenotype as microvessel density, macrophage and collagen content and the necrotic cores 
remained unchanged (Table 1). 
 
Ang-2 loss-of-function model contradictory to gain-of-function model in atherosclerosis  
To date, inhibition or knock-out of endogenous Ang-2 in human or murine atherosclerosis 
have not been reported. However, Ang-2 overexpression was shown to decrease plaque 
formation in the aortic root of ApoE knock-out mice via inhibition of LDL oxidation (6). 
However, the impact on plaque stability was not studied in great detail. The authors only 
observed an absolute decrease in plaque macrophages after Ang-2 overexpression, albeit 
that data were not corrected for the reduced overall plaque size (6). Therefore, the 
reduction in macrophage area probably only reflects the plaque stage. Concordant with this 
notion, in our study, we did not observe any difference in relative macrophage content 
(macrophage area normalized to the plaque area) after Ang-2 blockage. Enhancing Ang-2 
may seem an attractive therapy at first sight. However, transgenic Ang-2 overexpression 
does not mimic the endogenous role of Ang-2 in atherogenesis, which is crucial for the 
translation to the human situation. 
 
No role for Ang-2 blockage in plaque stabilization 
Considering the stimulatory role of Ang-2 in various processes associated with vulnerable 
plaques (18), such as increased inflammation (13), plaque vascularity (5), microvascular 
leakage (15) and matrix metalloprotease expression (5), we expected profound effects of 
Ang-2 antagonism on the stable plaque phenotype. However, Ang-2 deletion was only able 
to prevent fatty streak formation; it did not prevent plaque progression or changes in 
plaque stability. 
 Changes in fatty streak formation could not be attributed to effects on plaque 
inflammation or angiogenesis. Rather, Ang-2 blockage may retard fatty streak formation by 
a reduction in plasma triglycerides, prevention of endothelial dysfunction or reduction of 
monocyte chemotaxis. We observed lower plasma triglycerides after Ang-2 antibody 
treatment, which might explain the decrease in fatty streak formation. Until recently, 
hypertriglyceridemia was regarded as a risk factor of cardiovascular disease based on 
epidemiological association only, with much controversy on possible causality. However, 
recent Mendelian randomization studies increasingly support the causative role for 
increased plasma triglycerides in cardiovascular disease and atherosclerosis (29,30). Cellular 
effects are mediated by remnant lipoproteins, rich in triglycerides, rather than chylomicrons 
(reviewed in (31)). Mechanistically, direct uptake of these remnant lipoproteins by 
macrophages stimulates cholesterol ester accumulation and macrophage foam cell 
formation, an important step in fatty streak formation (32). Neutral and oxidized free fatty 
acids generated by lipolysis of these triglyceride-rich lipoproteins can also stimulate 
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endothelial dysfunction, subsequently enhancing vascular inflammation and lipoprotein 
retention (33), and hence fatty streak formation (31). Thus, lower triglycerides may prevent 
endothelial dysfunction and foam cell formation, explaining the reduction in fatty streak 
formation. Although high triglyceride levels have also been associated with clinically 
relevant, advanced stages of atherosclerosis (34), reduced levels were without effect on 
pre-existing and advanced atherosclerosis in our model.  
 Ang-2 blockage could decrease fatty streak formation also via processes that are 
regulated by the angiopoietin receptor Tie2, which is highly expressed in endothelial cells 
and monocytes, both involved in the early development of atherosclerosis. Ang-2 expressed 
by endothelial cells has been shown to stimulate monocyte chemotaxis (35), hence Ang-2 
blockage may reduce monocyte recruitment to developing fatty streaks. However, as we 
did not observe alterations in macrophage content of fatty streaks, this seems unlikely. 
More likely is improvement of of endothelial cell dysfunction and the subsequent 
permeability for lipoproteins by anti-Ang-2. This is thought to be the initial step at the onset 
of atherosclerosis. Ang-2 is known to induce endothelial destabilization and vascular 
permeability (36), thus suggesting a beneficial effect of Ang-2 blockage.  
 
Used Ang-2 antibody proven to be effective in other disease models 
The Ang-2 blocking capacity of anti-Ang2 antibodies in vitro (12) and in vivo (12,22,27,37) 
has been firmly established and was confirmed in our study by using Ang-2 ELISA. It has 
been reported that treatment of cardiac allografts with anti-Ang2 protects from transplant 
inflammation and rejection (37). This is in line with atherosclerosis inhibition by 
overexpression of the Tie2 agonist ligand, Ang1 in cardiac allografts (38). Antibody-
mediated Ang-2 blockage has been proven to reduce tumor growth (12) and lung metastasis 
formation (22) in murine cancer models by increasing tumor vessel stability. Moreover, Ang-
2 is released by endothelial cells (39), thus anti-Ang-2 antibody has perfect access to the 
target through the adventitial microvasculature and the main arteries. It is thus unlikely that 
Ang-2 depletion or impaired tissue availability of the antibody could explain the lack of 
effect on plaque progression and stable plaque phenotype.  
 
Inhibiting Ang-2 alone might not be sufficient  
Alternatively, inhibiting Ang-2 only might not suffice to affect pre-existing atherosclerosis. 
Additional factors, such as vascular endothelial growth factor A (VEGF-A) should be targeted 
as well. For example, one could employ a bifunctional anti-VEGF-A/anti-Ang-2 antibody, 
which combines the inhibition of both growth factors; this has already provided a stronger 
anti-tumor effect than targeting the two growth-factors separately (40).  
 
Ang-2 cause or consequence of atherosclerosis  
The lack of effect on plaque growth or the stable plaque phenotype is in contrast to 
previously reported associations between Ang-2 and cardiovascular disease. Increased Ang-
2 plasma levels have been correlated with cardiovascular disease progression, but have also 
been suggested to provide a biomarker for future cardiovascular events such as myocardial 
infarction or stroke (3,41–47). Furthermore, Ang-2 was detected in advanced vascularized 
human plaques (48) and it was associated with a high microvessel content and destabilizing 
MMP-2 expression (5). The outcomes of these studies support our findings that Ang-2 
depletion helps to inhibit atherosclerosis development. Nevertheless, not all studies could 
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show a correlation of Ang-2 with plaques at risk of rupture (49,50). Perhaps the clinical 
correlation of Ang-2 expression and atherosclerosis reflects a compensatory expression in 
response to plaque vulnerability. Overall, Ang-2 may be correlated with cardiovascular 
diseases, but the results described in the present work do not support a causal role for it in 
atherosclerosis progression or plaque vulnerability. Importantly, our study gives no reason 
to think that Ang-2 blockage could have adverse effects on pre-existing atherosclerosis of 
treated cancer patients. 
 
Conclusions 
This is the first time that Ang-2 blockage has been tested in an experimental model of 
atherosclerosis and found to have significant protective effects on fatty streak formation. 
Ang-2 blockage reduces plasma triglycerides and decreases early plaque formation, 
suggesting a beneficial effect of Ang-2 depletion on the early phase of atherosclerosis. In 
addition, no effects on pre-existing atherosclerosis or cardiac function were found, 
suggesting that anti-Ang-2 therapy is safe in various clinical settings. 
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ABSTRACT  
 
Objective 
Histamine and vascular endothelial growth factor (VEGF) are involved in several vascular 
pathologies. Both factors have been suggested to induce neovessel formation and hyper-
permeability. Transient phosphorylation events induced by histamine and VEGF are well-
known but gene regulation leading to angiogenesis remains obscure.  
 
Approach and results 
We show here by RNA-sequencing that histamine and VEGF induce similar transcriptional 
alterations of genes involved in activation of ECs, cell proliferation and adhesion. 
Altogether, 76 commonly regulated genes were found in human primary endothelial cells 
(ECs), representing ~53% of all VEGF-regulated transcripts and ~26% of all histamine-
regulated transcripts. Downstream signaling via VEGF or histamine receptors regulated 
genes involved in calcium signaling, tight junction (TJ) formation, actin re-organization and 
cell-ECM adhesion. Signaling via VEGFR2 regulated VEGF-specific transcription factors 
SNAI2 and MYCN, whereas NR4A1 and RCAN1 expression were commonly regulated by 
both factors independently on VEGFR2. SNAI2 was further shown to be required for EC 
proliferation and tube formation, and to mediate expression of the major TJ protein claudin-
5 together with MYCN and NR4A1. Systemic delivery of VEGF and histamine to C57/Bl6 mice 
corroborated in vivo regulation of these factors. Besides commonly expressed transcription 
factors affecting EC-EC adhesion, both VEGF and histamine induced cell signaling via PI3K-
Akt pathway and upregulated HGF expression, known to induce angiogenesis.  
 
Conclusion 
This study demonstrates that in addition to transient phosphorylation cascades, major 
changes in gene expression profile of ECs are induced by VEGF and histamine leading to pro-
angiogenic cellular processes. Our results increase knowledge of angiogenesis and provide 
novel treatment targets for vascular pathologies. 
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INTRODUCTION 
 
Vascular endothelial growth factors (VEGFs) and inflammatory mediators histamine, 
bradykinin and serotonin are well known edematogenic factors. Increased levels of 
histamine have been reported in response to trauma, allergy, burns and infectious diseases 
(1), whereas increased VEGF levels have been linked to cancer, vascular anomalies and 
asthma (2–4). Both histamine and VEGF cause vasodilatation, vascular hyper-permeability 
and local attraction of inflammatory cells. They have been suggested to be released from 
degranulated mast cells that are often found near inflammation and angiogenic sites (5). 
Besides their role in hyper-permeability, VEGF and histamine have been suggested to induce 
endothelial cell proliferation and angiogenesis (6,7). Histamine induced angiogenesis has 
been observed in primary endothelial cells (6), rabbit cornea (8) and after subcutaneous 
implantation of histamine pellets (6). Additionally, defective angiogenesis has been shown 
in histidine decarboxylase knockout mouse that catalyzes histamine synthesis (9) and after 
treatment with histamine receptor antagonist (7).  Histidine decarboxylase and histamine 
were also recently found to induce differentiation of hematopoietic bone marrow cells (10).  
Histamine has four receptors (HR1-4) that belong to G-protein-coupled receptor (GPCR) 
family, from which HR1 and HR2 are expressed in ECs. VEGFs instead bind to VEGF receptors 
1-3 (VEGFR), while neuropilins 1-2 (NRP) and heparan sulfate proteoglycans (HSPGs) act as 
co-receptors. Several VEGF family members have been identified: VEGF-A, -B, -C -D and 
placenta growth factor in humans, VEGF-E in a virus and VEGF-F derived from snake venom. 
VEGFs can also exist in several isoforms that vary according to their HSPG binding affinity 
(2). VEGFR2 has been suggested to be the main receptor responsible for VEGF-induced 
angiogenesis. In contrast, for histamine two theories exist i) histamine induces VEGF 
expression and thereby angiogenesis (9) and ii) histamine induces expression of NR4A1 
transcription factor that induces angiogenesis (6). In spite of previous work on histamine 
and VEGF signaling, and the use of various VEGFs in pro-angiogenic therapy, gene regulation 
by which these factors induce angiogenesis after initial receptor binding and 
phosphorylation cascades is largely unknown.  
In this study, novel methods including RNA-sequencing (RNA-seq) and multi-photon 
microscopy were used to define the changes induced by various VEGF family proteins and 
histamine in primary human ECs and in intact vasculature of C57/Bl6 mice. Novel common 
molecular players involved in angiogenic processes affecting e.g. EC activation, adhesion 
and proliferation by histamine and VEGF were found by RNA-seq and validated in functional 
assays. No increase in expression of VEGFs or VEGFRs by histamine was detected. 
Downstream signaling cascades via VEGF and histamine receptors were both shown to 
regulate genes involved in calcium signaling, tight junction (TJ) formation, actin re-
organization and cell-extracellular matrix adhesion. Common downstream mediators such 
as hepatocyte growth factor (HGF) and transcription factor RCAN1 (regulator of calcineurin-
1) were found to regulate both VEGF and histamine mediated responses in ECs. 
Downregulation of the major tight junction gene claudin-5 and EC proliferation was 
regulated by PI3K signaling and transcription factors SNAI2 (Snail family zinc finger 2), MYCN 
(N-myc proto-oncogene protein) and NR4A1 (nuclear receptor subfamily 4 group A member 
1). Regulation of NR4A1 and MYCN was also detected after systemic delivery of VEGF or 
histamine in C57/Bl6 mice. Our data show that both histamine and VEGF induce expression 
of multiple genes in ECs, including growth factors and transcription factors that regulate cell 
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proliferation. Understanding the molecular mechanisms of angiogenic processes in ECs and 
their underlying gene regulation is crucial for the development of novel ways to reduce 
edema in pathological conditions and to develop pro- and anti-angiogenic therapies.  
  



Histamine and VEGFs common regulation of angiogenesis and the EC junction | 6 

125 
 

METHODS 
 
Materials  
Recombinant human VEGF-A121, VEGF-A165, VEGF-DΔNΔC and VEGF-F were produced and 
purified as previously described (11,12). Human umbilical vein endothelial cells (HUVECs) 
were isolated from umbilical cords as previously described (13). Human aortic endothelial 
cells (HAECs) were purchased from Gibco (Life Technologies). Both cell lines were cultured 
in Endothelial Cell Growth medium (EGM; Thermo Scientific) on fibronectin-gelatin coated 
surfaces (10 μg/ml, 0.05%; Sigma-Aldrich). Collection of umbilical cords for cell isolation was 
approved by Ethics Committee of the Kuopio University Hospital (Kuopio, Finland). Silencer 
Select siRNAs against NR4A1, MET, MYCN, SNAI2, VEGFR2 and two control siRNAs were 
purchased from Life Technologies. 
 
Experimental animals 
Animal experiments were approved by National Experimental Animal Board of Finland and 
carried out in accordance with guidelines of the Finnish Act on Animal Experimentation. 
Recombinant human VEGFs were produced and purified as previously described (11). 
Histamine was purchased from Sigma-Aldrich (St. Louis, MO). Green fluorescent 
microspheres (200nm) were obtained from Thermo Fisher Scientific (Fremont, CA). All 
experiments were performed with 8-12 weeks old male C57/Bl6 mice (Harlan Laboratories, 
Indianapolis, IN). For ex vivo permeability experiments, mice received an intravenous 
injection of fluorescent microspheres followed by injection with 0.25 µg/g of human 
recombinant VEGFs or 12.5 µg/g (4h) and 25 µg/g (10 min) of histamine under isoflurane 
anesthesia. Saline was used as control. Mice were sacrificed 10 min, 30 min or 4 h after 
injections and perfused with PBS (n=4-5 mice/group). Tissues were harvested and snap 
frozen in liquid nitrogen for RT-qPCR and western blot. For imaging purposes, tissues were 
fixed in 4% PFA in PBS for 2 h, sliced to 1mm whole immune mount sections and incubated 
overnight with rat anti-mouse CD31 (BD Biosciences, Franklin Lakes, NJ), followed by 
immunostaining with goat anti-rat Alexa594 antibody (Life Technologies, Carlsbad, CA).  
 
Imaging and image analysis 
Imaging was performed by Nikon A1R multi-photon microscope and LSM700 Zeiss confocal 
microscope. In multi-photon experiments, 25x/1.05 water objective and Chameleon Vision 
II laser (Coherent, Santa Clara, CA) with an excitation wavelength of 800nm was used. The 
signal was detected at 525-550nm for green fluorescent microspheres and 575-600nm for 
CD31 (512x512 frame size). With confocal microscope, 405/488/555nm diode lasers were 
used together with appropriate emission filters (63x/1.4 PlanApo objective, 512x512 frame 
size). Image processing and analysis was performed from 3D-images by ImageJ (14) using 
particle analysis function (n=5 images/animal/tissue). 
 
RNA-Seq Libraries 
Confluent cultures of HUVECs were washed with PBS, followed by starvation of cells for 16 
hrs with EGM medium supplemented with 0.5 % FBS. The cells were stimulated with VEGF-
A165 (100 ng/ml) or histamine (20 μM) for 7 hrs. RNA was extracted from HUVEC cells with 
RNeasy Mini Kit (Qiagen). After enrichment by Poly(A)-RNA with MicroPoly(A) Purist Kit, 
RNA was fragmented using RNA Fragmentation Reagents (Life Technologies) and purified in 
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P-30 column (Bio-Rad, Hercules, CA). Fragmented RNA was further dephosphorylated with 
PNK (New England Biolabs, Ipswich, MA), heat-inactivated and purified by RNA Clean & 
Concentrator™-5 kit (Zymo Research Corporation). Poly(A)-tailing and cDNA synthesis was 
performed as described previously (15). For reverse transcription an oligo allowing custom 
barcoding during final amplification was used: 
/5Phos/GATCGTCGGACTGTAGAACTCTGAAC/iSp18/TCAGACGTGTGCTCTTCCGATCTTTTTTTT
TTTTTTTTTTTTVN (IDT, Coralville, IA). Exonuclease I (New England Biolabs) was used to 
catalyze the removal of excess oligo. The DNA-RNA hybrid was further purified using ChIP 
DNA clean & Concentrator Kit (Zymo Research Corporation), RNaseH treated and 
circularized using CircLigase (Epicentre, Madison, WI). The libraries were amplified for 10 
cycles using the following primers: 5’-
AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGACG-3’ and 5’-
CAAGCAGAAGACGGCATACGAGATXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCG ATCT 
(barcode XXXXXX-underlined). The final product was ran on Novex 10%-TBE gel, purified 
and cleaned-up as above. The libraries were sequenced on HiSeq 2000 (Illumina, San Diego, 
CA) for 50 cycles according to the manufacturer's instructions (GeneCore, EMBL). Data 
analysis was performed using HOMER 4.3. Detailed instructions can be found at 
homer.salk.edu/homer (16). RNA-Seq was mapped using TopHat (v2.0.7) allowing up to two 
mismatches and reporting only one alignment for each read. Poor quality reads were 
filtered out (min. 97% of bp over quality cutoff 10). Each sequencing experiment was 
normalized to a total of 107 uniquely mapped tags and visualized by preparing custom tracks 
for the UCSC Genome browser. Differentially expressed genes were identified using edgeR 
(17). Following thresholds were used: Ρ-value < 0.05, RPKM > 0.5 and fold change > 1.6. 
Clustering results were generated by Cluster 3.0 and the output was viewed using Java 
Treeview. Clustering results were generated by Cluster 3.0 by normalizing and centering the 
gene expression tags to range from -1 to 1. For gene ontology analysis DAVID Bioinformatics 
Resources 6.7, IPA and HOMER were used. The data is available in GEO under the accession 
number GSE58663 and can be accessed from 
ncbi.nlm.nih.gov/geo/query/acc.cgi?token=chkbssymbdqxbah&acc=GSE58663. 
 
qRT-PCR  
Confluent cultures of HUVECs (3 donors) or HAECs were washed with PBS, followed by 
starvation of cells for 16 h with EGM medium supplemented with 0.5 % FBS. For siRNA 
experiments, HUVECs were transfected with 10nM siRNA oligonucleotides using 
oligofectamine for 48 h (Life Technologies). siRNA efficiencies were detected by qRT-PCR 
(NR4A1 78.6%±1.51%, MET 77.4%%±0.99%, MYCN 63.5%±3.85%, SNAI2 73.3%±2.08%, 
VEGFR2 86.1%±0.98%; Supplemental Figure 1F) In all experiments, the cells were stimulated 
with VEGFs (20, 100, 500 ng/ml) or histamine (0.2, 2, 20 μM) for 4 or 7 h. In PI3Kα/δ-inhibitor 
experiments, ECs were pre-treated for 30min with 0.5μM Pictilisib (Sellekchem, Houston, 
TX) prior to VEGF or histamine stimulation for 7h. Tissue samples were collected from VEGF 
or histamine-treated mice as previously described and homogenized with PreCellys 24 
tissue homogenizer (Bertin Technologies, Saint Quentin en Yvelines, France). RNA was 
extracted according to the manufacturer’s instructions (Qiagen, Hilden, Germany). Total 
RNA was reverse transcribed into cDNA using random hexamers (Promega, Madison, WI) 
and RevertAID reverse transcriptase (MBI Fermentas, Hanover, MD). Quantitative 
measurements of mRNA levels were performed using the Assays-on-Demand gene 
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expression products (Supplementary table 3) with StepOnePlus Real-Time PCR System 
(Applied Biosystems, Foster City, CA). Amplification of beta-2 microglobulin (B2M) was used 
as an endogenous control with human endothelial cells and peptidylprolyl osomerase A 
(PPIA) and GADPH with mouse tissues.  
 
Western blot 
Tissues were homogenized in lysis buffer [50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 10% glycerol, PhosSTOP and 
protease inhibitor tablets (Roche Applied Science, Penzberg, Germany)] with Precellys 
Lysing kit (Bertin Technologies). Protein concentrations were determined by BCA Protein 
Assay Kit (Thermo Fisher Scientific). Proteins were separated using SDS-PAGE, followed by 
transfer to nitrocellulose membranes (Pure Nitrocellulose Membrane, Bio-Rad). 
Membranes were blocked in 5% w/v BSA in TBS and 0.1% Tween 20 and incubated with 
primary antibodies MYCN (Abnova, Taipei, Taiwan), VEGF (Santa Cruz Biotechnology, Dallas, 
TX) and β-Actin (Cell Signaling Technology, Danvers, MA) overnight at 4°C. Blots were 
visualized using HRP-conjugated secondary antibodies and ECL 2 Western Blotting Substrate 
(Thermo Fisher Scientific) and detected with Typhoon 9400 (GE Heathcare, Little Chalfont, 
UK) scanner. 
MTS assay. HUVECs were seeded on 96-well plates at 4.000 cells/well and transfected with 
10nM siRNAs for 48 hrs or treated with 0.5μM PI3Kα/δ-inhibitor for 8 hrs. Cell viability was 
measured with MTS-reagent (Promega) according to the manufacturer’s instructions using 
absorbance of 492 nm. No cytotoxicity was detected with PI3Kα/δ-inhibitor in comparison 
to untreated control cells (data not shown). 
 
Statistical analysis  
Data are presented as mean±SEM. Following Shapiro-Wilk test for normal distribution, the 
groups were compared with Mann-Whitney rank-sum test or One-way ANOVA followed by 
Dunnett’s multiple comparison test. (GraphPad Prism4, La Jolla, CA, USA). Ρ<0.05 was used 
to define statistical significance. 
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RESULTS 
 
Common gene expression profiles regulate VEGF and histamine induced changes in EC 
function  
To characterize the transcriptional alterations of genes known to regulate angiogenic 
signaling and to compare the molecular mechanisms induced by histamine and VEGF, RNA-
seq was performed from primary human vein endothelial cells (HUVEC) after 7h of exposure 
to histamine or VEGF. Fold changes of several genes known to regulate cell adhesion, cell 
proliferation, ion flux and immune response were compared between the factors in ECs. 76 
genes were shown to be commonly regulated between VEGF-A165 and histamine (Figure 1A, 
B; Table 1, Supplementary Table 1), representing ~53% of all VEGF-regulated transcripts and 
~26% of all histamine-regulated transcripts. Accordingly, 47% of all RNA transcripts (n=67) 
were solely regulated by VEGF and ~74% by histamine (n=215; Table 2). Within the 
commonly induced genes a similar regulation pattern was observed, having strong positive 
correlation (r2=0.8; Figure 1C). Gene ontology (GO) and KEGG analyses demonstrated that 
the commonly regulated genes were involved in cell differentiation, development and cell 
adhesion (Figure 1D, F-G; Table 3). Both factors regulated G-protein coupled receptor 
signaling (GPCR) involved in calcium influx/release, cytokine-cytokine interactions as well as 
PI3K-Akt pathway involved e.g. in cell proliferation (Figure 1E, Table 4, Supplementary Table 
2). Histamine also regulated genes involved in granulocyte/agranulocyte diapedesis, type I 
interferon pathway, as well as in chemokine and Toll-like receptor signaling pathways. 
Additionally, activation of genes involved in complement and coagulation cascades, such as 
plasminogen activators, were detected. To exclude that histamine did not induce VEGF 
expression and thereby a similar expression pattern of commonly regulated genes, RT-qPCR 
and Western Blot (WB) analyses were performed from histamine-stimulated cells from 4h 
and 7h time points for RT-qPCR and 7h for WB. No significant change in VEGF expression 
was detected either in RT-qPCR experiments, RNA-seq data or in WB (data not shown, 
Supplementary Table 1, Supplemental Figure 1A). Additionally, no changes in expression of 
VEGFRs were detected by RNA-seq. 
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Figure 1. Histamine and VEGF Regulate Gene Expression Similarly and Induce Angiogenic Signals in Endothelial 
Cells  
(A) RNA-sequencing was performed from HUVECs treated with VEGF-A165 or histamine for 7h. Venn diagram 
showing all significantly regulated genes in treated ECs, revealing 76 commonly regulated genes. (B) Heat map 
showing all genes in non-treated ECs (Notx) and in VEGF or histamine treated ECs. Normalized gene expression 
values are shown (red, upregulated; green, downregulated genes). (C-D) Scatter plot (C) and gene ontology analysis 
(D) of commonly regulated genes. (E) KEGG pathway analysis of commonly regulated genes (grey), histamine 
(black) and VEGF (white) regulated genes. (F-G) Gene ontology analyses of histamine (F) and VEGF regulated genes 
(G). In all data, two independent experiments were performed. 

 
VEGF-mediated short-term vascular hyper-permeability is time-dependent and varies in 
different vascular beds according to used VEGF family member  
To validate the role of VEGF and histamine in remodeling cell-cell adhesion after both short 
(10-30min post transduction, p.t.) and long-term exposure (after 7h p.t.), endothelial cell 
(EC) permeability assays, immunostaining of cell junctional proteins and EC tube formation 
assays were performed. First, vascular hyper-permeability response induced by histamine 
and VEGFR2-binding VEGF family members was compared in the intact vasculature of 
C57/Bl6 mice by laser scanning microscopy. Extravasation of green fluorescent 
microspheres indicated vascular permeability. After 10 or 30 min of injection of 
permeabilizing agents and fluorescent microspheres (i.v.), mice were sacrificed, perfused 
and the vasculature was immunostained by CD31 antibody. Vascular leakage of 200nm-
fluorescent microspheres was visible in ~20µm-sized vessels of trachea with HR1/2-binding 
histamine, VEGFR1/2-binding VEGF-A165 and VEGFR2-binding VEGF-F after 10 min of 
exposure. This indicated a fast hyper-permeability response of the vessels (Figure 2A) 
probably due to gap formations between ECs. No vascular leakage was detected after 
injection of VEGFR2/3-binding VEGF-DΔNΔC or saline injected control mice without 
permeabilizing agents. Quantification of fluorescent microspheres from CD31-labelled 
vessels showed a 49-fold increase of vascular permeability in histamine and a 8-fold 
increase in VEGF-F-treated mice (Figure 2B, C), whereas no statistically significant vascular 
leakage was detected with VEGF-A165 after 10 min of exposure (1.6-fold, Ρ>0.05). Instead, 
30 min after injection a 17-fold increase in vascular permeability was detected with VEGF-
A165 and a 12-fold with VEGF-F (Figure 2H), demonstrating that vascular hyper-permeability 
induced by VEGFs increased over time. No differences between treatments were detected 
in liver (10 min or 30 min; Figure 2D), whereas VEGF-F caused a 5-fold less vascular leakage 
in spleen at 10 min time point compared to other VEGFs or histamine (Figure 2E). 
Additionally, no leakage of microspheres was detected in kidneys or heart in any of the time 
points (data not shown). To further distinguish the role of VEGF co-receptors NRP1/2 and 
HSPGs in VEGF-induced vascular hyper-permeability, experiments were performed with 
VEGF isoform A121 which has reduced binding affinity to NRP receptors and HSPGs compared 
to VEGF-A165 or VEGF-F and increased solubility (12). At 30 min time point, VEGF-A121 did not 
induce statistically significant vascular permeability in trachea (Figure 2F, H), whereas in the 
lungs and spleen, a 2-fold increase in vascular leakage was detected (Figure 2I, J). Therefore, 
VEGF binding to NRP-receptors or HSPGs seem to further affect the permeability profile 
induced by VEGFs. In accordance with in vivo results, in vitro permeability assay in HUVEC 
cells showed that VEGF-A165 significantly  induced EC permeability of fluorescent marker 
(Lucifer yellow) after 15 min of exposure, whereas VEGF-A121 or VEGF-DΔNΔC had no effect 
(Supplemental Figure 1B). Redistribution of VE-cadherin, a major adherens junction (AJ) 
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protein, and changes in actin organization were also seen 30 min after exposure to VEGF-
A121, VEGF-A165, VEGF-F and histamine, whereas VEGF-DΔNΔC did not induce any major 
changes (Figure 3B). 
 

 
Figure 2. Tissue Specific and Time-Dependent Vascular Hyper-permeability in Intact Vasculature of Mice after 
Short-term Induction by Histamine and VEGFs Binding to VEGFR2/NRP  
(A) Tracheal whole mounts labeled with endothelium marker CD31 (red). Intravenous administration of histamine 
or various VEGFs together with 200nm-fluorescent microspheres (green) in C57/Bl6 mice at 10 min after exposure. 
NaCl was used as a negative control together with fluorescent microspheres (untreated). Scale bar, 100µm. (B-E) 
Quantification of the vascular leakage from trachea (B, C), liver (D) and spleen (E) at 10 min after exposure (n=4 
mice/group). (F, G) Close-up and plot profile views of the 20µm-sized leaky vessels are presented after 30 min of 
exposure to VEGFs, showing fluorescent microspheres (green line) outside of the vessels (red line). White bars (F) 
represent the site from which the corresponding intensity plot profile area is derived (G). (H-J) Quantification of 
vascular leakage from trachea (H), lung (I) and spleen (J) at 30 min after VEGF exposure (n=4 mice/group). In all 
data, mean+SEM presented.  Ρ-values: <0.05*, <0.01**, <0.001***. 
 
VEGF regulates gene expression of a major tight junction protein claudin-5 via SNAI2  
Although short-term exposure to permeabilizing agents has been shown to induce 
phosphorylation cascades e.g. in VE-cadherin affecting formation of AJs, changes in EC gene 
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expression leading to angiogenic processes are not well known. RNA-seq from HUVECs at 
7h after exposure revealed that histamine and VEGF both regulate genes involved in AJ and 
tight junction (TJ) cell-cell adhesion modulation as well as re-organization of actin filaments 
that mediate gap formation between ECs (Figure 3A). Both factors downregulated the major 
TJ protein claudin-5 (CLDN5), whereas no change in the expression of the major AJ protein 
VE-cadherin (CDH5) was detected. To further validate the VEGF induced effects, other VEGF 
family members were studied. RT-qPCR experiments confirmed the significant 
downregulation of CLDN5 in both venous (HUVEC) and aortic (HAEC) primary human ECs 
after 4h and 7h of exposure by VEGF-A121, VEGF-A165, VEGF-F and histamine, whereas VEGF-
DΔNΔC had no effect. (Figure 3C, data not shown). This implicates that high affinity binding of 
VEGF to VEGFR2 regulates CLDN5 expression and thereby cell-cell adhesion. Similarly, a 
trend in CLDN5 downregulation was detected in lung tissue of C57/Bl6 mice after 4h of 
exposure (i.v.) to VEGF-A165, VEGF-F or histamine, however the effect was not statistically 
significant (Supplemental Figure 1C). In addition to downregulation of CLDN5 by both VEGF 
and histamine, both factors regulated several other junctional molecules independently. By 
RNA-seq, VEGF was shown to induce downregulation of other cell-cell adhesion genes such 
as immunoglobulin superfamily cell adhesion receptors (AMIGO3, CADM4) and junction 
adhesion molecule 2 (JAM2). Histamine instead regulated other genes associated with TJs 
e.g. claudin superfamily members (CLDN1, CLDN14), coxsackie virus and adenovirus 
receptor (CXADR), cingulin-like 1 (CGNL1), membrane associated guanylate kinase CNKSR 
and membrane protein MPP7. Altogether, the presented data indicate that besides 
internalization of VE-cadherin due to well-known phosphorylation cascades induced by 
VEGF or histamine and thereby vascular hyper-permeability, cell junction formation is 
regulated by complex cellular mechanisms at the gene expression level affecting particularly 
TJ formation. 
Besides cell junction molecules, SNAI2 expression was shown to be upregulated 2.8-fold in 
VEGF-treated ECs (Ρ<0.01) while transcript levels were unchanged in histamine-treated 
cells. SNAI2, a zinc finger protein, has been previously suggested to act as a transcriptional 
regulator of claudins in keratinocytes and to enhance cancer cell migration. To distinguish 
the role of SNAI2 and VEGFR2 signaling in potentially regulating CLDN5 expression and EC 
migration in our study, siRNA experiments against VEGFR2 and SNAI2 were performed in 
HUVECs. In VEGFR2 siRNA treated ECs, histamine but not VEGF was able to downregulate 
CLDN5 expression (Figure 3D). Similarly, silencing of SNAI2 was able to inhibit VEGF-
mediated CLDN5 downregulation, but not histamine-induced effects (Figure 3E). Therefore, 
VEGFR2 and SNAI2 seem to specifically regulate VEGF-mediated TJ assembly. To detect the 
role of SNAI2 in angiogenesis and cell proliferation, matrigel-based in vitro tube forming and 
cell viability assays were performed in HUVECs. In comparison to control siRNA treated cells, 
tube formation of ECs was inhibited in siSNAI2-treated cells (48h), indicating a role for SNAI2 
in regulating vessel formation (Figure3F-H). Stimulation with VEGF (7h) further decreased 
EC tube formation in siSNAI2 treated ECs and induced the formation of cell clusters with 
abnormal morphology. Additionally, reorganization of F-actin filaments, known to be 
associated with formation of TJs, was observed in siSNAI2-treated ECs (Supplemental Figure 
1J). siSNAI2 also reduced EC proliferation compared to control siRNA treated ECs (Figure 
4L). Thus, SNAI2 seems to be an important regulator of cell adhesion, EC tube formation 
and TJ assembly in VEGF activated ECs but not by histamine. 
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Figure 3. Regulation of Cell-Cell Adhesion and Calcium Signaling by Histamine and VEGFs by Inducing Changes in 
Gene Expression  
(A) Heat map showing genes in cell-cell adhesion, cytoskeleton and calcium signaling after VEGF and histamine 
stimulation for 7h in HUVEC cells by RNA-sequencing. Normalized gene expression values are shown (red, 
upregulated; green, downregulated genes). In all data, two independent experiments were performed. Fold 
changes (FC) of selected commonly regulated genes are shown in the table. (B) VE-cadherin (green) redistribution 
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(arrow heads) and F-actin mediated stress fiber formation (red) after VEGF treatment for 30 min. VEGF-A165 and 
untreated cells were used as positive and negative controls. DAPI (blue) was used for staining nuclei. No changes 
were detected with VEGF-DΔNΔC. Scale bar, 20µm. (C) mRNA expression levels of claudin-5 (CLDN5) and solute 
carrier family member SLC12A2 after 7h stimulation with histamine or VEGFs in HUVECs detected by qRT-PCR. (D-
E) Role of VEGFR2 signaling in regulating CLDN5 expression. CLDN5 mRNA expression levels in VEGF receptor 2 
(siVEGFR2; D), Zinc finger protein SNAI2 (siSNAI2; E) or control (siCTRL) siRNA silenced HUVECs after 7h stimulation 
with histamine or VEGF-A detected by qRT-PCR. (F) In vitro tube formation assay in HUVEC cells after 48 h siRNA 
treatment with siSNAI2 and siCTRL and 7h stimulation with histamine or VEGF.  (G-H) In vitro tube formation assay 
in HUVEC cells after 48 h siRNA treatment with siSNAI2 and 7h stimulation with VEGF. Field area and number of 
tubules were detected by Angiosys program (4 images/treatment). In all data, mean+SEM presented.  Ρ-values: 
<0.05*, <0.01**, <0.001***.  
 
TJ formation is regulated via PI3K-signaling by VEGF  
Regulation of extracellular matrix (ECM) organization and EC proliferation by cytokines, 
growth factors and transcription factors have been shown to mediate angiogenic processes, 
including EC-EC adhesion and CLDN5 expression. In this study, 18 transcripts regulating 
extracellular matrix (ECM) remodeling were detected by RNA-seq in histamine-treated ECs 
(7h, HUVEC, Figure 4A). Histamine also modulated matrix metalloproteinases (MMP), which 
are crucial in angiogenesis associated cell migration, e.g. MMP10, MMP19, as well as a 
serine protease reelin (RELN), whereas in VEGF treated cells the expression levels of ADAM 
metallopeptidase (ADAMTS10) and MMP28 were altered. Histamine and VEGF also shared 
14 commonly regulated genes involved in cell proliferation, such as hepatocyte growth 
factor (HGF; Figure 4B, Table 3). Besides these, VEGF upregulated platelet derived growth 
factor D (PDGFD, Figure 4B), whereas macrophage chemotactic factors chemokine ligand 7 
(CCL7) and interleukin-8 (IL8) were only significantly upregulated in histamine-stimulated 
cells. Since HGF has previously been connected with the regulation of TJ formation likely 
therefore influencing CLDN5 expression, and angiogenic signaling by PI3K-Akt pathway, it 
was studied in greater detail. First, WB analysis of HGF-stimulated ECs showed that there 
was no increase in the expression level of VEGF protein (Supplemental Figure 1A) that could 
explain detected CLDN5 downregulation and induced cell proliferation by histamine and 
VEGF via indirect mechanism. This was further confirmed by siRNA experiments against HGF 
receptor MET (siMET) that showed no inhibition of CLDN5 downregulation after stimulation 
with VEGF or histamine (Figure 4E). Further PI3K inhibitor experiments in ECs revealed that 
upregulation of HGF was inhibited by both VEGF and histamine (7h; Figure 4D), whereas 
CLDN5 downregulation was only inhibited in VEGF stimulated PI3K inhibitor-treated ECs 
(Figure 4F). Thus, although the PI3K-Akt pathway is required for VEGF and histamine 
induced HGF mRNA upregulation, HGF is not the common mediator required for regulating 
CLDN5 expression and subsequent TJ formation. Interestingly, PI3K-signalling was required 
particularly for VEGF induced CLDN5 downregulation, whereas no effect was observed with 
histamine. This implies that histamine and VEGF regulate TJ formation via complex and 
partially different cellular mechanisms involving multiple cellular factors affecting to EC-EC 
adhesion and cell proliferation.  
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Figure 4. Regulation of Endothelial Cell Proliferation by Histamine and VEGFs 
(A) Heat map showing genes involved in cell-ECM adhesion regulated by VEGF and histamine stimulation in HUVECs 
at 7h by RNA-sequencing. In all data, two independent experiments were performed. Normalized gene expression 
values are shown (red, upregulated; green, downregulated genes). (B-C) Genes involved in the regulation of growth 
factors, cytokines (B) and transcriptional activity (C) by VEGF and histamine. Log fold changes are shown. (D) PI3K-
Akt pathway is required for HGF upregulation. HGF mRNA expression levels in untreated and PI3K inhibitor treated 
HUVECs after histamine and VEGF stimulation for 7h detected by qRT-PCR. (E) HGF-MET signaling does not regulate 
CLDN5 expression. CLDN5 mRNA expression levels in MET (siMET) or control (siCTRL) siRNA treated HUVECs after 
7h stimulation with histamine or VEGF-A detected by qRT-PCR. (F) PI3K-Akt pathway is required for CLDN5 
downregulation by VEGF. CLDN5 mRNA expression levels in untreated and PI3K inhibitor treated HUVECs after 
histamine and VEGF stimulation for 7h detected by qRT-PCR. (G) Upregulation of transcription factors NR4A1 and 
MYCN in HUVECs after histamine and VEGF stimulation for 7h detected by qRT-PCR. (H) Upregulation of NR4A1 
mRNA expression and downregulation of MYCN in lung tissue by histamine and VEGFs after 4h of systemic delivery 
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detected by qRT-PCR. (I) NR4A1 regulates TJ formation. CLDN5 mRNA expression levels in NR4A1 (siNR4A1), MYCN 
(siMYCN) or siCTRL siRNA treated HUVECs after 7h stimulation with histamine or VEGF detected by qRT-PCR. (J) 
MYCN protein expression is upregulated by VEGFs, but not by histamine in HUVECs after 7h of treatment detected 
by WB. (K) In vitro tube formation assay in HUVEC cells after 48 h siRNA treatment with siMYCN and 7h stimulation 
with VEGF. Representative images are shown. (L) HUVEC proliferation/survival was decreased by siRNAs against 
MYCN, NR4A1 and SNAI2 detected by MTS assay at 48h time point. In all data, mean+SEM presented.  Ρ-values: 
<0.05*, <0.01**, <0.001***. 
 
VEGF and histamine regulate expression of transcription factors RCAN1, NR4A1 and MYCN 
that induce EC proliferation 
In addition to cytokines and growth factors, transcription factors (TFs) are crucial in 
regulating cell adhesion, proliferation and angiogenesis. To identify other TFs than SNAI2 
that are required for cell adhesion/proliferation and regulation of TJ formation, this was 
studied further. NR4A1, RCAN1 and MAFB were found to be regulated by both VEGF and 
histamine by RNA-seq (7h, HUVEC). Besides these, 13 other TFs were specifically regulated 
by histamine and 8 TFs by VEGF (Figure 4C). Of all the TFs, RCAN1, NR4A1 and MYCN were 
the most highly upregulated and thus chosen for further functional studies. In addition to 
RCAN1, a regulator of calcium-dependent calcineurin 1, both histamine and VEGF 
upregulated several genes that are activated in ECs due to overload of calcium, such as 
plasma membrane calcium transporting ATPase 1 (ATP2B1; Supplemental Figure 1D), 
stanniocalcin-1 (STC-1; Supplemental Figure 1E) and aquaporin 1 (AQP1, data not shown). 
Histamine also upregulated expression of Ca2+-influx channel TRPC4 and Ca2+-activated 
chloride channel anoctamin 1 (ANO1) (Supplemental Figure 1D, data not shown). STC-1 and 
RCAN1 were also upregulated after treatment of ECs (48h) with adenovirus vector 
expressing VEGF-A165 (data not shown). To elaborate more the role of VEGFRs in calcium 
signaling further, RCAN1 expression was detected after stimulation with various VEGFR2 
binding VEGFs and in VEGFR2 siRNA-treated HUVECs. In ECs treated with siVEGFR2, 
histamine but not VEGF was able to upregulate RCAN1 expression (Supplemental Figure 
1G), indicating that both factors regulate RCAN1 regardless of their distinct receptor binding 
profiles. Interestingly, no significant changes were found in the expression levels of RCAN1, 
STC1, ATP2B1 or a mediator of sodium/chloride transporter SLC12A2 by VEGF-A121 (Figure 
3C, Supplemental Figure 1D-E). VEGF-F, a selective ligand of VEGFR2, instead seemed to 
induce a similar expression pattern of calcium-induced genes as VEGF-A165. Since VEGFR2 
binding affinities of VEGF-A121 and VEGF-A165 are similar, NRP/HSPG co-receptor binding 
may play a role in VEGF-induced calcium signaling and gene regulation.  
Besides RCAN1, upregulation of NR4A1 expression, an orphan nuclear superfamily member 
involved in angiogenesis and inflammation, was observed in ECs (7h HUVEC) and lung tissue 
of C57/Bl6 mice (i.v.; 4h) by VEGFR2 binding VEGFs and histamine (Figure 4G, H). In 
comparison, MYCN gene expression, linked with regulation of cell proliferation e.g. in 
neuroblastoma, was upregulated by all VEGFs but not by histamine (7h, HUVEC; Figure 4G, 
J). Both NR4A1 and MYCN were also upregulated after longer treatment of ECs (48h) with 
adenovirus vector expressing VEGF-A165 (data not shown). A different role of MYCN in ECs 
compared to lung tissue was seen after systemic delivery of VEGF or histamine in C57/Bl6 
mice, as MYCN was downregulated (i.v., 4h; Figure 4H). The importance of NR4A1 and 
MYCN in EC function was further analyzed in a cell proliferation/survival assay in HUVECs, 
which demonstrated a significant decrease in cell viability after siRNA treatment against 
NR4A1 and MYCN (48h, Figure 4I). In siNR4A1 treated ECs, downregulation of CLDN5 was 
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inhibited after VEGF and histamine treatment (7h), showing that NR4A1 affects TJ 
regulation, but is not specific for VEGF (Figure 4I). In siVEGFR2 experiments, NR4A1 
upregulation was further shown to be independent on VEGFR2 expression (Supplemental 
Figure 1H). This indicates that an indirect mechanism, independent of VEGFR2 signaling 
induces upregulation of this TF after stimulation by histamine and VEGF. Instead, treatment 
of ECs with siMYCN inhibited only VEGF-induced CLDN5 downregulation, whereas no effect 
was observed in histamine-induced ECs.  Interestingly, no statistically significant differences 
were found in EC tube formation with either siMYCN or siNR4A1 treated ECs (Figure 4K, 
Supplemental Figure 1I), confirming earlier observations that they mainly affect EC 
proliferation. To conclude, multiple TFs regulate TJ formation and cell adhesion affecting 
cell proliferation. For VEGF, TFs SNAI2, NR4A1 and MYCN are important regulators of CLDN5 
expression and subsequent TJ formation, whereas histamine is regulated only by NR4A1.  
Altogether, these data demonstrate that both VEGF and histamine regulate genes involved 
in cell adhesion, calcium signaling and cell proliferation affecting angiogenic signaling of ECs 
(Figure 5). Since the VEGFR2 binding ligands VEGF-A165 and VEGF-F induce similar EC 
responses, binding efficiency to VEGFR2 likely determines the vascular/EC hyper-
permeability response. Common TFs, such as NR4A1 and RCAN1 regulate similar signaling 
mechanisms of histamine and VEGF. CLDN5 expression and thus TJ formation and EC-EC 
adhesion is regulated differently between histamine and VEGF and involves signaling via 
PI3K, SNAI2, NR4A1 and MYCN.  
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Figure 5. Common Gene Regulation by Histamine and VEGF leads to Angiogenic Processes in Endothelial Cells 
Common molecular mechanisms, such as PI3K-Akt pathway and calcium signaling exist between histamine ad VEGF 
despite of their distinct receptor binding profiles to H1R/H2R and VEGFRs, respectively. Selected genes affecting 
EC proliferation, cell-cell adhesion and ion flux are shown.  

 

Table 1. Top 10 commonly upregulated genes after VEGF or histamine stimulation in HUVECs at 7h time point.  
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Table 2. Top 10 VEGF or histamine-specific genes upregulated in HUVECs at 7h time point. 

 
*Upregulated transcription factors and transcription enhancer factors. 
 
 
 
Table 3. GO analysis of commonly regulated genes in HUVEC cells after 7h of VEGF and histamine exposure.  
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Table 4. Gene Regulation of Major Signaling Pathways by VEGF and Histamine in HUVEC cells after 7h of 
exposure. 

 
*common genes with VEGF and histamine   
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DISCUSSION 
 
Physiological effects of VEGFs and histamine on the vasculature are well established but 
postreceptor signaling pathways and gene regulation affecting angiogenic signals are not 
fully understood. Using RNA-seq and functional assays, we compared gene regulation by 
VEGF and histamine in human primary ECs and in the intact vasculature of C57/Bl6 mice 
after systemic delivery. Altogether, 76 commonly regulated genes were found between 
histamine and VEGF stimulated ECs by RNA-seq, representing ~53% of all VEGF-regulated 
transcripts and ~26% of all histamine-regulated transcripts. Several of the genes encoded 
proteins important for cell junction stability, cytoskeleton organization and cell-ECM 
adhesion thereby affecting EC integrity and proliferation. Particularly, VEGF induced 
changes in the immunoglobulin superfamily cell adhesion receptors and genes involved in 
the stabilizing/regulating TJs and AJs, whereas histamine regulated mainly transcripts linked 
to TJ function. Both histamine and VEGF reduced expression of the major TJ protein claudin-
5 that has previously been connected to pathological angiogenesis, increased 
macromolecule influx (18) and blood-brain barrier breakdown (19). Although changes in VE-
cadherin and F-actin organization at short-time points after stimulation were found, no 
change in gene expression level of VE-cadherin was detected with either histamine or VEGF 
in our study. This indicates that claudin-5 may be more regulated at the transcriptional level, 
whereas VE-cadherin is mainly regulated at the post-translational level (20). In addition to 
claudin-5, histamine upregulated several cell adhesion molecules that are a known hallmark 
of inflammation and H1R-mediated signaling. Although Schweighofer et al. (2009) 
suggested earlier a similar expression pattern of inflammatory genes by VEGF and IL-1 (21), 
these changes were not detected in our study.  
Decreased cell-cell adhesion has been reported to promote angiogenesis and is likely 
regulated by multiple factors at the gene expression level. Previously, histamine has been 
suggested to promote vessel growth in tumors, as well as to induce EC proliferation and 
angiogenesis by upregulating VEGF expression or by inducing expression of the pro-
angiogenic transcription factor NR4A1 (6,22). In our study, no upregulation of VEGFs or 
VEGFRs was detected after histamine stimulation. Additionally, inhibition experiments by 
VEGFR2 siRNA did not reduce histamine-mediated regulation of specific genes (e.g. RCAN1, 
CLDN5). Therefore, our results are in line with the previous finding of Qin et al. (6) that 
histamine is able to induce VEGFR2 independent angiogenic signaling. Moreover, we also 
show that the cellular mechanisms required to induce angiogenic processes by histamine 
are more complex than earlier reported direct regulation via NR4A1 and instead involves 
changes in the expression levels of multiple genes, including growth factors, cytokines, 
transcription factors and calcium dependent cell signaling events. Altogether, 14 commonly 
regulated genes were directly involved in cell proliferation by histamine and VEGF. A 
common mediator of EC proliferation was shown to be HGF, which has previously been 
linked to induce EC proliferation via PI3K-Akt pathway (23), and to be upregulated after 
ischemic injury (24) and in cancer (23). HGF, however, had no effect on claudin-5 expression 
and subsequent TJ formation. To identify the transcription factors required for cell 
adhesion/proliferation by histamine and VEGF, functional studies were further performed 
based on RNA-seq data. Particularly the role of transcription factors MYCN, NR4A1, SNAI2 
and RCAN1 was further investigated due to their high upregulation by either histamine 
and/or VEGF. MYCN and SNAI2 were exclusively regulated by VEGF, whereas NR4A1 and 
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RCAN1 were regulated by both factors. MYCN expression has been previously linked to 
integrin-mediated cell adhesion and PI3K-mediated VEGF regulation in neuroblastoma (25). 
SNAI2 has been shown to repress claudin-1 expression in keratinocytes (26) and to be 
upregulated in pathological angiogenesis. RCAN1 has been connected to VEGF-signaling and 
regulation of angiogenesis via NFAT-signaling (27). Prior to this study, histamine signaling 
has not been connected to these genes. Furthermore, we demonstrated that NR4A1, MYCN 
and SNAI2 induce downregulation of claudin-5, and are required for EC proliferation. Since 
both NR4A1 and RCAN1 have been shown to be upregulated after elevated intracellular 
calcium levels (28,29) and changes in gene expression of calcium transporters were 
detected with both histamine and VEGF, this together with HGF induced signaling may 
explain the observed similar gene expression patterns found between the factors. Although 
the role of calcium in mediating angiogenesis needs further clarification, calcium overload 
seems to lead to upregulation of multiple TFs (30) that promote angiogenic processes in ECs 
by histamine and VEGF. 
As VEGFs have been used to induce arteriogenesis and angiogenesis in the clinic to treat 
coronary and peripheral vascular diseases, understanding their potential adverse effects is 
of great importance for future clinical use. Our group previously demonstrated that VEGF 
therapy in preclinical animal models successfully induced blood vessel growth, increased 
skeletal muscle perfusion but simultaneously caused edema (31). So far the molecular 
mechanisms regulating cell-cell adhesion and EC permeability have been poorly 
understood, although numerous genes have been linked with vascular permeability (32). 
We show here that systemic delivery of histamine and VEGF-F causes vascular hyper-
permeability of 200nm sized particles (<10min) in the intact vasculature of mice, whereas 
VEGF-A165 induces a slower hyper-permeability response (<30min). Previously, the majority 
of vascular permeability studies have been performed locally in skin by using the modified 
Miles Assay. However, the Miles assay although effective, has been shown to induce 
inflammation at site or in individually perfused vessels (33). Based on these methods, VEGF-
F has been suggested as a more potent vasodilator than VEGF-A165 (34), whereas VEGF-A121 
and VEGF-A165 induce similar local responses (12). Our data, however, show that VEGF-
induced vascular hyper-permeability after systemic delivery i) varies among different 
vascular beds and ii) is time-dependent. Both VEGF-A165 and VEGF-F cause similar responses 
over time. Time-dependent variation of VEGFs is likely explained by VEGF-A165 binding to 
VEGFR1/VEGFR2, whereas VEGF-F only binds to VEGFR2. To our knowledge this is the first 
comprehensive study evaluating VEGF-induced effects on vascular permeability in intact 
vasculature of mice in various vascular beds. Additionally, in our EC permeability model, 
VEGF-A121 was not able to induce EC permeability or induce changes in VE-cadherin 
localization or F-actin organization. Additional differences were detected in the expression 
levels of calcium-induced genes (e.g. ATP2B1, SLC12A2, STC1) by VEGF-A121 and other 
VEGFR2-binding VEGFs. The obtained knowledge of VEGF-induced vascular hyper-
permeability responses are valuable in the future for safety evaluation of these proteins for 
pro-angiogenic therapy. 
Previously, it has been suggested that endothelial function requires regulation - not only at 
transient phosphorylation level - but also at transcriptional level (35). In this study, we 
identified novel common molecular players influencing EC activation, proliferation and 
adhesion by VEGFs and histamine. RNA-seq was used to identify gene regulation behind 
angiogenic signals. Our results on the regulation of vascular endothelium improve general 
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understanding of pathological angiogenesis and may provide novel treatment targets, such 
as RCAN1, MYCN and SNAI2 for treatment of vascular pathologies. Regulation of e.g. MYCN 
signaling by CDK7 inhibitors (36) or NR4A1 signaling by calcineurin inhibitors (37) may also 
be beneficial in pro-angiogenic therapy to reduce edema and EC proliferation. 
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SUPPLEMENTAL DATA 

 
Supplemental figure 1. Regulation of Cell-Cell Adhesion Genes and Calcium Signaling Varies between VEGF 
Family Members  
(A) No visible VEGF expression was detected in HUVEC cells after 7h stimulation with histamine, VEGF or HGF 
detected by WB. Monomer and dimer forms of VEGF are detected in the VEGF protein control (positive control). 
(B) Transwell assay was performed in HUVECs to study EC permeability induced by VEGF-A121, VEGF-A165 and 
VEGF-DdNdC. After the cells reached confluency, VEGFs were incubated together with Lucifer yellow that was used 
as an EC permeability marker. Nontreated cells were used as a control. Fluorescence was detected from the lower 
Transwell chamber at 15, 30 and 60 min time points by fluorometer. Relative values are shown together with 
mean±SEM. Significant EC permeability is detected with VEGF-A165. (C) TJ protein expression in lung. CLDN5 
expression in lung tissue after 4 h of systemic delivery of VEGFs or histamine detected by qRT-PCR. (D-E) mRNA 
expression levels of genes involved in calcium signaling detected by qRT-PCR. Expression levels of plasma 
membrane calcium transporting ATPase 1 (ATP2B1; D), short transient receptor potential channel 4 (TRPC4; D), 
regulator of calcineurin 1 (RCAN1; E) and stanniocalcin-1 (STC1; E) after 7h stimulation with histamine or VEGFs in 
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HUVECs are shown. (F) Silencing of target genes by siRNAs in HUVECs. Relative values are shown. (G-H) Role of 
VEGFR2 signaling in regulating RCAN1 and NR4A1expression. RCAN1 or NR4A1 mRNA expression after 7h 
stimulation with histamine or VEGFs in siVEGFR2 or siCTRL silenced HUVECs detected by qRT-PCR. I) Angiogenic 
sprouting was decreased in siSNAI2-treated cells. In vitro tube formation assay in HUVEC cells after 48 h siRNA 
treatment with siSNAI2, siNR4A1, siMYCN or siCTRL and after 7 h stimulation with VEGF or histamine. The amount 
of EC junctions is shown (4 images/treatment). (J) F-actin organization is changed in siSNAI2-treated HUVECs. F-
actin (red) was immunolabeled from confluent cell cultures and after in vitro tube formation assay (48h). VEGF 
stimulation was performed for 7 h. In all data, mean+SEM presented.  Ρ-values: <0.05*, <0.01**, <0.001***.  
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Supplementary table 2 KEGG pathways 
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Supplementary tabe 3 Genes for qRT-PCR 
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Main findings of the thesis  
The overall aim of this thesis was to explore a possible causal role for plaque hypoxia and 
angiogenesis in experimental murine atherosclerosis, as both have been identified as risk 
factors for plaque rupture in humans.  
 
Main findings of the presented work which are discussed in this chapter:  

I. Hyperoxic therapy alleviates progression of experimental atherosclerosis (chapter 
2) but the translation of our findings is complex. 

II. Aggravation of the molecular hypoxia response stabilizes experimental 
atherosclerosis (chapter 3), but probable side effects require careful evaluation 
before translation.  

III. Mouse models are not suitable to investigate intra-plaque angiogenesis in 
atherosclerosis (chapter 3, chapter 4, chapter 5). 

IV. VEGF and histamine regulate vascular permeability via commonly and 
independently regulated pathways which might help to prevent edema formation 
in pro-angiogenic gene therapy (chapter 6).   

Hypoxia and atherosclerosis – translatability of own findings  
In chapter 2 we tested the hypothesis that hyperoxic treatment alleviates plaque hypoxia 
and atherosclerosis burden investigated the underlying molecular mechanism as plaque 
hypoxia is present in human atherosclerosis (1). A logical therapeutic intervention derived 
from the findings reported in chapter 2 is restoration of plaque oxygen levels in humans. In 
chapter 2 oxygen levels were restored in LDLr KO mice that had been on a Western type 
diet for 4 weeks, showing hypoxic fatty streaks. Oxygen levels were restored by daily 
inhalation of carbogen gas (95% oxygen) over 4 weeks with continuation of Western type 
diet feeding. Plaque hypoxia was recognized already in 1944 by Hueper (2) and 
consequently oxygen therapy has been applied to treat experimental atherosclerosis (3–6). 
In comparison to Altschul et al. (3), Kjeldsen et al. (4) and Vesselinovitch et al. (6), we did 
not observe a reduction in plaque size, but rather a reduction in necrotic core percentage 
(chapter 2). A reduced necrotic core implies increased plaque stability. A major difference 
between chapter 2 and previous research is the use of mice instead of rabbits. The presence 
of more foam cells in rabbit lesions my, explain the different outcome (7). Other differences 
explaining the diverging results may be the study design; for instance Altschul et al. started 
the oxygen treatment together with the atherogenic diet, whereas Vesselinovitch et al. 
started the oxygen treatment after diet feeding, when atherosclerotic plaques had already 
formed. The study design of both studies seems irrelevant for human atherosclerosis as 
patients are not treated at disease initiation and disease progression likely continues after 
onset of the oxygen treatment. The in chapter 2 chosen experimental design represents in 
our opinion a more relevant approach as the oxygen treatment was started after a plaque 
initiation period of 4 weeks and was continued for another 4 weeks. In addition to the 
differences in study design, also the oxygen concentrations, treatment frequency and total 
treatment duration varies between the studies. In chapter 2 95% oxygen was given 1.5h 
daily for 4 weeks, Altschul et al. used 60% oxygen 1-3h three days per week for 13 weeks, 
Kjeldsen et al. administered 28% oxygen constantly for 10 weeks and Vesselinowitch et al. 
applied 100% oxygen for 2h, five days per week for 10 weeks. Thus, oxygen treatment is 
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beneficial in animal models of atherosclerosis regardless of the species and experimental 
design and oxygen concentration.    
Oxygen treatment has also been successfully used in human atherosclerosis. Patients 
suffering from sleep apnea, evoking intermittent hypoxia, present with advanced 
atherosclerosis, which is reduced upon oxygen inhalation therapy (8). However, the 
treatment with oxygen is impractical and not applicable on a larger number of patients. The 
use of oxygen masks and nasal cannulas may lead to skin irritation, nasal dryness, fatigue 
and morning tiredness. In addition, oxygen therapy may suppress the breathing reflex in 
rare cases. The equipment also immobilizes patients, limiting work efficiency and hence be 
economically unattractive. Finally, increased oxygen concentrations inside of closed rooms 
raise the fire hazard substantially (9). Thus, the impractical therapeutic circumstances of 
oxygen therapy without direct beneficial effects for the patient, unlike in breathing 
disorders, and the potential life-long therapy compliance, seriously limits the use of oxygen 
in atherosclerosis management. Therefore, chapter 2 also aimed to unravel the cellular 
mechanism of the successful hyperoxic treatment, to allow a potential pharmacological 
translation. We found that oxygen treatment increased phagocytosis efficiency, which 
subsequently increased apoptotic cell removal thus preventing necrotic core formation. 
Mechanistically, hypoxia downregulated the efferocytosis receptor MerTK, resulting in 
accumulation of dead cells and necrotic core formation. Thus, instead of the oxygen therapy 
itself drugs enhancing MerTK activity or preventing its cleavage by A disintegrin A 
metalloprotease 17 (ADAM17) may partially mimic the therapeutic effects of oxygen 
treatment (10). However, increased ADAM17 mRNA expression has been associated with 
an atherosclerosis protective phenotype in mice (11). Other possibilities involve the 
inhibition of the molecular hypoxia signaling cascade, instead of restoring oxygen levels, for 
instance by targeting the main hypoxia effector HIF1α. At first sight, HIF1α appears to be an 
ideal target, as several processes involved in atherosclerosis development/progression are 
likely HIF1α mediated: inflammation, angiogenesis and apoptosis (12). Although HIF1α 
conceivably has a negative effect on atherosclerosis, its inhibition bares certain risks. The 
function of HIF1α seems to differ in various cell types in atherosclerosis, for instance HIF1α 
deficiency in endothelial cells reduced plaque size (13), whereas in dendritic cells HIF1α 
deficiency increased plaque size (14). Therefore, the outcome of inhibiting HIF1α is 
unpredictable, and potentially even harmful. Besides potentially detrimental cell type 
specific effects of abolished HIF1α signaling in atherosclerosis, currently available HIF1α 
inhibitors act systemically and likely have organ-specific adverse effects. Potentially all 
ischemic conditions, such as liver ischemia, and ischemic renal disease, may be exacerbated 
by HIF1α inhibition (15). Moreover, adverse effects are especially expected on co-
morbidities in the elderly cardiovascular patient population as inhibition of HIF1α might 
lead to severe side effects after a myocardial infarction, particularly when treating 
atherosclerosis. Several features of the crucial healing process after a myocardial infarction, 
such as angiogenesis, cellular adaption to hypoxia, and wound healing are dependent on 
HIF1α signaling (16–18). To avoid cell type specific and/or organ-specific side effects, cell-
targeted treatment strategies were recently introduced and offer an appealing solution. 
Lipid particles loaded with atorvastatin enabled targeted drug delivery exclusively to 
macrophages (19). The results of chapter 2 also suggest macrophages as a target for a HIF1α 
inhibition. However, our group recently showed that myeloid HIF1α KO had no effect on 
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experimental atherosclerosis (14). Thus, modulating the molecular hypoxia response is 
promising, but needs careful follow up.  

Targeting the molecular hypoxia response via prolyl hydroxylase inhibition 
– one step up in the signaling cascade 
Opposed to the previous section, with the aim of directly limiting hypoxia by restoration of 
oxygen levels, we were also interested in the effects of stimulating the molecular hypoxia 
response in atherosclerosis (chapter 3) in which we tested the hypothesis that aggravation 
of the cellular hypoxia response via myeloid PHD2 deficiency increases atherosclerosis 
burden via elevated hypoxia signaling resulting in increased plaque angiogenesis.  To 
increase the molecular hypoxia response the HIF master regulator PHD2 was inhibited in 
macrophages (20). The expected effects were uncertain, as on the one hand HIF1α signaling 
could be beneficial by preparing macrophages for hypoxia, and thereby preventing 
macrophage apoptosis. On the other hand increasing HIF1α levels might have detrimental 
effects on atherosclerosis, as it is associated with promoting inflammation, and induction 
of angiogenesis. Despite successfully raising HIF1α levels and observed larger plaques 
following PHD2 knockdown, angiogenesis was not increased. Although the plaques were 
larger, PHD2 inhibition augmented plaque stability via an increase in plaque collagen and 
cap thickness. This suggests that HIF1α and/or PHD2 have other functions and induce 
different pathways than those already described. The same holds true for a manipulation 
of the remaining isoforms of the PHD enzyme: PHD1 and PHD3. A whole body KO of PHD1 
unexpectedly led to smaller plaques in LDLr KO mice via lowering plasma cholesterol levels 
(Marsch et al. unpublished data). In comparison, a hematopoietic KO of PHD3 resulted in a 
slight increase in plaque size, while hematopoietic PHD1 KO did not alter cholesterol or 
atherosclerosis (Marsch et al. unpublished data). These differential outcome suggest PHD 
isoform-specific effects. Indeed it has been shown that the three isoforms have several 
binding partners inside and outside of the hypoxia signaling cascade (21). However, to date 
only a limited number of the described molecules have been associated with 
atherosclerosis: activation transcription factor 4, β(2)-adrenergic receptor and inhibitor of 
kappa B kinase β. Inhibition or stimulation of PHD targets previously known and unknown 
in in hypercholesterolemic PHD KO mice would be particularly interesting. These 
experiments would help to explain the underlying mechanism of the different 
atherosclerotic plaque phenotypes observed in the three PHD KO mice. 
Although PHD2 inhibition increased plaque size it simultaneously stabilized the plaques, and 
thus may be important to prevent plaque rupture, there are several challenges and 
potential dangers for a potential therapeutic translation. A potential detrimental effect of 
PHD2 inhibition raises from the observation that PHD2 inhibition increased plaque size and 
alters the cellular metabolism. Preliminary data from our group show that the elevated 
HIF1α signaling provokes a metabolic switch thereby increasing glycolysis in macrophages 
(Figure 1, unpublished). Augmented glycolysis has been linked with increased inflammation 
via increased tumor necrosis factor α (TNFα) secretion (HIF1α dependent) (22). In line, 
increasing oxygen levels dampened the pro-inflammatory phenotype of M1 macrophages 
(22) and PHD2 inhibition led to increased TNFα secretion by macrophages (chapter 3). 
Moreover, increased glycolysis also leads to an increase of its waste products, namely 
lactate. Consequently, excessive lactate accumulation lowers the pH in the plaque and a 
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low pH has been associated with for instance inhibition and activation of enzyme 
functionality and induction of apoptosis (23). Besides lactate, also oxidative stress increases 
with a higher glycolysis rate. In turn, increased oxidative stress may induce macrophage 
apoptosis (24) and additional lipid oxidation (25) thereby contributing to atherosclerosis 
progression/severity. Thus, the inhibition of glycolysis may be a possible novel approach. 
Recently, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) a key enzyme 
of glycolysis was inhibited in macrophages in vitro. As expected, glycolysis was hampered 
and simultaneously inflammation was lowered (22). Testing currently available PFKFB3 
inhibitors (26) in experimental atherosclerosis would be a relevant and interesting 
experiment.  
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Figure 1. PHD2 KO increases glycolysis in macrophages in vitro (unpublished) 
PHD2 KO increases the extracellular acidification rate, a measure of the glycolysis rate, in vitro (WT n=9, PHD2 KO 
n=8). Measured by Seahorse (Agilent). Mean±SEM, p<0.001  

 
The potential harm of PHD2 inhibition was also demonstrated by the Quebec beer-drinker’s 
myopathy in 1960s presumably resulting from cobalt sulfate, a broad spectrum PHD 
inhibitor, added to beer by a Canadian beer company (27). In support of this finding, 
experimental PHD2 inhibition in the murine heart also led to cardiomyopathy (28). Another 
limitation in the translation of the findings presented in chapter 3 is based on the 
experimental design of the study: LysM-Cre conditional deletion results in PHD2 knockdown 
in all myeloid cells from conception and is thus already present before atherosclerosis 
induction. Therefore, the treatment of established atherosclerosis, most relevant for the 
clinical implications, remains to be investigated.  
There are several other potential dangers that urge careful consideration before translating 
our findings into human disease. Given the effects on plaque size the ongoing clinical trials, 
in which for instance anemia in patients with chronic kidney disease is treated with PHD 
inhibitors (NCT02174731), should integrate atherosclerosis as an additional measure. On 
the one hand potential adverse effects of PHD inhibition on atherosclerosis such as 
hyperactive angiogenesis (29) or a pro-inflammatory macrophage phenotype (22) might be 
observed. On the other hand, potential advantageous effects such as increased plaque 
stability (chapter 3) and lower plasma cholesterol (Marsch et al. unpublished) could be 
documented. However, the currently available PHD inhibitors also have limitations, as these 
are neither isoform specific nor cell type specific and therefore the retrospective evaluation 
of their effects on atherosclerosis will be challenging.  

Angiogenesis research in atherosclerosis – lack of suitable (mouse) models 
In addition to chapter 3, also chapter 4 and chapter 5 aimed to modulate angiogenesis in 
murine atherosclerosis by inducing increased neo-angiogenesis (chapter 3), inducing 
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microvascular pericyte loss in a PDGF-B retention motif KO (chapter 4) and normalizing 
microvessels via ant-Ang-2 treatment (chapter 5). However, in all three studies intra-plaque 
angiogenesis was not observed, nor any effects of the two interventions on plaque-
associated vasa vasorum. Qualitative differences were also not observed. These findings 
question the suitability of mice to investigate the angiogenesis in atherosclerosis 
hypothesis. In many aspects, murine plaques are phenotypically comparable to human 
atherosclerosis, but there are certain important differences as they are much smaller, less 
fibrotic, more cellular, show virtually no intra-plaque angiogenesis, and only rarely display 
intra-plaque hemorrhage. However, the most profound difference between mouse and 
men is the absence of plaque rupture in murine atherosclerosis (30). In addition, the low 
incidence of intra-plaque hemorrhage already indicates a low incidence of plaque 
angiogenesis, as red blood cells are presumed to extravasate from hyper-permeable 
microvessels (31). Numerous studies aimed to quantify and/or manipulate intra-plaque 
angiogenesis in murine atherosclerosis, however, only very few studies succeeded to do so, 
as shown in Table 1a+b. Studies describing feeding atherosclerosis- prone mice a high 
cholesterol diet/Western type diet for a relatively short time of 7-25 weeks almost all failed 
to show intra-plaque angiogenesis (32–40) (Table 1a). Furthermore, the few studies which 
reported plaque angiogenesis show a very low incidence: 15% of the mice have intra-plaque 
microvessels, with a maximum of 1.5 vessels per mouse (36). In comparison human 
atherosclerotic plaques for example thick fibrous cap atheroma display with around 50 
microvessels/mm2 (41). The remaining studies do not provide microvessel counts or density 
(MVD) at all. Instead the total amount CD31+ area in the intima is measured (32), or data 
supporting the stated presence of intra-plaque vessels are not even shown (33). Our own 
results are in line with these results, as we did not observe any intra-plaque microvessels in 
three separate studies, while also using a relatively short high cholesterol diet duration of 
8-12 weeks (chapter 3, chapter 4 and chapter 5). 
Intra-plaque vessels are more frequently observed in atherosclerosis-prone mice aged 40-
94 weeks (42,43) or after prolonged feeding with a high cholesterol diet/Western type diet 
(39-96 weeks) (44–49). The incidence of mice with intra-plaque vessels still remains low, 
ranging from 5 to 30% of the total analyzed mice (Table 1b). However, no microvessel 
density or count was provided in these studies.  
Besides aging and diet, several other mouse models have been used to induce 
arthrosclerosis/angiogenesis: stress on a mixed SV/129- C57/Bl6 background (50), collar 
placement (51–56), vein graft (57), stenosis (58) and wire injury (59). Several studies state 
the presence of intra-plaque vessels, but again do not provide a frequency or microvessel 
count/density (50,51,54,56,57). Only two studies do provide a microvessel density: 0.03 
microvessels per mm2 (58) or 0.5 microvessels per mm2 at baseline, and 1.75/mm2 after 
treatment (59). This again underlines the very low incidence of intra-plaque microvessels in 
mice, even in surgery models.  
However, out of all listed studies (Table 1a+b) there are two examples showing relevant 
differences in intra-plaque angiogenesis, also providing an adequate quantification (60,61). 
Here the frequency of intra-plaque vessels is relatively high compared to control. In 
Moulton et al., 53% of ApoE collagen XVIII double KO and 13% of the control mice displayed 
with minimum one intra-plaque vessel (60). The frequency was even higher in the study by 
van der Donckt et al. with 90% of the ApoE fibrillin double KO mice (MVD 6 vessels/107 µm2) 
and 4% of the single KO mice (MVD 0.2 vessels/107 µm2) having at least one microvessel per 
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plaque (61). Remarkably, both studies observe the differences in plaque angiogenesis after 
a KO of extracellular matrix components (Collagen XVIII (60) and fibrillin (61)). Furthermore, 
the process of angiogenesis largely depends on the cleavage of extracellular matrix by 
several different proteases (62). Likewise, the density of intra-plaque microvessels was 
shown to correlate with the expression of matrix metalloproteases in rabbits (63). 
Correspondingly, Eriksson (44) observed that the number of adventitial vessels is higher in 
case of medial damage, which also suggests matrix degradation as crucial process for neo-
angiogenesis. The same connection between medial disruption and increased frequency of 
intra-plaque microvessels has been shown in human autopsy studies (64). This observation 
might explain the results described in chapter 3. Here, we aimed to induce a pro-angiogenic 
plaque macrophage phenotype by myeloid PHD2 deficiency, but simultaneously extensive 
plaque fibrosis was induced. The excessive fibrosis might have hampered the angiogenic 
process. However, human plaques are very fibrotic, and yet intra-plaque angiogenesis is 
frequently observed (30). Besides extracellular matrix degradation ,also the different 
biomechanical properties between mice and man might explain the lack of plaque 
angiogenesis (65–67). The distinct biomechanical properties, such as less fibrotic material 
stiffness (cellular and hypocellular), and a fundamental difference in plaque morphology 
(dome-like) together with a smaller vessel size result in lower residual parietal stress as well 
as lower peak cap stress in murine compared to human plaques (67,68). These lower 
mechanical stresses are thought to prevent plaque rupture in mice. In addition, tissue 
contraction and deformation have been shown to induce VEGF-A expression (69). Lower 
biomechanical stresses might account for lower VEGF-A levels in mice versus humans. 
Indeed, ruptured human plaques express higher levels of VEGF-A compared to stable 
plaques (70). In murine atherosclerosis only experimental overexpression of VEGF-A 
increased signs of plaque vulnerability (32), showing that autologous VEGF-A expression 
advanced murine lesions is not sufficient to evoke signs of plaque rupture.   
In addition to biomechanical differences between plaques of mice and man, transcriptional 
regulation may differ. Although angiogenesis is an evolutionary conserved process (71), 
small differences in transcriptional regulation of the angiogenic process itself could explain 
the absence of intra-plaque angiogenesis in murine compared to human atherosclerosis. To 
further investigate the possibility of differences in the angiogenic pathway between mouse 
and man, the transcriptome of both human and murine primary endothelial cells, after 
angiogenic priming with for instance VEGF-A could be compared in future studies.  
In addition to the molecular, matrix and biomechanical differences, there are fundamental 
etiological differences between human and murine atherosclerosis: in mice 
hypercholesterolemia is primarily causing atherosclerosis, whereas in humans multiple risk 
factors contribute to disease development. Also, progression of atherosclerosis takes 
several decades in humans and only several weeks in mice. Thus atherosclerosis is modeled 
in relatively young animals, whereas patients are often elderly (30).  
Overall, a minority of the studies intending to investigate intra-plaque angiogenesis in 
murine atherosclerosis have delivered the anticipated result to mimic or manipulate intra-
plaque angiogenesis (table 1). Therefore, the majority of these studies instead analyzed the 
effects of the desired intervention on the plaque associated vasa vasorum of the adventitia, 
as surrogate for intra-plaque microvessels (including chapter 3, chapter 4 and chapter 5). 
The adventitial vasa vasorum have a crucial role in the development of atherosclerosis in 
humans, as the largest proportion of the intra-plaque vessels derives from the adventitia 
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and very rarely from the lumen (72). Nevertheless, a direct involvement of the adventitia in 
plaque rupture is unlikely. Effects may be more indirect as inflammatory cells and 
angiogenic factors, as well as intra-plaque vessels are thought to originate from the 
adventitia (73). However, in humans, plaque rupture has been linked with increased intra-
plaque angiogenesis rather than an increase in adventitial vasa vasorum. More research is 
needed to clarify a possible connection between vasa vasorum density and rupture 
susceptibility in humans. Thus far, this limits the impact of the obtained results from murine 
studies using adventitial angiogenesis as an outcome parameter. Besides this major 
biological limitation, several methodological limitations persist that impede the 
comparability of the performed studies and future use. The outcome is scarcely 
comparable, as atherosclerosis was studied in various locations: aortic root, ascending 
aorta, descending aorta, brachiocephalic artery, carotid artery etc. In addition to the 
different locations, the data presentation highly varies among the studies: microvessel 
density (no. of microvessels per mm2), microvessel count (per section or per mouse), CD31 
positive adventitial area or vasa vasorum volume were used (Table 1a+b). Moreover, also 
the imaging method varied: the majority of studies used histology, but also intra-vital 
microscopy, two photon microscopy, confocal microscopy and micro CT have been used to 
visualize adventitial microvessels (Table 1a+b). The experimental design also limits the 
translatability of the findings. In two studies, induction/manipulation of angiogenesis was 
started together with atherosclerosis induction (39,45), whereas pre-existing plaques 
represent the treatment target in human atherosclerosis. The same is true for KO models: 
the KO is present prior to atherosclerosis initiation. Similarly, side effects of the chosen 
treatments were either not determined (49,74), or had significant effects on other 
cells/processes involved in atherosclerosis development (52–54). Thus, the effect of a 
certain treatment on atherosclerosis size or complexity may not be exclusively attributed to 
changes in angiogenesis. Especially, since microvessel numbers itself correlated with plaque 
size and complexity (44). Because of the ambivalence of the used compounds, conclusions 
regarding microvessel normalization - so improving microvessel quality rather than reducing 
quantity - are difficult to derive from the listed studies. Agents that potentially normalize 
microvessel functionality, are often also anti-angiogenic, as for instance anti-VEGF 
treatment (75). Additionally microvessel quality was assessed in very few studies only 
(chapter 3, chapter 4, (42,61)).  
Overall, the studies listed in table 1 a+b still give valuable insights for the understanding of 
atherosclerosis, by investigating possible effects of pro- and anti-angiogenic treatment on 
atherosclerosis and existing co-morbidities. VEGF-A gene therapy, which might be used to 
induce angiogenesis in peripheral artery disease (76), increased experimental 
atherosclerosis (32,54). However, the effect was not mediated by increased plaque 
angiogenesis, instead VEGF-A increased leukocyte recruitment without affecting plaque 
angiogenesis (54). Chapter 5 where we initially hypothesized that anti-Ang-2 treatment 
would normalize existing microvessels and thereby reduce atherosclerosis burden in 
ApoB100/100 LDLr KO mice, still provides valuable insights despite the lack of effect. The 
inhibition of vascular growth factors is frequently used in oncology and increasing numbers 
of patients survive cancer therapy. Therefore evaluating the risk of Ang-2 inhibition on 
atherosclerosis as a frequent co-morbidity of elder cancer patients is important. We found 
that anti-Ang-2 treatment act beneficial, rather than harmful with respect to 
atherosclerosis, as it reduced plaque initiation, likely via the reduction of plasma triglyceride 
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levels. This finding may be significant as high triglyceride levels contribute importantly to 
human atherosclerosis development and burden (77). 
Chapter 4 is another example of a study that failed, due to the lack of angiogenesis, as we 
initially hypothesized that microvascular pericyte loss via PDGF-B retention motif KO and 
subsequent increased microvascular permeability would exacerbate atherosclerosis. Still, it 
provided valuable insights for atherosclerosis research. We found that PDGF-B retention 
motif KO in atherosclerosis resulted in a pro-inflammatory leukocyte profile and elevated 
plaque fibrosis thereby increasing plaque size. Thus, PDGF-B is likely not a suitable target 
for atherosclerosis therapy, as it may have opposing effects. To make use of the potential 
benefits of PDGF-B inhibition or stimulation its downstream pathways should be targeted 
to avoid unwanted side effects.  
Almost all aforementioned studies that intended to quantify and/or manipulate 
angiogenesis in atherosclerosis have two major things in common, first the use of mice as 
model organisms, and second an intervention strategy aimed at antiangiogenic molecules 
or peptides, (thalidomide (45), TNP-470 (49), angiostatin (48,78), etc.) or inhibition of 
vascular growth factors (anti-Ang-2 (chapter 5), anti-VEGF-A (79)) to reduce microvessel 
numbers. A similar strategy has been applied to induce angiogenesis (FGF (43), VEGF-A (32) 
etc.). However, the scope of these strategies might be too narrow and novel approaches 
should be included in the future to broaden the view beyond vascular growth factors. 
Several pro- and anti-angiogenic microRNAs (miRNA) have been described in the recent 
years (80). These could for instance potentially be used to manage angiogenesis in 
atherosclerosis. Furthermore, angiogenic endothelial and pericyte precursors haven been 
found in the adventitia (73,81). Possibly, stimulation of these progenitor cells could be used 
to prevent hyperactive intra-plaque angiogenesis or to increase pericyte coverage of 
present leaky intra-plaque vessels.  
Together, literature suggests mouse models to be unsuitable for the investigation of 
angiogenesis in atherosclerosis, thus warranting the use of other animal models. So far rats 
(Table 2), rabbits (Table 2), pigs (Table 3) and non-human primates have been used to study 
angiogenesis in atherosclerosis. In rabbit models, atherosclerosis was mostly induced by a 
combination of balloon angioplasty and high cholesterol diet, leading to plaques with a 
baseline MVD between 15 and 80 vessels per mm2 (Table 2). In some studies, adventitial 
angiogenesis was specifically targeted using a hollow perivascular collar together with a 
relatively short post-operation time of 9 to 21 days (82–85). In addition to rabbits, pro- and 
anti-angiogenic treatments were also applied in pig models of atherosclerosis (Table 3). In 
pigs, atherosclerosis was induced by high cholesterol diet and/or surgical interventions 
(balloon angioplasty or stenting). However, intra-plaque angiogenesis was absent in all 
analyzed studies except for one (Table 3). Here, a genetically engineered Yucatan mini pig 
was used, which develops hypercholesterolemia due to pro-protein convertase 
subtilisin/kexin type 9 (PCSK9) overexpression, when fed a high cholesterol diet (86). The 
resulting plaques show a human like morphology including intra-plaque and adventitial 
angiogenesis. However, data on MVD were unfortunately not provided. Practically, larger 
animal models allow the use of clinical diagnostic tools such as magnetic resonance imaging 
to detect microvessels. Therefore it will be easier to translate the study results to the human 
situation. To conclude, mice are a good model for atherosclerosis research in general, but 
fall short when aiming at plaque angiogenesis. This should preferably be studied in larger 
animal models such as the recently developed PCSK9 overexpressing pig model.  
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Potential side effects in pro-angiogenic therapy  
Similar to the previously described approach of evoking microvessel formation in 
atherosclerotic mice by using pro-angiogenic factors such VEGFs, the use of pro-angiogenic 
factors has many possible applications in cardiovascular therapy (87). For instance, VEGF-A 
gene therapy has been tested for the treatment of peripheral artery disease (76). Besides 
the induction of angiogenesis, VEGF-A gene therapy was reported to induce increased 
vascular permeability, and even edema formation (88). In chapter 6 in which we compared 
the effects of histamine, and VEGF-A, D and F on the angiogenic response and microvascular 
permeability, and confirmed this effect. Additionally the endothelial transcriptomic 
response to VEGF-A and histamine was compared. We found that histamine and VEGF-A 
amongst others commonly downregulate claudin-5 which is important for endothelial tight 
junction formation and thus permeability and upregulate endothelial cell proliferation 
necessary for angiogenesis. We further identified that these processes are regulated via N-
myc proto-oncogene protein (MYCN) and nuclear receptor subfamily 4 group A member 1 
(NR4A1). Thus, inhibition of inhibition of MYCN signaling by for instance CDK7 inhibitors (89) 
or NR4A1 signaling by for instance calcineurin inhibitors (90) may reduce edema formation 
in pro-angiogenic gene therapy. Our identification of other commonly and independently 
regulated permeability inducing pathways by VEGF-A and histamine might help to prevent 
side effects of pro-angiogenic gene therapy in the future.  

Concluding Remarks  
Plaque hypoxia and plaque angiogenesis are thought to be substantial contributors to 
plaque rupture in humans. However, this ides is based mainly on human autopsy studies 
and a causal relation has not yet been established. Moreover, as the data presented in this 
thesis show, manipulating plaque hypoxia and angiogenesis in experimental atherosclerosis 
to understand the underlying mechanisms and causal relation to plaque rupture is 
challenging.  
Although plaque hypoxia was reversible and causally related to atherogenesis, more 
research is needed to translate this systemic treatment into a molecular therapy. Our 
research showed that attempts to modulate the hypoxic signaling cascade need careful 
evaluation to detect and exclude unwanted side effects. However, unexpected findings may 
provide novel insights, as enhanced hypoxia signaling by PHD2 cKO improved plaque 
stabilization.  
Angiogenesis in atherosclerosis is difficult to study in mouse models of the disease, as 
murine plaques lack microvessels, adventitial microvessels are a poor surrogate of intra-
plaque vessels and experiments increasing microvessel numbers or altering microvessel 
quality including those described in this thesis have failed. The limitations probably arise 
from dissimilarities with the human plaque stemming from molecular, matrix, 
biomechanical, transcriptional and/or etiological differences between species. However, 
interference with the vascular growth factor Ang-2 in experimental atherosclerosis showed 
that a treatment with anti-Ang-2 therapy is likely not harmful from a cardiovascular point 
of view. In comparison, manipulation of the vascular growth factor PDGF-B is rather 
unfavorable for atherosclerosis treatment. Moreover, safety of using VEGFs for pro-
angiogenic therapy could be improved by considering the identified downstream pathways 
inducing permeability in endothelial cells. 
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SUMMARY  
 
Cardiovascular disease, such as myocardial infraction or stroke, still remains the major 
cause of death in the Western world. Rupture of an atherosclerotic plaque has been 
identified as the underlying cause of these life threatening conditions. Rupture 
susceptibility in humans has been associated amongst others with plaque hypoxia (lack of 
oxygen) and plaque angiogenesis (microvessel growth). Thus, the overall aim of the 
studies presented in this thesis was to explore a causal role for plaque hypoxia and 
angiogenesis in experimental murine atherosclerosis.  
Prior studies showed that hypoxia correlated mainly with macrophages in human 
atherosclerotic plaques. Here we were able to show that also much smaller murine 
plaques are hypoxic, from disease initiation onwards (chapter 2). Furthermore, we 
hypothesized that restoring plaque oxygenation would stabilize atherosclerosis (chapter 
2). We were able to show that restoring plaque oxygen levels, thus reversing hypoxia, by 
hyperoxic carbogen gas (95% O2, 5%CO2) treatment of atherosclerosis prone mice, is 
indeed beneficial in experimental atherosclerosis. Reoxygenation hampered necrotic core 
formation by increased phagocytic removal of apoptotic cells.  
An important consequence of hypoxia is the induction of angiogenesis through oxygen-
dependent enzymes (PHD) and transcription factors (HIF). Plaque angiogenesis has been 
associated with intra-plaque hemorrhage and plaque rupture in humans. In murine 
plaques, angiogenesis is scarce, despite the presence of hypoxia and occasional intra-
plaque hemorrhage. Most murine studies have thus resorted to use adventitial 
angiogenesis as a surrogate. Although the presence of intra-plaque angiogenesis would be 
needed for murine plaques to more closely resemble human plaques, and processes 
taking place therein. Therefore, we hypothesized that increasing the molecular hypoxia 
signaling in macrophages would increase plaque angiogenesis and as a consequence 
increase plaque size and instability (chapter 3). A macrophage-specific knock out model of 
the dominant hypoxia sensing protein prolyl hydroxylase domain protein (PHD) 2 was used 
in a model of experimental atherosclerosis. PHD2 KO is known to lead to increased protein 
levels of HIF1α, which in turn triggers angiogenesis. Despite a lack of plaque angiogenesis 
and no changes in adventitial angiogenesis, plaque size increased in PHD2 deficient mice. 
The larger plaques were attributed to elevated plaque collagen leading to increased 
plaque stability.  
The absence of vessel surrounding stabilizing cells (pericytes) is an important determinant 
of microvessel permeability. This is regulated by anchoring of “platelet derived growth 
factor B” (PDGF-B) in the extracellular matrix which facilitates pericyte recruitment 
towards microvessels. Deficiency of PDGF’s retention motif prevents PDGF-B from 
anchoring and consequently the migration of pericytes thereby increasing microvessel 
permeability. It was hypothesized that decreased pericyte recruitment due to retention 
motif deficiency (PDGF-Bret/ret) would lead to increased hyper-permeability and finally 
exacerbation of plaque development (chapter 4). To investigate this hypothesis PDGF-
Bret/ret mice were crossed with hypercholesterolemic mice. In contrast to the hypothesis 
adventitial microvessel density and quality were unchanged in PDGF-Bret/ret mice, despite 
an increased plaque area. PDGF-Bret/ret resulted in a pro-inflammatory phenotype of 
circulating leukocytes, which was not resembled in the plaques as the percentage of 
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macrophages remained similar. The increase in plaque area could be explained by an 
increase in collagen deposition in the plaques, independent of smooth muscle cell density. 
As previously mentioned, microvessel quality has been associated with plaque rupture in 
humans and improving microvessel quality and functionality (microvessel normalization), 
might thus reduce plaque burden. Microvessel normalization is established for oncological 
applications. As microvessel appearance found in ruptured human atherosclerotic plaques 
widely phenocopies leaky tumor vessels, this strategy may be feasible for atherosclerosis. 
In tumors, as well as in atherosclerotic plaques, high levels of the vascular growth factor 
Angiopoietin-2 (Ang-2) were identified associated with leaky microvessels. Moreover, in 
an experimental sepsis model anti-Ang-2 therapy normalized the leaky vessels and 
improved disease outcome. It is conceivable that microvessel normalization via Ang-2 
depletion is also applicable for the treatment of atherosclerosis. Thus, it was hypothesized 
that depletion of Ang-2 would normalize existing plaque vessels and decrease 
experimental atherosclerosis (chapter 5). However, Ang-2 depletion had no effect on 
microvessels and existing atherosclerotic plaques. Instead Ang-2 depletion delayed plaque 
initiation, presumably via decreasing plasma triglyceride levels.  
The poor microvessel structure and ensuing microvascular leakage is thought to cause 
intra-plaque hemorrhage. Microvascular (hyper-) permeability has been linked to an 
imbalance of vascular growth factors, including members of the vascular endothelial 
growth factor (VEGF) family in atherosclerosis: VEGF-A, D and F. The varying potential of 
the different VEGFs to evoke vascular permeabilitycompared to vaso-active factors such as 
histamine is not known. In chapter 6 we compared the potential of the different VEGFs 
(VEGF-A, D and F) and histamine to instigate hyper-permeability on a functional level. In 
addition, the effects on the transcriptome of endothelial cells after stimulation with VEGF-
A and histamine was analyzed using RNA sequencing. Interetsingly, almost 50% of genes 
regulated by VEGF-A, are also regulated by histamine. The obtained molecular insights 
may be used to prevent edema formation as a side effect of VEGF gene therapy.  
The experiments described in this thesis led us to conclude, that manipulating plaque 
hypoxia and angiogenesis in experimental atherosclerosis to understand the underlying 
mechanisms and causal relation to atherogenesis is challenging. Although plaque hypoxia 
was reversible and causally related to atherogenesis, more research is needed to translate 
this systemic treatment to a molecular therapy. Angiogenesis in atherosclerosis is difficult 
to study in mouse models, as murine plaques lack microvessels, adventitial microvessels 
are a poor surrogate of intra-plaque vessels and our experiments increasing microvessel 
numbers or altering microvessel quality have failed. Interference with the vascular growth 
factor Ang-2 in experimental atherosclerosis showed that treatment with anti-Ang-2 
therapy is likely not harmful from a cardiovascular point of view. In comparison, 
manipulation of the vascular growth factor PDGF-B is rather unfavorable for 
atherosclerosis treatment. Moreover, safety of using VEGFs for pro-angiogenic therapy 
could be improved by considering the identified downstream pathways inducing 
permeability in endothelial cells. 
 
In conclusion interfering with hypoxia in atherosclerosis shows promising results, however 
manipulation of the molecular hypoxia mechanism bares potential dangers. Angiogenesis 
seems detrimental for human atherosclerosis but a causal relation remains to be 
established for example in (animal) mouse models, however, these have been proven 
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unsuitable thus far. VEGF and histamine share common molecular pathways in endothelial 
cells which may help to improve the safety of angiogenic therapy in the future.      
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SAMENVATTING 
  
De gevolgen van aderverkalking of atherosclerose, zoals een hartaanval of een beroerte, 
zijn de belangrijkste doodsoorzaak in de huidige welvaartssamenleving. Een plaque 
ruptuur, het scheuren van fibrotische cap van een atherosclerotische plaque wordt gezien 
als de onderliggende oorzaak. Het risico op een plaque ruptuur wordt in verband gebracht 
met o.a. een gebrek aan zuurstof (hypoxie) en de vorming van microvaten (angiogenese) 
in de plaque. Het overkoepelende doel van de studies, die beschreven worden in dit 
proefschrift, was om een causale rol van plaque hypoxie en angiogenese in diermodellen 
van aderverkalking te onderzoeken. 
Er was reeds aangetoond dat de aanwezigheid van hypoxie in humane atherosclerotische 
plaques vooral correleerde met macrofagen. In hoofdstuk 2 werd aangetoond dat 
ondanks het kleinere oppervlakte van plaques in muizen, de plaques ook hypoxisch zijn 
direct vanaf de vorming van een nieuwe plaque. Vervolgens was de hypothese 
geformuleerd, dat herstel van het zuurstof gehalte in een plaque (reoxygenatie) 
atherosclerose zou verminderen. We hebben aangetoond dat herstel van plaque hypoxie 
door een behandeling met hyperoxisch carbogeen gas (95% O2, 5% CO2), inderdaad 
atherosclerose in een muismodel vermindert. Reoxygenatie voorkwam groei van de 
necrotische kern door een verbeterde opruiming van dode cellen door fagocyten.  
In het algemeen stimuleert hypoxie, via signalering door zuurstof-afhankelijke enzymen en 
transcriptie factoren, angiogenese om het zuurstofgebrek op te heffen. Angiogenesis in 
humane plaques is gecorreleerd aan intraplaque bloedingen en plaque ruptuur. In muizen 
plaques is angiogenese schaars, ondanks de aanwezigheid van hypoxie en intraplaque 
bloedingen. In de meerderheid van atherosclerose studies met muizen wordt dan ook 
angiogenese in de adventitia als surrogaat gebruikt. Echter, de aanwezigheid van 
microvaten in de muizenplaque zou het muis model sterk verbeteren door een grotere 
vergelijkbaarheid met de morfologie van een humane plaque. Hierdoor zouden ook de 
verantwoordelijke moleculaire processen beter te bestuderen zijn. We hebben dan ook de 
hypothese geformuleerd dat plaque angiogenese - en dus ook plaque groei en 
destabiliteit- versterkt worden door de zuurstofafhankelijke signaleringscascades te 
stimuleren (hoofdstuk 3). Een macrofaag-specifieke knock-out (KO) van de zuurstof sensor 
“prolyl hydroxylase domain protein” (PHD) 2 werd voor dit doel gebruikt in een 
muismodel van atherosclerose. Er werd reeds aangetoond dat PHD2 KO het eiwitniveau 
van HIF1α verhoogt, wat vervolgens angiogenese stimuleert. Echter, PHD2 KO in 
macrofagen in muizen plaques resulteerde niet in verhoogde microvaatdichtheid in 
plaques of adventitia, maar wel tot een toename in plaque oppervlakte. Een toename in 
plaque collageen verklaarde de grotere plaques, maar verbeterde desondanks wel de 
plaque stabiliteit. 
Microvaatdichtheid is gecorreleerd met het risico op humane plaque ruptuur. Meer recent 
werd ook de gebrekkige kwaliteit van microvaten en de resulterende hyperpermeabiliteit 
gerelateerd aan klinische symptomen van hart- en vaatziekten. De afwezigheid van 
verstevigende cellen (pericyten) rondom microvaten is een belangrijke determinant van 
microvasculaire permeabiliteit. Dit wordt gereguleerd door de verankering van “platelet 
derived growth factor B” (PDGF-B) in de extracellulaire matrix, wat leidt tot rekrutering 
van pericyten naar microvaten. Deficiëntie van het retentiemotief voorkomt de 
verankering van PDGF-B, de migratie van periycten en verhoogde microvasculaire 
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permeabiliteit. Er werd dan ook de hypothese geformuleerd, dat verlaagde pericyte 
rekrutering door deficiëntie van het retentiemotief (PDGF-Bret/ret) zou leiden tot 
microvasculaire hyperpermeabiliteit en vervolgens plaque ontwikkeling zou versterken 
(hoofdstuk 4). PDGF-Bret/ret muizen werden gekruist met hypercholesterolemische muizen 
om deze hypothese te bestuderen. In tegenstelling tot de hypothese waren adventitiale 
microvaatdichtheid en kwaliteit onveranderd in PDGF-Bret/ret muizen, maar desondanks 
was het plaque oppervlakte toegenomen. PDGF-Bret/ret resulteerde in een pro-
inflammatoir fenotype van circulerende leukocyten, desondanks leidde dit tot gelijke 
macrofaagdichthied in de plaque. Het toegenomen plaque oppervlakte werd verklaard 
door verhoogde collageen depositie in de plaque onafhankelijk van gladde spiercel 
dichtheid in de plaques.  
Zoals genoemd, is microvasculaire kwaliteit gecorreleerd met humane plaque ruptuur. De 
verbetering van microvasculaire kwaliteit en barrière functie, zogenaamde normalisatie, 
kan mogelijk plaque ruptuur voorkomen. Het principe van microvasculaire normalisatie 
wordt al toegepast in oncologisch onderzoek. Aangezien de morfologie van tumor 
microvaten overeenkomt met plaque microvaten, lijkt deze tactiek kansrijk. In tumoren en 
plaques is de vasculaire groeifactor “Angiopoietin-2” (Ang-2) gecorreleerd met 
hyperpermeabele microvasculatuur. Bovendien, normaliseerde anti-Ang-2 therapie 
microvasculaire hyperpermeabilieit ten gevolge van sepsis in een experimenteel 
diermodel. Het is dus aannemelijk dat microvasculaire normalisatie door Ang-2 depletie 
ook toepasbaar is voor de benadeling van atherosclerose. De hypothese werd 
geformuleerd dat depletie van Ang-2 bestaande plaque microvaten normaliseert en de 
ontwikkeling van atherosclerose in een diermodel vertraagd (hoofdstuk 5). Echter in 
tegenstelling tot de hypothese, had Ang-2 depletie geen effect op plaque of adventitiale 
microvaten of bestaande plaque grootte en fenotype. Ang-2 depletie vertraagde enkel 
plaque initiatie, waarschijnlijk door verlaging van plasma triglycerides. 
Een gebrekkige microvasculaire structuur en de daaruit volgende hyperpermeabliteit 
wordt gezien als de oorzaak van intra-plaque bloedingen. Microvasculaire (hyper-) 
permeabiliteit wordt veroorzaakt door een disbalans van vasculair groeifactoren, zoals de 
“vascular endothelial growth factor” (VEGF) familie: VEGF-A, D and F. Het relatieve 
potentieel van deze factoren om vasculair permeabiliteit ter veroorzaken in vergelijking 
met vasoactieve factoren zoals histamine is nog onbekend. In hoofdstuk 6 vergelijken we 
de transcriptionele respons en de resulterende permeabiliteit van de verschillende VEGF-
A, D and F onderling en met histamine door middel van RNA sequencing, multifoton 
microscopie en in vitro experimenten. Ongeveer 50% van de VEGF-A responsieve genen 
worden ook door histamine gereguleerd. De verkregen kennis over de moleculaire 
respons op VEGF kan toegepast worden om oedema vorming, een bijwerking van VEGF 
gen therapie, te voorkomen. 
De resultaten in dit proefschrift leidden tot de conclusie dat interventies in plaque hypoxie 
en angiogenese in de muis om onderliggende mechanismen en een causale rol met 
atherogenese vast te stelen niet altijd het boogde resultaat bewerkstelligden. Ondanks de 
waargenomen reoxygenatie van plaque hypoxie en een causale relatie met plaque 
stabilisering, is meer onderzoek nodig om deze systemische behandeling te vertalen naar 
een moleculaire therapie. De rol van angiogenese in atherosclerose is bijna onmogelijk te 
bestuderen in muis modellen, omdat muizen plaques geen microvaten bevatten, en 
adventitiale microvaten een slecht surrogaat zijn van intraplaque vaten. Daarbij zijn onze 
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interventies om een geschikt model te creëren door microvasculaire kwantiteit en 
kwaliteit te manipuleren, helaas niet geslaagd. Depletie van Ang-2 in muismodellen van 
atherosclerose leidde niet tot schadelijke neveneffecten of cardiovasculaire complicaties, 
terwijl interventies met de vasculaire groeifactor PDGF-B plaque groei en destabiliteit 
lijken te stimuleren. Verder kan de veiligheid van pro-angiogene therapie door VEGF 
stimulering of toediening verbeterd worden door de onderliggende moleculaire 
mechanismen, verantwoordelijk voor endotheliale permeabiliteit, verder te bestuderen. 
 
In conclusie, manipulatie van hypoxie in atherosclerose levert veelbelovende resultaten, 
maar ingrijpen in de moleculaire hypoxie signaleringscascade vertoond mogelijk risico’s. 
Angiogenesis lijkt nadelig te zijn voor humane atherosclerose maar een causale relatie 
moet nog worden aangetoond, bijvoorbeeld door middel van (dier) muis modellen, echter 
zijn deze tot nu toe ongeschikt hiervoor. VEGF en histamine werken deels via gelijke 
moleculaire signalering in endotheelcellen, deze inzicht zal in de toekomst mogelijk helpen 
om angiogene therapie veiliger te maken.   
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Atherosclerosis: a socio-economic burden 
Valorization describes “the process of creating value from knowledge” in order to make 
knowledge suitable and/or available for social and/or economic use. In the opinion of the 
author the valorization section is of particular importance since it is the aim of the 
European Union (EU), in which the work was conducted (the Netherlands and Finland), to 
create a knowledge-based economy (1). The work presented in this thesis addresses 
atherosclerosis which is the underlying cause of most cardiovascular diseases and 
represents a major socio-economic burden. Cardiovascular diseases, such as myocardial 
infraction of stroke, annually account for 40% (1.9 million) of all deaths in the EU (2). 
Furthermore, as cardiovascular diseases are often not instantly lethal, patients may 
require life-long treatment and suffer from severe disabilities. In addition to the affliction 
of the patient, cardiovascular disease also has an impact on people in the patient’s close 
environment. Society as a whole is affected by cardiovascular disease as the related health 
care costs add up to annually 196€ billion in the EU (2). 
Public funds are dedicated to two major themes: First, to the prevention of atherosclerosis 
and second, to its treatment. Reducing well established classical risk factors such as 
obesity, smoking, alcohol consumption, high blood pressure and high plasma LDL 
cholesterol helps to prevent atherosclerosis. However, not all cases can and will be 
prevented as unwillingness to adapt lifestyle, poor therapy compliance and genetic 
disorders such as familial hypercholesterolemia remain problematic. Therefore, exploring 
treatment options for existing and symptomatic atherosclerosis is a necessity. In 1987, 
statins, a drug primarily designed for cholesterol lowering, became commercially available 
and is since than the only frequently used treatment (3). Statins cannot cure 
cardiovascular disease as treatment reduces overall cardiovascular mortality with 12% and 
lowers the risk for major coronary and cerebrovascular events by 30% and 19% 
repspectively (4). In addition long term statins use may cause side effects such as 
myopathy (5).  
Thus, the current societal burden resulting from atherosclerosis raises demand for new 
innovative treatment strategies. This implies that important underlying experimental 
concepts to open new therapeutic opportunities have to be developed and need to 
become publicly available.      
 
Public availability of research results 
The author’s interest in making the results of the publically funded research available for 
society is depicted in the aim of publishing the obtained results in peer reviewed journals. 
This aim was accomplished in chapter 2 and chapter 5 as both are published in journals 
relevant for atherosclerosis research, in “Arteriosclerosis, Thrombosis, and Vascular 
Biology” and “Atherosclerosis” respectively. In addition to the already published chapters, 
chapter 3 and chapter 6 have been submitted for publication. The aim is to also publish 
the work presented in chapter 4, however, additional experiments are necessary to 
underline our preliminary findings. Publishing in peer reviewed journals does not only 
provide for knowledge dissemination, but also assures the scientific quality as experts in 
the field evaluate the submitted article prior to publication. The chosen journals are 
frequented by scientist, as well as medical personnel, making possible future translation of 
the research presented here more likely, as direct integration into the daily clinical 
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practice or commercial products is not applicable at the current state. The major 
limitation for a rapid translation is the use of mouse models, which do provide solid 
indications for basic mechanisms but unfortunately leave a gap between rodent and 
human atherosclerosis (6).  
 
Generated novel insights with potential socio-economic value 
Clinical complications arising from atherosclerosis such as myocardial infraction or stroke 
are based on plaque rupture. Thus, delaying plaque formation or plaque stabilization of an 
atherosclerotic plaque in the performed animal experiments is defined by the author as 
finding with a potential value.   
Chapter 2 demonstrated how oxygen treatment successfully hampered arthrosclerosis 
progression by reducing necrotic core formation in murine atherosclerosis. Furthermore, 
the underlying mechanism was partially unraveled which may represent a starting point 
for future therapeutic strategies. As oxygen treatment is also successful, but impractical in 
treating human atherosclerosis, the same underlying mechanisms found in the mouse 
model could be applied to humans. Mechanistically, it was found that hypoxia 
downregulated the efferocytosis receptor MerTK, resulting in accumulation of dead cells 
and necrotic core formation. After validation of the mechanism in humans, treatment 
aiming at upregulating MerTK receptor expression could be designed.   
In chapter 3 plaque stabilization, by enhancing plaque collagen and cap thickness after 
PHD2 inhibition in macrophages, was shown in an animal model. However, PHD2 
inhibition simultaneously increased plaque size, demonstrating the risk for potential side 
effects of PHD2 inhibition. PHD inhibitors are currently investigated in clinical trials for the 
treatment of anemia in patients with chronic kidney disease (NCT02174731). These are 
neither isoform-specific, nor targeted to macrophages, but since PHD2 inhibition had an 
effect on experimental atherosclerosis (7), investigating its effects on atherosclerosis in 
the ongoing clinical trials could be considered. The effect of PHD inhibition could be 
ambivalent, thus, either the currently tested drug may be beneficial or harmful for 
atherosclerosis development. To obtain an isolated effect, isoform-specific, macrophage-
targeted PHD inhibitors would need to be developed.    
In chapter 5 systemic Ang-2 inhibition was observed to decelerate plaque initiation likely 
via reducing plasma triglyceride levels. Reducing plasma triglycerides levels could also be 
beneficial for humans as these have a proven pro-atherogenic function. The anti-Ang-2 
antibody used in chapter 2 is currently investigated in a clinical trial to treat unresectable 
stage III or stage IV melanoma (NCT02141542). Thus, the effect on triglyceride lowering in 
the animal model could be validated in the humans receiving the antibody. The frequent 
use of an antibody for reducing triglycerides is impractical for clinical practice as it is 
injected. General Ang-2 inhibition via small molecule inhibitors could overcome the 
practical concerns. However, Ang-2 is an important factor in angiogenesis and long term 
Ang-2 inhibition for triglyceride reduction may thus have unpredictable side effects. 
Besides, the presented results indicate a safe use of the Ang-2 antibody in cancer 
treatment with regard to atherosclerosis, but note that the data was generated based on 
an animal model.    
Chapter 6 shows the common regulation of several genes associated with endothelial 
hyper-permeability by VEGF-A and histamine. VEGF-A gene therapy bares the potential to 
treat ischemic diseases such as peripheral artery disease by the stimulation of 
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angiogenesis and subsequent revascularization of ischemic areas. A known side effect of 
VEGF-A gene therapy is the formation of edema as a consequence of its potential to evoke 
hyper-permeability. Our obtained results, the partial identification of the underlying 
pathways of VEGF-A and histamine induced hyper-permeability, might thus help to 
prevent edema formation in VEGF-A gene therapy thereby increasing the safety of this 
promising therapeutic tool. Amongst others MYCN and NR4A1 could be identified in the 
permeability induction cascade and their pharmacological inhibition by for instance 
existing CDK7 inhibitors or calcineurin inhibitors, respectively could be considered. 
However, additional experimental work is needed to verify the suggested approach for 
future clinical translation.  
 
In conclusion, our findings are not applicable for direct translation into the clincical 
practice, but they provide a scientific basis for future developments in atherosclerosis 
research, and potentially even the development of new therapies. Furthermore, our 
results suggest to explore additional applications for existing therapeutic agents in 
atherosclerosis.   
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8OH-dG 8-hydroxy-2’deoxy-guanosine 
ADAM  A desintegrin metallo protease  
AJ Adherens junction 
Ang Angiopoietin 

ANO1 Ca2+-activated chloride channel anoctamin 1 
Apo Apolipoprotein  
AQP1 Aquaporin 1 
ATF4 Activation transcription factor 4 
ATP Adenosine triphosphate 
ATP2B1 Plasma membrane calcium transporting ATPase 1 
BMDM  Bone marrow derived macrophage 
CD Cluster of differentiation 
cDC Conventional dendritic cell 
CGNL1 Cingulin-like 1 
cKO Conditional knock out 
CLDN Claudin 
Coll Collagen 
Cre Cre recombinase 
CXADR Coxsackie virus and adenovirus receptor 
CXCL Chemokine (C-X-C motif) ligand  
DAB Diaminobenzidine 
DC Dendritic cell 
DMEM Dulbecco’s modified Eagle's medium 
EC  Endothelial cell 
ECM extracellular matrix 
EDTA Ethylenediaminetetraacetic acid  
EF Ejection fraction 
ELISA  Enzyme-linked immunosorbent assay 
ER Endoplasmatic reticulum 
FACS Fluorescence-activated cell sorting  
FCS Fetal calf serum 
FDG Fluorine-labeled 2-deoxy-D-glucose 
FGF Fibroblast growth factor 
fl Flox 
FS Fractional shortening 
GLUT Glucose transporter  
GO Gene ontology 
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GPCR G-protein-coupled receptor 
HAEC Human aortic endothelial cells 
HE Hematoxylin and eosin 
HGF Hepatocyte growth factor 
HIF Hypoxia inducible factor  
HR Histamine receptor 
HRE Hypoxia responsible element 
HSPGs Heparan sulfate proteoglycans 
HUVEC Human umbilical vein endothelial cells  
i.v.  Intravenous 
IFN Interferon 
Ig Immunoglobulin 
IKKβ Inhibitor of kappa B kinase β 
IL Interleukin 
iNOS Nitric oxide synthase  
JAM Junction adhesion molecule 
KO Knock out 
LCM L929-conditioned medium 
LDL Low density lipoprotein 
LDLr Low density lipoprotein receptor  
LPS Lipopolysaccharide 
LRP-1 Low density lipoprotein receptor-related protein 1 
LV Left ventricle 
LysM Lysozyme M 
MerTK Mer tyrosine kinase domain 
MMP Matrix metalloprotease  
MR Mannose receptor  
MVD Microvessel density  
MYCN N-myc proto-oncogene protein 
NFκB Nuclear factor kappa beta 
NO Nitric oxide  
Notx Non-treated endothelial cells  
NR4A1 Nuclear receptor subfamily 4 group A member 1 
NRP Neuropilin 
OCT Optical coherence tomography 
oxLDL Oxidized low density lipoprotein 
p.t. Post transduction 
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P4HA Collagen prolyl 4-hydroxylase alpha 
PBS Phosphate buffered saline  
PCR Polymerase chain reaction 
PCSK9 Proprotein convertase subtilisin/kexin type 9 
pDC Plasmacytoid dendritic cell 
PDGF-B Platelet derived growth factor B 
PFA Paraformaldehyde 
PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 
PHD Prolyl hydroxylase domain protein 
pVHL von Hippel-Lindau enzyme 
qPCR Quantitative polymerase chain reaction 
RCAN1 Regulator of calcineurin-1 
RELN Serine protease reelin 
RNA-seq RNA sequencing 
ROS Reactive oxygen species 
RPMI Roswell park memorial institute medium 
rRNA Ribosomal RNA 
RT Room temperature 
s.c. Subcutaneous 
SEM Standard error of the mean 
SMC  Smooth muscle cells  
SNAI2 Snail family zinc finger 2 
STC-1 Stanniocalcin-1 
TEAC Trolox equivalent antioxidant capacity 
TF Tissue factor 
TGF-β tumor growth factor-β 
Tie2 TEK receptor tyrosine kinase 2 
TJ Tight junction 
TNF-α Tumor Necrosis Factor α 
TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling 
UV Ultra violet light 
VE cadherin Vascular endothelial cadherin 
VEGF Vascular endothelial growth factor 
VEGFR Vascular endothelial growth factor receptor  
WB Western Blot 
WT  Wild type 
WTD Western type diet 
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αSMA Alpha smooth muscle actin 
β(2)AR β(2)-adrenergic receptor 
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