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GENERAL INTRODUCTION

Peripheral arterial disease

an increasing percentage of the adult population in both high- and low-income coun-

tries. Epidemiological studies estimate that more than 200 million people worldwide 

have PAD1

over 70 years2. PAD is a common manifestation of systemic atherosclerosis, a chronic 

Whereas atherosclerotic plaques in the coronary arteries cause angina pectoris or 

myocardial infarction and plaques in the carotid arteries cause stroke, atherosclerotic 

lesions in the limbs cause PAD. In this thesis PAD refers to the arterial atherosclerotic 

occlusive disease of the lower extremities.

usually noninvasively diagnosed by the ankle-brachial index (ABI), a ratio of the systolic 

-

tion (which means “to limp” in Latin) characterized by muscular leg pain during exercise 

that is relieved by rest. Patients complain of cramping or aching in the calf muscles, but 

this may also occur in thigh or buttocks. Claudicants are asymptomatic in rest when 

end of the PAD spectrum lies critical limb ischemia (CLI) which concerns patients with 

ischemic rest pain and ischemic skin lesions, like ulceration and gangrene. Ischemic 

typically at night when the limbs are in a horizontal position for a longer period of time 

3.

Like coronary artery disease and cerebral artery disease, PAD is the manifestation 

of systemic atherosclerotic occlusive disease and because they share risk factors (i.e. 

race, gender, age, diabetes, smoking, hypertension, hypercholesterolemia), they often 

independent indicator for concomitant cerebrovascular and coronary artery disease 
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and strongly correlates with cardiovascular and all-cause mortality4, 5. To illustrate this, 

asymptomatic or claudicating PAD patients face an annual risk of a cardiovascular 

2.

Current treatment for intermittent claudication consists of watchful waiting, struc-

reduction and medical treatment to control diabetes, cholesterol, blood pressure and 

antiplatelet therapy. The therapeutic strategy for revascularization has been changed 

drastically over the past two to three decades6. Next to endarterectomy and bypass 

surgery also endovascular techniques like thrombolysis, balloon dilation and stent 

have been made to improve treatment of peripheral arterial disease and coronary heart 

Neovascularization

-

esis, angiogenesis and arteriogenesis (Figure 1)7. Vasculogenesis is the formation of 

-

ated network and occurs mainly during embryonic development. During adult life, the 

development of blood vessels is mainly steered by angiogenesis and arteriogenesis. 

Angiogenesis is the ischemia-driven sprouting of capillaries into ischemic tissue, re-

sulting in the formation of new but narrow vessels. The main regulatory pathway during 

angiogenesis is initiated by hypoxia-induced factor (HIF), a transcription factor that reg-

ulates the expression of a large set of genes. In particular, vascular endothelial growth 

factor A (VEGF-A) is quickly released by multiple cell types in the hypoxic environment 

and crucial for angiogenesis.

Arteriogenesis is the maturation of larger collaterals from bridging pre-existing arte-

rioles, and these arterioles are already present in the newborn. Arteriogenesis occurs 

and oxygen desaturation distal from the occlusion. As a consequence, the increased 

pressure gradient pushes the blood through the collaterals, resulting in an increase in 

shear stress that is sensed by endothelial cells. The increased shear stress activates 

these endothelial cells and adjacent vascular smooth muscle cells (VSMCs) of the 

and expression of adhesion molecules, cytokines and chemokines. Subsequent deg-

radation and reorganization of the extracellular matrix by proteinases, including matrix 

metalloproteases (MMPs) and urokinase plasminogen activator (uPA), creates the 

necessary space required for expansive remodeling of the pre-existing collaterals. In 
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results in an increased anatomic lumen diameter. Finally, because all neovasculariza-

tion is initially excessive, a process of competing collaterals named pruning takes 

place. Pruning, i.e. vessel regression to achieve optimal vascular density after excessive 

The mechanisms underlying vessel regression are not well understood, but include 

endothelial cell apoptosis, endothelial cell migration away from the vessels and reverse 

intussusception. Also the factors involved in vessel selection for pruning remain subject 
9.

important physiological processes in restoring tissue perfusion, angiogenesis cannot 

According to Poiseuille’s law (Figure 2), the remodeling of pre-existing arterioles into 

larger arteries has greater potential than angiogenesis to improve circulation and 

restore oxygen delivery to ischemic tissue after an arterial occlusion10. Flow through 

vessels. Therefore, arteriogenesis is more promising for tissue salvation after arterial 

occlusion than angiogenesis. These pre-existing collateral arterioles are immediately 

recruitable after an occlusive event11 and may increase 10-fold in diameter.

Circulating
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cells

Vessel
occlusion

Angiogenesis

Healthy muscle

Vascular repair mechanisms

Ischemic insult

Necrotic muscle

Arteriogenesis

Pericytes

Capillary enlargmentIntussusceptionSprouting
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FGF
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Figure 1. Diagram of the three different processes of neovascularization, namely vasculogenesis, 

angiogenesis and arteriogenesis, figure adapted from Dragneva et al8.
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Ф (flow)
P r4
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4

=

Figure 2. Poiseuille’s law.

Therapeutic neovascularization

The treatment of peripheral arterial disease mainly focuses on the prevention of disease 

weight reduction, hypertension and diabetes regulation, statin and antiplatelet therapy) 

considered. Clinicians have a growing multidisciplinary arsenal available, including per-

cutaneous transluminal angioplasty, thrombolysis, thrombectomy or bypass surgery. 

and frequently have other comorbidities. Therefore, sometimes the current therapeutic 

options are simply not possible. Furthermore, these interventions are not always suc-

cessful in improving blood circulation and subsequent limb salvage. These no-option 

patients are in need of alternative therapeutic approaches.

Stimulation of blood vessel growth is regarded as a promising therapeutic alternative 

to the current wide-used interventions, and is referred to as therapeutic neovascular-

ization. In this respect, both angiogenesis and arteriogenesis are stimulated to increase 

growth factor (FGF). Experimental strategies in general consist of three approaches 

namely protein, gene and cell therapies. Although these strategies show promising re-

sults in preclinical animal models8, clinical trials aimed at modulating individual growth 

factors have thus far not been as successful as anticipated12. To date, there is little 

neovascularization is commercially available. Explanations to address the problems in 

translating therapeutic neovascularization from bench to bedside include drug-related 

issues like drug bioavailability and delivery of therapy and patient-related issues like 

co-morbidity, other interfering medication or tissue alteration as the result of chronic 

ischemia. Also the validity of pre-clinical models are subject to discussion. Possibly the 

are too complex to be modulated by therapeutics that target a single gene or pathway 

and modulation of a factor that acts as a master switch for multiple relevant gene 
13.

This thesis focuses on mouse models used to study therapeutic neovascularization 

therapeutically enhance neovascularization.
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-

process14, involving both the adaptive immune system and the innate immune system.

-

pression of adhesion molecules15 and expression of a variety of chemokines induce 

include monocytes16-19, but also CD4+ T cells20, 21, CD8+ T cells22, regulatory T cells23, 24, 

natural killer cells20 and mast cells25, whereas the role of neutrophils is less well inves-

tigated13. Most cells accumulate in the perivascular space around collateral arterioles 

and release paracrine signaling molecules including growth factors, thereby initiating 

-

riogenesis. Already in 1976 monocytes were described to adhere to the endothelial 

surface of growing collaterals16. The shear stress activated endothelial cells lining the 

collateral arterioles upregulate the expression of monocyte chemoattractant MCP-1 

(CCL2), which binds to the CCR2-chemokine receptor on monocytes. Also the adhe-

sion molecules intracellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion 

molecule-1 (VCAM-1) are increased to which the monocytes adhere and accumulate in 

the perivascular space of growing collaterals. After an ischemic event, monocytes are 

quickly mobilized and accumulate in the injured tissue, already within 12 hours26.

Monocytes have been shown to be critical during arteriogenesis by multiple ap-

reduced arteriogenic capacity19. Similar results were obtained by pharmacological 

monocyte depletion in rabbits27. Additionally, arteriogenesis is improved by infusion 

of monocytes28 and is dependent on the monocyte concentration17. Interference with 

adhesion molecules by the infusion of ICAM or anti-ICAM-1 antibodies abrogates 

monocyte adhesion. CCR2-/- mice have reduced numbers of monocytes in the peri-

vascular space of remodeling collateral arteries and consequently display impaired 

arteriogenesis29. Moreover, arteriogenesis was stimulated by infusion of MCP-130, 31 and 

by stimulating monocyte recruitment to proliferating collateral arteries by administer-

ing exogenous TLR4 ligand lipopolysaccharide (LPS) in wild type mice32. Therefore, it is 

well established that monocytes are crucial for arteriogenesis and, once they migrate 

-

matory setting, producing an extensive pallet of growth factors and cytokines.
hi and Ly6Clo mono-

cytes corresponding to CD14+CD16- and CD14lowCD16+ subsets in humans respectively33. 

From what we already know about these two subtypes, we have seen that their actions 
hi monocytes are described to be rapidly 
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(TNF )33. The “repair-associated” Ly6Clo -

ing tissue34. Ly6Chi monocytes accumulate in ischemic myocardium after myocardial 

infarction26 and are recruited to ischemic muscles in the acute stage of ischemia35, 36. 

In adoptive transfer studies, the Ly6Chi

recovery, whereas the Ly6Clo subtype did not contribute to post-ischemic revascular-

ization. The latter expresses high levels of VEGF, which implicates a more prominent 

alternatively activated M2 macrophages compare to Ly6Chi and Ly6Clo monocytes 

is predominantly present during early ischemia, whereas the alternatively activated 

macrophage appears several days later, a time line comparable to that of the mono-

cyte subtypes. Recently, it was shown that both M1 and M2 macrophages contribute to 

arteriogenesis37. Whether M1 and M2 macrophages arise from circulating monocytes or 

-

tially, compensate for atherosclerotic arterial obstruction, the plaques usually progress 

faster than the collateral artery growth. This underscores the importance of a large and 

-

riogenic capacity. Whereas in some patients occlusion of a major artery will not result 

in clinically relevant complaints, others are not able to compensate for progression of 

atherosclerotic occlusive disease. Also in the acute clinical setting, the outcome after 

an ischemic event like myocardial infarction or stroke, varies among individuals38, 39. This 

hypercholesterolemia)3

circulation. To illustrate this, in patients with chronic stable coronary disease and a 

38.

cardiovascular and all-cause mortality in comparison to healthy individuals4, 5, not all 
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will develop critical limb ischemia, but there are also others that will present in the 

hospital with critical limb ischemia without preceding symptoms. Patients show a 

large heterogeneity in natural response on occlusions of major arteries, but it is still 

while others face amputation. Prevalence of PAD depends on race and gender and 

seems slightly higher in men than woman2. Likewise, African Americans show a higher 

-

ences in conventional risk factors40

-
41-43. Most 

response on occlusions. Hence, it is feasible that large, not yet discovered, genetic 

occlusive event.

vascular bed have also been described in mice. Previous studies have shown variation 
44, 45

the mouse hind limb46, 47

48. Next to being counterparts in 

immune response, both strains are counterparts in collateral extent (Figure 3). C57BL/6 

mice have more pre-existent collaterals and directly after surgical occlusion of the 

femoral artery C57BL/6 mice demonstrate greater perfusion, faster recovery and 

less ischemia47, 49

in the extent of the collateral network result from genotypic variation. For example, 

a quantitative trait locus (QTL) is described for VEGF-A mRNA expression, one of the 

earliest growth factors tested in therapeutic neovascularization. This indicates a single 

nucleotide polymorphism responsible for reduced VEGF-A concentration in BALB/c 

mice when compared to C57BL/6 mice49. Moreover, a QTL that associates with perfu-
50 

and other chromosomes using the pial collateral circulation44, a collateral network that 

correlates linearly with collateral density in the hind limb.

ischemia (HLI) was already demonstrated using the collateral artery containing adductor 

muscle51, 52. These studies focused on the temporal gene expression in C57BL/6 mice, 

-
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genesis, but also to identify new candidate genes for therapeutic neovascularization53. 

These authors selected metallothionein, a low-molecular protein of which the mRNA 

was highly upregulated during the early phase of arteriogenesis, and demonstrated an 

important role for metallothionein in arteriogenesis using a knockout study53. In chapter 

3 we use a comparable approach in both C57BL/6 and BALB/c mice to provide insight 

in the temporal gene expression during arteriogenesis and to identify new candidate 

genes for therapeutic neovascularization.

CCR7 and ligands CCL19 and CCL21

As discussed above, arteriogenesis is a multifactorial process involving monocytes16-19, 

but also lymphocytes, in particular CD4+ T cells20, 21, CD8+ T cells22, regulatory T cells23, 24. 

-

14. The extravasation of leukocytes from blood 

endothelium and the expression of chemoattractants.

and CCL21 are the only two ligands for CC-chemokine receptor 7 (CCR7), which is ex-

pressed on the surface of various cell types and contributes to chemotactic movement 

Figure 3. Fluorescent arteriogram of the pial circulation demonstrating absence of collaterals in 

BALB/c mice compared to C57BL/6 mice (red arrowheads), adapted from Chalothorn et al49.
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of T cells, B cells and dendritic cells. CCR7 is crucial for the homing of naïve T cells to 

secondary lymphoid tissues where T cells become activated by antigen presenting 
54. Accordingly, CCR7 and its 

cells and antigen presentation. Consequently, malfunctions of either the chemokines or 
-/- mice 

have an attenuated adaptive immune response55. CCR7 expression on pro-arteriogenic 

CD4+ T cells and CD8+ T cells is required for the recruitment of these cells into drain-

ing lymph nodes56 57. 

In this context, T cells in CCR7-/- 56, 58. CCL19 and 

artery disease59, suggesting a role for the CCL19/CCL21 – CCR7 axis in cardiovascular 

disease. CCR7 is also reported to be implicated in atherosclerosis, however with con-

into and from atherosclerotic lesions, subsequently reducing atherosclerotic plaque 

development60. Conversely, antibodies directed to CCL19 and CCL21 are protective for 

atherosclerotic plaque formation61. However, both CCL19 and CCL21 were found to be 

upregulated in atherosclerotic plaques of ApoE-/- mice and in human carotid plaques, 

as is the CCR7 expression on T cells in atherosclerotic plaques59, 62. Although this path-

way was also suggested to be involved in angiogenesis63, 64, the function of the CCL19/

CCL21 – CCR7 axis during arteriogenesis has not yet been investigated. The role of 

CCR7 in arteriogenesis is described in chapter 3 of this thesis.

RP105

immune system, the innate immune system is triggered by germline-encoded pattern-

recognition receptors (PRRs), which include pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular patterns (DAMPs). Toll-like receptors 

-

tory response. TLRs are signaling receptors containing a leucine rich ectodomain that is 

responsible for PAMP recognition and a cytoplasmic domain resembling that of the IL-1 

receptor (TIR domain) which is responsible for downstream signaling. To date, distinct 

nucleic acids from bacteria, viruses, parasites and fungi65.

Gram-negative bacteria. Signal transmission occurs after TLR4 binds to myeloid dif-

ferentiation factor-2 (MD2) and forms a TLR4-MD2-LPS complex. Activation of TLR4, 

which is expressed on the cell membrane of monocytes and macrophages, results in 
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NF- B (nuclear factor of kappa light polypeptide gene enhancer in B cells) mediated 

the pro-arteriogenic TNF 32, 66.

Various studies already demonstrated the role of TLR4 in cardiovascular remodel-

ing67-72 73

has been shown to stimulate arteriogenesis after HLI by increasing monocyte recruit-

ment to proliferating collateral arteries32. Besides responding to exogenous ligands, 

endogenous ligands65. These endogenous ligands are released under sterile condi-

tions as a result of tissue injury, for example ischemia. This suggests that the role of 

TLRs exceeds the task of signaling non-self molecules only. For instance, endogenous 

Shock Protein 60 (Hsp60) and High-Mobility Group Box-1 (HMGB1) are present and 

upregulated in areas of developing collateral arteries73, 74. Monocytes, key regulators of 

arteriogenesis, respond to these endogenous ligands via TLR signaling. They become 

activated and start to release pro-arteriogenic cytokines.

-

accessory molecules. Negative regulators of TLR4 have been described in literature, in-

cluding SIGIRR75, ST276, Triad3A77 and several other intracellular proteins78. Radioprotec-

79, 80. RP105, also known as CD180, is a TLR4 

homologue, which lacks the intracytoplasmic TIR domain. It is expressed by various 

cell types, including monocytes and macrophages. Similar to TLR4, whose function de-

pends on co-expression of MD2, RP105 expression depends on co-expression of MD1, 

an MD2 homologue81. The RP105-MD1 complex binds to the TLR4-MD-2 complex and 

consequently inhibits binding of TLR4 to its ligands. RP105 has already been described 
79, 82-84, including arterial restenosis85 

and atherosclerosis86

TLR4 like RP105 does, would be an interesting strategy to stimulate arteriogenesis and 

is described in chapter 4.

PCAF

Epigenetic processes regulate gene transcription without modifying nucleotide se-
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of the most extensively studied mechanisms. The chromatin structure is altered by 

the counteracting mechanisms of histone acetylation and deacetylation. Acetylating 

histones by histone acetyltransferases (HATs) changes the chromatin structure, mak-

ing it more accessible for transcription factors in order to enhance gene transcription. 

Deacetylation by histone deacetylases (HDACs) results in a closed chromatin structure 

and results in reduced gene transcription.

P300/CBP-Associated Factor (PCAF) is a transcriptional co-activator with intrinsic 

histone acetyltransferase activity, which acetylates histones H3 and H4. The histone 

acetylating activity of PCAF is essential for NF- B87, an important transcription factor 

 and 

MCP-1 which are critical for arteriogenesis88, 89. There is also increasing evidence that 

PCAF modulates non-histone proteins90-93, including hypoxia-inducible factor 1  (Hif-

1 )94 and Notch95 which are also mediators of neovascularization.

In a large patient population study (>3000 individuals)96, a variation in the promoter 

region of PCAF was associated with coronary heart disease-related mortality97. In sup-

port of this observation, we recently demonstrated a role for PCAF in vascular remod-

eling in a mouse model for reactive stenosis. However, whether PCAF participates in 

arteriogenesis had not yet been investigated and is discussed in chapter 6.

MicroRNAs

MicroRNAs (miRs) are small (approximately 22 nucleotides) non-coding endogenous 

transcriptional gene expression. When processed to mature miRs and incorporated in 

the RNA-induced silencing complex or RISC, miRs bind to sequences located in the 

3’-untranslated regions of mRNA to repress translation of their target genes.

Because miRs target numerous, up to several hundreds, target mRNAs, changes 

in miR expression can have a major impact on entire multifactorial physiological pro-

cesses. Investigators made use of the remarkable stability of miRs and focused on 

miRs as biomarker in screening for disease98. However, miR expression can also be 

-

rial processes. It was demonstrated in 2005 that mice lacking Dicer die early during 

gestation due to severely compromised blood vessel formation, suggesting a role for 

miRs in blood vessel development99. Since then, many studies have been published on 

focused on angiogenesis, not arteriogenesis100-108.

The 14q32 miR gene cluster is among the largest known miR gene clusters in any 
109. The cluster is highly conserved in mam-

mals, currently known to contain 54 human and 59 murine 14q32 miR genes. The seed 

sequences of the 14q32 miRs are largely conserved between mammals and the cluster 
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is located in a strictly regulated, imprinted region of the genome, suggesting biological 

relevance. Most of the members of the 14q32 gene cluster are implicated in human dis-
110 and in processes crucial to vascular 

remodeling, like focal adhesion and ECM interaction111-114. However, the exact role of 

14q32 miR gene cluster in post-ischemic neovascularization remains to be investigated.

Several techniques have been used to regulate the expression of miRs, to inhibit 

as well as increase miR expression. Inhibition is usually achieved by single-stranded 

-

tion and cholesterol-conjugated to facilitate cellular uptake. Alternatively, there are the 

locked nucleic acids (LNAs), in which an extra bridge to the oligonucleotide backbone 

taken up into the target cells and tissues. A third method is miR silencing by using Gene 

-

active compounds that consist of two identical segments joint via through their 5’-ends. 

system and leaves two accessible 3’-ends for optimal silencing the targeted miR. Gene 
115. 

choice of vector, targeting the proper cell and avoiding supra-physiological levels of 

miR expression.

-

ence epigenetic regulation, making them potential key-regulators of entire multifacto-

only target cells that express the targeted miR and since vascular cells are directly 

investigate for their master switch potential in arteriogenesis. The role of 14q32 miRs 

OUTLINE THESIS

The aim of my research was to identify new possible targets or ligands to therapeuti-

cally enhance neovascularization and to obtain more mechanistic information on the 

complex interactions underlying neovascularization. Although most published research 
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of small vessels (Figure 2). Therefore, in this thesis I mainly focused on arteriogenesis.

As discussed above, stimulation of arteriogenesis is regarded as a promising thera-

peutic alternative to surgical interventions, but clinical trials on therapeutic neovascu-

larization have not been as successful as hoped for12. This lead to discussion about the 

validity of pre-clinical models used to test the therapeutic interventions. The hind limb 

ischemia model (HLI) is considered to be the most appropriate model to, pre-clinically 

and in vivo, investigate the complex processes of neovascularization and is widely used 

to test large numbers of therapeutic strategies. Although also used in other species, 

the HLI mouse model is predominantly used because of the low costs and diversity of 

transgenic mouse strains. Nonetheless, a large variation of surgical procedures is used. 

-

ing surgical techniques and endpoint measurements116.

Traditionally, acute ligation of the femoral artery is performed, mimicking occlusion 

-

artery ligation, the therapeutic window to intervene in the processes of neovasculariza-

tion is very limited. Chapter 2

as a mouse model for PAD and an alternative model is proposed. In this model the 

iliac and femoral arteries are transected by electrocoagulation inducing more severe 

ischemia, providing a closer resemblance to multilevel arterial occlusive disease and 

consequently a broader therapeutic window. This model is used in most of the follow-

ing chapters of this thesis.

As introduced above, genetic variations are responsible for large phenotypic dif-

ferences in the reaction to arterial occlusions. Microarrays are useful tools to identify 

large sets of genes was already demonstrated after induction of HLI51, 52. This proved a 

useful approach to identify new candidate genes for therapeutic neovascularization53. 

However, temporal gene expression patterns were investigated in C57BL/6 mice only, 

chapter 3 we use whole-genome 

-

pression is measured in a HLI model using the remodeling collateral artery containing 

between the two mouse strains, chemokines CCL19 and CCL21, which share a common 

chemokine receptor (CCR7), are selected for further studies. Using CCR7-/- mice we 

is intensively upregulated during the early stages of arteriogenesis. Considering that 
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an exogenous TLR4 ligand (LPS) was already described to stimulate arteriogenesis32 

and TLR4-/- mice show reduced arteriogenic response73, we hypothesized that a lack of 

TLR4 inhibition would enhance arteriogenesis. In chapter 4 we investigate the contribu-

tion of RP105, a potent endogenous TLR4 inhibitor, to post-ischemic neovascularization 

and the activation and recruitment of monocytes following HLI using RP105-/- mice.

TLRs are also important mediators of sepsis, an excessive immune host response to 

infectious and noninfectious sources. Currently, TLR4 antagonists are tested to inhibit 

the exaggerated immune responses in order to prevent tissue damage117, 118. TLRs are 

involved in (accelerated) atherosclerosis69, 70 and myocardial ischemia/reperfusion 

(I/R) injury119, and inhibition of TLR4 is considered as a possible therapeutic approach in 

post-intervention cardiovascular remodeling. However, administration of TLR4 antago-

nists could potentially compromise arteriogenesis. In chapter 5 we examine whether 

From previously described microarray analyses we have learned that arteriogenesis 

we hypothesized that arteriogenesis is too complex to be modulated by therapeutics 

that target a single gene or pathway. Consequently, modulation of a factor that acts 

chapter 6 we investigate whether 

PCAF has such a master switch potential. The contribution of PCAF to post-ischemic 

neovascularization is studied using PCAF-/- mice as well as using the natural PCAF 

inhibitor Garcinol in wild type mice. The latter is done to exclude the impact of gene 

deletion on vascular development in the embryo. To further investigate the master 

leukocyte recruitment during arteriogenesis.

In chapter 7 we identify miRs that can target multiple neovascularization stimulating 

genes, aiming to use the master switch potential of miRs. We analyze a set of nearly 

200 genes involved in all processes that compromise angiogenesis and arteriogenesis, 

to identify candidate miRs by ‘reverse target prediction’ analysis. We found enrichment 

of putative target sites for 27 miRs that are all located in one large miR gene cluster. 

This cluster, the 14q32 gene cluster, contains at least 54 miRs that are highly conserved 

in mammals. In chapter 7, we investigate the regulation of individual members of the 

14q32 miRs gene cluster during neovascularization. We then use a novel method to 

-

in vivo for their ability to inhibit 14q32 miRs 

chapter 8 I summarize our data and discuss the relevance of our results.
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ABSTRACT

Objective.

-

ery e.g. using cell therapies.

Materials and methods. -

lation of femoral and iliac artery, total excision of femoral artery and double coagula-

perfusion imaging (LDPI). Immuno-histochemical stainings, angiography and micro-CT-

scans were performed for visualisation of collaterals in the mouse.

Results.

28 days. Compared to total excision, double coagulation displayed more pronounced 

corkscrew phenotype of the vessels typical for collateral arteries on angiographs.

Conclusion.

perfusion restoration. The double coagulation mouse model is in our hands the best 
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INTRODUCTION

Symptoms of ischemia in patients with peripheral arterial disease (PAD) are depen-

dent on several factors. For instance the extent and level of stenosis or occlusion are 

1. These fac-

tors among others make it challenging to develop a good animal model for studying 

collateral formation in PAD. Animal models of hind limb ischemia have been developed 

in mice2-10, rats11, 12 and rabbits2. Ischemia-induced collateral artery formation has been 

mostly studied in mouse models. Surgical procedures range from a single ligation of the 

femoral- or iliac artery8, 10 to a complete excision of the artery5, 13 and sometimes even 

the vein and nerve are dissected too14, 15. Besides, the level of vascular occlusion, which 

is a determinant of the amount of ischemia, ranges from a proximal ligation of the iliac 

artery12 to a distal ligation just proximal to the bifurcation of the saphenous artery and 

the popliteal artery of the lower limb of mice6. These variations hamper the comparison 

of the outcomes of hind limb ischemia induction. Another problem is that mice rapidly 

form collaterals, which limits the therapeutic window for potential arteriogenic agents.

The aim of this study was to develop a hind limb ischemia mouse model with a thera-

peutic window large enough for testing new therapeutic approaches like cell therapy. 

-

ischemic hind limb. First, a single electrocoagulation of the femoral artery in C57BL/6 

mice, which is the most traditional model of hind limb ischemia, is discussed. Secondly, 

a more proximal electrocoagulation was studied. Thirdly, a total excision of the femoral 

artery with all their side branches as an often used model of hind limb ischemia was 

studied5, 13. Finally, an alternative model of double electrocoagulation of both femoral 

artery and iliac artery, more closely resembling multilevel PAD, was developed.

MATERIALS AND METHODS

mice (Jackson) were used, aged 10-12 weeks. In addition, we performed a double 

approved by the committee on animal welfare of our institute.
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General aspects of the surgical procedures

Before surgery, mice were anesthetized with an intraperitoneal injection of a combina-

(0.05 mg/kg, Janssen). In all models, the femoral vein and nerve were preserved. After 

surgery the skin was closed with 6-0 Ethilon sutures.

Single electrocoagulation of femoral artery:

A small skin incision was made in the left inguinal region. Directly after incision, the 

subcutaneous fat pad in the thigh was visible. It was not necessary to cleave the fat 

pad, just pull it distally. After dissection of the artery from the nerve and vein, ischemia 

epigastric artery. Electrocoagulation resulted in complete transaction of the artery. 

After electrocoagulation, the proximal end of the artery is moving proximally into the 

surrounding tissue and the distal end is moving distally, so there is a distance of a few 

millimeters between both ends after the surgical procedure.

Figure 1. Illustration of the anatomical levels of electrocoagulation places in different models of 

hind limb ischemia. Crosses represent electrocoagulation places.
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Single electrocoagulation of iliac artery:

A bigger skin incision in the inguinal region is made now. Again there is no need to 

cleave the fat pad. For exposure of the iliac artery, we used a retroperitoneal approach. 

By carefully moving the peritoneum proximally with a cotton swab, a good exposure of 

the iliac artery was possible. Again preparation of the artery from the vein was neces-

artery was an electrocoagulation of the common iliac artery performed.

Total excision of femoral artery:

After incision of the skin from the inguinal region till the knee, we cleaved the subcuta-

neous fat pad for a better exposure. First preparation of the common femoral artery took 

place (proximal excision site). Two 8-0 ties were placed around the artery, in direction 

of the inguinal ligament as much as possible. Then dissection of the whole artery from 

the vein and nerve in distal direction was performed. All side branches of the artery were 

carefully dissected free and coagulated. Before excision, preparation of the distal level 

was performed and again two 8-0 ties were placed around the artery. The distal ligation 

level is at the popliteal artery level, just distal from the bifurcation of the sapheneous ar-

tery and the popliteal artery. After cutting the artery between the two ligatures proximal 

and distal, the whole artery was removed from the surrounding tissue.

Double electrocoagulation of both femoral artery and iliac artery:

For a double coagulation model, both common iliac artery and femoral artery were 

electrocoagulated. First an electrocoagulation of the common iliac artery was per-

formed and directly afterwards an electrocoagulation of the femoral artery. These 

coagulations are at the same anatomical levels used in the single electrocoagulation 

procedures of the femoral artery and the iliac artery. Same techniques were used as 

described above.

Measurements of perfusion were performed of the mouse hind limb before, directly 

after and weekly over 4 weeks after the surgical procedure with laser Doppler perfu-

sion imaging (LDPI) (Moor Instruments). To control for temperature variability during 

keeping environment temperature at a constant level during the LDPI-measurements. 

Since LDPI-outcomes are sensitive for temperature changes, it is very important to 

control environment temperature during LDPI-measurements. Each animal served as 

its own control. Eventually, perfusion was expressed as a ratio of the left (ischemic) to 

right (non-ischemic) paw. Before LDPI, mice were anesthetized with an intraperitoneal 
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Post-mortem angiography of both hind limbs was performed using polyacrylamide-

left ventricle of the mouse heart. Five minutes before contrast injection, mice were 

intravenously injected with papaverine (50mg/ml) for vasodilatation. The skin of both 

hind limbs was removed and X-rays were made. For CT-scans, the same contrast and 

injection procedures were used. A SkyScan 1076 micro-CT-scan with a resolution of 18 

micron was used. Angiographs and CT-scans were solely used to illustrate collateral 

using immunohistochemistry.

-

aldehyde were used. These were re-hydrated and endogenous peroxidase activity 

overnight with primary antibody (rat anti-mouse CD31Ab, BD Biosciences, dilution 

1:200). Anti-rat immunoglobulin antibody was used as secondary antibody (goat anti-rat, 

AbCam, dilution 1:300). For an anti-  smooth muscle actin staining (mouse anti-human, 

photographed sections using image analysis (Qwin, Leica).

Results are expressed as mean ± sem. Comparisons between means were performed 

-

RESULTS

After single electrocoagulation of the femoral artery and single electrocoagulation of 

-

tion used to initiate ischemia measured with LDPI (Figure 2).
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* Single electrocoagulation of iliac and femoral artery compared to double p<0.05
# Single electrocoagulation of iliac and femoral artery compared to total excision p<0.05
^ Single electrocoagulation of iliac artery compared to total excision p<0.05
+ Total excision compared to double electrocoagulation p<0.05

Figure 2. Blood flow restoration in hind limb of C57BL/6 mice. A, Blood flow recovery after a single 
femoral artery (distal anatomical level) electrocoagulation (n=3, green line) or a single iliac artery (proximal 
anatomical level) electrocoagulation (n=9, black line) or double electrocoagulation of both femoral artery 
and iliac artery (n=9, blue line) or total excision of the femoral artery (n=6, orange line) as monitored by 
Laser Doppler Perfusion Imaging (LPDI) and expressed as ratio between coagulated and non-coagulated 
limb. Data are presented as mean ± sem. *#^+P<0.05 (ANOVA-test). B, LDPI images of the paws at day 7 after 
different surgical procedures.

Like a single electrocoagulation of the femoral artery, a total excision of the femoral 

limb restored considerably slower after a total excision (Figure 2). After total excision 

electrocoagulation of the femoral artery. Thus, total excision of the femoral artery in 

electrocoagulation.
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-

(Figure 2

recovery after the surgical procedure, only 3 out of 10 mice had necrosis of one or more 

toe nails. There was no necrosis of the foot or limb. After single electrocoagulation of 

the femoral artery or iliac artery, we hardly see any necrosis of toe nails.

At 28 days after single electrocoagulation of the femoral artery or double electroco-

agulation of both left femoral artery and iliac artery in C57BL/6 mice, angiographs 

showed normal arterial anatomy at the right side (non-operated side) and an increased 

number of collateral arteries in the left hind limb (operated side). Typical corkscrew-

like collaterals can be observed in the (post-) ischemic hind limb (Figure 3A-B). An-

giographs made 28 days after a total excision of the femoral artery in C57BL/6 mice 

showed also more neovascularization in the (post-) ischemic hind limb compared to 

the non-operated hind limb. However, vessels formed after total excision of the femoral 

vasculature, with little or no typical corkscrew collaterals as we observed after single or 

double coagulation (Figure 3C). The increase in collaterals in the (post-) ischemic hind 

both femoral artery and iliac artery (Figure 3D-F). These CT-scans illustrate very nicely 

the formation of new vessels both on the iliac level after iliac coagulation as well as on 

the femoral level after femoral coagulation.

Collateral density in the adductor muscle of the (post-) ischemic hind limb was higher 

Figure 4A-C). In addition, in the lower limb, a 

Figure 4D-F).
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A B

D
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FE

Figure 3. Angiographs of hind limbs of C57BL/6 mice made 28 days after induction of ischemia by dif-

ferent surgical procedures. Angiograph made after A, single electrocoagulation of femoral artery, B, double 
electrocoagulation of both femoral artery and iliac artery and C, total excision of the femoral artery. Arrows 
indicate electrocoagulation places in the single electrocoagulation model (note that the artery retracts after 
coagulation) and double electrocoagulation model. Arrowheads show numerous typical corkscrew collater-
als formed in (post) ischemic hind limb. After a total excision of the femoral artery and all side branches, a 
disturbed pattern of small vessels are formed in the adductor muscle. MicroCT-scans of hind limbs made 28 
days after D, single electrocoagulation of the femoral artery, E, single electrocoagulation of the iliac artery, 
F, double electrocoagulation of both femoral artery and iliac artery. Numerous collateral arteries are formed 
around the iliac artery after single electrocoagulation of the iliac artery. Moreover, after single electrocoagula-
tion of the femoral artery, collaterals are formed solely at femoral level. Double electrocoagulation showed nu-
merous collaterals at both levels. Arrows indicate electrocoagulation places. Circles represent collateral zone.
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In order to validate the double electrocoagulation model of hind limb ischemia for 

Fig5A,B,C). Nine out of 10 mice had 

necrosis of one or more toe nails in this model of extensive ischemia. There was no 

necrosis of the paw or limb in these mice.
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Figure 4. Immunohistochemical stainings of skeletal muscle 28 days after double coagulation with 

anti- -smooth muscle actin antibody and anti-CD31 antibody for detection of collaterals and capil-

laries. A, Quantification of anti- -smooth muscle actin stained adductor muscle sections comparing isch-
emic hind limb with non-ischemic hind limb (9 section per mouse were analyzed to obtain the mean per 
animal, next the mean of n=9 animals was determined). Although the number in collaterals seems to in-
crease, the differences between the number of collaterals is not statistically significant; P=0.246. Data were 
presented as mean ± sem. Representative photographs of anti- -smooth muscle actin stained B, non-isch-
emic adductor muscle sections and C, ischemic adductor sections. D, Quantification of anti-CD31 stained 
calf muscle sections comparing ischemic hind limb with non-ischemic hind limb (9 section per mouse were 
analyzed to obtain the mean per animal, next the mean of n=9 animals was determined). Number of CD31+ 
blood vessels in ischemic hind limb differs significantly from non-ischemic hind limb. * P=0.020. Data were 
presented as mean ± sem. Representative photographs of anti-CD31 stained calf muscle sections after 
double electrocoagulation of both femoral artery and iliac artery of the E, non-ischemic hind limb and F, 
ischemic hind limb.
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DISCUSSION

In the present study, it is demonstrated that the extent of the arterial defect (single liga-

tion of artery, total excision of artery or double ligation of artery) is associated with dif-

substantially impaired in a mouse model of double electrocoagulation of both femoral 

artery and iliac artery compared to single electrocoagulation of one of these arteries. 

This results in an increase of the therapeutic window to study improved restoration of 

The anatomical level of occlusion of the artery (single electrocoagulation of femoral 

-

emia mouse model. These results resemble studies of Shireman et al16. They showed 

compared to transection of the distal femoral artery.

Angiographs made 28 days after total excision of the femoral artery showed a dis-

turbed pattern of new small vessels formed in the (post-) ischemic hind limb. In contrast, 

angiographs made after single or double coagulation of the vascular tree showed more 

profound collateral arteries with the typical corkscrew phenotype in the (post-) ischemic 

explain the disturbed pattern of vessels on angiographs after a total excision of the femo-

ral artery. First, after a single ligation of the femoral artery, all side branches of the artery 

were kept intact. However, after total excision of the femoral artery all the connections 

to the pre-existing collateral bed were likely to be disrupted completely. For restoration 

A B C

Figure 5. Blood flow restoration in hind limb of NOD-SCID IL2Rgamma(null) mice. A, Blood flow re-
covery after a single femoral artery electrocoagulation (n=5) or a double electrocoagulation of both femo-
ral artery and iliac artery (n=10). After a double electrocoagulation of femoral artery and iliac artery, perfu-
sion remained significantly impaired until 28 days after the surgical procedure. *P=<0.014. B, LDPI images 
of ischemic paw perfusion (left) and non-ischemic paw perfusion (right) 7 days after single electrocoagula-
tion. C, LDPI images of ischemic paw perfusion (left) and non-ischemic paw perfusion (right) 7 days after 
double electrocoagulation.
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to become collaterals, but also the disrupted connections need to be repaired in this 

model. Accordingly, in the profound ischemic model of total excision, it is not very likely 

that a process of solely arteriogenesis will appear. The process of angiogenesis will be 

most likely involved too, because all pre-existing connections of arterioles to the vascular 

tree are disrupted and need to be repaired. Sprouting of new capillaries (angiogenesis)17 

is a distinct process from collateral artery formation (arteriogenesis)18. Formation of new 

capillaries is mainly triggered by ischemia17, 19, 20. Arteriogenesis refers to the remodeling 

of pre-existent arterial collaterals that interconnects the vascular networks lying proximal 

and distal to the arterial obstruction and is triggered by increased shear-stress21-23. De-

spite the fact that a disturbed pattern of blood vessels is formed in the adductor muscle, 

pre-existing connections of arterioles to the vascular tree are disrupted and need to be 

et al24 recently demonstrated very elegantly 

-

mind that technical variations in hind limb ischemia mouse models do have physiological 

consequences, although the impact of these variations is often underestimated.

The impact of the use of technical variations in hind limb ischemia models on the 

mediated gene therapy. Several research groups25, 26 reported an enhanced revasculariza-

tion after arterial gene transfer of VEGF in the ischemic hind limb models, whereas others 
27. Takeshita et al25

et al27

could be explained by the fact that Takeshita et al tested VEGF administration in a model 

of total excision of the femoral artery with all their side branches, whereas van Weel et al 

used the model of single electrocoagulation of the femoral artery.

-

vestigate the role of human cells in arteriogenesis. Kalka et al28 reported impaired blood 
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collateral artery formation. In this study, validation of the double electrocoagulation 

-

-

tion and no abundant paw necrosis was developed in these mice. Furthermore, the 

human cell therapies for patients with PAD.

Although the study was designed to identify the most optimal model for testing 

-

total excision or double electrocoagulation) is associated with climbing amounts of 

formation which is triggered by increased shear stress and not directly by ischemia. A 

second limitation is that we have performed our studies on healthy mice, whereas most 

patients with severe PAD have risk factors such as diabetes and hypercholesterolemia. 

To resemble clinical situation, one could consider to use hypercholesterolemic or dia-

betic mice for the hind limb ischemia model. However, for comparison of the surgical 

procedures we decided not to include these factors. The double electrocoagulation 

-

ated as candidates for cell therapy.

In conclusion, there is a variety of surgical approaches for inducing ischemia in the 

mouse hind limb. The results of the present study show that the amount of injury to the 

vascular tree (single ligation of artery, total excision of artery or double ligation) does 

occlusion (femoral or iliac) does not. For testing new therapeutic approaches for pa-

tients with PAD, the double coagulation model might be the optimal model, because it 
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ABSTRACT

Objective and Approach. In order to identify factors that stimulate arteriogenesis after 

-

eral artery formation over 28 days after hind limb ischemia, namely ‘good-responding’ 

C57BL/6 mice and ‘poor-responding’ BALB/c mice.

Results.

most known pro-arteriogenic genes were upregulated more excessively and for a 

longer period of time than in C57BL/6 mice. In clear contrast, chemokine genes Ccl19, 

Ccl21a, Ccl21c and the chemokine receptor CCR7 were upregulated in C57BL/6 mice 1 

day after hind limb ischemia, but not in BALB/c mice. CCL19 and CCL21 regulate migra-

tion and homing of T-lymphocytes via CCR7. When subjecting CCR7-/-/LDLR-/- mice to 

LDLR-/- mice. Equal numbers of -SMA positive collateral arteries were found in the ad-

ductor muscles of both mouse strains, but in the CCR7-/-/LDLR-/- collateral diameters 

were smaller. FACS analyses showed that numbers of CCR7+ T-lymphocytes (both CD4+ 

and CD8+) were decreased in the spleen and increased in the blood at day 1 after hind 

limb ischemia in LDLR-/- mice. Also at day 1 after hind limb ischemia however, num-

bers of activated CD4+ T-lymphocytes were decreased in the draining lymph nodes of 

LDLR-/- mice, compared to CCR7-/-/LDLR-/- mice.

Conclusions. These data show that CCR7-CCL19/CCL21 axis facilitates retention CD4+ 

arteriogenesis.



CCR7-CCL19/CCL21 axis is essential for arteriogenesis 53

INTRODUCTION

Neovascularization, i.e. arteriogenesis and angiogenesis, is the body’s natural mecha-

the hypoxia-induced sprouting of new capillaries from the existing microvasculature, 

can only improve distribution of the available blood through ischemic tissues, arte-

riogenesis can restore the actual blood supply to tissues downstream of an arterial 

fully functional mature collateral arteries1. Arteriogenesis is triggered by increased 

artery becomes occluded, blood is redirected through the arterioles, drastically 

wall. Increased shear stress stimulates endothelial cells (ECs) in the arteriole wall to 

express adhesion molecules and secrete chemokines and cytokines. This leads to 

the attraction, adhesion and invasion of monocytes/macrophages2-6, but also of other 
+, CD8+ and regulatory T-

lymphocytes6-10

produce growth factors and matrix metalloproteases (MMPs) to enable rearrangement 

of the extracellular matrix (ECM), providing space for the maturing collaterals to grow. 

Smooth muscle cells (SMCs) change their phenotype from contractile to proliferative, 

causing expansion and growth of the vessel wall. The subsequent increase in vessel 

which results in cessation of the arteriogenic process. SMCs in the newly formed tunica 

-

lagen and elastin to reconstitute the vessel wall.

Arteriogenesis often fails to fully restore tissue perfusion in patients with peripheral 

-

recovery between C57BL/6 and BALB/c mice7, 11. In 2007, Chalothorn et al

that both the number of pre-existing collateral arterioles present and their capacity to 
12. 

C57BL/6 mice have a high density of pre-existing collateral arteries and possess excel-

lent remodeling capacity, when triggered. BALB/c mice on the other hand have virtu-

ally no pre-existing collateral arteries and on top of that, display a severely hampered 

response when triggered12, 13. By whole genome expression analysis, we made use of 

collateral artery remodeling after induction of ischemia.



54 Chapter 3

Via the chemokine receptor CCR7, chemokines CCL19 and CCL21 regulate migration 

and homing of dendritic cells (DCs) and T-lymphocytes to lymphoid and peripheral 
14-16. In the current study, we show that the CCR7-

C57BL/6 and BALB/c mice after hind limb ischemia (HLI). We further demonstrate that 

ischemia, by facilitating appropriate tissue retention of CCR7+ T-lymphocytes at the site 

of collateral arteriole remodeling.

MATERIALS AND METHODS

All animal experiments were approved by the committee on animal welfare of the 

Leiden University Medical Center (Leiden, The Netherlands).

Mice (mus musculus) were anesthetized by intraperitoneal (i.p.) injection of midazolam 

mg/kg, Janssen Pharmaceuticals). Unilateral hind limb ischemia (HLI) was induced by 

-

Health).

-

sion imaging (LDPI) (Moore Instruments). Mice were anaesthetized by i.p. injection of 

midazolam (8 mg/kg) and medetomidine (0.4 mg/kg). Mice were place in a double-

and atipamezole (3.3 mg/kg). LDPI measurements in the treated paw were normalized 

to measurements of the untreated paw, as internal control.

Serum cholesterol levels were determined before surgery (Roche Diagnostics).

Mouse aortic ring assays were performed as described previously17. In brief, the tho-

racic aorta was removed from 8 to 10-week old mice and transferred to a petri dish 

(10ng/ul). Collagen (Type I, Millipore) was diluted to a concentration of 1mg/ml with 
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75 μl collagen matrix. Rings were transferred into the wells and after 1 hour, 150 μl 

counted as a sprout and individual branches arising from each microvessel counted as 

a separate sprout, working around the ring clockwise.

An in vivo angiogenesis analysis was as described previously18

factor reduced Matrigel (0.5 mL) (BD Biosciences) was injected into the subcutaneous 

space on the dorsal side of LDLR-/-/CCR7-/- or LDLR-/- mice on both the left and right 

post-implantation. Matrigel plugs were excised and processed for histological analysis. 

anti-CD31 (PECAM, Abcam, Cambridge, UK). Vascular ingrowth was scored by mea-

suring the maximum ingrowth depth of capillary structures in 6 HPS stained sections 

performed in a double-blinded fashion by two individuals using morphometric image 

-

Gene expression

snap-frozen, crushed, using mortar and pestle, and homogenized over a Qiashredder 

integrity was checked by NanoDrop (NanoDrop Technologies) and Bioanalyzer (Agilent 

Technologies).

Expression Beadchips (Illumina), which contain more than 45,200 transcripts, were used. 

Expression levels were Log2-transformed and Quantile normalized. Transcripts show-

of HLI, were removed from the analysis. Genes were collapsed on gene symbol, thus 

‘pt’ between the two mouse strains, values were expressed as ratios relative to ‘pt’ and 

(developed for microArray data with multiple conditions, with additional Tukey’s HSD 
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post-hoc multiple comparisons test to determine which pairs of groups showed dif-

ferential expression, applying a p-value of 0.0519. Statistical Analysis of MicroArray Data 

(SAM)20 was used for a multiclass analysis on all time-points within each mouse strain 

responses of BALB/c and C57BL/6 mice were compared by selecting all gene names 

containing at least one of the following terms: Interleukin, Chemokine, Interferon, TGF 

and TNF.

not yet been deposited in a public database. However, information on regulation of 

Heelkunde_

HLK@lumc.nl).

For individual gene expression, total RNA was reverse transcribed using High Capac-

ity RNA-to-cDNA kit (Applied Biosystems). Quantitative PCR was performed on the 

ABI 7500 Fast system, using commercially available TaqMan gene expression assays 

for murine CCL19, CCL21a and CCR7 (Applied Biosystems). Ct values were normalized 

against HPRT1.

Methods for measurement of collateral density between the anterior cerebral artery 

(ACA), middle cerebral artery (MCA), and posterior cerebral artery (PCA) were described 

elsewhere13, 21, 22

kg, Janssen Pharmaceutica) and heparinized systemically. Maximal vasodilation was 

accomplished by canulation of the thoracic aorta and infusion of sodium-nitroprusside 

-

-

Digital images were obtained of the dorsal brain surface and processed with ImageJ 

software (NIH). Collateral density was calculated by determining the total number of 

pial collaterals between the ACA-MCA, ACA-PCA and MCA-PCA and dividing by the 

dorsal surface area of the cerebral hemispheres. Areas that sustained damage, were 
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For harvesting tissues, C57BL/6, LDLR-/-/CCR7-/- and LDLR-/- mice were anesthetized 

by intraperitoneal (i.p.) injection of midazolam (8 mg/kg, Roche Diagnostics), medeto-

CCR7

Adductor muscle groups of wild type C57BL/6 mice before and 1 day after induction 

of HLI were used for histological analysis of CCR7+ cells using anti-CCR7 (Abcam). 

Randomly photographed images were used to quantify the number of CCR7+ cells per 

section (total of 9 images of 3 sections per mouse).

-SMA

collateral artery number and size. Vessels at the midpoint of the adductor muscle group, 

stained using anti-smooth muscle -actin (anti-

of collaterals but may also include arterioles of the opposing tree. Randomly photo-

graphed images through the central part of the adductor muscle group were used 

to quantify the number and lumen diameter of SMA+ vessels using ImageJ software 

(total of 9 images of 3 sections per limb per mouse). To correct for non-perpendicularly 

cut sections, the circular lumen area of SMA+ vessels was calculated from the lumen 

diameter measured at the narrowest point.

CD31

Serial frozen sections (6μm) of ligated and non-ligated gastrocnemius muscle (10 

capillary density. Sections were stained using anti-CD31 (BD Biosciences). Randomly 

photographed images through the gastrocnemius muscles were used to quantify the 

number of CD31+ vessels per section using ImageJ software (NIH) (total 6 sections per 

limb per mouse).

Fluorescent Triple Staining -SMA/CCL19/Lyve-1

SMA 

(Molecular Probes), rat anti-LYVE-1 antibody (eBiosciences) with secondary anti-rat 
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(Vector Labs) for cell nuclear staining. Randomly photographed images through the 

distal part of the adductor muscle group were taken on a LSM700 microscope and 

contrast-stretched using Zen 2009 software (Carl Zeiss).

Blood, spleen, peritoneal leukocytes and mesenteric lymph nodes were harvested 

from C57BL/6, BALB/c and LDLR-/- mice. Blood, spleen, bone marrow and non-

draining lymph nodes were harvested before (pt) and 1 day after (t1) induction of HLI 

in LDLR-/-/CCR7-/- and LDLR-/- mice. Draining lymph nodes were dissected from the 

ipsilateral inguinal region, non-draining form the contralateral iguinal region. Total cir-

culating leukocytes were measured using the KX-21N Hematology Analyzer (Sysmex). 

Tissues were minced through a 40μm-cell strainer (BD Biosciences) to obtain single cell 

(1mg/ml) and DNase (0.02mg/ml) for 10 minutes and minced. Erythrocytes were lysed 

and samples for intracellular staining were permeabilized. Fluorochrome-conjugated 

CD115, FoxP3, Ly6C, Ly6G, B220, DX5, MHCII, CCR7, CCR2, F4/80, CD62L, IL12, IL10, 

NK1.1 and Tbet were used.

Results are presented as mean ± standard error of the mean (SEM). Comparisons be-

RESULTS

HLI was induced in C57BL/6 and BALB/c mice by single coagulation of the left femo-

(LDPI) (Figure 1A-B). As was previously reported7, 11-13

impaired in BALB/c mice directly after HLI (Figure 1

all before termination at 28 days. C57BL/6 mice on the other hand, made a full recovery 
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of pre-existing collateral arterioles12, 13 -

A B

C

Figure 1. Blood flow recovery after HLI in C57BL/6 versus BALB/c mice. A, Representative LDPI images 
of the paws of C57BL/6 and BALB/c mice before and after induction of HLI. BALB/c: n=17 (t0), n=4 (t1), n=10 
(t3), n=6 (t7), n=3 (t14) and n=2 (t28). C57BL/6: n=19 (t0), n=4 (t1), n=15 (t3), n=12 (t7), n=9 (t14) and n=5 
(t28). B, Quantification of paw perfusion in C57BL/6 and BALB/c mice before and after induction of HLI. 
Values are expressed of the ratio of perfusion in the ligated over the unligated paw. C, Perfusion ratios in 
C57BL/6 and BALB/c mice directly after femoral artery ligation. *=p<0.05,***=p<0.001.

In the HLI model, arteriogenesis takes place mainly in the adductor muscle. To include 

nodes, we performed microArray whole-genome expression analyses on total adduc-

tor muscle mRNA of C57BL/6 and BALB/c mice before (pt) and at days 1, 3, 7, 14 and 28 

after induction of HLI (Supplemental Figure 1

genes were upregulated already at day 1 after induction of HLI. In BALB/c mice, we 
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those genes that are upregulated at day 1 in either C57BL/6 or BALB/c mice, or in both, 

it becomes apparent that there is great overlap in gene sets between the two strains 

(Figure 2A). However, where this upregulation is fast and transient in the C57BL/6, a 

delayed and prolonged response is observed in BALB/c mice.

mice or in both (Figure 2B). As shown before23-26, BALB/c and C57BL/6 demonstrated 

this response was prolonged in BALB/c mice. However, we observed that chemokine 

genes Ccl19, Ccl21a and Ccl21c were upregulated in C57BL/6, but not in BALB/c mice.

To verify at which time-points the expression of Ccl19, Ccl21a and Ccl21c was more 

induced in the adductor muscle of C57BL/ 6 mice compared to BALB/c we performed 

-

-

ings by real-time quantitative PCR (rt/qPCR) in the adductor muscle (Figure 3A-C). Rt/

qPCR showed that Ccr7 was also upregulated in the adductor muscle of C57BL/6 mice 

(Figure 3C). This response was transient and levels had normalized by day 3. In the 

ischemic gastrocnemius muscle, this pattern was not observed, but Ccl19 and Ccr7 

showed delayed and prolonged upregulation in BALB/c mice (Figure 3D-F).

When staining for CCR7 in the perivascular space around remodeling collateral 

arterioles in the adductor muscle of C57BL/6, 1 day after induction of ischemia, we 

observed a trend towards increased numbers of CCR7+ cells, compared to before the 

induction of ischemia (Figure 3

lymphocytes from the circulation, through the peripheral tissue into lymphoid vessels, 

we then performed a triple staining for CCL19 with -SMA, and Lyve-1 as a marker of 

lymphoid vessels. CCL19 did not co-localize with lymphoid vessels, but was observed 

predominantly in the muscle tissue, in close proximity to -SMA+ arterioles (Figure 3H).

recovery after HLI in CCR7-/- mice. These mice were bred on a C57BL/6/LDLR-/- back-

ground and therefore, we used C57BL/6/LDLR-/- mice as controls. The mice were 

kept on normal chow diet and plasma total cholesterol levels were similar in both 

groups (Supplemental Figure 2A). In both groups, mice appeared healthy and did not 
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Figure 2. Whole-genome expression analysis in C57BL/6 and BALB/c mice before and after induc-

tion of HLI. A, Heatmap of significantly upregulated genes at t1 compared to t0 in the adductor muscle 
of either BALB/c or C57BL/6 or in both, after induction of HLI. B, Heatmap of inflammatory gene expres-
sion in C57BL/6 and BALB/c mice before and after induction of HLI. Gene definitions containing any of 
these criteria (interleukin, chemokine, interferon, TGF, TNF) were selected. Expression levels of each gene 
are presented relative to the median expression level across all samples; median-centered. Red indicates a 
relative high -, green a relative low -, and black an intermediate expression. BALB/c: n=4 (t0), n=4 (t1), n=4 
(t3), n=4 (t7), n=3 (t14) and n=2 (t28). C57BL/6: n=4 (t0), n=4 (t1), n=3 (t3), n=3 (t7), n=4 (t14) and n=5 (t28). 
*a = chemokine (C-C motif ) ligand 19 (Ccl19), *b = chemokine (C-C motif ) ligand 21c (leucine) (Ccl21c), *c = 
chemokine (C-C motif ) ligand 21a (Ccl21a).
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Supplemental Figure 

2 -/- mice (Figure 4A-B) after single ligation of the left 

femoral artery was comparable to that of wild type C57BL/6 mice (Figure 1A-B) and the 

animals made a full recovery within ten days. In LDLR-/-/CCR7-/- mice however, blood 
-/- 0.95±0.04 vs 

LDLR-/-CCR7-/-

at day 21 (Figure 4A-B). Directly after ligation however, perfusion was similar in both 

groups (Figure 4C). This indicates that numbers of pre-existing collateral arterioles are 

-

tion of the pia mater, which has been shown to be representative for collateral densities 

in muscle tissues 13, 21, 22, similar numbers of collateral arterioles were counted in both 

strains (Figure 4D-E).

qPCR
Adductor Muscle

qPCR
Calf Muscle

IHC
Adductor Muscle

C

FD E

A B

G H

Figure 3. Expression of the CCL19/CCL21 – CCR7 axis. A-C, Relative expression of Ccl19, Ccl21c and Ccr7, 
respectively, in the adductor muscles of C57BL/6 and BALB/c mice before and after induction of HLI, as 
measured by rt/qPCR. BALB/c: n=4 (t0), n=4 (t1), n=4 (t3), n=4 (t7), n=3 (t14) and n=2 (t28). C57BL/6: n=4 
(t0), n=4 (t1), n=3 (t3), n=3 (t7), n=4 (t14) and n=5 (t28). D-F, Relative expression of Ccl19, Ccl21c and Ccr7, 
respectively, in the calf muscles of C57BL/6 and BALB/c mice before and after induction of HLI, as measured 
by rt/qPCR. BALB/c: n=4 (t0), n=4 (t1), n=4 (t3), n=4 (t7), n=3 (t14) and n=3 (t28). C57BL/6: n=4 (t0), n=4 (t1), 
n=4 (t3), n=4 (t7), n=4 (t14) and n=5 (t28). G, Number of CCR7+ cells in the adductor muscle of C57BL/6 mice 
before (n=6) versus after induction of HLI (n=6). H, Representative image of fluorescent stainings for -SMA 
(red), CCL19 (green) and Lyve-1 (white) in the adductor muscle of C57BL6/6 mice. *=p<0.05, **=p<0.01, 
***=p<0.001.
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Arteriogenesis in LDLR
-/-/CCR7-/- -

ing the SMA+ arterioles in the adductor muscle group 10 days after HLI (Figure 4F). As 

predicted by the collateral densities of the pia mater, the number of SMA+ arterioles 

was similar between LDLR-/-/CCR7-/- and LDLR-/- mice (Figure 4G). Also, the lumen 

area of SMA+ vessel in the adductor muscle group of non-ligated limbs was similar. 

However, the mean lumen area per SMA+ vessel (Figure 4H, LDLR-/- 279±31 μm2 vs 

LDLR-/-/CCR7-/- 143±8 μm2 SMA+ vessels per section 

(Figure 4I, LDLR-/- 746±90 μm2 vs LDLR-/-/CCR7-/- 384±36 μm2

more in the adductor muscle group of the ligated paw of LDLR-/- mice than in LDLR-/-/

CCR7-/- -

lateral arterioles after induction of HLI.

Angiogenesis in LDLR
+ capillaries in the gastrocnemius muscles (Fig-

ure 4
-/-/CCR7-/- mice. Even though the ratio of capillary densities 

in the ischemic over the non-ischemic calf appeared lower in the LDLR-/-/CCR7-/- mice 

compared to the LDLR-/- mice, indicating increased ischemia-induced angiogenesis, 

Figure 4K, ratio of ischemic to non-ischemic gastroc-

nemius: 1.31±0.20 in LDLR-/- vs 0.95±0.19 in LDLR-/-/CCR7-/-

We further observed that in an in vivo angiogenesis model, LDLR-/-/CCR7-/- mice 

showed similar ingrowth of CD31+ endothelial cells into the subcutaneous matrigel plug 

as LDLR-/- mice. However, in an ex vivo aortic ring assay, we observed a decrease in the 

number of sprouts growing out of LDLR-/-/CCR7-/- aortas compared to LDLR-/- aortas. 

growth (Supplemental Figure 3).

The CCR7-CCL19/CCL21 axis plays a crucial role in migration, homing and retention 

of DCs and T-lymphocytes. As the CCR7-/- mice used for this study were bred on an 

LDLR-/-

spleen and lymph nodes of C57BL/6-LDLR-/- mice with those of wild type C57BL/6 

-

ences in numbers of DCs in the various compartments between C57BL/6 and BALB/c 

mice and between LDLR-/- and BALB/c mice. For instance, total DCs, CCR7+ DCs and 

MHCIIhigh/CCR7+ DCs were lower in the lymph nodes BALB/c mice than in the other 

two strains (Figure 5A-C), whereas particularly the MHCIIhigh/CCR7+ DCs were higher 

in the spleen of BALB/c mice (Figure 5D). CD4+/CCR7+ T-lymphocytes, but not CD8+/
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 Figure 4. Blood flow recovery after HLI in LDLR-/- versus LDLR-/-/CCR7-/- mice. A, Representative LDPI 
images of th  e paws of LDLR-/- and LDLR-/-/CCR7-/- mice before and after induction of HLI. B, Quantification 
of paw perfusion in LDLR-/- and LDLR-/-/CCR7-/- mice before and after induction of HLI. Values are expressed 
of the ratio of perfusion in the ligated over the unligated paw. LDLR-/-: n=11 (t0), n=11 (t3), n=11(t7), n=11 
(t10), n=10 (t14) and n=10 (t21). LDLR-/-/CCR7-/-: n=11 (t0), n=11 (t3), n=11(t7), n=11 (t10), n=11 (t14) and 
n=11 (t21). C, Perfusion ratios in LDLR-/- and LDLR-/-/CCR7-/- mice directly after femoral artery ligation. D, 
Pre-existing collateral density in the pia mater of LDLR-/- (n=6) and LDLR-/-/CCR7-/- (n=7) mice. E, Representa-
tive images of the arterial network in the pia mater of LDLR-/- and LDLR-/-/CCR7-/- mice. White asterisks indi-
cate collateral arteries between anterior, middle and posterior cerebral arteries. F, Representative images 
of stainings for -SMA+ arterioles in adductor muscles of LDLR-/- and LDLR-/-/CCR7-/- mice, at day 10 after 
induction of HLI. G-I, Number, average lumen area and collective lumen area per section, respectively, of 

-SMA+ arterioles in adductor muscles of LDLR-/- (unligated n= 8 and ligated n=9) and LDLR-/-/CCR7-/- (un-
ligated n= 9 and ligated n=8) mice, at day 10 after induction of HLI. J, Representative images of stainings 
for CD31+ capillaries in gastrocnemius muscles of LDLR-/- and LDLR-/-/CCR7-/- mice, at day 10 after induction 
of HLI. K, Number of CD31+ capillaries in gastrocnemius muscles of LDLR-/- (n=6) and LDLR-/-/CCR7-/- (n=6) 
mice, at day 7 after induction of HLI. *=p<0.05, **=p<0.01, ns=not significant.
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Figure 5. Leukocyte profiles in C57BL/6, BALB/c and C57BL/6-LDLR-/- mice. A-B, Dendritic cells and 
CCR7+ dendritic cells in the lymph nodes of C57BL/6, BALB/c and LDLR-/- mice (% of total number of cells). 
C-D, MHCIIhigh/CCR7+ dendritic cells in de lymph nodes and spleen of C57BL/6, BALB/c and LDLR-/- mice (% 
of total number of cells). E-F, CD4+/CCR7+ and CD8+/CCR7+ T-lymphocytes in the spleen of C57BL/6, BALB/c 
and LDLR-/- mice (% of total number of cells). G-H, Foxp3+/CD4+ Tregulatory-lymphocytes in the spleen and 
lymph nodes of C57BL/6, BALB/c and LDLR-/- mice (% of total number of cells). I-J, CD14+/CCR7+ monocytes 
and F4/80+/CCR7+ macrophages in the peritoneum of C57BL/6, BALB/c and LDLR-/- mice (% of total number 
of cells). n=4 in all groups. *=p<0.05, **=p<0.01, ***=p<0.001.
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CCR7+ T-lymphocytes, were also increased in the spleen of BALB/c mice (Figure 5E-F). 

Furthermore, Foxp3+/CD4+ Tregulatory-lymphocytes were also increased in both the spleen 

and lymph nodes of BALB/c mice, compared to the other two strains (Figure 5G-H). 

C57BL/6 and LDLR-/- mice in any tissue. With regards to the CCR7-CCL19/CCL21 axis, 

we concluded that wild type C57BL/6 and C57BL/6 LDLR-/- have a similar leukocyte 

phenotype at baseline. However, we did observe an increase in CD14+/CCR7+ mono-

cytes and F4/80+/CCR7+ macrophages in the peritoneum of LDLR-/- mice compared 

to both C57BL/6 and BALB/c mice at baseline (Figure 5I-J), but not in other tissues 

including the blood, spleen and lymph nodes (Supplemental Figure 4).

-

cytes and macrophages between LDLR-/- and LDLR-/-/CCR7-/- mice after HLI (data not 

shown). Therefore, we focused on the mobilization of T-lymphocytes and DCs after 

induction of HLI. Total numbers of CD4+ and CD8+

both mouse strains (data not shown). When we looked at activated and naïve T-lym-

phocytes separately, we noticed that for both CD4+ and CD8+ T-lymphocytes, numbers 

of activated cells in the spleen decreased dramatically after induction of HLI, whereas 

the naïve cells increased in numbers. This was true for both the LDLR-/- and LDLR-/-/

CCR7-/- mice (Figure 6A-D). Similarly, for CD4+ T-lymphocytes, the number of activated 

cells in the peripheral blood increased, where the number of naïve cells decreased, 

in both mouse strains (Figure 6E-F). For CD8+ T-lymphocytes however, this was only 

true in LDLR-/- mice, whereas in the LDLR-/-/CCR7-/- mice, numbers of both activated 

and naïve CD8+ T-lymphocytes remained unaltered after induction of HLI (Figure 6G-H). 

However, even though the pool of activated T-lymphocytes in the spleen was drained 

at day 1 after HLI, a decrease of, in particular, activated CD4+ and CD8+ T-lymphocytes 

was observed in the lymph nodes of LDLR-/-

for activated CD4+ T-lymphocytes in the draining lymph nodes, indicating that these 

arteriogenesis. In the LDLR-/-/CCR7-/-

indicates an impaired retention of T-lymphocytes at the site of collateral remodeling 

(Figure 6I-L).
-/-, but not 

LDLR-/-/CCR7-/- mice at 1 day after induction of ischemia, whereas the fraction of 

tolerogenic DCs was unchanged in the spleen in both mouse strains (Figure 6M-N). 

Numbers of DCs in the peripheral blood were too low to generate reliable data on 

-

tory and tolerogenic DCs also increased in lymph nodes, but the increase was more 
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outspoken in LDLR-/-/CCR7-/- mice, indicating that DCs also failed to retain in adductor 

muscle of these mice. However, in contrast to activated CD4+ T-lymphocytes, these 

Figure 6
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Figure 6. Post-ischemic mobilization of T-lymphocytes and dendritic cells in LDLR-/-versus LDLR-/-/

CCR7-/- mice. A-D, Activated and naïve CD4+ and CD8+ T-lymphocytes (% of total number of cells) in the 
spleen of in LDLR-/- versus LDLR-/-/CCR7-/- mice before (pt) and at day 1 after induction of HLI (n=6 in all 
groups). E-H, Activated and naïve CD4+ and CD8+ T-lymphocytes (% of total number of cells) in the pe-
ripheral blood of in LDLR-/- versus LDLR-/-/CCR7-/- mice before (pt) and at day 1 after induction of HLI (n=6 
in all groups). I-L, Activated and naïve CD4+ and CD8+ T-lymphocytes (% of total number of cells) in the 
non-draining (NDLN) and draining lymph nodes (DLN) of LDLR-/- (n=6 in all groups) versus LDLR-/-/CCR7-/- 
(n=6 for pt and DLN, n=5 for NDLN) mice before (pt) and at day 1 after induction of HLI. M-N, Activated 
inflammatory and tolerogenic dendritic cells (% of total dendritic cells) in the spleen (n=6 for pt, n=5 for t1) 
of LDLR-/- versus LDLR-/-/CCR7-/- mice before (pt) and at day 1 after induction of HLI. O-P, Activated inflam-
matory and tolerogenic dendritic cells (% of total dendritic cells) in the non-draining and draining lymph 
nodes of LDLR-/- (n=6 in all groups) versus LDLR-/-/CCR7-/- (n=6 for pt and NDLN, n=5 for DLN) mice before 
(pt) and at day 1 after induction of HLI. *=p<0.05, **=p<0.01, ***=p<0.001, between strains; #=p<0.05, 
##=p<0.01, ###=p<0.001, within strains, compared to pt (pre-treatment).
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DISCUSSION

-

in collateral arteriole remodeling capacities between C57BL/6 and BALB/c, which 

arteriogenesis in BALB/c mice. Using LDLR-/-/CCR7-/- -

outward remodeling of collateral arterioles, i.e. decreased arteriogenesis, whereas 

The C57BL/6 mouse has an extensive pre-existing network of collateral arterioles 

and furthermore, when triggered, these arterioles rapidly remodel in to functional 

collateral arteries. The BALB/c mouse on the other hand, only has few pre-existing 

collateral arterioles and to make matters worse, these arterioles have a very limited 

capacity to remodeling into functional collateral arteries7, 11-13

between the two strains triggered the group of James Faber to perform in-depth stud-

ies into the genetic make-up of these and other mouse strains. They have linked up to 

Canq1, on murine 

chromosome 721, 22, 27

adductor muscles of both mouse strains, we observed that the response to hind limb 

ischemia is much more outspoken in BALB/c mice than in C57BL/6 mice. More genes 

are regulated in BALB/c mice and for a more prolonged period of time. The response 

in BALB/c mice is delayed compared to the C57BL/6, however, that would only explain 

over 28 days. Therefore, it seems more likely that, although the BALB/c mice appear 

to ‘try their best’, by activating all pro-arteriogenic and pro-angiogenic gene programs, 

recovery. A previous study by Lee et al

component to post-ischemic gene regulation in C57BL/6 mice28. In a model for acute 

et al also showed rapid and broad activation 

of the peripheral immune system29. Just as we observed in the C57BL/6 too, CCR7 was 

upregulated in the ischemic tissue at approximately 1 day (22 hours) after artery ligation. 

Upregulation of CCR7 in the spleen was even already observed within 6 hours. Corre-

spondingly, two studies in humans showed depletion of CCR7 expression in the acute 

of circulating CCR7+ cells into the cerebral tissue30

number of CCR7+ T-lymphocytes are dramatically increased in the peripheral blood 

of stroke patients31 -

tion, where CCR7+ T-lymphocytes were rapidly depleted from the peripheral blood of 
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patients directly after reperfusion, only to increase again in the hours after interven-

tion32

CCR7 ligands Ccl19 and Ccl21

BALB/c mice. When we co-stained CCL19 expression in adductor muscle tissue at day 

1 after induction of HLI with both -SMA and Lyve-1, we noticed that the upregulation 

of CCL19 predominantly occurred in the perivascular tissue itself, not in the lymphoid 

vessels. This corresponds to the increase in the number of CCR7+ cells in the perivas-

cular space at day 1 after HLI that we observed in the adductor muscles of C57BL/6 

mice, but also with the depletion of activated CD4+

draining lymph nodes of LDLR-/- mice, compared to LDLR-/-/CCR7-/- mice at day 1 after 

-

the CCR7-CCL19/CCL21 axis functions primarily to facilitate the exodus of leukocytes 

from the peripheral tissue, into the lymph nodes14-16, 33-35. The role of the CCR7-CCL19/

CCL21 axis however, is still controversial in cardiovascular disease. In atherosclerosis 

and myocardial infarction, the axis has been shown to play an important role. However, 

whereas on an ApoE-/-

LDLR-/- background36-38. In human patients with atherosclerosis, CCR7 and its ligands 

CCL19 and CCL21 were increased in both coronary and carotid artery lesions39, 40. 

the upregulation of Ccl19 and Ccl21, and the retention of CCR7+ in the adductor muscle 

tissue are only transient in the C57BL/6 and LDLR-/- mice.

A weakness of this study is that technical restrictions in immunohistochemistry did 
+ cells in the adductor muscle at day 1 are indeed 

activated CD4+ T-lymphocytes. CCR7 is expressed on many types of leukocytes, but 

mainly on the various subtypes of T-lymphocytes and (matured) DCs, of which CD4+ 
7. More importantly, this is the 

depletion is more outspoken in LDLR-/- than in LDLR-/-/CCR7-/- mice, which lack the 

ability to retain cells in the tissue via CCR7-CCL19/CCL21 interactions.

In correspondence to the upregulation of the CCR7-CCL19/CCL21 axis in the good-

-
-/- and LDLR-/-/CCR7-/- mice had a similar 

number of pre-existing collateral arterioles in the pia mater and in the adductor muscle 
-/-/CCR7-/- mice 
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was caused solely by the decrease in arteriogenic capacity, not by changes in embry-

onic collateral arteriole formation. Although several studies have shown that CCR7, via 

CCL21, can increase angiogenesis in models for rheumatoid arthritis and cancer41, 42, we 

nearly as dramatic as it is in BALB/c mice. Part of this may be explained by the fact 

the good- and poor-responding C57BL/6 and BALB/c strains.

strongly and for a prolonged period of time in the poor-responding BALB/c mouse 

strain in response to HLI. When looking for missing links in these mice, we found a 

lack of upregulation of the CCR7-CCL19/CCL21 axis, that we did observe in good-

recovery after HLI, due to a decrease in arteriogenesis, but not in angiogenesis. Early 

and transient upregulation of Ccl19 and Ccl21 around remodeling collateral arterioles in 

what are most likely, CD4+ T-lymphocytes in the tissue, allowing them to exert a positive 

role in the initial phase of arteriogenesis.

916.12.041).
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SUPPLEMENTAL MATERIAL

BA

Supplemental  Figure 1. Whole-genome expression analysis before and after induction of HLI. A, 
Heatmap of gene regulation before and after induction of HLI in C57BL/6 mice. The pink clustering shows 
genes that are significantly upregulated at day 1 after HLI. B, Heatmap of gene regulation before and after 
induction of HLI in BALB/c mice. The pink clustering shows genes that are significantly upregulated at day 
1 after HLI.
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BA

Supplemental Figure 2. A, Plasma total cholesterol levels in LDLR-/- and LDLR-/-/CCR7-/- mice on normal 
chow diet. B, Average body weight of LDLR-/- and LDLR-/-/CCR7-/- mice before (pt) and at day 10 (t10) after 
induction of HLI. ns=not signifi cant.

A

B

Supplemental Figure 3. Angiogenesis assays in vivo and ex vivo. A, Quantifi cation of the depth (μm) 
of ingrowth of CD31+ cells into subcutaneously injected matrigel, with representative images, in LDLR-/-/
CCR7-/- and LDLR-/- mice. B, Number of sprouts, with representative images, growing out of aorta segments, 
from LDLR-/-/CCR7-/- and LDLR-/- mice, embedded in collagen.
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Supplemental Figure  4. Leukocyte profiles in C57BL/6, BALB/c and C57BL/6-LDLR-/- mice. Various 
subtypes of CCR7+ dendritic cells, CD4+, CD8+, natural killer, Th1 and regulatory T-lymphocytes, monocytes 
and macrophages in the blood, spleen, lymph nodes and peritoneum of C57BL/6, BALB/c and LDLR-/- mice 
(% of total number of cells).
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ABSTRACT

Aims. We investigated the role of the TLR4-accessory molecule RP105 (CD180) in post-

ischemic neovascularization, i.e. arteriogenesis and angiogenesis. TLR4-mediated 
hi -

tion. Immunohistochemical analyses revealed that RP105+ monocytes are present in the 

perivascular space of remodeling collateral arterioles. As RP105 inhibits TLR4 signaling, 

Methods and results. RP105-/- and wild type (WT) mice were subjected to hind limb 

-/- mice. 

Immunohistochemistry showed that arteriogenesis was reduced in these mice com-

pared to the WT. However, both in vivo and ex vivo analyses showed that circulatory 

pro-arteriogenic Ly6Chi monocytes were more readily activated in RP105-/- mice. FACS 

analyses showed that Ly6Chi monocytes became activated and migrated to the af-

fected muscle tissues in WT mice following induction of hind limb ischemia. Although 

Ly6Chi monocytes were readily activated in RP105-/- mice, migration into the ischemic 

tissues was hampered and instead, Ly6Chi monocytes accumulated in their storage 

compartments, bone marrow and spleen, in RP105-/- mice.

Conclusions.

monocyte over-activation, most likely due to the lack of TLR4 regulation. Inappropri-
hi monocytes results in 

hi

recovery.
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INTRODUCTION

Arteriogenesis, expansive remodeling of pre-existing collateral arterioles, restores 
1. Arteriogenesis is an 

2, involving both the adaptive immune system (CD4+ T 

cells34, CD8+ T cells5, regulatory T cells6, 7) and the innate immune system (monocytes8-12, 

Toll-like receptors).

Toll-like receptors (TLRs) respond to microbial ligands during infection, but also elicit 
13, suggesting that the 

role of innate immunity exceeds the task of signaling non-self molecules alone. These 

endogenous ligands are released under sterile conditions as a result of tissue injury, for 

example after ischemia. In this perspective, endogenous TLR ligands, including Extra 

High-Mobility Group Box-1 (HMGB1) are present and upregulated in areas of develop-

ing collateral arteries12, 14. Monocytes, key regulators of arteriogenesis, respond to these 

endogenous ligands via TLR signaling, resulting in monocyte activation and release of 

pro-arteriogenic mediators. Furthermore, low levels of circulating TLR-ligands trigger 

CCR2-induced monocyte migration from the bone marrow via upregulation of MCP1 on 

bone marrow mesenchymal stem cells15.

Activation of TLR4, which is expressed on the cell membrane of monocytes and 

macrophages results in NF-
16, 17. The role of 

TLR4 in cardiovascular remodeling has been demonstrated in various studies18-23 and 

more recently also in arteriogenesis12

recovery after the induction of hind limb ischemia (HLI), which was suggested to be 

the result of reduced monocyte accumulation in the perivascular space of remodeling 

collaterals. Moreover, the exogenous TLR4 ligand lipopolysaccharide (LPS) has been 

shown to stimulate collateral artery formation after HLI by increasing monocyte recruit-

ment to proliferating collateral arteries16.

With regards to the role of monocytes in arteriogenesis, it is important to realize 
hi 

TNF 24. The “repair-associated” Ly6Clo

resting tissue25. Moreover, impaired recruitment of Ly6Chi monocytes from the bone 

marrow results in impaired arteriogenesis26.

others, TLR accessory molecules. Although several negative regulators of TLR4 have 

been described in literature, including SIGIRR27, ST228, Triad3A29 and several other intra-

cellular proteins30
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31, 32. TLR4 accessory molecule RP105 (also 

known as CD180) is a TLR4 homologue that is expressed by various cell types, including 

monocytes and macrophages, but which lacks the intracytoplasmic Toll-IL-1 Receptor 

(TIR) domain of TLR4. Similar to TLR4, whose function depends on co-expression of 

MD-2, RP105 expression depends on co-expression of MD-1, an MD-2 homologue33. 

The RP105-MD-1 complex binds to the TLR4-MD-2 complex and consequently inhibits 

32. RP105 has been described to be involved in several 
31, 34-36, including arterial restenosis37, but the role of RP105 in 

arteriogenesis is still unknown.

In the present study, we investigated the contribution of RP105 to post-ischemic neo-

vascularization in a hind limb ischemia model, using wild type C57BL/6 (WT) and RP105 
-/-

through the lack of TLR4 inhibition in RP105-/- mice, would enhance arteriogenesis. 

Surprisingly, we show here that arteriogenesis is impaired in RP105-/- mice, most likely 

caused by inappropriate overactivation of monocytes, resulting in impaired monocyte 

recruitment to remodeling collateral arterioles.

MATERIALS AND METHODS

All animal experiments were approved by the committee on animal welfare of the 

Leiden University Medical Center and were performed conform the Directive 2010/63/

EU of the European Parliament. All procedures were performed under anesthesia and 

additional pain relief was applied for invasive procedures.

Mice were anesthetized by intraperitoneal (i.p.) injection of midazolam (8 mg/kg, Roche 

Pharmaceutica). Unilateral hind limb ischemia was induced by electrocoagulation of 

with electrocoagulation of the distal femoral artery, proximal to the bifurcation of the 

-

mg/kg, MSD Animal Health)38. For in vivo

(LPS) from Escherichia coli K-235 (Sigma-Aldrich) was injected i.p. at day 3 after surgery. 

Plasma was collected 1h after LPS injection and plasma TNF  (BD Biosciences) and 
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SAA1 (Kamiya Biomedical Company) levels were measured by enzyme-linked immu-

nosorbent assay (ELISA), according to the manufacturers’ protocols.

Laser Doppler perfusion imaging (LDPI) (Moor Instruments) was used to noninvasively 

-

tion of midazolam (8 mg/kg) and medetomidine (0.4 mg/kg) and measurements were 

performed with the mice placed in a double-glassed bowl constantly perfused with 

water at 37ºC. The regions of interest analyzed consisted of the feet distal to the base of 

Collateral density between the anterior cerebral artery (ACA), middle cerebral artery 

(MCA), and posterior cerebral artery (PCA) was determined as described39-41

animals were heparinized systemically and anesthetized by intraperitoneal (i.p.) injec-

and fentanyl (0.08 mg/kg, Janssen Pharmaceutica) prior to vascular casting. Maximal 

dilation was accomplished by cannulation of the thoracic aorta and infusion of sodium-

Digital images were obtained of the dorsal brain surface and processed with ImageJ 

software (NIH). Collateral density was calculated by determining the total number of 

pial collaterals between the ACA-MCA, ACA-PCA and MCA-PCA and dividing by the 

dorsal surface area of the cerebral hemispheres. Areas that sustained damage, were 

using mortar and pestle, and homogenized over a Qiashredder (Qiagen). Total RNA was 

instructions and RNA integrity was checked using the NanoDrop 1000 Spectrophotom-

eter (NanoDrop Technologies) and the 2100 Bioanalyzer (Agilent Technologies).
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Total RNA from whole bone marrow and bone marrow derived monocytes was iso-

lated using a standard Trizol-chloroform extraction protocol. RNA concentration, purity 

and integrity were examined by nanodrop (Nanodrop Technologies).

For real-time quantitative PCR, RNA was reverse transcribed using High Capacity 

RNA-to-cDNA kit (Applied Biosystems). Quantitative PCR was performed on the ABI 

7500 Fast system, using commercially available TaqMan gene expression assays for 

TLR4, CD180 (RP105), SIGIRR, ST2L, CTSS, MMP9, MMP2, PI3K, RAC1, GAPDH and 

RPL13A (Applied Biosystems). Expression levels of GAPDH and RPL13A were used for 

normalization.

For harvesting tissues, mice were anesthetized by intraperitoneal (i.p.) injection of mid-

The adductor muscle group and gastrocnemius muscle were harvested and snap 

muscle group (10 days after HLI) were used for histological analyses of collateral artery 

size. Vessels at the center of the adductor muscle group, stained using anti-smooth 

muscle -actin (

the opposing tree. Randomly photographed images through the central part of the ad-

ductor muscle group were used to quantify the number and lumen diameter of SMA+ 

vessels using ImageJ software (NIH) (total of 9 images of 3 sections per mouse).

Serial frozen sections (6μm) of ligated and non-ligated gastrocnemius muscle (10 

capillary density. Sections were stained using anti-CD31 (BD Biosciences). Randomly 

photographed images through the gastrocnemius muscles were used to quantify the 

number of CD31+ vessels per section using ImageJ software (NIH) (total 6 sections per 

mouse).

1 day after HLI were stained for RP105 positive cells with a rabbit anti-RP105 antibody 

(Abcam).

in ice-cold acetone and stained with anti-RP105 (Abcam), Cy3 conjugated anti- SMA 

488-conjugated secondary antibody (Invitrogen) and RP105 using an APC-conjugated 

secondary antibody. Nuclei were stained with Vectashield with DAPI (Vector Labo-

ratories). Fluorescent pictures were taken on a LSM700 microscope (Carl Zeiss) and 

adjusted using Zen 2009 software (Carl Zeiss).
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Blood was collected from the tail vein from WT and RP105-/- mice and diluted 1:25 in 

RPMI 1640 (Invitrogen) supplemented with non-essential amino acids (PAA Laborato-

in absence or presence of LPS (0-75 ng) from Escherichia coli K-235 (Sigma-Aldrich). 

Cell-free supernatant was collected and TNF  and IL6 levels were measured by ELISA 

according to the manufacturer’s protocol (BD Biosciences).

For assessment of ex vivo

was drawn from the tail vein of RP105-/- and WT mice. Whole blood was incubated for 3 

hours at room temperature, in presence of PBS or 50 ng/ml LPS (Sigma-Aldrich).

For assessment of in vivo

and 1 day after (t1) hind limb ischemia. Blood was drawn from tail vein. Total circulating 

leucocytes were measured using the KX-21N Hematology Analyzer (Sysmex). The ad-

ductor muscle group, gastrocnemius muscle, spleen and bone marrow were harvested 

at 37ºC in the presence of 450 U/ml collagenase I (Worthington Biochemical Corpora-

tion) and 60 U/ml DNAse I (Sigma-Aldrich). Tissues were minced through 40μm-cell 

strainers (BD Biosciences) to obtain single cell suspensions and resuspended in IMDM 
+ leukocytes were isolated from the skeletal muscles using 

magnetic MicroBeads conjugated to rat anti-CD45 antibodies (Miltenyi Biotec), accord-

ing to manufacturer’s protocol.

Fluorochrome-conjugated antibodies used were anti-mouse CD11b-APC (BD Bio-

Biosciences) and B220-APC eFluor780 (eBioscience). Cells were counted on a LSRII 

v6.1.2). The gating strategy is shown in Supplemental Figure 1.

For harvesting bone marrow, mice were anesthetized by intraperitoneal (i.p.) injection 

-

cation.

-

ously42. In brief, bone marrow suspensions were isolated from WT and RP105-/- mice by 

and 100 μg/mL streptomycin and 20 ng/mL recombinant murine M-CSF (eBioscience) 
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to generate BM-derived monocytes. After 5 days, non-adherent cells were harvested 

and analyzed by FACS for CD11b and Ly6C expression in order to determine monocyte 

WT and RP105-/- bone marrow-derived monocytes (105 cells per well) were applied in 

quadruplicate to the upper chamber of a transwell system (24 wells, 8 μm pore size, 

ng/ml) was added. Monocyte chemotaxis was assessed towards 100nM FMLP (formyl-

methionyl-leucyl-phenylalanine, Sigma-Aldrich) in the basolateral chamber. After 2 

hours of incubation the number of monocytes migrated to the basolateral chamber 

was counted manually.

All results are presented as mean ± standard error of the mean (SEM) or as scatter plot. 

Comparisons between groups were performed using Student’s t-tests. FACS data on 

tissues from mice before and after induction of hind limb ischemia were analyzed using 

RESULTS

RP105 expression in arteriogenesis

To determine whether RP105 expression is regulated during arteriogenesis, the adduc-

tor muscle group containing remodeling collateral arteries of WT mice was harvested 

before and after (day 1, 3, 7, 14 and 28) induction of HLI38. RP105 mRNA levels were 

Figure 1

and mimic TLR4 mRNA expression (Figure 1

transiently upregulated at day 1 and returned to baseline levels by day 3. Also in the 

ischemic gastrocnemius muscle, RP105 and TLR4 mRNA levels were increased after 

HLI (Figure 1C-D).

Since RP105 is known to be expressed by circulating cells32, we performed immu-

of RP105+ -

pected, RP105+ cells were observed near blood vessels in adductor and gastrocnemius 

muscle (Figure 1E and 1F respectively).
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day after HLI, RP105+ cells in proximity of SMA+

A B

G

C D

E F

Figure 1. RP105 and TLR4 in arteriogenesis in WT mice. RP105 mRNA (A) and TLR4 mRNA (B) expression 
in the adductor muscle group after induction of HLI, measured by real-time quantitative PCR. RP105 mRNA 
(C) and TLR4 mRNA (D) expression in the ischemic gastrocnemius muscle after induction of HLI, measured 
by real-time quantitative PCR (n=4 mice per time point). Expression levels were normalized against either 
GAPDH or RPL13A. pt=pre-treatment. All values are presented as the mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001, calculated against pre-treatment. Immunohistochemical staining on paraffin-embedded WT 
adductor muscle group (E) and gastrocnemius muscle (F) 1 day after induction of HLI, using anti-RP105 
antibodies. Black arrowheads denote RP105+ cells. G, Immunohistochemical staining on fresh-frozen sec-
tions of WT adductor muscle 1 day after induction of HLI, using anti- SMA (red), anti-RP105 (white) and 
anti-MOMA-2 (green) antibodies. Cell nuclei were stained with DAPI (blue). White arrowheads denote 
RP105+MOMA-2+ cells.
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indicating that RP105+ cells in this tissue are predominantly monocytes / macrophages 

(Figure 1G).

Having determined that RP105 expression is upregulated during collateral remodeling, 

RP105-/- and WT mice were subjected to HLI38

RP105-/- Figure 2 -

limb (Figure 2C). However, recovery in RP105-/-

WT mice 10 days after HLI (Figure 2

-smooth muscle actin positive ( SMA+) vessels in 

the adductor muscle group (Figure 2E) and CD31+ vessels in the ischemic gastrocne-

mius muscle (Figure 2F), harvested 10 days after HLI.

Although the absolute number of SMA+ vessels in the adductor muscle group were 

similar (Figure 2G), the expansive remodeling of SMA+ -

duced in RP105-/- mice compared to WT mice following HLI. In RP105-/- mice, the mean 

lumen area per SMA+ vessel (RP105-/- 208±12μm2 vs WT 450±36μm2 Figure 

2H) and the total SMA+ vessel area per section (RP105-/- 443±19μm2 vs WT 1059±72μm2, 

Supplemental Figure 2 -

pared to WT mice. Also, the fraction of larger SMA+

WT mice (Supplemental Figure 2

RP105-/- -

sured by the capillary density and size in the ischemic gastrocnemius muscle (Figure 

2I and Supplemental Figure 2C). In contrast, the capillary density appeared to increase 

slightly more in RP105-/- mice after HLI, which would be plausible considering the 

increased severity of ischemia in the mice due to impaired arteriogenesis compared 

to WT mice. However, when we compared the index of capillary size and density in 

the two strains (Supplemental Figure 2D-E). The pre-existing capillary density however 

was slightly lower in RP105-/- mice compared to WT mice (Figure 2I and Supplemental 

Figure 2C).

arteriogenesis, collateral density in the pial circulation was assessed in both RP105-/- 

and WT mice using arterial vascular casting26, 40. Pre-existing collateral density in the pial 

circulation of the dorsal cerebral cortex predicts collateral density in skeletal muscle 

and other vascular beds39-41. Pial collateral density was similar between RP105-/- and 

WT mice (Figure 3A-C), which was in agreement with a similar drop in paw perfusion 

directly after induction of HLI in both strains (Figure 2C).
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Figure 2. Blood flow recovery in RP105-/- mice. A, Representative Laser Doppler Perfusion Imaging 
(LDPI) images of paws from WT and RP105-/- mice after induction of HLI in the left limb. High blood flow is 
displayed in red. B, Quantification of LDPI measurements of RP105-/- (n=10) and WT (n=9) mice over time. 
Data are calculated as the ratio of ligated over non-ligated paw. C, Quantification of LDPI measurements of 
WT and RP105-/- mice directly after induction of HLI. D, Quantification of LDPI measurements 10 days after 
induction of HLI. E, Immunohistochemical staining of paraffin-embedded adductor muscle group of WT 
(n=6) and RP105-/- (n=6) mice, 10 days after HLI, using anti- SMA (red) antibodies. Smallest lumen diameter 
of SMA+ vessels is indicated by black bars. F, Immunohistochemical staining on fresh frozen sections of 
gastrocnemius muscles of WT (n=6) and RP105-/- (n=6) mice, 10 days after HLI, using anti-CD31 (brown) 
antibodies. Number (G) and lumen area (μm2) (H) of SMA+ vessels, measured at the center of the adductor 
muscle group in ligated and non-ligated limbs of RP105-/- and WT mice. I, Capillary density in gastrocne-
mius muscles, defined as the number of CD31+ vessels per section. pt=pre-treatment. ns=non-significant. 
All values are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. Pre-existing collateral bed in RP105-/- mice. A, Representative images of the pial circulation 
in WT and RP105-/- mice. White asterisks indicate collateral arteries between anterior, middle and posterior 
cerebral arteries (ACA, MCA and PCA, respectively). B, Pial collateral density was calculated in WT (n=4) 
and RP105-/- (n=4) mice, dividing the sum of ACA to MCA, ACA to PCA and MCA to PCA connectors by the 
surface area of the cerebral hemispheres. C, Region of the brain utilized for calculation of pial density. Areas 
were excluded when they were damaged, had poor filling with Microfil™, or were otherwise uncountable. 
ns = non-significant. All values are presented as the mean ± SEM.

ex vivo and in vivo. LPS stimulation of whole blood from both mouse strains resulted in 

a dose-dependent increase in TNF  and IL6 production, however this response was 

drastically higher in blood from RP105-/- mice (Figure 4

concentrations for TNF In vivo, intraperitoneal (i.p.) injection of LPS 

(1μg) resulted in higher TNF  plasma levels in RP105-/- mice compared to WT mice 

(Figure 4

measured. Although SAA1 levels were higher in RP105-/- mice than in WT mice, levels 

did not increase further after LPS injection in either strain (Figure 4D). Mice showed no 

visible signs of sepsis or disease either in response to 1 μg LPS.
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Figure 4. Inflammatory response in RP105-/- mice. Blood from WT and RP105-/- mice was collected, di-
luted (1:25) and incubated for 24 h with LPS (0-75 ng) ex vivo. TNF  (pg/ml) (A) and IL6 (pg/ml) (B) levels in 
cell-free supernatant were measured by ELISA (n=5 WT; n=5 RP105-/-). Plasma TNF  levels (pg/ml) (C) and 
SAA1 (μg/ml) (D) in RP105-/- and WT mice, 1h after intraperitoneal injection of LPS (1μg/mouse) (n=8 WT 
PBS; n=9 WT LPS; n=9 RP105-/- PBS; n=10 RP105-/- LPS). ST2L mRNA (E) and SIGIRR mRNA (F) expression in 
the adductor muscle group 10 days after induction of HLI, measured by real-time quantitative PCR (n=6 
WT; n=6 RP105-/-). G, Flow cytometry analysis of monocytes and monocyte subtypes (Ly6Chi and Ly6Clo) in 
RP105-/- and WT mice. Values are presented as total counts in blood (n x106/mL). Fraction of Ly6Chi(H) and 
Ly6lo(I) subtypes of total monocytes in RP105-/- and WT mice after incubation with LPS or control ex vivo. 
Activation state of total monocytes (J), Ly6Chi monocytes (K) and Ly6lo monocytes (L) in whole blood incu-
bated with LPS or control ex vivo, measured by mean fluorescence intensity (MFI) of CD11b (n=5 WT PBS; 
n=5 WT LPS; n=5 RP105-/- PBS; n=5 RP105-/- LPS). nd=non-detectable, ctrl=control. All values are presented 
as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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RP105

To determine whether the loss of RP105 expression leads to compensatory mecha-

nisms in RP105-/- mice, we measured expression of other TLR inhibitory molecules in 

total RNA isolated from the adductor muscles of WT and RP105-/- mice at 10 days after 

induction of HLI. Expression of both ST2L and SIGIRR were upregulated in RP105-/- mice 

compared to the WT (Figure 4

whole blood from RP105-/- and WT mice was incubated with LPS or PBS as control. The 

Ly6Chi and “repair-associated” Ly6Clo monocyte subtypes. Total monocyte and mono-

cyte subtype (Ly6Chi and Ly6Clo) numbers were similar between RP105-/- and WT mice 

(Figure 4G) and LPS stimulation in vitro

subtypes (Figure 4H and I).

marker. Monocyte baseline CD11b expression was equal between the two mouse 

RP105-/- mice compared to WT mice (Figure 4

mediated monocyte activation in blood from R105-/- mice compared to WT mice. More 
hi 

hi monocyte subtype of RP105-/- 

mice already showed an increased MFI of CD11b, which increased even further after 

LPS stimulation compared to Ly6Chi monocytes from WT mice (Figure 4K). The MFI of 

CD11b on Ly6Clo -/- and WT mice (Figure 4L).

Next, we evaluated Ly6Chi monocyte activation in vivo. Spleen, bone marrow, blood, 

ipsilateral adductor and gastrocnemius muscle of RP105-/- and WT mice were har-

vested before (t0) and 1 day (t1) after induction of HLI and were analyzed by FACS. 

Circulating Ly6Chi monocytes in RP105-/- mice appeared to show higher baseline CD11b 

expression, indicating a higher activation status, compared to WT mice (Figure 5A), but 

the induction of HLI did not result in additional monocyte activation in the blood of 

RP105-/- mice. Interestingly, whereas the baseline activation states of monocytes in 

the ischemic gastrocnemius muscle were similar in both strains, the MFI of CD11b in 

RP105-/- Figure 5B), 

suggesting increased monocyte activation.

Since circulatory Ly6Chi monocytes in RP105-/- mice showed an activated pheno-

type already at baseline, we evaluated the migratory abilities of circulating Ly6Chi 
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monocytes in response to HLI. Ly6Chi monocytes were recruited to the adductor and 

gastrocnemius muscle of the ligated limb in both mouse strains (Figure 5C-D). In 

RP105-/- mice however, the recruitment to the ischemic gastrocnemius muscle was 
hi population in 

the ischemic gastrocnemius muscles of RP105-/-

to WT mice. Interestingly, in the bone marrow of RP105-/- mice, post-ischemic Ly6Chi 

monocytes increased relative to baseline (Figure 5E). Also, Ly6Chi monocytes appeared 

higher in the spleen of RP105-/- mice compared to WT mice (Figure 5F), suggesting 

retention of Ly6Chi monocytes in the spleen and bone marrow of RP105-/- mice. The 

number of circulatory Ly6Chi

in either strain (Figure 5G).

The aforementioned increase of Ly6Chi monocytes in the post-ischemic adductor 

and gastrocnemius muscle, albeit less in RP105-/- mice compared to WT mice, was ac-

companied by a decrease in the number of Ly6Clo monocytes after HLI in both mouse 

strains (Figure 5H-I). Like the Ly6Chi monocyte population, the Ly6Clo population was 

increased in bone marrow of RP105-/- mice compared to WT mice (Figure 5J-K). The 

number of circulatory Ly6Clo

strain (Figure 5L).

Figure 5. Recruitment of Ly6Chi monocytes in RP105-/- mice in vivo. Flow cytometry analysis of mono-
cytes subtypes (Ly6Chi and Ly6lo) before (t0) and 1 day after (t1) HLI in WT and RP105-/- mice (n=6 WT t0; 
n=6 WT t1; n=6 RP105-/- t0; n=6 RP105-/- t1). Activation state of Ly6Chi monocytes measured by mean fluo-
rescence intensity (MFI) of CD11b in blood (A) and ischemic gastrocnemius muscle (B). Flow cytometry 
analysis of the Ly6Chi monocyte population in adductor muscle group (C), gastrocnemius muscle (D), bone 
marrow (E), spleen (F) and blood (G). Flow cytometry analysis of the Ly6Clo monocyte population in ad-
ductor muscle group (H), gastrocnemius muscle (I), bone marrow (J), spleen (K) and blood (L). M, WT and 
RP105-/- bone marrow-derived monocyte migration with and without LPS stimulation (10ng/ml) (n=4). *P 
< 0.05, **P < 0.01, ***P < 0.001.
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In vitro migration assays on WT monocytes showed that the migratory capacity of 

monocytes decreased after activation with LPS. In RP105-/- monocytes, activation with 

LPS could not further reduce monocyte migration (Figure 5M). In correspondence, ex-

pression of Cathepsin S (CTSS) was higher in WT monocytes than in RP105-/- monocytes 

(Supplemental Figure 3

in WT but not RP105-/- monocytes after LPS stimulation (Supplemental Figure 3B and 
-/- monocytes 

however, whereas MMP9 levels were similar between monocytes from both mouse 

strains (Supplemental Figure 3

marrow (Supplemental Figure 3

two strains of mice in vivo, LPS (1μg) was injected (i.p) in both RP105-/- and WT mice 3 

days after induction of HLI. In correspondence with previous studies16, we observed 

Figure 6A, day 
-/- 

mice injected with LPS (Figure 6B), indicating that additional monocyte activation did 

not occur in RP105-/- mice.

A B

Figure 6. Monocyte activation in RP105-/- mice after induction of HLI. LDPI quantification of WT (A) and 
RP105-/-(B) mice. Mice were injected with LPS (1μg/mouse) in PBS (n=11 WT; n=11 RP105-/-) or PBS alone 
(n=9 WT; n=9 RP105-/-) at 3 days after induction of HLI. Data are calculated as the ratio of ligated over non-
ligated paw. All values are presented as the mean ± SEM. Ctrl=control. ***P < 0.001.

DISCUSSION

We demonstrate here that the TLR4 accessory molecule RP105 plays an important role 

hi -

covery after induction of HLI is strongly impaired in RP105-/- mice. This is accompanied 
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hi

hi monocyte populations 

accumulated in monocyte storage reservoirs (bone marrow and spleen) in RP105-/- 

the initiation and proliferation of the arteriole remodeling process2, impaired monocyte 

-

Following HLI, we observed a marked increase of both TLR4 and RP105 mRNA 

expression in adductor and gastrocnemius muscles of WT C57BL/6 mice, a mouse 
43. A joint upregulation of TLR4 and RP105 had 

previously also been described in both human and mouse macrophages, where RP105 

directly mimics expression of TLR432

cell types, in our mouse models, RP105+

found in the perivascular space of remodeling collateral arteries, clearly indicating a 

role for RP105+ monocytes and/or macrophages in arteriogenesis.

RP105 was described as a negative regulator of TLR4 response, resulting in increased 

B-mediated gene transcription in RP105-/- mice31, 32. Previous 

reports showed that LPS, via TLR4, increases arteriogenesis16

12. Therefore, we originally hypothesized that 

arteriogenesis would be enhanced in RP105-/-

-/- mice showed a reduced 

RP105-/- SMA+ vessels in 

the central part of the adductor muscle group.

-/- and WT mice, we 
-/- mice after HLI was the result 

of reduced arteriogenesis alone.
-/- mice, both in vivo 

and ex vivo -/- mice, we 

hypothesized that the increased activation of monocytes in these mice is inappropriate. 

It has been established that monocytes drive arteriogenesis and that they express high 

levels of both TLR4 and RP105. TLR4 is crucial in the activation of monocytes. TLR4 

expression levels are higher on monocytes from patients with peripheral44 or coronary 

artery disease45 hi mono-

cytes are more responsive to TLR stimulation and are the predominant TNF  producing 

monocytes24, we focused on the activation state of Ly6Chi monocytes in particular.
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Compared to WT mice, we indeed observed increased activation of Ly6Chi mono-

cytes in RP105-/- mice ex vivo, both at baseline and after LPS stimulation. Also in vivo, 

circulatory Ly6Chi monocyte activation was increased at baseline in RP105-/- mice 

compared to WT mice. Even though TLR inhibitors ST2L and SIGIRR were upregulated 

in RP105-/-

state of the RP105-/- monocytes. It cannot be excluded that upregulation of ST2L and 

soluble ST2 (sST2), has been implicated in cardiovascular disease46 and although no 

such reports exist for SIGIRR, a causative role cannot be excluded.

However, unlike in WT mice, the circulatory Ly6Chi monocyte population of RP105-/- 

could not be further activated by induction of HLI. In the ischemic gastrocnemius 

muscle however, we did observe an increase in Ly6Chi monocyte activation in both 

strains, a response that was exaggerated in the RP105-/- mice. However, even though 

the activation state of Ly6Chi monocytes was increased in RP105-/- mice, their numbers 

showed that even very subtle decreases in monocyte numbers around remodeling 
12. In WT mice, we observed increases in Ly6Chi 

-/- mice, this response was 

impaired. Recent reports describe that Ly6Chi monocytes accumulate in ischemic myo-

cardium after myocardial infarction47 and are recruited to ischemic muscles in the early 

stages after ischemia48, 49. These reports showed the potential of the Ly6Chi subtype to 

regulate post-ischemic vessel growth in adoptive transfer studies, whereas adoptive 

transfer of the Ly6Clo subtype did not contribute to post-ischemic revascularization.

In contrast, Ly6Chi monocytes accumulated in the bone marrow and spleen of RP105-/- 

mice after induction of HLI. The bone marrow is a reservoir for Ly6Chi monocytes48 and 

also the spleen stores monocytes, which are rapidly deployed after, for example, the 

induction of myocardial infarction in mice47. The retention of Ly6Chi monocytes in the 

bone marrow and spleen of RP105-/- mice suggests that, when normally expressed, 

RP105 enables recruitment and migration of these monocytes from their storage 

In vitro monocyte 

migration assays and expression analyses of migratory molecules support this role of 

RP105.

We believe that the increased activation state of Ly6Chi monocytes in RP105-/- mice 

at baseline and following HLI compared to WT mice is inappropriate and negatively 
-/- 

mice after ischemia.

Before HLI, the predominant resident monocyte subtype was the Ly6Clo monocyte, 

making up almost one third of total CD11b+ cells in adductor and gastrocnemius mus-
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cles of both WT and RP105-/- mice. Following HLI, Ly6Chi monocyte levels increased 

by a rapid decrease of Ly6Clo monocytes. It is still unclear whether Ly6Chi monocytes 
lo monocytes and vice versa inside injured tissue50 after the initial 

-

rately from their storage compartments51. In ex vivo whole blood stimulation assays, 

numbers of these monocyte subtypes after stimulation with LPS in either mouse strain, 

In conclusion, the TLR4 accessory molecule RP105 is expressed by monocytes / 

macrophages in areas of expansive collateral artery remodeling and plays an important 

-

lack of TLR4 regulation. Inappropriate, premature systemic activation of monocytes, 
hi monocyte subtype, results in re-

hi monocytes in ischemic tissue and consequently in reduced 

We thank Keane J.G. Kenswil for his technical assistance.
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SUPPLEMENTAL MATERIAL

Supplemental Figure  1. Gating strategy for peripheral blood monocyte subpopulations. A gate is 
drawn on all cells in a FCS/SSC plot (A) to exclude debris. Of the cells gated in plot A, the expression of 
CD11b (X-axis) and B220 (Y-axis) is shown in plot B, on which gates are placed on the CD11bneg cells 
and the CD11pos cells. The CD11bneg cells gated in plot B showing expression of the B-cell marker B220 
(X-axis) and Ly6C (Y-axis): B220neg/Ly6Cneg cells represent the T-cells, B220pos/Ly6Cneg cells are B-cells, 
B220neg/Ly6Cpos cells are activated T-cells and B220pos/Ly6Cpos cells are plasmacytoid dendritic cells 
(pDCs). The CD11pos cells from plot B are selected in plot D showing expression of Ly6G (X-axis) and SSC 
(Y-axis), in which Ly6Gpos/SSChi cells represent neutrophilic granulocytes, Ly6Gneg/ SSChi cells represent 
eosiniphilic granulocytes and the Ly6Gneg/SSClo cells represent the non-granulocytic cells. These latter 
cells are selected in plot E, showing expression of CD11b (X-axis) and CD115 (Y-axis): CD11bhi/CD115hi 
cells represent the monocytes and the CD11bdim/CD115neg cells represent NK cells. The monocytes gated 
in plot E are selected in plot F, showing their expression of CD115 (X-axis) and Ly6C (Y-axis): Ly6Chi cells rep-
resent the pro-inflammatory monocytes, Ly6Cmed cells represent the intermediate monocyte population 
and Ly6Clo cells represent the anti-inflammatory, pro-angiogenic/ repair-associated monocytes. Figure G 
shows a summary of the hierarchy of the characterized cell populations.
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Supplemental Figure 2. A, Lumen area (μm2) of SMA+ vessels per section and fraction (B) of large SMA+ 
vessels (>200μm), measured at the center of the adductor muscle group in ligated and non-ligated limbs 
of WT (n=6) and RP105-/- (n=6) mice. C, Capillary area of CD31+ vessels per section (%), size index (D) and 
number index (E) in ligated and non-ligated limbs of WT (n=6) and RP105-/- (n=6) mice, measured in the 
gastrocnemius muscles. ns=non-significant. All values are presented as the mean ± SEM. *P < 0.05, **P < 
0.01, ***P < 0.001.

Supplemental Figure 3. Bone marrow derived monocytes (106) were incubated with LPS (10 ng/ml) or 
control medium (RPMI) overnight, after which the cells were lysed in Trizol and total RNA was extracted. 
Monocyte mRNA expression of CTSS (A), PI3K (B), Rac1 (C), MMP2 (D) and MMP9 (E) was measured by 
real-time quantitative PCR (n=4). (F) Whole bone marrow was lysed in Trizol and total RNA was extracted. 
mRNA expression levels of CTSS, PI3K, RAC1, MMP2 and MMP9 were measured by real-time quantitative 
PCR (n=4). *P < 0.05, **P < 0.01, ***P < 0.001.
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ABSTRACT

Toll-like receptors (TLRs) are important in innate immune responses, which are crucial in 

collateral artery formation (arteriogenesis). TLR4-/- mice undergoing hind limb ischemia 

-

matory cells. TLR antagonists are currently developed and tested with the objective to 

inhibit acute exacerbation of organ damaging immune responses. However, systemic 

study, we evaluated if TLR4 inhibition by a potent TLR4 inhibitor (TAK-242) would nega-

from human and mouse origin was stimulated with the TLR4 ligand lipopolysaccharide 

(LPS) following TAK-242 incubation. After stimulation, cellular TLR4 activation was 

measured using FACS and Tumor Necrosis Factor alpha (TNF- ) release was measured 

on perfusion recovery. TLR4 responses measured by TNF-  levels were inhibited by 

TAK-242 in human and mouse blood after long-term stimulation. TAK-242 attenuated 

TLR4 responses in vivo, but did not inhibit perfusion recovery in mice.

In conclusion

hind limb ischemia despite its TLR4 inhibiting properties.
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INTRODUCTION

occlusion in larger arteries, often caused by atherosclerosis. Adaptive collateral artery 

growth (arteriogenesis) is characterized by enlargement of pre-existing vascular anas-

tomoses as a result of local arterial occlusion and subsequent increase in shear stress. 

However, arteriogenesis is often inadequate to prevent tissue ischemia in patients 

receptor (TLR) signaling is essential for perfusion recovery after arterial occlusion1. TLRs 

are receptors of the innate immune system and expressed by all leukocytes, but also 

in response to pathogen associated molecular patterns (PAMPS)2. Next to arteriogen-

esis, TLRs are involved in atherosclerosis3 and myocardial ischemia/reperfusion (I/R) 

injury4, 5.

-
1. 

-

paired perfusion recovery, it remains unclear whether in vivo administration of TLR4 an-

resulting in down toning of the immune response. Moreover, they have shown to work 

-

sure in mice6, injury following myocardial infarction in mice7, 8, prevention of experimen-

tal endotoxemia in guinea pigs9 10 
-/- mice11

carboxylate (TAK-242), exclusively blocks TLR4 signaling by inhibiting ligand-induced 

intracellular signaling without inhibiting ligand binding to cells. Furthermore, TAK-242 

strongly suppresses TLR4-mediated cytokine (e.g. Tumor Necrosis Factor (TNF)- ) and 
12-14. 

Sepsis and endotoxin mouse models have shown that TAK-242 treatment attenuated 

the TLR4 response, which resulted in lowering of cytokine production. Furthermore, 
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survival rates drastically increased after TAK-242 treatment following lipopolysac-

charide (LPS) challenge15, 16

perfusion during organ ischemia.

in vivo treatment with TAK-242 on perfusion 

recovery following tissue ischemia and thus examined if the compound would mimic 

MATERIALS AND METHODS

All animal experiments in the present study were approved by the university animal 

experimental committee of Leiden University Medical Center and Utrecht University 

following the Guide for the Care and Use of Laboratory Animals published by the US 

National Institute of Health (NIH Publication No. 85-23, revised 1996).

Reagents

Japan). Lipopolysaccharide (LPS) (Escherichia coli 055:B5) was purchased form Sigma 

Whole blood from healthy volunteers and C57Bl/6J mice was collected in heparin-

ized tubes. Blood was incubated with TAK-242 (0.3 mg/ml) for 30 minutes, followed by 

was based on earlier studies15, 16 PBS stimulation served as a control. For CD11b and 

L-selectin expression, human and mouse whole blood were incubated with LPS in a 

 expression 

centrifuged at 300x g, for 5 minutes and plasma was stored for TNF-  measurements.

LPS stimulation on whole blood was followed by staining with FACS antibodies. The 

following antibodies were used: CD14 RPE-Cy5 (monocytes, Serotec), CD66b PE (neu-

trophils, Biolegend), CD11b PE-Cy7 (BD), CD62L ECD (L-selectin, Beckman Coulter). For 

mouse whole blood, the following antibodies were used: F4/80 Alexa-647 (monocytes, 
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eBioscience), Ly-6G PE (neutrophils, eBioscience), CD11b FITC (Bioconnect) and CD62L 

PE-Cy7 (Abcam).

TNF-

ELISA kits according to manufacturer’s instructions (BendermedSystems for human 

TNF- ).

All procedures were performed on male C57BL/6J mice and started when the ani-

mals were at 10-12 weeks of age. For in vivo testing of TAK-242 in mice, TAK-242 was 

dissolved in poly ethylene glycol (PEG)-400 (1.2 mg/ml for i.m. injection). Dosage was 

based on earlier in vivo studies with TAK-24215, 16. Mice received a single dose of placebo 

(PBS) or TAK-242 either in the adductor muscle. Twenty four hours after i.m. injection 

whole blood was collected for LPS stimulation via tail vein cuts. Blood samples were 

 

measurements.

For in vivo

242 dissolved in PEG-400 (5mg/ml) infused in Alzet osmotic micro-pumps (DURECT 

according to manufacturer’s instructions. Delivery rate of TAK-242 was 3.0 mg/kg/

day15, 16. Micro-pumps were placed subcutaneous (s.c.) between the scapulae, fol-

lowed by unilateral double electrocoagulation of both femoral artery and iliac artery. 

Perfusion recovery was monitored using Laser-Doppler perfusion imaging (LDPI) (Moor 

Instruments, Devon, UK). LDPI measurements were performed before and after surgery 

and were continued until 28 days with intermediate measurements at day 3, 7, 10, 14 

and day 21. The surgical procedure has been described in detail previously17. Perfu-

sion recovery in the ischemic limb is expressed as a percentage of the contralateral 

non-ischemic limb perfusion. Blood was collected via a tail vein cut at day 3 and 7 and 

analyzed for TNF-  levels.

TAK-242 was also tested in vivo via a single i.m. injection in the right adductor muscle 

followed by unilateral femoral artery ligation. Mice underwent unilateral femoral artery 

ligation and received follow-up of perfusion recovery using LDPI at day 4 and 7 and 

were terminated at day 7. The surgical procedure has been described in detail previ-

ously18.
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SPSS version 20.0 (Chicago, IL, USA) was used for statistical analyses. Comparisons be-

mean ± SEM.

RESULTS

Heparinized human whole blood from a healthy volunteer and whole blood from a 

pre-incubation of TAK-242. With FACS analysis, expression of CD11b and L-selectin on 

monocytes and neutrophils were analyzed.

As expected, monocytic CD11b expression was upregulated and L-selectin was 

shed with concomitant downregulated expression following LPS stimulation of human 

whole blood. TAK-242 pre-incubation inhibited this LPS-induced activation. TLR4 inhi-

concentrations (0.01 ng/ml to 1 ng/ml) compared with higher LPS concentrations (10 

ng/ml and 100 ng/ml) (Figure 1A). Neutrophils revealed similar patterns where TAK-242 

Figure 

1

cell-based activation markers (Figure 2A-B).

Levels of TNF-  were measured in plasma from heparinized whole blood both from a 

healthy donor as well as C57BL/6J mice at baseline following LPS stimulation. A dose-

dependent TNF-  production could be observed after LPS stimulation. Pre-incubation 

of TAK-242 resulted in dramatic decrease of TNF- -

crease, Figure 3 Figure 3B). For 

human blood, TNF-  levels after TAK-242 incubation and subsequent LPS stimulation 

were below the detection limit.

release

in vitro

of TAK-242 in vivo. TAK-242 was administered via Alzet micro-pumps for continuous, 

slow and systemic release subcutaneously in mice followed by unilateral femoral 

artery ligation. Perfusion recovery was measured over 28 days following surgery. No 

between TAK-242 treatment and control. All mice showed full recovery after 7 days 
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(Figure 4

pump administration, whole blood was collected at day 3 and 7 after surgery. At day 3, 

ex vivo whole blood stimulation with LPS after TAK-242 administration resulted in higher 

TNF-  levels compared to LPS stimulation only (control mice). However, no statistical 

 levels after 

LPS stimulation, whereas control mice maintained TNF-  levels compared to day 3 

Figure 4B).

A

B

Figure 1. CD11b and L-selectin expression on human monocytes and neutrophils after TLR4 inhibi-

tion by TAK-242. Whole blood was collected from a healthy volunteer (data from n=1). Blood was pre-
incubated with PBS (control) or TAK-242 (30 minutes), followed by LPS stimulation for 30 minutes. FACS was 
used to analyze CD11b and L-selectin expression on human monocytes (A) and neutrophils (B). Dotted line 
represents mean fluorescence intensity of unstimulated sample (PBS) and is used as a reference.
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Since continuous and slow release of TAK-242 via micro-pumps did not inhibit perfusion 

recovery after hind limb ischemia. To test whether the route of application was respon-

sible for the observed results, the compound was tested in vivo using intramuscular 

(i.m.) injection. Control mice received PBS injection. Blood was collected 24 hours after 

ng/ml, 125 ng/ml, 500 ng/ml). After i.m. administration, TAK-242 treatment resulted in 

 production compared to control (PBS) treatment 24 

Figure 5).

A

B

Figure 2. CD11b and L-selectin expression on murine monocytes and granulocytes after TLR4 inhi-

bition by TAK-242. Whole blood was collected from a wild type (C57BL/6J) mouse (data from n=1). Blood 
was pre-incubated with PBS (control) or TAK-242 (30 minutes), followed by LPS stimulation for 2 hours. FACS 
was used to analyze CD11b and L-selectin expression on murine monocytes (A) and granulocytes (B). Dot-
ted line represents mean fluorescence intensity of unstimulated sample (PBS) and is used as a reference.
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Since mice show a biologically active response to TAK-242 treatment via i.m. injection, 

we also tested this route of administration combined with unilateral femoral artery 

ligation. Again, mice receiving a PBS injection served as a control. Perfusion recovery 

be observed on perfusion recovery, since both groups recovered equally over 4 and 7 

days after ligation (Figure 6).

A

B

Figure 3. TNF-  expression in human and mouse whole blood after TLR4 inhibition by TAK-242. 
Whole blood was collected from healthy donors (n=3) (A) and wild type (C57BL/6J) mice (n=4) (B). Blood 
was pre-incubated with PBS (control; white bars) or TAK-242 (black bars) for 30 minutes, followed by LPS 
stimulation for 2 hours (healthy donor) or 20 hours (mouse).  Data are presented as mean ± SEM.
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DISCUSSION

around developing collateral arteries are crucial for restoring poor tissue perfusion. 

in vivo arteriogenesis1, 19. 

A

B

Figure 4. Perfusion recovery in control and TAK-242 treated mice with micro-pumps and TNF-  lev-

els after LPS stimulation at day 3 and 7 after surgery. Before surgery, mice received a micro-pump with 
TAK-242 for s.c. administration. Control mice were left untreated. A, Perfusion recovery was measured at 
different time points after operation in both treatment groups (n=11 per treatment group). B, At day 3 
and 7 after operation, blood was collected for LPS stimulation (n= 5 per treatment group). Open symbols 
represent control mice and black symbols represent TAK-242 treated mice. Data are presented as mean ± 
SEM, *p=0.03.
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antibody reduced myocardial I/R injury in pigs5 and was able to provide protection 

from I/R injury in a model for kidney transplantation in mice20. Next to TLR2 inhibitors, 

also TLR4 inhibitors have been extensively studied in infectious diseases as described 

Figure 5. Intramuscular injection of PBS and TAK-242 in mice and TNF-  levels after LPS stimulation. 
PBS or TAK-242 was injected once in mice via i.m injection in the right adductor muscle. Blood samples were 
collected at 24 hours after i.m. injection via a tail vein cut. All blood samples were incubated for 20 hours 
with LPS and TNF-  was measured in plasma (n=5 per treatment group). Data are presented as mean ± SEM.

Figure 6. Perfusion recovery in control and TAK-242 treated mice after intramuscular injection. After 
surgery, mice received PBS (control) or TAK-242 via i.m. injection in the right adductor muscle. Perfusion re-
covery was measured at day 4 and 7 after operation in both treatment groups (n=10 per treatment group). 
Data are presented as mean ± SEM.
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In this study, we investigated whether in vivo administration of a TLR4 antagonizing 

mice. We hypothesized that systemic in vivo administration of TAK-242 could inhibit 

perfusion recovery after hind limb ischemia, which could be considered as a negative 

First, we observed that TAK-242 was able to inhibit TLR4 activation measured as 

CD11b and L-selectin expression on human monocytes and neutrophils in vitro. How-

In contrast, in both human and murine whole blood, inhibition of LPS induced TNF-  

production was observed. Previously, it has been demonstrated that TNF-  can exert 

an accelerating role by positively modulating arteriogenesis in mice and rabbits18, 21, 22. 

Therefore, measuring TNF- -

23.

in 

vitro using murine peritoneal macrophages for cytokine read-out after LPS stimula-

tion24. Zhou et al

activation in THP-1 cells, a human monocytic cell line often used for TLR4 signaling 

research25. From these and our research we can state that TAK-242 is biologically active 

in inhibiting TLR4 responses in both species. Unfortunately, the authors did not mention 

duration of TAK-242 pre-incubation, since this is crucial for the regulation of CD11b and 

L-selectin expression, as well as TNF-  production. Also, Takashima et al14 described 

but it was not described if TAK-242 was incubated prior to or simultaneously with LPS 

 release, whereas the changes in CD11b and 

L-selectin expression can already be normalized due to tolerance induction long after 

TLR4 stimulation.

TAK-242 was delivered in vivo by systemic release of TAK-242 in osmotic micro-

pumps to achieve systemic TLR4 inhibition in combination with unilateral iliac and 

femoral artery ligation. However, inhibition of perfusion recovery was absent. This 

raised the question whether TAK-242 was able to inhibit TLR4 activation in vivo in mice 

of TAK-242 treatment regarding TNF-  responses. Moreover, TAK-242 treatment even 

led to a higher response in compared to PBS treatment as a result of the placement of 

was overruled by the subcutaneous pump placement observed on day 3, since control 
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mice did not receive a pump. However, at a later time point (day 7), the TNF-  response 

in control mice was still high, whereas TAK-242 treatment was able to induce TLR4 

inhibition, measured as lower TNF-  levels. Although TLR4 inhibition was eventually 

inhibited compared to the control group. Previously, TNF-  levels have been used as a 

measure of TLR responsiveness, but we did not study the association between in vivo 

TNF-  levels and arteriogenesis in this study. Therefore, our results do not contradict 

the current view that TNF-  release induces arteriogenesis.

hypothesized that local administration of TAK-242 might be able to inhibit perfusion 

recovery. First, we tested in vivo TAK-242 administration via i.m. injection and measured 

the systemic TNF-  levels. These results show that in vivo i.m. administration of TAK-242 

in mice resulted in systemic TLR4 inhibition 24 hours after injection. Based on this, we 

hypothesized that i.m. injection of TAK-242 could inhibit TLR4 response and thereby 

recovery after TAK-242 treatment.

It still remains unclear why pharmaceutical inhibition of TLR4 by TAK-242 did not 

TLR4-/- mice. Wild type and TLR4-/-

responsive phenotypical changes occur as a result of TLR4 deletion, due to adaption 

acute pharmaceutical intervention in wild type mice to TLR4-/-

In this study, we did not investigate the dose-dependency of TAK-242 in our model for 

-

sion recovery after hind limb ischemia. Furthermore, the extrapolation of animal models 

to a human setting merits careful consideration, since there appears to be a wide range 

mouse study need to be carefully interpreted, before any conclusions can be drawn 

Conclusion

 production after TLR4 stimulation both in vitro 

as well as in vivo

Although TLR4 inhibition as recently been proven to inhibit atherosclerotic lesion de-
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on long-term perfusion recovery after hind limb ischemia in mice.

This research forms part of the Project P1.03 PENT of the research program of the 

Agriculture and Innovation.
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ABSTRACT

Objective. Therapeutic arteriogenesis, i.e., expansive remodeling of pre-existing col-

laterals, using single-action factor therapies has not been as successful as anticipated. 

Modulation of factors that act as a master switch for relevant gene programs may prove 

acts as multifactorial regulator of arteriogenesis.

Approach and results

impaired in both PCAF-/- mice and healthy wild type mice treated with the pharmaco-

logical PCAF inhibitor Garcinol, demonstrating an important role for PCAF in arterio-

in vitro

vascular cells involved in arteriogenesis. In vivo

-

hi monocytes, was severely impaired in PCAF-/- mice.

Conclusions -
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INTRODUCTION

Peripheral arterial occlusive disease is a leading cause of morbidity and mortality. Blood 
1, 

namely vasculogenesis, angiogenesis and arteriogenesis, of which arteriogenesis, the 

remodeling of pre-existing collateral arterioles into larger arteries, has the greatest 

impact2.

connecting adjacent arterial trees, which is caused by a pressure gradient created by 

occlusion or atherosclerotic stenosis of one of the trees. This leads to activation of 

the endothelial cells and adjacent vascular smooth muscle cells (VSMCs) of the col-

lateral wall. Induction of adhesion molecules, cytokines and chemokines then follows 

of leukocytes from blood and bone marrow follows, in particular monocytes3-6 but also 

CD4+, CD8+ and regulatory T cells and natural killer cells7-11

the perivascular space around collaterals and release additional paracrine signaling 

molecules and growth factors. Subsequent degradation and reorganization of the 

extracellular matrix by released matrix metalloproteases (MMPs), including MMP2 and 

MMP9, creates space required for expansive remodeling of the pre-existing collater-

resulting in an increased anatomic lumen diameter. All of the steps described above 

Although stimulation of collateral remodeling is regarded as a promising therapeutic 

alternative to surgical interventions, clinical trials aimed at modulating individual growth 

factors or cytokines have thus far not been as successful as anticipated12. We now 

collateral growth are multifactorial and too complex to be modulated by therapeutics 

that target a single gene or pathway. In contrast, modulation of a factor that acts as a 

augment arteriogenesis.

A protein with such master switch potential is P300/CBP-Associated Factor (PCAF), a 

transcriptional co-activator with intrinsic histone acetyltransferase activity. PCAF acety-

lates histones H3 and H4, but there is also increasing evidence that PCAF modulates 

non-histone proteins13-16, including hypoxia-inducible factor 1  (Hif-1 )17 and Notch18. 

Furthermore, the histone acetylating activity of PCAF is essential for NF- B-mediated 

gene transcription19 20. Since arteriogenesis 
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Recently, it was shown in a large patient population study (>3000 individuals)21 that 

a variation in the promoter region of PCAF is associated with coronary heart disease-

related mortality22. In support of this observation, we recently demonstrated a role for 

PCAF in vascular remodeling in a mouse model for reactive stenosis. However, whether 

PCAF participates in arteriogenesis has not yet been investigated.

In the present study, we investigated the contribution of PCAF to post-ischemic 

neovascularization in a hind limb ischemia (HLI) model23 -/-) 

mice. When studying arteriogenesis in a knockout model, it is possible that the gene 

in arteriogenesis, in the native collateral circulation or a combination of both, we ex-

PCAF inhibitor Garcinol to wild type (WT) mice after induction of HLI. We also studied 

gene expression and leukocyte recruitment in PCAF-/- and WT mice after induction of 

HLI to examine potential mechanisms by which PCAF regulates arteriogenesis.

MATERIALS AND METHODS

Experiments were approved by the committee on animal welfare of the Leiden Uni-

versity Medical Center (Leiden, The Netherlands). Male C57BL/6 mice were purchased 

from Charles River (France). The generation of PCAF-/- mice (C57BL/6 background) has 

previously been described24, 25 and the animals were kindly provided by Dr. C. Gongora 

(Montpellier, France). All animals received regular chow diet and water ad libitum.

Mice were anesthetized by intraperitoneal (i.p.) injection of midazolam (8 mg/kg, Roche 

Pharmaceutica). Unilateral HLI was induced by electrocoagulation of the left femoral 

-

coagulation of the distal femoral artery proximal to the bifurcation of the popliteal and 

saphenous artery23

-

ronic gel (Sigma-Aldrich) with or without 25 mg/ml Garcinol (Santa Cruz Biotechnology) 

was applied topically to the adductor muscle before skin closure.
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Hind limb perfusion was measured with laser Doppler perfusion imaging (LDPI) (Moor 

Instruments) after intraperitoneal injection of midazolam (8 mg/kg) and medetomidine 

(0.4 mg/kg). The regions of interest analyzed consisted of the foot distal to the base 

atipamezole (3.3 mg/kg).

Pre-existing collateral density in the pial circulation of the dorsal cerebral cortex pre-

dicts collateral density in skeletal muscle and other vascular beds26-28. However, unlike 

between the anterior cerebral artery (ACA), middle cerebral artery (MCA), and posterior 

cerebral artery (PCA) were described elsewhere26-28

systemically and anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) 

prior to vascular casting. Maximal dilation was accomplished by cannulation of the 

for visualization of the vasculature. Digital images were obtained at 13X (Leica) of the 

dorsal brain surface and processed with ImageJ software (NIH). Collateral density was 

calculated by determining the total number of pial collaterals between the ACA-MCA, 

ACA-PCA and MCA-PCA and dividing by the dorsal surface area of the cerebral hemi-

uncountable were excluded from analysis.

artery number and size. Vessels at the midpoint of the adductor muscle group, stained 

using anti-smooth muscle -actin (

but may also include arterioles of the opposing tree. Randomly photographed images 

through the central part of the adductor muscle group were used to quantify the num-
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ber and lumen diameter of SMA+ vessels using ImageJ software (total of 9 images 

of 3 sections per mouse). To correct for non-perpendicularly cut sections, the circular 

lumen area of SMA+ vessels was calculated from the lumen diameter measured at the 

narrowest point.

PCAF (Abcam) and Cy3 conjugated anti- SMA (Sigma-Aldrich). PCAF was visualized 

using Alexa 488 conjugated secondary antibody (Invitrogen). Nuclei were stained us-

ing Vectashield with DAPI (Vector Laboratories). Fluorescent images were taken on a 

LSM700 microscope (Carl Zeiss) and contrast-stretched using Zen 2009 software (Carl 

Zeiss). Collaterals were detected with Cy3 conjugated anti- SMA, and perivascular 

-

perivascular space of SMA+ vessels.

Whole blood

Blood was collected from the tail vein of PCAF-/- and WT mice and diluted 1:25 with 

RPMI 1640 (Invitrogen) supplemented with non-essential amino acids (PAA Labora-

2, in 

the presence of lipopolysaccharide (LPS) (0-500 ng/ml) from Escherichia coli K-235 

(Sigma-Aldrich). Cell-free supernatant was collected and TNF  level was measured by 

ELISA (BD Biosciences).

Splenocytes

Spleens were isolated from PCAF-/- and WT mice, minced through a 40μm-cell strainer 

(Biosciences) and, after erythrolysis with ammonium chloride solution, single cell 

heat-inactivated FCS (Lonza). Splenocytes (1x106) from PCAF-/- and WT mice were 

plated and incubated for 24 hours with LPS (300 ng/ml) or control. Splenocytes of 

ml) or control. MCP-1 level in the cell-free supernatant was measured by ELISA (BD 

Biosciences).

Vascular smooth muscle cells

VSMCs were isolated from abdominal aortas from PCAF-/- and WT mice. For stimulation 

assays, cells (passage 2-4) were plated (5x103) and incubated for 24 hours with LPS (0.1 
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combination with LPS (0.1 and 1 ng/ml) or control. MCP-1 level in the cell-free superna-

tant was measured by ELISA (BD Biosciences). RNA was isolated from LPS stimulated 

(1 ng/ml) WT and PCAF-/- VSMCs (1x105) using RNeasy minikits (Qiagen).

The adductor muscle group of PCAF-/- and WT mice was harvested before (t0) and 

tissue minikit (Qiagen). RNA integrity was checked by NanoDrop 1000 Spectropho-

tometer (NanoDrop Technologies) and 2100 Bioanalyzer (Agilent Technologies). For 

-

Expression Beadchips (Illumina), which contain more than 45,200 transcripts, were 

used. Expression levels were Log2-transformed and after quantile normalization, 

transcripts showing background intensity, both at baseline and after induction of HLI, 

were removed from the analysis. Gene expression levels at t1 were expressed relative 

to average baseline levels generating t1/t0avg ratios for all 15,555 regulated genes, and 

gene transcription, gene descriptions, as provided by Illumina, containing any of these 

criteria (interleukin, chemokine, interferon, TGF, TNF, NF- B) were selected and ratios 

RNA was reverse transcribed using High Capacity RNA-to-cDNA kit (Applied Biosys-

tems). Quantitative PCR was performed on the ABI 7500 Fast system, using commer-

cially available TaqMan gene expression assays for HPRT1, MCP-1, MMP9, TNF , CCL9, 

IRF7, CXCL12 and CXCR4 (Applied Biosystems).

Blood, spleen, bone marrow and non-draining lymph nodes were harvested before 

(t0) and 1 day after (t1) induction of HLI. Draining lymph nodes were dissected from 

the inguinal region. Total circulating leukocytes were measured using the KX-21N 

Hematology Analyzer (Sysmex). Tissues were minced through a 40μm-cell strainer 

(BD Biosciences) to obtain single cell suspensions which were resuspended in IMDM 

for 10 minutes and minced. Erythrocytes were lysed and samples for intracellular stain-

CD3, CD4, CD8, CD11c, CD11b, CD19, CD25, CD86, CD115, FoxP3, Ly6C, Ly6G, B220, DX5 
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was analyzed using FlowJo software (Tree Star, Inc.).

All results are presented as mean ± standard error of the mean (SEM) or as scatter plot. 

Comparisons between groups were performed using Student’s T-test. All statistical 

29 was used for the 

analysis on t1/t0avg ratios in the whole-genome expression array. A false discovery rate 

RESULTS

PCAF-/- Figure 1A-B). Postopera-

-/- mice compared 

to WT mice (Figure 1 -/- mice was 

reduced and did not recover completely before termination at 28 days. Moreover, 

PCAF-/- -/- 2.9 

Figure 1D). No auto-amputation of hind limb digits 
-/- mice was 

-actin positive ( SMA+) vessels in 

the adductor muscle group, 28 days after HLI (Figure 1E). Both the number of SMA+ 

vessels (Figure 1F) and the diameter of SMA+ vessels (Figure 1G-H) in PCAF-/- mice 

per SMA+ vessel (PCAF-/- 139±15μm2 vs WT 297±26μm2

per section (PCAF-/- 447±46μm2 vs WT 1253±117μm2

PCAF-/- mice (Figure 1

induction of HLI.
-/- mice was caused 

by reduced collateral remodeling or by fewer pre-existing collaterals, we performed 

two additional experiments. First, we inhibited PCAF by pharmacological intervention 
-/- 

restoration compared to the empty pluronic gel control group (Figure 2A-B). Second, 

the pre-existing vascular bed of PCAF-/- and WT mice was assessed in the pial circula-



PCAF regulates arteriogenesis 131

Figure 1. Arteriogenesis in PCAF-/- mice. A, Representative LDPI images (laser Doppler perfusion imag-
ing) of paws from PCAF-/- and WT mice directly and 7 days after induction of HLI in the left limb, by double 
electrocoagulation of the femoral artery. High blood flow is displayed in red. B, Quantification of LDPI mea-
surements of PCAF-/- and WT mice over time. Data are calculated as the ratio of ligated over non-ligated 
paw. C, Quantification of LDPI measurements of PCAF-/- and WT mice directly after induction of HLI. Data 
are calculated as the ratio of ligated over non-ligated paw. D, Quantification of necrotic toe nails of the 
ligated limb in PCAF-/- and WT mice counted 28 days after HLI. E, Immunohistochemical staining of paraffin-
embedded adductor muscle group of PCAF-/- and WT mice 28 days after HLI using anti- SMA (red) antibod-
ies. Lumen diameter of SMA+ vessels is indicated by black bars. Scale bars = 50 μm. F-H, Number, mean 
lumen area (μm2) and total lumen area per section (μm2 / section) of SMA+ vessels, measured at the center 
of the adductor muscle group in ligated and non-ligated limbs of PCAF-/- and WT mice. Data are calculated 
as the ratio of ligated over non-ligated paw. All values are presented as the mean ± SEM. *P < 0.05, **P < 
0.01, ***P < 0.001.
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tion using an arterial vascular casting (Figure 2C). Pial collateral density in PCAF-/- mice 

contribution of PCAF in determining the abundance of the native collateral circulation 

(Figure 2
-/- mice directly after HLI.

Figure 2. Arteriogenesis after pharmacological inhibition of PCAF and assessment of the pre-ex-

isting collateral bed in PCAF-/- mice. A, Representative LDPI images of paws directly and 7 days after 
induction of HLI in the left limb, by single electrocoagulation of the femoral artery. In WT mice, pluronic gel 
with or without 25 mg/ml Garcinol was applied topically to the adductor muscle before skin closure. High 
blood flow is displayed in red. B, Quantification of LDPI measurements of WT mice treated with Garcinol or 
control over time. C, Representative images of the pial circulation in PCAF-/- and WT mice. White asterisks 
indicate collateral arteries between anterior, middle and posterior cerebral arteries (ACA, MCA and PCA, 
respectively). Following exsanguination and maximal dilation of the dorsal cerebral circulation, Microfil™ 
was used as a casting agent, after which the whole brain was fixated in 4% PFA. D, Pial collateral density was 
calculated in PCAF-/- and WT mice by dividing the sum of ACA to MCA, ACA to PCA and MCA to PCA by the 
surface area of the cerebral hemispheres. E, Region of the brain utilized for calculation of pial density. Areas 
were excluded when they were damaged, had poor filling with Microfil™, or were otherwise uncountable. 
NS = non-significant. All values are presented as the mean ± SEM. *P < 0.05, PCAF-/- versus WT.
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given the above evidence for decreased collateral remodeling and the known involve-

ment of these cells in arteriogenesis. Analysis of circulating cells in a whole blood LPS 

stimulation assay showed dose-dependent increase of TNF  in blood from WT mice, 
-/- mice (Figure 3A). Next, the splenic 

cell reservoir was subjected to LPS stimulation and pharmacological PCAF inhibition 

with Garcinol. LPS (300 ng/ml)-stimulated MCP-1 levels of splenocytes from both 

PCAF-/-

Figure 3

PCAF-/- VSMCs was assessed. Similar to the splenocyte stimulation, MCP-1 levels were 

markedly reduced after LPS (0.1 ng/ml) stimulation of PCAF-/- VSMCs (689±49 pg/

Figure 3C). 
-/- 

VSMCs (Figure 3 -

ments were repeated in WT VSMCs treated with siRNAs against PCAF mRNA instead 

Supplemental 

Figure 1A-C).

PCAF staining showed enhanced expression in cells of large developing collaterals 

in the adductor muscle group compared to surrounding skeletal muscle (Figure 4A). 
-/- and WT mice, total 

RNA isolated from the adductor muscle group was used in a whole-genome expres-

sion analysis using Illumina Beadchips. Statistical analysis by SAM on t1/t0avg ratios 

PCAF-/-

transcription after HLI (Figure 4B).

Supplemental Table 1 shows the top 50 genes with impaired upregulation in PCAF-/- 

mice compared to WT mice, including MMP9, critical in matrix degradation required 

(Supplemental Table 2 and Supplemental Figure 2

showing a more pronounced induction in WT mice compared to PCAF-/- mice were 

genes encoding cytokines CXCL12, CCL9 and TNF , chemokine receptor CXCR1, tran-

scription factor IRF7, TNF receptor associated factors TRAF2 and TRAF3, TNF receptor 
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associated protein TRAP1 and members of the TNF receptor superfamily TNFRSF19 

induction in PCAF-/- mice was much smaller than the number of genes more strongly 

induced in WT, and included inhibitors of the NF- B pathway like NFKBIA and NKIRAS1. 

Aberrant regulation of several relevant regulated factors (MMP9, TNF , CCL9, IRF7, 

Figure 4C-H).

cells (helper CD4+, cytotoxic CD8+ and regulatory T cells) and natural killer cells, and 

subtypes which have not been previously implicated in arteriogenesis, including B 

cells and dendritic cells. Blood samples from before (t0) and 1 day after (t1) HLI, were 

Figure 3. The role of PCAF in in vitro inflammatory response. A, Inflammatory response of whole blood 
from PCAF-/- and WT mice was evaluated. Blood from tail vein was collected, diluted (1:25) and incubated 
24 h with LPS (0-500 ng/ml). TNF  (pg/ml) level in cell-free supernatant was measured by ELISA. ND = 
non-detectable. B, Splenocytes of PCAF-/- and WT mice were cultured and incubated for 24 h with LPS (300 
ng/ml) or control. Splenocytes of WT mice were also incubated with Garcinol (20 μM) in combination with 
LPS (300 ng/ml) or control. Cell-free supernatant MCP-1 (pg/ml) level was measured by ELISA. C, Vascular 
smooth muscle cells (VSMCs) of PCAF-/- and WT mice were cultured and incubated for 24 h with LPS (0.1 and 
1 ng/ml) or control. VSMCs of WT mice were also incubated with Garcinol (15 μM) in combination with LPS 
(0.1 and 1 ng/ml) or control. Cell-free supernatant MCP-1 (pg/ml) level was measured by ELISA. D, VSMCs of 
PCAF-/- and WT mice were cultured and incubated for 24 h with LPS (1 ng/ml) or control. MCP-1 mRNA ex-
pression was measured by real-time quantitative PCR. Cts were normalized against Cts of HPRT1. All values 
are presented as the mean ± SEM of triplicates. *P < 0.05, **P < 0.01, ***P < 0.001.
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-
-/- mice 

+ T 

cells, especially by the fraction of activated CD4+

(L-selectin), and regulatory T cells (CD4+CD25+FoxP3+ T cells). The number of circulatory 

CD8+ -/- mice. Also counts of other leukocyte 

To investigate the migratory behavior of the leukocyte subtypes, the spleen, bone 

marrow and lymph nodes were harvested from both mouse strains before (t0) and 1 

day after (t1) HLI. Compared to WT mice, we observed reduced numbers of dendritic 

Figure 4. Gene regulation in PCAF-/- mice after HLI. A, Immunohistochemical staining on fresh frozen 
sections of WT adductor muscle 1 day after HLI, using anti- SMA (red) and anti-PCAF (green) antibod-
ies. Cell nuclei were stained with DAPI (blue). Scale bars = 50 μm. B, Heatmap of differentially regulated 
genes in whole-genome expression analysis, comparing PCAF-/- and WT mice. Included are genes that were 
significantly different between PCAF-/- and WT mice (q-value < 5). Data are presented as the fold change 
in expression between day 1 (t1) and average preoperative baseline levels (t0), generating t1/t0avg ratios. 
Red indicates increased and green indicates reduced expression relative to average baseline levels. The pie 
graph illustrates a significant decrease of 1963 genes (green) and increase of 1542 (red) genes in PCAF-/- 
relative to WT mice. C-G, Microarray validation by real-time quantitative PCR of a selection of relevant regu-
lated inflammatory factors MMP9, TNF , CCL9, IRF7, CXCL12 and its receptor CXCR4 (H). The height of the 
bars represents the ratio of expression in PCAF-/- (black bars) and WT (white bars) mice at day 1 over day 
0. Cts were normalized against Cts of HPRT1. All values are presented as the mean ± SEM. *P < 0.05, **P < 
0.01, PCAF-/- versus WT.
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cells in the draining inguinal lymph nodes of PCAF-/- mice after HLI. Accordingly, the 

fraction of dendritic cells expressing the co-stimulatory molecule CD86+ was smaller 

in the draining lymph nodes of PCAF-/- mice. Furthermore, nearly all tested leukocytes 

subtypes were increased in the bone marrow of PCAF-/- mice compared to WT mice, 

including CD4+ and CD8+ T cells, natural killer cells and dendritic cells, suggesting that 

these subpopulations are retained in the bone marrow of PCAF-/- mice during recovery 

after HLI (Supplemental Figure 3A-I).

-

-

tions in blood, spleen and bone marrow. After HLI, the absolute number of circulating 

monocytes in WT mice was equal to baseline numbers, but monocytes in PCAF-/- mice 
-/- 0.13±0.05 vs WT 0.37±0.02x106/

Figure 5A). In WT mice, the monocyte population increased in the spleen 

Figure 5. Monocyte recruitment in PCAF-/- mice after HLI. A-C, Flow cytometry analysis of monocytes 
before (t0) and 1 day after (t1) HLI in PCAF-/- and WT mice. Values are presented as total monocyte counts in 
blood (nx106/mL), spleen (% of total cells) and bone marrow (% of total cells). D-F, Flow cytometry analysis 
of “pro-inflammatory” Ly6Chi monocytes after HLI in PCAF-/- and WT mice. Values are presented as total 
Ly6Chi monocyte counts in blood (nx106/mL), spleen (% of total cells) and bone marrow (% of total cells). 
G-H, Activation state of monocytes and Ly6Chi monocytes measured by mean fluorescence intensity (MFI) 
of CD11b. *P < 0.05, **P < 0.01, ***P < 0.001.
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and decreased in the bone marrow after HLI. In contrast, bone marrow monocytes in 

PCAF-/-

compared to WT mice (Figure 5
hi monocytes (Figure 5D-F). 

The activation state of total and Ly6Chi

Figure 5G-H).

Finally, we assessed the number of monocytes/macrophages in the adductor 

muscle -actin (Figure 6A). Although PCAF-/-

higher (PCAF-/- Figure 6

most evident in the perivascular space of remodeling collaterals (PCAF-/- 1.4±0.16 vs 

Figure 6C).

Figure 6. Monocyte recruitment to collateral arteries in PCAF-/- mice after HLI. A, Immunohistochemi-
cal staining on fresh frozen sections of the adductor muscle group from PCAF-/- and WT mice 1 day after HLI, 
using anti- SMA (red) and anti-MOMA-2 (green) antibodies. Cell nuclei were labeled with DAPI (blue). Scale 
bars = 100 μm. B-C, Quantification of MOMA-2 positive cells in the adductor muscle group of PCAF-/- and 
WT before (t0) and 1 day after (t1) HLI. Monocytes were quantified from at least six consecutive sections per 
mouse and expressed as the number of MOMA-2 positive cells per section and as the number of MOMA-2 
positive cells in the perivascular space of SMA+ vessels per section. *P < 0.05, **P < 0.01.
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DISCUSSION

PCAF-/- mice, in association with reduced expansive remodeling of collaterals. Further-

more, local PCAF inhibition by Garcinol in WT mice also reduces recovery, indicating 

in a repressed in vitro

in the adductor muscle group of PCAF-/- mice compared to WT mice. Additionally, re-
-/- mice, in particular 

demonstrate that PCAF plays a key role in post-ischemic arteriogenesis.

Compared to WT mice, PCAF-/-

First, the expansive remodeling of SMA+ arterioles at the center of the adductor 
-/- mice 

compared to WT mice. Correspondingly, local application of PCAF inhibitor Garcinol 

animals. Hence, PCAF has a major impact on arteriogenesis. Second, we observed that 

the density of native pre-existing collaterals in the pial circulation of PCAF-/- mice was 

dependent perfusion of tissue downstream from an arterial obstruction26-28. Previous 

studies have shown that genetic-dependent variation in collateral number in the ce-

density in other tissues26-28. Accordingly, we also observed a trend towards a decrease 
-/- mice. In mice, the density of 

background26-28

contributes to reduced formation of the collateral circulation which occurs during 

embryonic development.

In a clinical setting, the outcome after an ischemic event varies among individuals, 

-

ported in patients30, 31. Moreover, a previous study found that the -2481G allele in the 

promoter region of the PCAF gene associates with an increased risk of mortality in 

patients with coronary heart disease22

In order for PCAF to serve as a master switch in collateral remodeling, it needs to 

impact multiple critical phases in the process, namely activation of the endothelium 

and vessel wall, leukocyte recruitment, matrix degradation and arteriolar expansion. 
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We examined gene expression in the adductor muscle group containing remodeling 

between PCAF-/- and WT mice. This suggests that PCAF impacts expression of a large 
-/- mice showed 

matrix metalloproteinase 9 (MMP9) and chemokines CXCL12 (SDF1) and CCL9.

MMP9 is critical in degradation and remodeling of the extracellular matrix allowing 

-

esis32. CXCL12 is elevated in ischemic skeletal muscle of patients with critical limb 

ischemia33 and acts as chemoattractant for CXCR4+ cells, including leukocytes and 

progenitor cells. CXCL12-mediated recruitment of bone marrow-derived cells to isch-

emic tissues results in enhanced neovascularization34, 35. Also CCL9, which is a strong 

chemoattractant for bone marrow derived cells36, is upregulated after muscle injury37.

In addition, PCAF-/- mice showed impaired induction of multiple factors related to 

 pathway38. TNF -/- mice have reduced collateral artery 

perfusion39 and anti-TNF  therapy attenuates arteriogenesis40. Thus, reduced TNF  

expression in PCAF-/- mice likely contributes to the impaired arteriogenesis in these 

41.

It should be noted that RNA was isolated from the adductor muscle group as a whole41 

and not from the embedded collateral arteries alone, as was described previously42. 

In that report, a whole-genome microarray analysis was performed on collaterals mi-

crodissected from the gracilis muscle 24 hours after HLI. Here we found exceedingly 

in gracilis collaterals of WT mice42. Using the entire adductor muscle group for microar-

non-vascular tissues were included in these analyses.

cells in whole blood, splenic leukocytes and VSMCs in vitro. PCAF is critical for the 

regulation of transcription factor NF- B, that consists of a p65 and p50 subunit bound 

to inhibitory proteins in the cytoplasm. Upon stimulation NF- B is translocated to the 

nucleus and regulates the expression of multiple genes, including TNF  and MCP-

120, 43. PCAF binds to the NF- B p65 subunit and activates NF-

gene expression19, 20

LPS. LPS stimulated whole blood from PCAF-/- mice produced less TNF  than blood 
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PCAF-/- cells isolated from the spleen, one of the major leukocyte reservoirs, showed 
-/- 

VSMCs produced less MCP-1 than WT VSMCs in response to LPS, which would favor 

reduced monocyte recruitment and therefore reduced VSMC proliferation, which is 

essential for collateral remodeling. We obtained similar results using either Garcinol 

TNF -induced NF- B activity increases in human airway smooth muscle cells overex-

pressing PCAF44

gene transcription.

The p65 subunit of NF- B recruits co-activator PCAF and activates NF- B-mediated 

gene transcription. In contrast, the NF- B p50 subunit lacks the transcriptional activa-

tion domain and inhibits gene transcription45 B p50 subunit 

recruitment to the perivascular space of collaterals46. Whereas arteriogenesis and 

monocyte recruitment is enhanced by NF- B activation in NF- B p50-/- mice, reduced 

regulation of the NF- B p65 subunit in PCAF-/- mice could likely explain the impaired 

arteriogenesis by inhibition of monocyte recruitment. In WT mice, the monocyte popu-

lation increased in the spleen and decreased in the bone marrow after HLI. This is in 

line with earlier reports that monocytes are mobilized from the bone marrow after HLI47. 

In that report, the pro-arteriogenic potential of monocytes was described to originate 

of Ly6C. These Ly6Chi monocytes are recruited in the early stage of collateral remodel-

ing47, 48

In contrast, recruitment of monocytes proved to be severely impaired in PCAF-/- mice. 

PCAF-/- mice showed reduced numbers of circulating monocytes following HLI, par-

ticularly reduced numbers of Ly6Chi monocytes. Whereas monocytes migrated away 

from the bone marrow in WT mice, PCAF-/- mice showed an increase in bone marrow 

monocytes, suggesting a defect in monocyte mobilization. Concomitantly, 24 hours 

after HLI fewer monocytes were recruited to the collaterals in PCAF-/- mice. Monocytes 

stimulate arteriogenesis by secretion of growth factors and degradation of extracellular 

matrix at the site of collateral remodeling. Therefore, the lack of monocyte accumula-

tion along collaterals likely contributes to the impaired arteriogenesis in PCAF-/- mice.

PCAF-/- mice, we demonstrated decreased numbers of circulating leukocytes involved 

in arteriogenesis, like T cells49 (predominantly activated CD4+ T cells7, 11), natural killer 

cells11 and regulatory T cells9, 10, and also in those cells that have not previously been 

implicated in arteriogenesis, including B cells. Furthermore, fewer dendritic cells were 

found in draining inguinal lymph nodes compared to WT mice, where the interaction 
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between antigen-presenting dendritic cells and T cells takes place. Interestingly, nearly 

all subtypes were increased in the bone marrow of PCAF-/- mice, after HLI. This indi-

from the bone marrow reservoir50.

In conclusion, PCAF-/- mice demonstrated impaired collateral remodeling after HLI, 

together with a reduction in the number of native pre-existing collaterals present before 

assistance.

-

the Dutch government to the Netherlands Institute for Regenerative Medicine (NIRM, 

grant No. FES0908).
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Supplemental Figure  1. PCAF knockdown by siRNA in vascular smooth muscle cells. A, Vascular 
smooth muscle cells (VMSCs) were transfected with non-target fluorescent siGlow (Dharmacon) to test 
transfection efficiency, using Lipofectamine 2000 according to the manufacturer’s instructions. VSMCs 
were visualized on a Leica fluorescence microscope. B, VSMCs were plated and transfected with control 
short-interfering RNA (siRNA) or a combination of 4 siRNAs directed towards PCAF for 4 hours. Untrans-
fected VMSCs were used as control. VSMCs were incubated with LPS (1 ng/ml) for 24 hours. To confirm PCAF 
knockdown, PCAF mRNA was measured by real-time quantitative PCR. Levels were normalized against the 
expression of HPRT1. PCAF specific siRNA reduced PCAF expression with 61% in comparison to scrambled 
siRNA. C, Cell-free supernatant of LPS stimulated VSMCs was collected for MCP-1 quantification, measured 
by ELISA. Transfection with PCAF specific siRNA inhibited MCP-1 production of VSMCs in comparison to 
scrambled siRNA. All samples were performed in triplicates. *P < .05, **P < .01, scrambled siRNA versus 
PCAF siRNA.

Supplemental Figure 2. Differential inflammatory gene expression in PCAF-/- and WT mice. Heatmap 
of differentially expressed inflammatory genes in adductor muscle group of PCAF-/- and WT mice, 1 day af-
ter HLI. Gene definitions containing any of these criteria (interleukin, chemokine, interferon, TGF, TNF, NFKB) 
were selected. Included are genes that were significantly different between PCAF-/- and WT mice (q-value < 
5). Data are presented as the fold change in expression between day 1 and average preoperative baseline 
levels, generating t1/t0avg ratios. Red indicates increased and green indicates reduced expression relative 
to average baseline levels.
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Supplemental Figure 3. Leukocyte subtypes in PCAF-/- and WT mice after HLI. Flow cytometry analysis 
of lymphocytes in blood (nx103/mL), spleen and bone marrow (% of total cells). In succession, values are 
presented for (A) CD4+ T helper cells, (B) CD8+ cytotoxic T cells, (C) activated CD4+ T helper cells, (D) acti-
vated CD8+ cytotoxic T cells, (E) regulatory T cells (Treg), (F) Natural Killer (NK) cells and (G) B lymphocytes. 
(H) Dendritic cells (DCs) in spleen, bone marrow, non-draining and draining (inguinal) lymph nodes (LN). (I) 
Activated DCs in spleen, bone marrow, non-draining and draining (inguinal) lymph nodes.
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ABSTRACT

Rationale.

events.

Objective. As microRNAs regulate expression of up to several hundred target genes, 

we set out to identify microRNAs that target genes in all pathways of the multifactorial 

neovascularization process. Using www.targetscan.org, we performed a reverse target 

prediction analysis on a set of 197 genes involved in neovascularization. We found 

enrichment of binding sites for 27 microRNAs in a single microRNA gene cluster. Micro-

Array analyses showed upregulation of 14q32 microRNAs during neovascularization in 

mice following single femoral artery ligation.

Methods and results.

microRNAs, miR-329, miR-487b, miR-494 and miR-495, one day prior to double femoral 

densities (angiogenesis) in the ischemic soleus muscle. In vitro,

led to increased sprout formation and increased arterial endothelial cell proliferation, 

Conclusion. The 14q32 microRNA gene cluster is highly involved in neovasculariza-

tion. Inhibition of 14q32 microRNAs miR-329, miR-487b, miR-494 and miR-495 provides 

a promising tool for future therapeutic neovascularization.
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INTRODUCTION

ischemic tissues after a cardiovascular event. Neovascularization is comprised of 

existing collateral arterioles into mature collateral arteries1. Arteriogenesis takes place 

upstream of the ischemic area and is driven by increases in shear stress, rather than 

ischemia. When a nearby artery becomes occluded, blood is forced through collateral 

by the sprouting of new capillaries from existing blood vessels in the microcirculation2. 

Angiogenesis is driven solely by ischemia. Via, amongst others, the Hypoxia-Inducible 

Factor 1  (HIF1 ), ischemia leads to upregulation of pro-angiogenic growth factors, 

triggering nearby vascular endothelial cells (ECs) to form sprouts towards the ischemic 

-

tion is crucial to angiogenesis too, facilitating extracellular matrix rearrangement, cell 

growth and proliferation.

Both arteriogenesis and angiogenesis are highly multifactorial processes and yet 

clinical trials aiming to induce neovascularization in patients with occlusive arterial dis-

ease have so far only focused on single-factor therapeutics, such as growth factors (for 

example Vascular Endothelial Growth Factor A (VEGF) and basic Fibroblast Growth Fac-

tor (bFGF)). Unfortunately, these trials were less successful than anticipated1, 3, 4. Growth 

Therefore, there is a need for novel pro-arterio- and pro-angiogenic factors that can act 

as master switches in neovascularization.

MicroRNAs (miRs) are endogenous RNA molecules that down-regulate expression of 

their target genes5. MiRs do not completely silence their target genes, but rather down-

tune their expression. However, because each miR has multiple, up to several hundred, 

target genes, changes in miR expression can have a major impact. Inhibition of a single 

miR can thus lead to activation of entire multifactorial physiological processes.

-

cularization, but in general, the focus of these studies lies with angiogenesis alone, 

not arteriogenesis6-14. In the present study, we exploited the master switch character 

of miRs in order to identify miRs that play a regulatory role in neovascularization as 

a whole, including both angiogenesis and arteriogenesis. We performed a ‘reverse 

target prediction’ analysis (RTP) on a set of nearly 200 genes involved in all facets 

of angiogenesis and arteriogenesis, aiming to identify miRs that can target multiple 
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neovascularization genes. We found enrichment of putative target sites for 27 miRs 

that are all located in one large miR gene cluster. This miR gene cluster consists of over 

50 miRs, highly conserved in mammals, that are transcribed from one polycystronic 

chromosome 12F1 in mice) (Figure 1).

Figure 1. A schematic overview of the human 14q32 and murine 12F1 loci. Colors indicate whether 
the murine miRs were early (red), late (green) or non-responders (blue) after hind limb ischemia induced 
by single ligation of the femoral artery in healthy C57BL/6 mice. 14q32 miRs that were not included in the 
microArray are indicated in purple and coding (thick bars) and non-coding genes (thin bars) are indicated 
in black. Human base positions are numbered according to assembly GRCh37.p13, murine base positions 
according to GRCm38.p2.
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et al15. Using in 

silico DNA-sequence analyses, Seitz and colleagues were able to predict 46 of the cur-

rently known 54 human 14q32 miR genes (61 in mice). The cluster is highly conserved 

in mammals, but not in other vertebrates or in invertebrates. Although many miRs are 

transcribed from polycistronic miR gene clusters, the 14q32 cluster is among the larg-

conserved in mammals and that it is located in a strictly regulated, imprinted region 

of the genome, hint at its biological importance. Indeed, almost all 14q32 miRs have 

been implicated in human disease, many of them in cardiovascular disease16. Interest-

ingly, most 14q32 miRs are predicted to regulate focal adhesion and ECM interactions, 

both crucial in vascular remodelling. Knockout of the cluster, via knockout of the Meg3 

locus17, 18, led to over-expression of several pro-angiogenic genes, including Vegfa 

and Dll4, and drastically increased vascular capillary density in mouse embryos19. A 

recent study showed that the cluster is under transcriptional control of a binding site 

for the Myocyte Enhancer Factor 2A (MEF2A)20

vascular remodelling21, 22.

We show here that inhibition of individual 14q32 miRs leads to improvements in post-

in vivo.

MATERIALS AND METHODS

Reverse Target Prediction

To identify miRs that are involved in arterio- and angiogenesis, an in silico reverse 

target prediction (RTP) was performed. A selection was made of 127 genes known from 

literature and previous studies within our group to play important roles in arterio- and 

angiogenesis (Supplemental Table 1A). To ensure the master switch character of the 

endothelial activation, smooth muscle cell proliferation, extracellular matrix rearrange-

ment, chemo- and cytokines and their receptors, growth factors and their receptors, 

the natural killer complex, pro-arteriogenic and pro-angiogenic transcription factors 

and signaling molecules (Supplemental Table 1A). We then used www.targetscan.org 

to, for each individual gene, generate a list of all miRs predicted to target these 127 

genes. Each list, no restrictions were applied, was copied into a spreadsheet and for 

we found upregulated, using microArray analysis, at the site of active arteriogenesis, 

the adductor muscle group, in C57BL/6 mice subjected to single ligation of the left 

femoral artery (Supplemental Table 2A). We repeated the RTP for these 70 genes and 



160 Chapter 7

14q32 miRs, Supplemental Table 3). Both RTPs were performed looking for miR binding 

sites in human target genes to ensure clinical relevance. Conservation between human 

limb ischemia (for 14q32miRs, Supplemental Table 4). The procedure of the RTPs is 

schematically summarized in Supplemental Figure 1.

AntagomiRs were designed with perfect reverse complementarity to the mature target 

miR sequence and purchased from VBC Biotech (Vienna, Austria). AntagomiRs were 

phosporothioate linkages and a 3’-end cholesterol tail.

complementarity to the mature target miR sequence and synthesized at Idera Phar-

maceuticals (Cambridge, MA, USA)23. As a negative control, a scrambled sequence 

phosphorothioate-linker. Shielding the 5’-end of the single-stranded oligonucleotides 

Supplemental Table 5.

Three healthy male adult C57BL/6 mice were injected intravenously with IRDye-

14 hours after injection. The third mouse was subjected to double ligation of the left 

injection.
TM 

NIR imaging system24

used as an in vivo

control images were normalized and using the associated software, regions of interest 

were selected.

Healthy adult male C57BL/6 mice, aged 8 to 12 weeks (Charles River and Harlan) were 

housed in groups of 4 or 5 mice with free access to tap water and regular chow. All ex-
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periments were approved by the committee on animal welfare of the Leiden University 

Medical Center (Leiden, The Netherlands).

For miR-inhibition experiments, mice were given a bolus injection of 1 mg (~40mg/

Mice were anesthetized by intraperitoneal (i.p.) injection of midazolam (8 mg/kg, 

-

sen Pharmaceuticals). Unilateral hind limb ischemia was induced by electrocoagulation 

the distal femoral artery proximal to the bifurcation of the popliteal and saphenous 

artery25 (double ligation: model for severe Peripheral Arterial Disease). After surgery, 

-

sion imaging (LDPI) (Moore Instruments). Mice were anaesthetized by i.p. injection of 

midazolam (8 mg/kg) and medetomidine (0.4 mg/kg). Mice were place in a double-

and atipamezole (3.3 mg/kg). LDPI measurements in the treated paw were normalized 

to measurements of the untreated paw, as internal control. Analgesic fentanyl (0.08 

Healthy male adult C57BL/6 mice were subjected to single ligation of the femoral ar-

adductor muscles were collected and snap-frozen on dry ice. Total RNA was isolated 

were examined by nanodrop (Nanodrop® Technologies) and Bioanalyzer (Agilent 2100) 

measurements.

Expression Beadchips (Illumina), which contain more than 45,200 transcripts, were 

used. Expression levels were Log2-transformed and after quantile normalization, tran-

scripts showing background intensity, both at baseline and after induction of HLI, were 

removed from the analysis.



162 Chapter 7

-

tions on LNA based arrays (miRCURY LNATM miR Array ready-to-spot probe set, Exiqon, 

Denmark), spotted in-house on CodeLinkTM HD Activated slides (DHD1-0023, SurMod-

ics, Eden Prairie, MN) according to manufacturer’s protocol. Samples were labeled 

with Hy3, by use of miRCURY LNA miR Array Power labeling kit (208032-A, Exiqon) 

and hybridized for 16 hours. A pool of equal volumes of each individual sample was 

labeled with Hy5 and used as reference. Slides were washed (208021, Exiqon), scanned 

on an Agilent (G2565CA) Microarray scanner and analyzed by the Genepix 6.0 software. 

Normalization and background correction was performed in the “statistical language 

R” using “vsn” package (Bioconductor), and quadruplicate spots were averaged. Dif-

the eBayes linear model and contrasting individual treatments with untreated controls. 

Log2 fold changes were calculated using the toptable function of the limma package.

MiR rt/qPCR

Total RNA was isolated using a standard TRIzol-chloroform extraction protocol. RNA 

concentration, purity and integrity were examined by nanodrop (Nanodrop® Technolo-

TaqMan® miR assays (Applied Biosystems). qPCRs were run on a 7900HT Fast Real-

by standard curves. Normalization of data was performed using a stably expressed 

endogenous control (mmu-let-7c and mmu-miR-122 for in murine samples and hsa-

miR-191 for human cell cultures).

mRNA rt/qPCR

Relative quantitative mRNA PCR was performed on reverse transcribed cDNA using 

Taqman gene expression assays. qPCRs were run on a 7900HT Fast Real-Time PCR 

curves. Normalization of data was performed using stably expressed endogenous 

controls (GAPDH, HPRT1).

-SMA

and endogenous peroxidase activity was blocked. Smooth muscle cells were stained 

with anti- -smooth muscle actin (anti-

were counterstained with hematoxylin. -SMA positive arterioles were analyzed using 

image analysis (Image J 1.43, NHI, USA).



14q32 MicroRNAs in neovascularization 163

MAC3

and endogenous peroxidase activity was blocked. Macrophages were stained with 

anti-Mac3 (BD Pharmingen). Sections were counterstained with hematoxylin. Mac3 

positive cells were analyzed using image analysis (Image J 1.43).

CD31

In 6 μm thick fresh-frozen cross-sections of soleus muscle, endothelial cells were 

on sections photographed randomly (six representative images per muscle per mouse, 

three animals per group) using image analysis (Qwin, Leica, Wetzlar, Germany).

Mouse aortic ring assays were performed as described previously26. In brief, the tho-

racic aorta was removed from 8 to 10-week old mice and transferred to a petri dish 

(10ng/ul). Collagen (Type I, Millipore) was diluted to a concentration of 1mg/ml with 

counted as a sprout and individual branches arising from each microvessel counted as 

a separate sprout, working around the ring clockwise.

Umbilical cords were collected from full-term pregnancies and stored in sterile PBS 

suspension was centrifuged at 400 g for 5 minutes and the pellet was resuspended in 
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-

The second artery was removed and cleaned from remaining connective tissue. 

Endothelial cells were removed by gently rolling the artery over a blunted needle. The 

tunica adventitia and tunica media were separated using surgical forceps. After over-

acids (PAA)), both tunicae were incubated separately in a 2mg/ml collagenase type II 

and centrifuged at 400g for 10 minutes. Cell pellets were resuspended and plated in 

culture medium. Cells isolated from the tunica adventitia were washed with culture 

2 environment. Culture medium 

was refreshed every 2-3 days. Cells were passed using trypsin-EDTA (Sigma, Stein-

HUASMCs and HUAFs were used up to passage six and HUAECs up to passage three. 

Stock solutions of isolated HUASMCs and HUAFs up to passage four and HUAECs up 

-

and HUAFs at a concentration of 10ng/μl. After 4 to 6 hours, cells were washed with 

Germany) and washed again with PBS. Cover glasses were then put on slides with 
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Cells were seeded in 48-wells plates at 2500 (HUAFs) or 5000 (HUASMCs and HUAECs) 

were stimulated for 24 hours for HUAFs and HUASMCs or 40 hours for HUAECs and 

consecutively, cell proliferation was determined by adding 3H-thymidine (PerkinElmer, 

acid and lysed with 0.3N NaCl. Disintegrations per minute (DPM) were counted for 5 

Germany).

-

-

(pAb) vimentin goat IgG (Abcam, Uithoorn NL), 0.35 ng/μl mAb -sma mouse IgG2a 

cells were incubated with the second antibody, 1μg/ml Alexa Fluor®488 donkey anti-

were washed three times and put on slides with vectashield containing DAPI to stain 

HeLa cell culture

Penicillin/Streptomycin.

Constructs

For the human putative target genes, fragments of approximately 750 bp of the 3’UTRs, 

-
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man genomic DNA using primers with a short extension, containing cleavage sites for 

XhoI (5‘-end) and NotI (3‘-end). Amplicons were cleaved with XhoI and NotI and cloned 

at the 3’-end of the coding region of the Renilla luciferase reporter gene. The cloned 

are available in Supplemental Table 7.

Luciferase Assays

-

CHECK2 vector with the human target-3’UTR cloned behind the coding sequence for 

with Lipofectamine 2000 (Invitrogen). Cells were co-transfected with hsa-premiR-329, 

-494 or a negative control (Applied Biosystems) in concentrations of 10 or 20 nM. After 

transfection, the medium was replaced by culture medium and cells were incubated 

manufacturer’s protocol using a Dual-Luciferase Reporter Assay System (Promega) on 

With the exception of the microArray data (Supplemental Figure 2

MicroArray), results are expressed as mean ± SEM. All in vitro experiments were per-

between groups were tested using student’s t-tests.

RESULTS

Reverse Target Prediction

We performed two reverse target prediction analyses. In the initial RTP, we included 

127 genes that are known to be involved in neovascularization from both literature and 

our own studies (Supplemental Table 1A). As anticipated, we observed enrichment of 

ischemic neovascularization, including miR-17/92a9 (29 and 21 putative target genes, 

respectively), miR-106b/93/258, 14 (29, 29 and 21 putative target genes respectively), 

the miR-15a family10, 11, 27 (26 putative target genes), miR-50313 (11 putative target genes) 

and miR-1007 (2 putative target genes) but not, for example, miR-1266. However, more 

outspoken was the enrichment of putative binding sites for 27 miRs from the 14q32 miR 



14q32 MicroRNAs in neovascularization 167

gene cluster, including miR-329, miR-494 and miR-495 (20, 31 and 44 putative target 

Supplemental Tables 1B-C.

In the second RTP, we included 70 additional genes that we found upregulated in 

the early stages of vascular remodeling in murine tissue after hind limb ischemia in-

(Supplemental Table 2A). We again observed enrichment of binding sites for miR-17/92 

(8 and 4 putative target genes, respectively), miR-106/93/25 (8, 8 and 4 putative target 

genes respectively), the miR-15a family (3 putative target genes), miR-503 (5 putative 

target genes) and miR-100 (1 putative target genes). Furthermore, enrichment of bind-

RTP2 are given in Supplemental Table 2

are summarized in Supplemental Table 3. 

We used human target gene sequences in both RTPs and checked for conserva-

tion between human and murine target sites. The 14q32 miR gene cluster is highly 

conserved between mammals and we found that many, but not all, putative target sites 

are conserved as well (Supplemental Table 4).

-

sue samples used for mRNA microarray analyses. At 24 hours after hind limb ischemia 

-

lated microRNA of all microRNAs, after miR-883a-5p. MiR-494 was rapidly upregulated 

Supplemental Figure 

2C). When we looked at other 14q32 miRs, we observed that more than half the cluster 

the opposite strands known to have microRNA functions as well, thirteen 14q32 miRs 

(Supplemental Table 6).

For further studies, we chose to investigate one 14q32 miR from each responder 

group, that all were predicted to target multiple neovascularization genes. We selected 

miR-494 (early-responder), miR-329 (late responder) and miR-495 (non-responder). 

plays an important role in outward remodeling of the aorta28 and therefore we also 

included miR-487b in our further studies. Expression of these four 14q32 miRs was 

measured in various murine tissues using rt/qPCR (Supplemental Figure 3).
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Regulation of these four 14q32 miRs, of miRs previously linked to neovascularization 

Supplemen-

tal Figure 2.

Gene Silencing Oligonucleotides
23 to the 

more commonly used antagomiRs, using cultures of primary human umbilical arte-

Figure 2A-B). 

However, at higher concentrations (15ng/μl), signs of cytotoxicity were observed 

(Supplemental Figure 4

antagomiRs. Therefore, we performed our further in vitro

concentration of 10 ng/μl.

-

miR at day 3 after surgery, corresponding to day 4 after injection, compared to the 

had normalized, but miR-329 and miR-494 were still downregulated. MiR-487b showed 

repressed at day 17 (Figure 2C).

within one hour after injection, high dye-intensities could be measured throughout the 

entire mouse (Figure 3

including blood vessels (aorta and vena cava, but not in the brain, which was then used 

to normalize dye-intensities as a measure of tissue-uptake (Figure 3J). Although pres-

ent, the dye-signal in both the adductor and calf muscles was very weak (Figures 3C, 

both the adductor and calf muscles, but only in the operated paw (Figures 3B, 3D, 3F 

not contain any label. However, both kidneys and urine at 48 hours gave very high dye 
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intensities dropped slightly in most organs at 48 hours compared to one hour after 

injection, dye intensities were still high throughout the body after 48 hours, indicat-

ing slow clearance, which supports the prolonged inhibition of microRNAs that we 

observed in the adductor muscle of mice subjected to hind limb ischemia.

The next day, they were subjected to double ligation of the left femoral artery, a model 

LDPI up to 17 days after hind limb ischemia. Mice in all groups appeared healthy and no 

A B

C

Figure 2. MiR inhibition in primary human arterial myofibroblasts and in adductor muscle tissue 

of mice subjected to hind limb ischemia. A, Inhibition of individual 14q32 miRs in myofibroblasts for 48 
hours by antagomiRs (10ng/μl). B, Inhibition of individual 14q32 miRs in myofibroblasts for 48hrs by GSOs 
(10ng/μl). Mean expression levels, from at least 3 independent experiments, relative to miR-103 are shown 
here ± SEM. *p < 0.05, **p < 0.01. C, Expression of 14q32 miRs in adductor muscle tissue of C57BL/6 mice 
treated with GSO-329, GSO-487b, GSO-494 and GSO 495 or GSO-control (1mg/mouse) at 3, 7 and 17 days 
after double ligation of the left femoral artery. Per group, adductor muscle tissue of 2 (day 3), 9 (day 7) and 
10 (day 17) mice was used.  Mean expression levels relative to let-7C are shown here ± SEM. *p<0.05.
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Figures 4 -

early as 3 days after induction of ischemia. The increase in perfusion persisted over 

J

Figure 3. Tissue uptake and biodistribution of GSOs. Uptake of IRDye800CW labelled GSO-329 at 1 hour 
(left panels) and 48 hours (right panels) after intravenous injection. Overlay images of whole animals (A-

B) and near-infrared (C-D), white (E-F) and overlay (G-H) of individual organs showing uptake of GSOs by 
various organs. I, Schematic representation of organs shown in panels C-H. J, near-infrared fluorescence of 
individual organs relative to fluorescence of the brain.



14q32 MicroRNAs in neovascularization 171

perfusion within an astounding seven days after induction of ischemia, compared to 

Figures 4A-E). Mice treated 

A B

C D

E

Figure 4. Blood flow recovery after in vivo 14q32 miR inhibition. A-D, Quantification of laser Doppler 
perfusion imaging (LDPI) measurements over time in mice (11 per group) treated with GSOs (1 mg/mouse). 
Data are calculated as the ratio of the ischemic over the non-ischemic paw and presented as mean ± SEM. 
E, Representative LDPI images of paws 7 days after induction of hind limb ischemia (HLI) in the left limb of 
mice treated with either GSO-control or GSO-329. *p<0.05.

of arterioles by analyzing 

arteries form from pre-existing arterioles. Therefore, we were not surprised that the 

number of collateral arteries between the left and right paw either within groups, or 
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Figure 5B). However, 

we did observe increases in arteriole diameters between the left and right adductor 

increases in arteriogenesis (Figure 5 -

in the number of small arterioles in the left compared to the right paw of mice treated 

Figure 5C) and a trend towards an increase in the number 

Figure 5D), clearly indicating remodeling of small 

collateral arterioles into larger collateral arteries.

Accumulation of macrophages around the remodeling arterioles is visualized in 

Supplemental Figure 5.

A B

C D

Figure 5. In vivo arteriogenesis after 14q32 miR inhibition. Representative images of -smooth muscle 
actin ( -SMA) staining in right (untreated) and left (ligated femoral artery) adductor muscle tissues of mice 
treated with GSOs and quantification of the increase in diameter of -SMA+ arterioles (A), relative to the in-
crease in mice treated with GSO-control. Number of total (B), small (diameter < 20μm) (C) and large (diam-
eter > 20 μm) (D) collateral arterioles. Per group, left and right adductor muscles of 9 mice were included. 
From each muscle, 8 sections were used and from each section, 1 representative photograph was used. The 
scale bar represents 100 μm. Data are presented as mean ± SEM. *p<0.05.
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7 days after double ligation of the left femoral artery, were stained for CD31 to visualize 

Figure 6).

In vivo target gene regulation

We selected the 14q32 microRNAs for their potential to target a broad range of pro-

regulation of all putative targets, we made a selection based on the number of target 

sites, conserved between humans and mice, in the 3’UTRs of potential 14q32 miR 

targets (Supplemental Table 5). As we have previously shown, miR-487b has only 14 

Figure 6. In vivo angiogenesis after 14q32 miR inhibition. Representative images of CD31 staining in 
right (normoxic) and left (ischemic) soleus muscles of mice treated with GSOs and quantification of the 
increase in CD31+ area between right and left soleus muscles, relative to the increase in mice treated with 
GSO-control. Per group, left and right soleus muscles from 9 mice were included. From each muscle, 6 sec-
tions were used and from each section, 1 representative photograph was used. The scale bar represents 100 
μm. Data are presented as mean ± SEM. *p<0.05.



174 Chapter 7

vasoactive Insulin Receptor Substrate 1 (IRS1) in the arterial wall, leading to increased 
28. For miR-329, we selected 

Tlr429, Mef2a20-22, Itgb330, Efnb231, 32, Vegfa and Fgfr233 34, 
30, Stat335 and Tgfbr36.

We used rt/qPCR to determine whether these genes were upregulated in the left 

miR-329, including Tlr4, Vegfa and Fgfr2 at 3, and Mef2a and Fgfr2 at 7 days after HLI 

(Figure 7

HLI (Figure 7

inhibition were expected to be observed early after HLI, in contrast to miR-494 which as 

-

tion were expected to be observed at later time points. We used both in vitro studies in 

whether the regulated target genes are also targets for miR-329 and/or miR-494 in 

A B

C D

Figure 7. In vivo regulation of putative target genes. Expression levels of putative target genes for miR-
329 relative to Hprt1 in adductor muscle tissue of mice treated with GSO-329 at days 3 (A) and 7 (B) after 
hind limb ischemia. Expression levels of putative target genes for miR-494 relative to Hprt1 in adductor 
muscle tissue of mice treated with GSO-494 at days 3 (C) and 7 (D) after hind limb ischemia. Per group, ad-
ductor muscle tissue of 2 (day 3) and 9 (day 7) mice was used. Data are presented as mean ± SEM. *p<0.05.
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humans. We found that human MEF2A is a direct target for hsa-miR-329, while human 

FGFR2, VEGFA and EFNB2 are direct targets for hsa-miR-494. VEGFA was found to 

be regulated by hsa-miR-329, but not via direct binding of hsa-miR-329 to the VEGFA 

3’UTR (Supplemental Figure 6).

A

Figure 8. In vitro effects of 14q32 miR inhibition. FITC-labelled GSOs are readily taken up by primary 
human umbilical vein endothelial cells (A), primary human umbilical arterial myofibroblasts (HUAFs) (B) 
and primary human umbilical arterial smooth muscle cells (HUASMCs) (C). Proliferation of primary human 
umbilical arterial endothelial cells (D), primary HUAFs (E) and primary HUASMCs (F) after GSO treatment 
(10ng/μl) measured by 3H-thymidine incorporation relative to GSO-Control. Data are presented as mean ± 
SEM and represent at least 3 independent experiments. G-K, Outgrowth of neovessels from 5-day collagen-
embedded murine thoracic aortic ring explants treated with GSOs. L, Quantification of neovessels. Data are 
presented as mean ± SEM and represent at least 2 independent experiments with 4 rings per condition. 
*p<0.05 and **p<0,01 compared to GSO control.
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-

(Supplemental Figure 7).

Whereas angiogenesis depends mainly on activation and proliferation of endothelial 

cells alone, arteriogenesis requires activation and proliferation of arterial endothelial 

are readily taken up into all three cell types within several hours, without the need for 

any transfection agent (Figures 8A-C). In arterial endothelial cells, inhibition of miR-329, 

-

tion (Figure 8

proliferation after miR-494 inhibition (Figure 8

(Figure 8 28.

ex 

vivo

Figures 8G-L).

DISCUSSION

recovery and stimulates both arteriogenesis in the adductor muscle and angiogenesis 

in the ischemic calf muscle. We made use of their master switch character to identify 

miRs that regulate neovascularization via Reverse Target Prediction. In a total set of 

nearly 200 genes associated with both angiogenesis and arteriogenesis, there was en-

richment for binding sites of 27 miRs that all belong to the miR gene cluster on human 

miRs in vivo

left femoral artery in mice.

-

larly for miR-329, is unprecedented. In 2009, Bonauer et al9 reported on the role of the 

miR-17/92a cluster in angiogenesis. They showed that inhibition of miR-92a improved 
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-

mice have not recovered at day 14 after double ligation of the femoral artery and vein. In 

2011, Grundmann et al7 showed that inhibition of miR-100 also leads to improved blood 

in 2012, Yin et al10 took an opposite approach and demonstrated that over-expression 

artery, compared to control animals.

Using a large-scale RTP to identify miRs that regulate neovascularization, or any 

physiological process for that matter, is a novel approach. For neovascularization, the 

-

vascularization miRs, the 14q32 miR gene cluster. The fact that inhibition of 14q32 miRs 

and angiogenesis in vivo, supports the validity of this novel method.

Interestingly however, we did not only recover miRs previously reported to inhibit 

neovascularization, but also miRs previously reported to enhance neovascularization, 

including miR-106b/93/258, 14 and miR-42427, although miR-424 has also been reported 
37 -

likely to inhibit neovascularization. Perhaps, regulation of pro-neovascularization and 

anti-neovascularization pathways are more tightly intertwined than previously thought. 

targeting anti-arteriogenic genes. Neovascularization could potentially be improved by 

the use of miR-mimics, leading to over-expression of these miRs and down-regulation 

of their anti-arteriogenic targets. However, miR-overexpression by use of e.g. miR-

and hence gene-inhibitory activity in organs and tissues not endogenously expressing 

the targeted miR can likely occur.

Although several miR-target gene prediction algorithms are available online, we 

chose to restrict our RTPs to www.targetscan.org. In a previous study on polymor-

phisms in miR-binding sites, we found predictions made by TargetScan to have ap-
38

the RTP, TargetScan’s predictions alone proved robust enough to identify important 

neovascularization miRs. MicroArray analyses showed upregulation of most 14q32 miR 
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four 14q32 miRs selected for in vivo silencing here, only the sequence of hsa-miR-329 

varied slightly from its murine variant mmu-miR-329 (Supplemental Tables 5A-E). Yet, 

many putative binding sites were conserved between humans and mice. Surprisingly, 

miR-495, which had the most putative pro-arterio- and pro-angiogenic targets in RTP1, 

had the least conserved target sites of the four selected miRs. As conservation over 

on neovascularization as measured by immunohistochemistry. It may also explain why 

-

tion in mice, why it had less putative targets in the evidence-based RTP2 and why we 

MiR-487b is an exceptional miR as it has only 14 conserved putative target genes 

remodeling of the aorta, via targeting the pro-survival factor Insulin Receptor Sub-

strate 1 in vivo in rats and in vitro in human primary arterial cells28. Having only a single 

conserved neovascularization target gene, IRS1, most likely explains the slightly more 

compared to miR-329 and miR-494 inhibition. A recent study on the role of miR-487b 

miR-487b39. However, except for one of two sites in the Wnt5a 3’UTR, the binding sites 

for miR-487b in these genes were not conserved in mice and can therefore not have 

We set out to identify miRs that act as master switches, having perhaps only moder-

-

pects of neovascularization. Particularly miR-329 and miR-494 proved to regulate most 

of the selected target genes in vivo. These target genes, involved in various aspects 

of vascular remodeling were upregulated in vivo after miR-329 or miR-494 inhibition. 

were robust. Inhibition of miR-329 resulted in an unprecedented rapid recovery of paw 

perfusion. As miR-329 was late-responder in our microArray analyses, perhaps miR-329 

inhibition in the early stages of neovascularization greatly enhances the process as 

a whole. This hypothesis is supported by the observation that endothelial cell prolif-

shear stress-induced endothelial activation. MiR-329 was recently reported to inhibit 

pathological angiogenesis via downregulation of CD146, which can act as a co-receptor 

of the VEGF Receptor 240. Like miR-329, inhibition of miR-495 also led to increased paw 

perfusion in the very early stages of post-ischemic neovascularization. Besides the 

here shown increased proliferation of endothelial cells after miR-495 inhibition, previ-
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ous studies have also shown a role for miR-495 in both cell survival and migration41-43. 

Inhibition of miR-487b also increases endothelial proliferation.

-

-

paw perfusion compared to the control. MiR-494 was previously reported to impact 

both proliferation and survival of, amongst other cell types, cardiac myocytes44, 45. We 

observed that miR-494 did not impact arterial endothelial cell proliferation, but en-

-

we observed in vivo

even further.

In conclusion, we here demonstrate that inhibition of individual 14q32 miRs leads 

in vivo. We believe that 14q32 miRs 

function as master switches in vascular remodeling and neovascularization. Inhibition 

growth factors in therapeutic neovascularization.

We thank R. van der Kwast, W. Razawy, W. Zhu and P. Verkerk for their technical support.

-

Medicine (NIRM, FES0908).
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SUPPLEMENTAL MATERIAL

Supplemental Table 1A. Reverse Target Prediction 1; Target genes selected from literature.

Process Target Gene PubMed Hits (N) on 
Search Term “gene name/

protein name/alias + 
arteriogenesis”

PubMed Hits (N) on 
Search Term “gene name/

protein name/alias + 
angiogenesis”

Endothelial Activation NOS3 30 649

NOS2 8 288

EDN1 2 373

VEGFA 16 3130

BMP4 0 46

KLF2 1 20

Smooth Muscle Cell 
Proliferation

PTK2 2 282

ITGA5 2 7

ITGAV 1 13

ITGB1 1 6

ITGB2 1 6

ITGB3 3 2

ITGAM 2 7

ITGAL 0 3

GJA4 3 24

GJA5 5 15

GJA1 5 37

GJC1 0 2

Adhesion Molecules ICAM1 7 274

VECAM1 10 9

PECAM1 20 1193

CCL2 45 439

CDH5 5 366

SELE 2 190

SELP 2 96

CCR2 6 54
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Supplemental Table 1A. Reverse Target Prediction 1; Target genes selected from literature. (continued)

Process Target Gene PubMed Hits (N) on 
Search Term “gene name/

protein name/alias + 
arteriogenesis”

PubMed Hits (N) on 
Search Term “gene name/

protein name/alias + 
angiogenesis”

Extracellular Matrix MMP2 3 207

MMP9 1 183

SERPINE1 3 399

PLAT 0 48

PLAU 3 552

PLG 8 1598

TIMP1 2 43

TIMP2 0 38

VTN 0 485

FN1 6 931

FBN1 0 14

PRTN3 0 3

CTSK 0 6

CTSL1 0 38

CTSL2 0 1

CTSS 0 18

Cytokines IL5 4 29

IL6 3 980

IL8 3 1181

IL17 2 111

IL18 2 72

IL20 1 9

IL27 1 16

IL33 1 8

TNFA 10 2143

INFA1 1 626

INFB1 2 168

INFG 4 455

CHGA 1 2

CCL4 0 34

LEP 3 278
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Supplemental Table 1A. Reverse Target Prediction 1; Target genes selected from literature. (continued)

Process Target Gene PubMed Hits (N) on 
Search Term “gene name/

protein name/alias + 
arteriogenesis”

PubMed Hits (N) on 
Search Term “gene name/

protein name/alias + 
angiogenesis”

Immune Receptors TLR1 3 68

TLR2 2 21

TLR4 3 36

TLR6 2 1

IL6R 1 137

CXCR1 1 56

CXCR2 2 131

IL18R1 1 7

IL20RA 1 3

IL20RB 1 1

IL27RA 0 4

IL1RL1 0 2

Natural Killer Complex KLRG1 2 0

A2M

CD69

CLEC1B

CLEC7A

KLRD1

NKG2D

NKG2C

NKG2A

LY49L

Growth Factors PDGFA 0 9

PDGFB 19 314

FGF1 6 257

FGF2 61 2918

FGF4 4 44

FGF5 1 12

FGF6 1 5

FGF11 2 131

TGFB1 12 740

TGFB2 1 93

EFNB2 8 114

ANGPT2 5 808
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Supplemental Table 1A. Reverse Target Prediction 1; Target genes selected from literature. (continued)

Process Target Gene PubMed Hits (N) on 
Search Term “gene name/

protein name/alias + 
arteriogenesis”

PubMed Hits (N) on 
Search Term “gene name/

protein name/alias + 
angiogenesis”

Growth Factor Receptors FLT1 20 1555

FGFR1 2 214

FGFR2 0 90

FGFR3 0 32

FGFR4 0 17

PDGFRA 3 196

PDGFRB 5 323

PPHB4 3 103

TIE2 6 772

TGFBR1 6 7

TGFBR2 4 11

TGFBR3 3 14

Signaling Molecules MAPK1 11 944

MAPK3 7 444

MAPK7 0 1

MAPK8 3 38

MAPK9 0 4

MAPK10 0 1

MAPK14 0 11

PTPN6 0 32

PTPN11 0 20

ABRA 3 0

TMSB4X 5 89

DLL1 5 53

Transcription Factors JUN 4 244

FOS 1 143

MYC 2 356

EGR1 6 102

NFKB1 4 535

NFKB2 2 467

KAT2B 1 2

NR4A1 0 7

HDAC5 0 7

ANKRD1 3 6

Inhibitors CD180 1 1

CDKN1A 1 1
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Supplemental Table 1B. Reverse Target Prediction 1; Conserved MiRs Identified.

MiR Number of Putative Target Genes % of Genes Included

miR-495/1192 44 34,6

miR-590/590-3p 42 33,1

miR-23ab 36 28,3

miR-340/340-5p 34 26,8

miR-186 33 26,0

miR-185/882 33 26,0

miR-203 33 26,0

miR-128 32 25,2

miR-216/216b 32 25,2

miR-494 31 24,4

miR-485/485-5p 31 24,4

miR-299/299-3p 30 23,6

miR-214/761 30 23,6

miR-129/129-5p 30 23,6

miR-300 29 22,8

miR-544 29 22,8

miR-17-5p/20/93.mr/106/519.d 29 22,8

miR-873 28 22,0

miR-143 28 22,0

miR-543 27 21,3

miR-149 27 21,3

miR-491/491-5p 27 21,3

miR-124/506 27 21,3

miR-150 27 21,3

miR-19 27 21,3

miR-125a-3p 26 20,5

miR-320/320abcd 26 20,5

miR-15/16/195/424/497 26 20,5

miR-130/301 26 20,5

miR-24 26 20,5

miR-27ab 26 20,5

miR-141/200a 26 20,5

miR-204/211 26 20,5

miR-370 25 19,7

miR-290-5p/292-5p/371-5p 25 19,7

miR-374/374ab 25 19,7

miR-125/351 25 19,7

miR-144 25 19,7
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Supplemental Table 1B. Reverse Target Prediction 1; Conserved MiRs Identified. (continued)

MiR Number of Putative Target Genes % of Genes Included

miR-539 24 18,9

miR-328 24 18,9

miR-34a/34b-5p/34c/34c-
5p/449/449abc/699

24 18,9

miR-205 24 18,9

miR-197 23 18,1

miR-421 23 18,1

miR-7/7ab 23 18,1

miR-326/330/330-5p 22 17,3

miR-101 22 17,3

miR-135 22 17,3

miR-9 22 17,3

miR-377 21 16,5

miR-342/342-3p 21 16,5

miR-592/599 21 16,5

miR-33/33ab 21 16,5

miR-103/107 21 16,5

miR-25/32/92/92ab/363/367 21 16,5

miR-145 21 16,5

miR-138 21 16,5

miR-153 21 16,5

miR-22 21 16,5

miR-338/338-3p 21 16,5

miR-181 21 16,5

miR-136 20 15,7

miR-410 20 15,7

miR-329/362-3p 20 15,7

miR-335/335-5p 20 15,7

miR-542/542-3p 20 15,7

miR-200bc/429 20 15,7

miR-139-5p 20 15,7

miR-183 20 15,7

miR-217 20 15,7

miR-122 20 15,7

miR-431 19 15,0

miR-448 19 15,0

miR-384/384-3p 19 15,0

miR-106/302 19 15,0

miR-433 18 14,2
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Supplemental Table 1B. Reverse Target Prediction 1; Conserved MiRs Identified. (continued)

MiR Number of Putative Target Genes % of Genes Included

miR-874 18 14,2

miR-224 18 14,2

miR-378/422a 18 14,2

miR-876-5p 18 14,2

miR-31 18 14,2

miR-499/499-5p 18 14,2

miR-29abc 18 14,2

miR-1/206 18 14,2

miR-148/152 18 14,2

miR-30a/30a-5p/30b/30b-
5p/30cde/384-5p

18 14,2

miR-134 17 13,4

miR-376c 17 13,4

miR-488 17 13,4

miR-339-5p 17 13,4

miR-361/361-5p 17 13,4

miR-221/222 17 13,4

miR-146 17 13,4

miR-411 16 12,6

miR-199/199-5p 16 12,6

miR-let7/98 16 12,6

miR-194 16 12,6

miR-223 16 12,6

miR-376/376ab/376b-3p 15 11,8

miR-653 15 11,8

miR-202/202-3p 15 11,8

miR-296/296-3p 15 11,8

miR-132/212 15 11,8

miR-137 15 11,8

miR-133 15 11,8

miR-96/1271 15 11,8

miR-490/490-3p 15 11,8

miR-486/486-5p 14 11,0

miR-505.hm 14 11,0

miR-26ab/1297 14 11,0

miR-455/455-5p 14 11,0

miR-365 14 11,0

miR-425/489 14 11,0

miR-10 14 11,0
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Supplemental Table 1B. Reverse Target Prediction 1; Conserved MiRs Identified. (continued)

MiR Number of Putative Target Genes % of Genes Included

miR-218 14 11,0

miR-208/208ab 14 11,0

miR-182 14 11,0

miR-382 13 10,2

miR-324-5p 13 10,2

miR-140/140-5p/876-3p 13 10,2

miR-196ab 13 10,2

miR-379 12 9,4

miR-758 12 9,4

miR-155 12 9,4

miR-383 12 9,4

miR-496 11 8,7

miR-346 11 8,7

miR-504 11 8,7

miR-503 11 8,7

miR-193ab 11 8,7

miR-28/28-5p/708 10 7,9

miR-192/215 10 7,9

miR-21/590-5p 10 7,9

miR-154 9 7,1

miR-375 9 7,1

miR-142-3p 7 5,5

miR-219/219-5p 7 5,5

miR-18ab 7 5,5

miR-190 6 4,7

miR-187 6 4,7

miR-875-5p 5 3,9

miR-127 2 1,6

miR-615-3p 2 1,6

miR-191 2 1,6

miR-451 2 1,6

miR-184 2 1,6

miR-99ab/100 2 1,6

miR-551ab 1 0,8

miR-210 1 0,8

14q32 miRs are indicated in bold type
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Supplemental Table 1C. Reverse Target Prediction 1; Unconserved MiRs Identified*.

MiR Number of Putative Target Genes % of Genes Included

miR-548c-3p 47 37,0

miR-607 34 26,8

miR-548d-3p 29 22,8

miR-520d-5p/524-5p 24 18,9

miR-664.hr 24 18,9

miR-579 23 18,1

miR-548a-3p/548ef 23 18,1

miR-513a-3p 23 18,1

miR-1305 22 17,3

miR-576-5p 22 17,3

miR-655 22 17,3

miR-520gh 22 17,3

miR-105.h 22 17,3

miR-656 21 16,5

miR-338-5p 21 16,5

miR-486-3p 21 16,5

miR-561 21 16,5

miR-548a-5p/548b-5p/548c-
5p/548d-5p/548hij/559

20 15,7

miR-330-3p 20 15,7

miR-142-5p 20 15,7

miR-548n 20 15,7

‘*’: Unconserved miRs predicted to target more than 15% of the included target genes only
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Supplemental Table 2A. Reverse Target Prediction 2; Target genes selected from microArray data.

Target Gene

CCL19 ARPC5

CCL21 IGFBP4

CCR7 MSN

FCER1G LCN2

MEF2A DNAJB1

MEF2B DBP

MEF2C LRG1

MEF2D CHI3L3

USP18 HSPA1B

IRF9 S100A8

IRF1 HSPA1A

IFIT2 C1QB

PML RRAD

CCL5 S100A9

VCAN RNF213

MMP3 MT2

SELL SOCS3

CD44 PRG4

LGALS3 OASL2

CXCL13 SLPI

CXCL10 PHF11

PLCG2 MPEG1

VAV1 CFB

ARF6 KBTBD5

TGFBR2 FPR2

STAT3 SAP30

RORC CEBPB

LBP GADD45A

MYD88 BST2

FCGR3A SLC6A9

ARPC1A C1QC

ARPC1B CXCL1

ARPC2 TUBA6

ARPC3 HSP105

ARPC4 IL1B
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Supplemental Table 2B. Reverse Target Prediction 2; All MiRs Identified.

MiR Number of Putative Target Genes % of Genes Included

miR-340/340-5p 17 18,9

miR-186 13 14,4

miR-590/590-3p 12 13,3

miR-485/485-5p 11 12,2

miR-320/320abcd 11 12,2

miR-329/362-3p 10 11,1

miR-204/211 10 11,1

miR-106/302 10 11,1

miR-124/506 10 11,1

miR-326/330/330-5p 10 11,1

miR-491/491-5p 10 11,1

miR-544 9 10,0

miR-218 9 10,0

miR-34a/34b-5p/34c/34c-
5p/449/449abc/699

9 10,0

miR-144 9 10,0

miR-203 9 10,0

miR-27ab 9 10,0

miR-217 9 10,0

miR-410 8 8,9

miR-539 8 8,9

miR-494 8 8,9

miR-7/7ab 8 8,9

miR-338/338-3p 8 8,9

miR-182 8 8,9

miR-129/129-5p 8 8,9

miR-23ab 8 8,9

miR-24 8 8,9

miR-17-5p/20/93.mr/106/519.d 8 8,9

miR-133 8 8,9

miR-150 8 8,9

miR-181 8 8,9

miR-197 8 8,9

miR-377 7 7,8

miR-370 7 7,8

miR-495/1192 7 7,8

miR-185/882 7 7,8

miR-136 7 7,8
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Supplemental Table 2B. Reverse Target Prediction 2; All MiRs Identified. (continued)

MiR Number of Putative Target Genes % of Genes Included

miR-30a/30a-5p/30b/30b-
5p/30cde/384-5p

7 7,8

miR-138 7 7,8

miR-125/351 7 7,8

miR-31 7 7,8

miR-425/489 7 7,8

miR-143 7 7,8

miR-135 7 7,8

miR-383 7 7,8

miR-216/216a 7 7,8

miR-365 7 7,8

miR-122 7 7,8

miR-26ab/1297 7 7,8

miR-378/422a 7 7,8

miR-335/335-5p 7 7,8

miR-542/542-3p 7 7,8

miR-384/384-3p 7 7,8

miR-873 7 7,8

miR-290-5p/292-5p/371-5p 7 7,8

miR-149 7 7,8

miR-300 6 6,7

miR-758 6 6,7

miR-433 6 6,7

miR-21/590-5p 6 6,7

miR-199/199-5p 6 6,7

miR-214/761 6 6,7

miR-101 6 6,7

miR-216/216b 6 6,7

miR-33/33ab 6 6,7

miR-103/107 6 6,7

miR-140/140-5p/876-3p 6 6,7

miR-200bc/429 6 6,7

miR-130/301 6 6,7

miR-9 6 6,7

miR-10 6 6,7

miR-1/206 6 6,7

miR-28/28-5p/708 6 6,7

miR-339-5p 6 6,7

miR-421 6 6,7
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Supplemental Table 2B. Reverse Target Prediction 2; All MiRs Identified. (continued)

MiR Number of Putative Target Genes % of Genes Included

miR-488 6 6,7

miR-592/599 6 6,7

miR-376c 5 5,6

miR-543 5 5,6

let-7/98 5 5,6

miR-96/1271 5 5,6

miR-155 5 5,6

miR-19 5 5,6

miR-190 5 5,6

miR-219/219-5p 5 5,6

miR-132/212 5 5,6

miR-503 5 5,6

miR-375 5 5,6

miR-202/202-3p 5 5,6

miR-361/361-5p 5 5,6

miR-125a-3p 5 5,6

miR-431 4 4,4

miR-411 4 4,4

miR-379 4 4,4

miR-134 4 4,4

miR-205 4 4,4

miR-22 4 4,4

miR-139-5p 4 4,4

miR-194 4 4,4

miR-183 4 4,4

miR-18ab 4 4,4

miR-29abc 4 4,4

miR-153 4 4,4

miR-455/455-5p 4 4,4

miR-25/32/92/92ab/363/367 4 4,4

miR-221/222 4 4,4

miR-193ab 4 4,4

miR-141/200a 4 4,4

miR-196ab 4 4,4

miR-192/215 4 4,4

miR-146 4 4,4

miR-342/342-3p 4 4,4

miR-328 4 4,4

miR-346 4 4,4
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Supplemental Table 2B. Reverse Target Prediction 2; All MiRs Identified. (continued)

MiR Number of Putative Target Genes % of Genes Included

miR-448 4 4,4

miR-224 4 4,4

miR-376/376ab/376b-3p 3 3,3

miR-154 3 3,3

miR-299/299-3p 2 2,2

miR-137 3 3,3

miR-223 3 3,3

miR-128 3 3,3

miR-145 3 3,3

miR-499/499-5p 3 3,3

miR-504 3 3,3

miR-876-5p 3 3,3

miR-374/374ab 3 3,3

miR-296/296-3p 3 3,3

miR-15/16/195/424/497 3 3,3

miR-874 3 3,3

miR-486/486-5p 3 3,3

miR-496 2 2,2

miR-382 2 2,2

miR-148/152 2 2,2

miR-208/208ab 2 2,2

miR-505.hm 2 2,2

miR-324-5p 2 2,2

miR-653 2 2,2

miR-875-5p 2 2,2

miR-551ab 1 1,1

miR-451 1 1,1

miR-210 1 1,1

miR-490/490-3p 1 1,1

miR-191 1 1,1

miR-99ab/100 1 1,1

miR-187 1 1,1

14q32 miRs are indicated in bold type
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Supplemental Table 3. 14q32 miRs in RTPs 1 and 2.

14q32 MicroRNA Putative targets in RTP1 (out of 127) Putative targets in RTP2 (out of 70)

495 44 7

494 31 8

485 31 11

299 30 2

300 29 6

544 29 9

543 27 5

370 25 7

539 24 8

377 21 7

136 20 7

410 20 8

329 20 10

431 19 4

433 18 6

874 18 3

134 17 4

376c 17 5

411 16 4

376a 15 3

376b 15 3

382 13 2

379 12 4

758 12 6

496 11 2

154 9 3

127 2 0
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Supplemental Table 4. Conservation of binding sites for miR-329, miR-494 and miR-495 between mice 
and men.

MiR-329 MiR-494 MiR-495

Target
Gene

Sites in
Humans

Sites in
Mice

Target
Gene

Sites in
Humans

Sites in
Mice

Target
Gene

Sites in
Humans

Sites in
Mice

MEF2D 4 1 ARF6 3 2 TGFBR1 3 2

CXCR2 2 1 TLR6 2 0 STAT3 3 1

TLR4 2 2 EFNB2 2 1 FAK 2 1

MEF2A 2 2 MYC 2 0 ITGAV 2 3

ITGB3 2 3 ARPC5 2 1 ITGB3 2 1

FOS 1 0 MEF2D 2 1 CX43 2 1

PTPN11 1 2 RNF213 2 0 CX45 2 1

MAPK1 1 1 EDN1 1 0 ICAM1 2 0

PDGFRA 1 0 VEGFA 1 0 CTSS 2 0

TGFBR1 1 0 ITGB1 1 0 TLR4 2 0

FGF4 1 0 ITGAL 1 0 IL8RB 2 1

PDGFB 1 0 VCAM1 1 0 IL1RL1 2 0

FGF5 1 0 PECAM1 1 0 KLRD1 2 0

KLRG1 1 0 SELP 1 2 PDGFA 2 1

CLEC7A 1 2 CCR2 1 1 FGF5 2 0

LEP 1 0 SERPIN1 1 0 PTPN11 2 0

PLAU 1 1 CTSS 1 0 JUN 2 1

PLAT 1 0 IL6 1 0 HDAC4 2 0

CTSS 1 0 IL33 1 1 MEF2C 2 3

ITGAM 1 1 TNFA 1 0 EDN1 1 0

CX45 1 1 TLR4 1 1 VEGFA 1 1

VEGFA 1 1 IL18R1 1 0 VCAM1 1 0

CCL19 1 0 CLEC7A 1 0 CCL2 1 1

IGFBP4 1 0 KLRD1 1 0 CDH5 1 0

IRF1 1 0 PDGFA 1 0 SERPINE1 1 1

MEF2B 1 0 FGF2 1 1 PLAT 1 1

MEF2C 1 2 FGF5 1 0 PLG 1 1

MYD88 1 0 FGFR2 1 3 TIMP2 1 1

PLCG2 1 0 PDGFRA 1 0 IL5 1 0

CEBPB 1 0 PPHB4 1 0 IL33 1 0

DNAJB1 0 1 MAPK1 1 2 INFG 1 0

SOCS3 0 0 MAPK9 1 0 LEP 1 0

EFNB2 1 2 MAPK14 1 0 IL6R 1 0

FGFR2 0 1 PTPN11 1 0 IL20RB 1 0

JUN 1 0 KLRG1 1 0

KAT2B 1 0 CD69 1 0
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Supplemental Table 4. Conservation of binding sites for miR-329, miR-494 and miR-495 between mice 
and men. (continued)

MiR-329 MiR-494 MiR-495

Target
Gene

Sites in
Humans

Sites in
Mice

Target
Gene

Sites in
Humans

Sites in
Mice

Target
Gene

Sites in
Humans

Sites in
Mice

ARPC1B 1 1 CLEC7A 1 0

CD44 1 1 FGF2 1 2

STAT3 1 1 TGFB2 1 3

DNAJB1 1 1 VEGFR 1 0

MPEG1 0 1 FGFR3 1 2

SLC6A9 0 1 MAPK10 1 1

DLL1 1 1

KAT2B 1 1

HDAC5 1 0

ARF6 1 0

ARPC1A 1 1

CD44 1 1

IFIT2 1 0

MPEG1 1 0

SOCS3 1 0

RRAD 0 1
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Supplemental Table 5A. Sequences of miRs, antagomiRs and GSOs.

MiR Sequence

hsa/mmu-miR-487b 5’-AAUCGUACAGGGUCAUCCACUU-3’

hsa/mmu-miR-494 5’-UGAAACAUACACGGGAAACCUC-3’

hsa/mmu-miR-495 5’-AAACAAACAUGGUGCACUUCUU-3’

mmu-miR-329 5’-AACACACCCAGCUAACCUUUUU-3’

hsa -miR-329 5’-AACACACCUGGUUAACCUCUUU-3’

GSO Sequence

hsa/mmu-GSO-487b 3’-TTAGCATGTCCCAGTAGGTGAA-X-
AAGTGGATGACCCTGTACGATT-3’

hsa/mmu-GSO-494 3’-ACTTTGTATGTGCCCTTTGGAG-X-
GAGGTTTCCCGTGTATGTTTCA-3’

hsa/mmu-GSO-495 3’-TTTGTTTGTACCACGTGAAGAA-X-
AAGAAGTGCACCATGTTTGTTT-3’

mmu-GSO-329 3’-TTGTGTGGGTCGATTGGAAAAA-X-
AAAAAGGTTAGCTGGGTGTGTT-3’

hsa-GSO-329 3’-TTGTGTGGACCAATTGGAGAAA-X-
AAAGAGGTTAACCAGGTGTGTT-3’

negative control GSO 3’-TGTACGACTCCATAACGGT-X-
TGGCAATACCTCAGCATGT-3’

AntagomiR Sequence

hsa/mmu-antagomiR-487b 5’-AsAsGUGGAUGACCCUGUACGsAsUsUs-Chol-3’

hsa/mmu-antagomiR-494 5’-GsAsGGUUUCCCGUGUAUGUUsUsCsAs-Chol-3’

hsa/mmu-antagomiR-495 5’-AsAsGAAGUGCACCAUGUUUGsUsUsUs-Chol-3’

mmu-antagomiR-329 5’-AsAsAAAGGUUAGCUGGGUGUsGsUsUs-Chol-3’

hsa-antagomiR-329 5’-AsAsAGAGGUUAACCAGGUGUsGsUsUs-Chol-3’

negative control antagomiR 5’-AsUsGACUAUCGCUAUUCGCsAsUsGs-Chol-3’

‘X’: Phosphorothioate linker
‘-NNN-’: 2’-O-methyl-modified nucleotides
‘s’: Phosphorothioate linkage
‘Chol’: cholesterol group linked through a hydroxyprolinol-linkage
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Supplemental Table 5B. Conservation of (Seed-)Sequences of miR-329

Species MiR Sequence

Human hsa-miR-329-1-3p AACACACCUGGUUAACCUCUUU

hsa-miR-329-2-3p AACACACCUGGUUAACCUCUUU

Mouse mmu-miR-329 AACACACCCAGCUAACCUUUUU

Rat rno-miR-329 AACACACCCAGCUAACCUUUUU

Chimpanzee ptr-miR-329-1 AACACACCUGGUUAACCUCUUU

ptr-miR-329-2 AACACACCUGGUUAACCUCUUU

Orang-utan ppy-miR-329-1 AACACACCUGGUUAACCUCUUU

ppy-miR-329-2 AACACACCUGGUUAACCUCUUU

Gorilla ggo-miR-329b AACACACCUGGUUAACCUCU- -

Rhesus Monkey mml-miR-329-1-3p AACACACCUGGUUAACCUCUUU

mml-miR-329-2-3p AACACACCUGGUUAACCUCUUU

Dog cfa-miR-329a AGAGGUUUUCUGGGUUUCUGUUU*

cfa-miR-329b AACACACCUGGUUAACCUCUUU

Cow bta-miR-329a AACACACCUGGUUAACCUUUUU

bta-miR-329b AGAGGUUUUCUGGGUUUCUGUUU*

Sheep oar-miR-329a-3p AACACACCUGGUUAACCUUUUU

oar-miR-329b-3p AACACACCUGGUUAACCUCUUU

Horse eca-miR-329 AACACACCUAGUUAACCUCUUU

Sequences and nomenclature according to miRbase 20 (www.mirbase.org)
‘NNN’: Seed Sequence
‘NNN’: Conserved with human
‘NNN’: Different from human
‘*’: Sequence corresponds to ‘*’ or ‘-5p’ sequences in other species



14q32 MicroRNAs in neovascularization 203

Supplemental Table 5C. Conservation of (Seed-)Sequences of miR-487b

Species MiR Sequence

Human hsa-miR-487b-3p AAUCGUACAGGGUCAUCCACUU

Mouse mmu-miR-487b-3p AAUCGUACAGGGUCAUCCACUU

Rat rno-miR-487b AAUCGUACAGGGUCAUCCACUU

Chimpanzee ptr-miR-487b AAUCGUACAGGGUCAUCCACUU

Gorilla ggo-miR-487b AAUCGUACAGGGUCAUCCACU-

Orang-utan ppy-miR-487b AAUCGUACAGGGUCAUCCACUU

Rhesus Monkey mml-miR-487b-3p AAUCGUACAGGGUCAUCCACUU

Dog cfa-miR-487b AAUCGUACAGGGUCAUCCACUU

Cow bta-miR-487b AAUCGUACAGGGUCAUCCACUU

Sheep oar-miR-487b-3p AAUCGUACAGGGUCAUCCACUU

Horse eca-miR-487b AAUCGUACAGGGUCAUCCACUU

Pig ssc-miR-487b GUGGUUAUCCCUGUCCUGUUCG*

Sequences and nomenclature according to miRbase 20 (www.mirbase.org)
‘NNN’: Seed Sequence
‘NNN’: Conserved with human
‘NNN’: Different from human
‘*’: Sequence corresponds to ‘*’ or ‘-5p’ sequences in other species

Supplemental Table 5D. Conservation of (Seed-)Sequences of miR-494

Species MiR Sequence

Human hsa-miR-494-3p UGAAACAUACACGGGAAACCUC

Mouse mmu-miR-494-3p UGAAACAUACACGGGAAACCUC

Rat rno-miR-494 UGAAACAUACACGGGAAACCUCU

Chimpanzee ptr-miR-494 UGAAACAUACACGGGAAACCUC

Gorilla ggo-miR-494 UGAAACAUACACGGGAAACCUC

Orang-utan ppy-miR-494 UGAAACAUACACGGGAAACCUC

Rhesus Monkey mml-miR-494-3p UGAAACAUACACGGGAAACCUC

Dog cfa-miR-494 UGAAACAUACACGGGAAACCUC

Cow bta-miR-494 UGAAACAUACACGGGAAACCUC

Sheep oar-miR-494-3p UGAAACAUACACGGGAAACCUCU

Horse eca-miR-494 UGAAACAUACACGGGAAACCUC

Pig ssc-miR-494 AGGUUGUCGUGUUGUCUUCUCU*

Sequences and nomenclature according to miRbase 20 (www.mirbase.org)
‘NNN’: Seed Sequence
‘NNN’: Conserved with human
‘NNN’: Different from human
‘*’: Sequence corresponds to ‘*’ or ‘-5p’ sequences in other species
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Supplemental Table 5E. Conservation of (Seed-)Sequences of miR-495

Species MiR Sequence

Human hsa-miR-495-3p AAACAAACAUGGUGCACUUCUU

Mouse mmu-miR-495-3p AAACAAACAUGGUGCACUUCUU

Rat rno-miR-495 AAACAAACAUGGUGCACUUCUU

Chimpanzee ptr-miR-495 AAACAAACAUGGUGCACUUCUU

Gorilla ggo-miR-495 AAACAAACAUGGUGCACUUCU-

Orang-utan ppy-miR-495 AAACAAACAUGGUGCACUUCUU

Rhesus Monkey mml-miR-495 AAACAAACAUGGUGCACUUCUU

Dog cfa-miR-495 AAACAAACAUGGUGCACUUCUU

Cow bta-miR-495 AAACAAACAUGGUGCACUUCUU

Sheep oar-miR-495-3p AAACAAACAUGGUGCACUUCUU

Horse eca-miR-495 AAACAAACAUGGUGCACUUCUU

Sequences and nomenclature according to miRbase 20 (www.mirbase.org)
‘NNN’: Seed Sequence
‘NNN’: Conserved with human
‘NNN’: Different from human
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Supplemental Table 6. Murine 12F1 miR downregulation during effective neovascularization.

Early Responder Late Responder Non-Responder Not on Array

miR-673-5p miR-770-5p miR-493 miR-1906-1

miR-337-3p miR-770-3p miR-337-5p miR-3070a

miR-540-3p miR-673-3p miR-540-5p miR-3070b

miR-432 miR-665 miR-431 miR-1188

miR-380-3p miR-433 miR-431* miR-3071

miR-494 miR-433* miR-136 miR-1197

miR-666-5p miR-127 miR-136* miR-1193

miR-487b miR-127* miR-370 miR-3072

miR-134 miR-434-5p miR-379 miR-1247

miR-453 miR-434-3p miR-758 miR-299b

miR-154 miR-432* miR-666-3p miR-3544

miR-409-5p miR-341 miR-543

miR-410 miR-882 miR-495

miR-411 miR-376c

miR-411* miR-376b*

miR-299a miR-376a*

miR-299a* miR-539

miR-380-5p miR-544

miR-323-5p miR-485

miR-323-3p miR-496

miR-329 miR-541

miR-679 miR-409-3p

miR-667 miR-369-5p

miR-376c*

miR-654-5p

miR-654-3p

miR-376b-3p

miR-376a

miR-300

miR-300*

miR-381

miR-382

miR-382*

miR-668

miR-485*

miR-154*

miR-377

miR-412

miR-369-3p
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Supplemental Table 7. Primers for cloning 3’UTR sequences in PsiCheck2 Vector.

3’UTR Primer Sequence Insert Length Target Sites

hsa-
TLR4

Forward ATACTCGAGTCAGCTGTATAGCAGAGTTCG 752 bp miR-329
miR-494Reverse ATAGCGGCCGCTGTGCCTAATTCAGAAGATGAA

hsa-
VEGFA

Forward ATACTCGAGCCTCACACCATTGAAACCACT 732 bp miR-329
miR-494Reverse ATAGCGGCCGCTCTTTTCCCCACAATTATTACG

hsa-
MEF2A_1

Forward ATACTCGAGGGCTTCCAAGCTGATGTTTGT 620 bp miR-329

Reverse ATAGCGGCCGCTTGACCCAATACATTTTTGCAC

hsa-
MEF2A_2

Forward ATACTCGAGTGAAAGAAAACACCCTTATGA 812 bp miR-329

Reverse ATAGCGGCCGCGATCCCTTTCCCCATGATTA

hsa-
FGFR2

Forward ATACTCGAGGACTCTTTGGCGTTGGAGAC 542 bp miR-329
miR-494Reverse ATAGCGGCCGCGTCTCAGTCAACCCCTCTGG

hsa-
ARF6

Forward ATACTCGAGTTTTGCCCAGTTTCCTTATCA 754 bp miR-494

Reverse ATAGCGGCCGCGCTTCAGCTTAATCAGTTGCT

hsa-
EFNB2

Forward ATACTCGAGCCAACTGTCCCTTTGTTTGA 738 bp miR-494

Reverse ATAGCGGCCGCggaaggcaaattaaaataacaa

‘ATA’: random sequence
‘CTCGAG’: XhoI Restriction Site
‘GCGGCCGC’: NotI Restriction Site
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Supplemental Figure 1. Reverse Target Prediction. A schematic overview of miR-identification via Re-
verse Target Prediction, using public databases PubMed and TargetScan.
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A B

C D

E F

G

Supplemental Figure 2. MiR expression during effective neovascularization. MicroArray analyses of 
total RNA isolated from left adductor muscles of mice (4 mice per time point) before and at 1, 3 and 7 
days after single ligation of the left femoral artery. Expression levels of late-responder miR-329 (A), early-
responders miR-487b (B) and miR-494 (C) and non-responder miR-495 (D) are expressed as percentages of 
their individual expression levels before femoral artery ligation. E, Log2 expression of 14q32 miRs miR-329, 
miR-487b, miR-494 and miR-495. F, Log2 expression of ten miRs previously reported to influence neovascu-
larization. G, Log2 expression of the top nine non-14q32 miRs identified via RTP.
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A B

C D

Supplemental Figure 3. Expression of 14q32/12F1 miRs. Expression levels of miR-329 (A), miR-487b (B), 
miR-494 (C) and miR-495 (D), relative to Let-7c in aorta, heart, spleen, kidney, skeletal muscle, bone mar-
row and brain and relative to Let-7c and miR-122 in the liver in healthy, male, adult C57BL/6 mice. Tissues/
organs from 9 mice were included and pooled per 3 animals. Data are presented as mean ± SEM. n.d. not 
detected.
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Supplemental Figure  4. Primary human arterial myofibroblasts. HUAFs stain positive for both the 
smooth muscle cell marker -smooth muscle actin (A) and the mesenchymal marker vimentin (B). HUAFS 
treated with GSOs at a concentration of 10ng/μl (C) and 15ng/μl (D). Cells have a typical phenotype (spindle 
shape) at 10ng/μl, whereas at 15ng/μl, some signs of cytotoxicity are observed (small round cells). HUAFs 
treated with antagomiRs at a concentration of 10ng/μl (E) and 15ng/μl (F). Cells have a typical phenotype 
(spindle shape) at 10ng/μl, whereas at 15ng/μl, clear signs of cytotoxicity are observed (small round cells).
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Supplemental Figure 5. Macrophage accumulation around remodeling collateral arterioles. Quanti-
fication of the number of Mac3-positive cells (arrows) around remodeling collateral arterioles in the adduc-
tor muscle of GSO-treated mice, 7 days after induction of hind limb ischemia. From each muscle, 3 sections 
were used and from each section, 1 representative photograph was included. Data are presented as mean 
± SEM. The scale bar represents 100 μm.
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A B

C D

Supplemental Figure 6. In vitro regulation and confirmation of putative target genes. Expression lev-
els of putative human target genes, relative to GAPDH, in human arterial myofibroblasts treated with 10ng/
μl GSO-329 (A) or GSO-494 (C). Luciferase expression in HeLa cells co-transfected with 20 ng human target 
gene 3’-UTR, cloned into the PsiCHECK2 vector, and 10 or 20 nM of hsa-pre-miR-329 (B) or pre-miR-494 (D). 
The Renilla Luciferase signal (renLuc) was normalized by dividing it over the Firefly Luciferase signal (ffLuc), 
to adjust for transfection efficiency. The renLuc/ffLuc ratio measured for the negative controls (20nM pre-
miR-Scrambled) was set at 100% (dashed line). *p < 0.05.



A

B

Supplemental Figure 7. In vivo regulation of putative target genes of miR-495. Expression levels of 
putative target genes for miR-495 relative to HPRT1 in adductor muscle tissue of mice treated with GSO-495 
at days 3 (A) and 7 (B) after hind limb ischemia. Per group, adductor muscle tissue of 9 mice was used. Data 
are presented as mean ± SEM.
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GENERAL DISCUSSION

The aim of this research was to identify new possible targets or ligands to therapeuti-

cally enhance neovascularization and to obtain more mechanistic information on the 

complex interactions underlying neovascularization. To that end we included several 

factors on arteriogenesis.

Translating bench to bedside has been one of the major challenges in developing 

new therapies for peripheral arterial disease (PAD). Promising therapeutic strategies 

tested in preclinical mouse studies demonstrated disappointing results in humans 

models makes studies impossible to compare or reproduce, a genuine problem also 

addressed by other authors1, 2. In order to provide a standardized model to resolve the 

mechanisms involved in arteriogenesis and to test therapeutics in a reproducible man-

ner, we described a preclinical model mimicking PAD in chapter 2. We made use of a 

mouse hind limb ischemia (HLI) model instead of large animal models because of prac-

tical reasons and the large availability of transgenic mice. The arterial murine anatomy 

of the hind limb compares largely to the human anatomy and occlusion of the femoral 

artery has been shown to result in arteriogenesis in the adductor muscle region and an-

giogenesis in more distal ischemic tissues like the calf muscles. The traditional simple 

recovery resulting in a very narrow window of opportunity. This model only induces a 

-

still easy and fast to perform. In a clinical view, this model more closely resembles the 

multilevel occlusive disease in patients with PAD. In another model the entire artery and 

side-branches were excised, but we believe this model is less preferable because also 

the pre-existing collaterals are transected during this approach which makes studying 

arteriogenesis nearly impossible.

at the level of the feet, where there is no interference from skin or pigment. The Dop-

-

these are only minor and well controlled drawbacks to this method. Doppler has the 

of serial measurements. This is in contrast to other, mostly postmortem, techniques like 
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angiography and computed tomography, which provide more anatomical information 

on a single time point only.

Although this is a very useful model in which shear stress induced remodeling of 

collateral arteries is already well established, there are important limitations to the HLI 

extent this model mimics the clinical situation. PAD is the consequence of a chronic 

systemic atherosclerotic burden resulting in multilevel arterial occlusion. Although 

double ligation of the femoral artery resembles the multilevel disease in patients, these 

occlusions are induced by an acute surgical occlusion of the femoral artery, instead 

of the chronic nature of developing atherosclerotic plaques. Acute peripheral arterial 

occlusion in patients usually follows longer existing atherosclerotic disease or is the 

result from other conditions, for example an embolic event.

compared to humans. For example, the C57BL/6 mice used in this thesis demonstrated 

a full blood recovery only one week after femoral artery transection. Attempts to use 

other mice strains with a reduced arteriogenic capacity resulted in a higher mortality 

rate from surgery or anesthesia. The dissimilar timeframe between model and patient 

may be considered a limitation to this model, but is eligible because it creates more 

manageable experiments.

Another considerable limitation is that the conditions in which atherosclerosis 

develops in patients are not comparable to our mouse model. We used genetically 

multifactorial mechanisms leading to post-ischemic vessel growth. Not surprisingly, 

-

pared to non-claudicant patients3) is mostly due to cardiovascular events, emphasizing 

the relevance of co-morbidity in this population. Although it seems relevant to include 

these factors in a mouse model, increasing the number of variables would also have 

increased the standard deviation and number of mice needed for our experiments, 

leading to ethical objections.

more closely mimic the pathological conditions in patients with PAD (see Figure 1). In 

contrast to an acute femoral artery transection we tested a gradual arterial occlusion 

mouse model. We placed small ameroid constrictors, consisting of a rigid stainless 

steel casing place around a hygroscopic casein material, around the femoral artery. 

The concept is that, when placed around a vessel, the casein gradually swells as a 

result of absorbing water. Because outward expansion is resisted by the steel ring, the 

constrictors have already been used in coronary occlusion studies in pigs and dogs 
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and more recently also in the hind limbs of rats4 and mice5. Additionally, we used the 

transgenic ApoE3Leiden mouse strain. When fed a western-type diet ApoE3Leiden 

mice develop a diet dependent hypercholesterolemia and consequently generalized 

atherosclerosis. We hypothesized that the combination of both the gradual compres-

sion of the ameroid constrictor and the hypercholesterolemic ApoE3Leiden mice would 

provide a mouse model more closely resembling the clinical situation of patients with 

PAD. However, in our hands, this model was not feasible. Due to the addition of more 

variables we encountered larger standard deviations in the laser Doppler perfusion 

acute femoral transection, an observation probably due to the simultaneous increase 

therapeutically enhance neovascularization. Using aged animals would be a relevant 

and logical addition to this model, however increases the costs and more important the 

standard deviation of the outcomes.

In conclusion, although there are limitations to the double ligation HLI model, it 

proved a practical and reproducible model in which we were able to study angiogen-

we mainly focused on arteriogenesis because this is the most important tissue-saving 

process after an arterial occlusion7. Arteriogenesis is generally considered to be a 

shear-stress induced remodeling of bridging pre-existing arterioles into larger func-

tional conducting arteries7, although discussion exists about the terminology. Some 

authors describe arteriogenesis to be the appearance of new arterioles and collateral 

artery growth the remodeling of collaterals into larger functional arteries8, while others 
7. Altogether, after 

collateral network of arterioles which has, according to Poiseuille’s law, greater poten-

tial than angiogenesis to improve circulation and restore oxygen delivery to ischemic 

tissue after arterial occlusion9.

tissue protection from ischemia during an occlusive event depends on the (pre-existing) 

collateral extent and the capacity of the collaterals to remodel into large conducting 

important, also the number of pre-existing collaterals immediately recruitable after 
10. A coronary pressure-derived 
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individuals11

-

tion11

after an occlusive event are striking, with ultimate counterparts being the C57BL/6 and 

BALB/c mouse strains12, 13, as demonstrated in chapter 3. Anatomically, large variation 

in collateral density is described between mouse strains14, 15

mouse hind limb12, 16

16, 17 -

A   Acute ligation model

Arteria iliaca communis
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HIF

VEGF

Ischemic tissue
damage (necrosis)

Acute inflammation

Angiogenesis
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internaA. femoralis
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A. femoralis
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A. femoralis
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Figure 1. Differences in arteriogenesis between an acute and gradual hind limb ischemia model ver-

sus patients with PAD, adapted from Dragneva et al6.
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The importance of an extensive collateral network is evident. However, if the extent 

of the collateral network is heritable, this raises concern whether the presentation of 

contribution of the pre-existing collateral network and the collateral remodeling and 

to be investigated. Is the pre-existing collateral network, that already developed in 

embryo, even correctable? Are pre-existent collaterals not already remodeled to the 

full extent when symptoms of critical limb ischemia are present? Moreover, collaterals 

including aging18, resulting in impaired collateral abundance, as discussed earlier a 

the formation of new collaterals?

Whether it is possible to induce the formation of neocollaterals remains controver-

sial19. Even after maximal stimulation the number of pre-existing collaterals do not 

seem to increase20. Presumably, the physiological collateral extent is limited by our 

genetic background and cannot be induced by therapeutic strategies. Last decades 

however, experimental models did identify several potential targets to stimulate col-

lateral remodeling including the targets described in this thesis. But whether collateral 

studies are predominantly performed using models in which there are still collaterals to 

develop, in other words containing collaterals not battered by cardiovascular risk fac-

imaging in C57BL/6 mice (chapter 3). However, due to anatomical restrictions the col-

lateral bed has a limited ability to expand. According to Poiseuille’s law, multiple smaller 

collaterals are not capable of replacing a larger occluded artery. Also, the characteristic 

tortuosity and increased length of collaterals results in increased resistance compared 

to one large artery. Indeed, conductance studies in rabbit hind limbs demonstrated 

that the maximal conductance of collaterals is only a fraction of the pre-existing situ-

ation21. Because these studies are conducted during physiological circumstances, it 

was proposed that this restriction is probably due to premature normalization of the 

arterio-venous shunt between the distal stump of an occluded femoral artery and as-

sociated vein, completely restored maximal conductance of the normal vascular bed 

after 7 days and exceeded the maximal conductance 2-fold after 4 weeks22. Thus, the 

potential of our pre-existing collateral bed may be larger than expected and therapeu-
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large occluded artery.

14-16, studying possible therapeutic targets using 

knock-out models has the potential pitfall to be the result of an altered pre-existent 

collateral vascular bed rather than collateral remodeling alone. In this thesis, the chap-

ters using knock-out models also included assessment of the pre-existing collateral 

which is comparable to the vascular density in other tissues. Moreover, we compared 

this regard, it is challenging to use knockout models because of the possible unantici-

pated phenotypic changes. For example in chapter 6, the density of native pre-existing 

collaterals in the pial circulation of PCAF-/-

wild type mice. We could only guess how much this contributes to the functional out-
-/-

their wild type counterparts in the architecture of lymphoid organs23

were discovered in the pre-existing collateral bed in chapter 3. These phenotypic 
-/- and RP105-/- mice demonstrate 

an impaired arteriogenic phenotype, whereas pharmacological TLR4 inhibition using 

in chapters 4 and 5.

Clinical trials on modulating individual growth factors or cytokines have thus far been 

disappointing24 -

ment18 may, at least partially, explain why arteriogenic therapies showing promising 

results in preclinical models using young and healthy animals6, are disappointing in 

randomized clinical trials. In patients, occlusion of the major arteries supplying the legs 

is the result of progression of atherosclerotic lesions, counteracted by remodeling of a 

pre-existing collateral bed. A major concern is that atherosclerosis shares many features 

several leukocytes (monocytes, T lymphocytes) and upregulation of cytokines (includ-

as pro-neovascularization also augment the progression atherosclerosis. This might 

be a serious risk in the development of new strategies to treat PAD. In other words, 

experimental therapeutically stimulation of neovascularization could in theory induce 

systemic atherosclerosis and the progression of stenotic lesions. This is endorsed by 

studies reporting that adventitial neovascularization is associated with increased inti-

ma-media thickness25. Furthermore, neovascularization contributes to atherosclerotic 

plaque progression and rupture of a previous asymptomatic plaque26. This quid pro quo 
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between arteriogenesis and atherosclerosis is referred to as the Janus phenomenon27, 

named after the Roman god with two faces. Multiple molecules are associated with 

this phenomenon27

biology like VEGF and MCP-1. MCP-1, an important regulator of arteriogenesis, has also 
-/- mice with locally adminis-

monocytes. However, also monocyte adhesion to the endothelium and consequently 
28. Likewise, C57BL/6 

poor arteriogenic capacity of BALB/c mice, but they are also more susceptible to ath-

erosclerosis. Clearly, this is a clinically relevant issue because the need for increased 

arteriogenesis is usually the result from a heavy atherosclerotic burden. No patient 

the atherosclerotic plaques.

In our laboratory both topics are investigated and largely analogous results were 

obtained. PCAF-/- mice, in chapter 6 described having an impaired arteriogenesis, also 

Likewise CCR7-/- mice, in chapter 3 shown to exhibit a reduced arteriogenic response, 

are described to bear a reduced atherosclerotic burden29. But unexpectedly, the result 

on RP105 studies do not correspond with the Janus phenomenon. In chapter 4, an 
-/- mice. In accordance 

with the Janus phenomenon, atherosclerosis is decreased in irradiated hypercho-
30. However restenosis and 

placement study, RP105-/- mice demonstrate increased post-interventional neointima 

formation31. Likewise, cardiac dysfunction after myocardial infarction is aggravated in 

RP105-/- mice32

cells like monocytes, RP105 is also described to enhance TLR4-induced activation of 

B cells33. In this regard, RP105 is an interesting target to investigate due to its unique 

atherosclerosis. Alternative to escape unwanted atherosclerosis might be in the timing 

of treatment. Whereas atherosclerosis progresses over years, therapeutic neovascu-

atherosclerotic burden.
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329, miR-487b, miR-494, and miR-495) in chapter 7 were exceptional, in particular when 

compared to other studies targeting miRs34-36 -

reported to repress CD146 expression and thereby suppressing at least angiogenesis37. 

In vitro miR-494 inhibits angiogenesis by suppres-

sion of VEGF38 and controls cell proliferation and survival39, 40. Increased expression 

41

other selected miRs. Moreover, miR-495 was not regulated during arteriogenesis and 

There may be an explanation in the low number of conserved putative target sites 

sequences. And in contrast to our experiments on human umbilical arterial endothelial 

cells, miR-495 was described to promote proliferation and inhibit apoptosis42, although 

these authors made use of human umbilical vein endothelial cells. However, more 

relevant in these articles are the experiments proving that miR-495 directly regulates 

-

lations around collateral arteries in our studies. The fact that mir-487b has only one 

in vitro studies suggest that miR-487b promotes angiogenesis by binding to the 3’UTR 

thrombospondin 1, a well-known inhibitor of angiogenesis43

previously was reported that miR-487b plays an important role in outward remodeling 

of the aorta44.

result of Poiseuille’s law? In our studies we deliberately focused on arteriogenesis 

rather than angiogenesis, which is the subject in most other studies. For example, 

the samples of the second RTP and the micro-array were from the ipsilateral adduc-
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that researchers traditionally focused on the administration of single growth factors. 

Undoubtedly, arteriogenesis is far too complex to be stimulated with a single factor, as 

is illustrated in chapter 3 and other studies45, 46

set of genes during arteriogenesis. MiRs potentially downregulate the expression of 

is likely to regulate a multifactorial process like arteriogenesis. Next is to combine the 

-

overexpression and consequently gene inhibition may occur in tissue not endogenously 

-

of the RTP very dependent on the genes which are selected. We included genes well-

known to enhance angiogenesis or arteriogenesis, but also genes selected from our 

own experimental studies like TLR4, RP105, NF- B and PCAF. Accordingly, we incorpo-

rated genes from the Natural Killer gene Complex (NKC), a gene locus on chromosome 

6 encoding activating and inhibitory natural killer cell receptors. Because natural killer 

cells were already shown to be involved in arteriogenesis47 and the NKC genetically 

the NKC was suggested to be involved in arteriogenesis. Indeed, congenic BALB/c 

comparable to C57BL/6 mice. However, next to this additional C57BL/6 NKC the 

locus on chromosome 7 (Lsq-1). This C57BL/6 single nucleotide polymorphism (marker 

rs13479513) was already demonstrated to be associated with enhanced neovascular-

ization17, was present in the studied congenic BALB/c mice and therefore, at least par-

tially, explained the improved neovascularization in these mice. Although considerable 

of the C57BL/6 NKC48, this study was not included in the thesis.
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where other hypotheses proved wrong and were not included in this thesis. Several 

candidates were selected from an educated guess using information from previous 

developed prediction strategies. The targets we selected using these approaches 

were all validated in vivo

targets was investigated, preserving numerous candidates for future studies. Although 

an increased knowledge on the processes underlying arteriogenesis. Even the excep-

timing.

SUMMARY

Current invasive therapeutic strategies to treat peripheral arterial disease (PAD) include 

percutaneous transluminal angioplasty, thrombolysis, thrombectomy or bypass surgery. 

3

treatment or in whom reconstruction has failed have no alternative to amputation. This 

patient category is in desperate need of alternative therapeutic options.

alternative to the current widely-used surgical interventions, and is referred to as 

therapeutic neovascularization. Both angiogenesis and arteriogenesis are stimulated 

arteriogenesis is probably the more clinically relevant mechanism due to the remodel-

ing of pre-existing arterioles into high-conductance large caliber collateral arteries. In 

general, the objective of this thesis was to investigate novel therapeutic strategies for 

stimulate neovascularization and by obtaining more mechanistic insight on the com-

plex interactions underlying these processes. This thesis includes several preclinical 

studies that add to our knowledge of therapeutic neovascularization and focuses on 

arteriogenesis rather than angiogenesis because of its greater potential to restore 

oxygen delivery to ischemic tissue after arterial occlusion.

In chapter 2

a preclinical mouse model were illustrated. We described a feasible, practical and 

reproducible mouse model to study PAD. The double surgical occlusion of the femoral 



General discussion and summary 227

artery resembles more closely the multilevel atherosclerotic occlusion in patients with 

PAD and enables studying arteriogenesis in the adductor muscle and angiogenesis in 

the ischemic calf muscle. Results were obtained from analyses of anatomical measure-

ments using post-mortem angiography and CT scans, and from functional measure-

This multilevel occlusion model addresses one of the largest objections to the mouse 

are hypothesized to stimulate neovascularization. The extra occlusions of the femoral 

window of opportunity for stimulating factors. The single occlusion model remains 

suitable for studies of inhibiting factors and studies in mouse strains that do not toler-

ate profound ischemia. We concluded that, in our hands, double surgical occlusion 

of the femoral artery is the most suitable model to study therapeutic interventions in 

arteriogenesis.

In chapter 3 -

tic insight into arteriogenesis and to screen for new potential targets. It is long known 

mouse strains13. We made use of mouse strains which are absolute counterparts in 

arteriogenic capacity, namely fast recovering C57BL/6 mice and poor recovering 

we demonstrated that the response in BALB/c mice was more exaggerated, delayed 

arteriogenic genes were upregulated stronger and more prolonged in BALB/c mice, 

site of arteriogenesis in C57BL/6 only and not in BALB/c, which included chemokines 

CCL19 and CCL21. CCL19 and CCL21 are already extensively described to regulate mi-

gration and homing of dendritic cells and T-lymphocytes via their joint receptor CCR7, 

of which T-lymphocytes are well-known for their role in stimulating arteriogenesis49-53. 

-/- mice bred on a C57BL/6/

LDLR-/- -

to retention of CCR7+ T-lymphocytes at the site of collateral arteriole remodeling. We 

concluded that the whole-genome expression analysis in BALB/c and C57BL/6 mice 
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is a feasible approach to study arteriogenesis and that the selected target (CCL19/

In chapter 4 we focused on the potential therapeutic role of RP105 which acts as 

(including chapter 3) we already showed that TLR4 was intensively upregulated during 

arteriogenesis. It was already published that TLR4-/- mice show a reduced arteriogenic 

response54

TLR4-ligand LPS stimulates arteriogenesis. RP105 expression, largely restricted to 

including cardiovascular disease30-32, establishing RP105 as an interesting target to 

expression of TLR4 was mirrored by RP105 expression and that RP105+ + 

cells migrate into the perivascular space of collateral arteries in the early stages of 

arteriogenesis, suggesting a role for RP105+ monocytes and/or macrophages in arterio-

genesis. Unexpectedly, RP105 gene deletion using RP105-/- mice, resulting in increased 

found, this must have resulted from an impaired arteriogenesis in RP105-/- mice. We 
-/-

when considered that other TLR4 inhibitors like SIGIRR55 and ST256 were upregulated 
hi monocytes are more responsive to TLR 

stimulation, are the predominant TNF  producing monocytes57 and have the potential 

to regulate post-ischemic vessel growth58, we particularly focused on the activation 

state of this monocyte subtype. In RP105-/- mice, the increased activation of the pro-
hi

increased accumulation in bone marrow and spleen and in decreased populations in 

the ischemic hind limb. These data suggested that, when normally expressed, RP105 

enables recruitment and migration of these monocytes from their storage compart-

in vitro monocyte migration was re-

duced in RP105-/-

between bone marrow-derived monocytes and the whole bone marrow population 

We concluded that the regenerative response of RP105-/- mice was unexpectedly 

hampered after HLI. The increased activation state of Ly6Chi monocytes in RP105-/- mice, 

-

remodeling process59 -/- mice could be 

explained in full by the impaired monocyte recruitment.
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TLR4 antagonists are also tested to inhibit exaggerated immune responses in order to 

prevent tissue damage60, 61 and may be considered as a potential treatment for sepsis. 

Subsequently, the question was raised whether TLR4 inhibition has unanticipated side 

far, it was unclear whether pharmacological TLR4 inhibition renders the same detri-

In chapter 5 in vitro and 

in vivo

and human ex vivo whole blood stimulation assays, TAK-242 drastically inhibited LPS-

induced TNF  production. Ex vivo

in human blood and in vivo, TAK-242 inhibited the LPS-induced TNF  production in 

slow-release subcutaneous administration. Although we were able to demonstrate 

-

ery following HLI between TAK-242 and PBS treated mice. Neither intramusculair nor 

recovery as measured with laser Doppler perfusion imaging. We concluded that blood 

potent TLR4 antagonist TAK-242.

In chapter 6

acetylates histones H3 and H4, but also modulates non-histone proteins62-65, includ-

ing hypoxia-inducible factor 1  (Hif-1 )66 and Notch67, is essential for NF- B-mediated 

gene transcription68 69. Moreover, it was 

shown previously that a variation in the promoter region of PCAF is associated with 

coronary heart disease-related mortality70. Also, we previously demonstrated a role 

for PCAF in vascular remodeling in a mouse model for reactive stenosis (unpublished 

-

matory and immune modulatory process, we found PCAF an interesting target to study 

in arteriogenesis.

In this chapter we showed that PCAF is critical during arteriogenesis using both 

PCAF-/- mice and the natural PCAF inhibitor Garcinol in wild type mice. Both experiments 

native pre-existing collateral circulation in PCAF-/- mice. PCAF-/-

the single deletion of PCAF in our knock-out mouse strain resulted in a total of 3505 
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extracellular matrix allowing cell migration and outward expansion of the collaterals. 

players in arteriogenesis, like T cells71 (predominantly activated CD4+ T cells47, 72), natural 

killer cells47 and regulatory T cells73, 74 and also cells that are not (yet) clearly implicated 

in arteriogenesis, including B cells and dendritic cells. Interestingly, nearly all leukocyte 

subtypes were increased in the bone marrow of PCAF-/- mice, indicating that PCAF 

marrow reservoir75. Correspondingly, the group of genes showing a reduced upregula-

tion during arteriogenesis in the whole-genome expression analysis, contained genes 

encoding for important chemoattractants for leukocytes, like CXCL12 and CCL9. In vivo, 

PCAF-/- mice indeed proved to recruit reduced numbers of monocytes to the perivas-

The previous investigations emphasized the multifactorial processes underlying 

arteriogenesis. In chapter 7 we investigated the master switch potential of microRNAs 

(miRs), small non-coding endogenous single-strand RNA molecules. MiRs downregu-

late the expression of target genes, theoretically up to several hundred genes at a time. 

Therefore, regulation of a single miR may change entire multifactorial physiological 

processes, including arteriogenesis. To identify possible target miRs, we made use of 

innovative methods. First, we used reverse target prediction (RTP) analysis to identify 

miRs that target multiple genes associated with neovascularization. Then, a second 

RTP was performed on genes that were found upregulated in the early phase of neo-

in chapter 3. Third, microarray analysis of miR expression was performed on these 

exact samples, revealing miR regulation during neovascularization.

arteriogenesis. From this gene cluster, we selected miRs according to their temporal 

expression patterns during arteriogenesis, miR-494 (early responder), miR-329 (late re-

of the RTPs, it was also selected for further studies because it was the second-most 

upregulated member of the 14q32 cluster and was already described by us to play in 

important role in the outward remodeling of the aorta44. All selected miRs were found to 

be highly expressed in muscle and vascular tissue in healthy C57BL/6 mice.

in vitro

cytotoxicity in comparison to the widely used antagomirs. Moreover, we demonstrated 
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and number of large arterioles in the adductor muscle and the number of CD31+ vessels 

in the calf muscle.

demonstrated the highest number of macrophages around remodeling collateral arter-

the 14q32 microRNA gene cluster is highly involved in neovascularization and inhibition 

be an interesting new strategy in stimulating therapeutic neovascularization.

In conclusion, the studies included in this thesis demonstrated a preclinical murine 

model to study neovascularization in vivo and subsequently a number of potential 

targets to stimulate therapeutic neovascularization. This thesis contributes to a better 

therapeutic perspective to current treatment strategies for patients with critical limb 

restricted pre-existing collateral bed or due to decreased collateral remodeling, we are 

now closer to a tailor made treatment available for each patient with peripheral arterial 

disease.
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De huidige invasieve therapeutische mogelijkheden om perifeer arterieel vaatlijden 

(PAV) te behandelen bestaan uit percutane transluminale angioplastiek, thrombolyse, 

thrombectomie of bypass chirurgie. Patiënten met kritieke ischemie van de onderste 

benen. Patiënten die niet geschikt worden bevonden voor een chirurgische of endovas-

culaire behandeling of waarbij een chirurgische reconstructie niet is geslaagd, hebben 

vaak geen ander alternatief dan amputatie van het aangedane ledemaat. Voor deze 

patiëntenpopulatie is het noodzakelijk dat er naar alternatieve therapeutische opties 

wordt gezocht.

Het bevorderen van de bloeddoorstroming naar ischemische weefsels wordt gezien 

als een veelbelovend therapeutisch alternatief voor de huidige invasieve chirurgische 

ingrepen en wordt aangeduid als therapeutische neovascularisatie. Hoewel hiermee 

het stimuleren van zowel angiogenese als arteriogenese wordt aangeduid, bijvoorbeeld 

door middel van cel-, gen- of groeifactortherapie, is therapeutische arteriogenese 

waarschijnlijk het klinisch meest relevante mechanisme. Tijdens arteriogenese remo-

deleren pre-existente arteriolen zich namelijk in grotere collaterale arteriën met meer 

capaciteit dan de kleine capillairen die gevormd worden tijdens angiogenese. In dit 

proefschrift worden nieuwe therapeutische strategieën bestudeerd voor PAV patiënten 

zonder therapeutische opties, zowel door te zoeken naar nieuwe mogelijkheden om 

neovascularisatie te stimuleren als door het verkrijgen van meer mechanistisch inzicht 

in de complexe processen die aan neovascularisatie ten grondslag liggen. Dit proef-

schrift omvat verschillende preklinische studies die bijdragen aan onze kennis over 

therapeutische neovascularisatie en richt zich voornamelijk op arteriogenese vanwege 

het grotere potentieel om zuurstoftransport naar aangedane weefsels te bevorderen.

In hoofdstuk 2 werd een aantal verschillende chirurgische mogelijkheden beschre-

ven voor het toebrengen van achterpootischemie in een muismodel. We beschreven 

een praktisch en reproduceerbaar muismodel om PAV te bestuderen. Het chirurgisch 

doornemen van de arteria femoralis op twee niveaus is een betere vergelijking met de 

multilevel atherosclerotische occlusies in patiënten met PAV en maakt het mogelijk 

om arteriogenese in de adductoren spiergroep en angiogenese in de ischemische 

kuitspieren te onderzoeken. Resultaten werden verkregen door het analyseren van 

-

nele metingen door het gebruik van laser Doppler perfusion imaging (LDPI) waarbij de 

bloeddoorstroming ter hoogte van de voet werd gemeten.

Eén van de belangrijkste bezwaren tegen het achterpootischemie model in de muis 

is het snelle herstel van de bloeddoorstroming na een enkele occlusie, waaronder 

wordt verstaan het doornemen van de arteria femoralis op slechts één niveau. Door het 

snelle herstel van de bloeddoorstroming is het technisch bijna onmogelijk om factoren 

te testen die, hypothetisch gezien, neovascularisatie zouden moeten bevorderen. Door 
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op meerdere niveaus de arteria femoralis door te nemen wordt de tijd tot volledig her-

enkele occlusie model is geschikt om factoren te testen die neovascularisatie remmen 

of als model in muisstammen die ernstige ischemie niet tolereren.

Wij concludeerden dat, in onze handen, het op meerdere niveaus occluderen van 

de arteria femoralis het meest geschikte model is om therapeutische interventies in 

arteriogenese te bestuderen.

In hoofdstuk 3 -

nistisch inzicht te verkrijgen in arteriogenese en om nieuwe potentiële therapeutische 

collaterale vaatbed sterk varieert tussen verschillende muisstammen en wij maakten 

gebruik van muizenstammen die absolute tegenhangers zijn in arteriogenese, na-

melijk de snel herstellende C57BL/6 en zeer langzaam herstellende BALB/c stam. 

Genexpressie werd gemeten op verschillende momenten na het toebrengen van 

adequate arteriogenese. De groep genen die in de vroege fase van arteriogenese tot 

expressie komt was grotendeels vergelijkbaar tussen beide stammen, maar in vergelij-

king tot C57BL/6 muizen was de respons in BALB/c overdreven, vertraagd en verlengd. 

we ons voornamelijk gericht op de grote verschillen tussen C57BL/6 en BALB/c in 

-

leen sterker tot expressie kwam in de C57BL/6, namelijk chemokines CCL19 en CCL21. 

CCL19 en CCL21 zijn samen met de gemeenschappelijke receptor CCR7 betrokken bij 

de migratie en homing van dendritische cellen en ook van T-lymfocyten, waarvan de 

essentiële rol tijdens arteriogenese reeds uitgebreid bekend is. We toonden niet alleen 

de CCL19/CCL21-CCR7 as als een belangrijk onderdeel van adequate arteriogenese. 

CCR7-/- muizen, gekruist op een C57BL/6/LDLR-/- achtergrond, toonden na het toe-

brengen van achterpootischemie een verminderd herstel van bloeddoorstroming en 

verminderde remodelering van collateralen, waarschijnlijk door de retentie van CCR7+ 

T-lymfocyten ter plaatse van de remodelerende collateralen.

Wij concludeerden dat whole-genome expression analyse in BALB/c en C57BL/6 

muizen een bruikbaar middel is om arteriogenese te bestuderen en dat de hieruit 

geselecteerde targets (CCL19/CCL21 – CCR7 as) essentieel zijn voor adequate arte-

riogenese.

In hoofdstuk 4 onderzochten we de mogelijke therapeutische rol van RP105, een 
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(zie ook hoofdstuk 3) hebben we reeds aangetoond dat de expressie van TLR4 sterk 

toeneemt tijdens arteriogenese. Het was al beschreven dat arteriogenese in TLR4-/- 

muizen sterk verminderd is en wij bevestigden andere studies waarbij arteriogenese 

werd gestimuleerd door toediening van de exogene TLR4 ligand LPS. De expressie 

van RP105 is grotendeels beperkt tot immuuncellen en wordt in verband gebracht 

is daardoor een interessant target om te onderzoeken in relatie tot arteriogenese. Wij 

toonden aan dat de expressie van RP105 overeenkomt met de expressie van TLR4 en 

dat RP105+ + cellen in een vroeg stadium van arteriogenese migreren naar 

de perivasculaire ruimte rondom collateralen. Dit impliceert een belangrijke rol voor 

RP105+ monocyten en/of macrofagen tijdens arteriogenese. Echter, de toegenomen 

B-gemedieerde gen transcriptie in RP105-/- muizen resul-

teerde niet in een verbeterende bloeddoorstroming na het toebrengen van achter-

-

teralen tussen RP105-/- en wild type muizen, werd geconcludeerd dat de verminderde 

bloeddoorstroming in RP105-/- muizen het gevolg was van verminderde arteriogenese. 

De RP105-/-

ondanks dat andere TLR4-remmers (SIGIRR en ST2) in deze stam sterker tot expressie 

Ly6Chi monocyten subtype gevoelig is voor TLR stimulatie, TNF  overwegend door 

dit subtype wordt geproduceerd en Ly6Chi monocyten eerder beschreven zijn als sti-

mulator van post-ischemische vaatgroei, werd deze studie toegespitst op de activatie 
hi 

monocyt in RP105-/- muizen werd beïnvloed door een verhoogde activatie van dit sub-

type en resulteerde in een accumulatie in beenmerg en milt en een afname van Ly6Chi 

monocyten in de ischemische achterpoot. Deze gegevens suggereerden dat RP105, 

bij normale expressie, de rekrutering en migratie van monocyten reguleert tussen 

de opslagreservoirs en de aangedane weefsels. Daarnaast resulteerde in vitro RP105 

van verschillende moleculen die betrokken zijn bij monocyt migratie.

Wij concludeerden dat de verwachtte regeneratieve respons in RP105-/- muizen 

onverwacht verminderd was na toebrengen van achterpootischemie. De toegenomen 

activatie van Ly6Chi monocyten in RP105-/- muizen, voor en na achterpootischemie, is 

behoren die migreren naar de perivasculaire ruimte van collateralen en de arteriële 

remodelering initiëren, kan het verminderde herstel van de bloeddoorstroming worden 

verklaard door een verminderde rekrutering van monocyten.
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Behalve dat TLR4 wordt bestudeerd voor de positieve rol in arteriogenese worden 

TLR4-remmers ook getest om een excessieve immuunrespons, bijvoorbeeld tijdens 

sepsis, te temperen om vergaande weefselschade te voorkomen. Hierdoor is discussie 

ontstaan of TLR4-remming onverwachte bijwerken heeft en schadelijk zou kunnen zijn, 

in het bijzonder voor patiënten die lijden aan ernstig perifeer arterieel vaatlijden. Tot 

op heden was het onduidelijk of medicamenteuze TLR4-remming dezelfde nadelige 

hoofdstuk 5

remmer, op de in vitro en in vivo -

doorstroming na het toebrengen van achterpootischemie. In zowel muis als humaan 

ex vivo volbloed stimulatie remt TAK-242 de LPS-geïnduceerde TNF  productie. Ex 

vivo in vivo remt 

TAK-242 de LPS-geïnduceerde TNF -

ken na intramusculaire TAK-242 injectie dan na langzame subcutane toediening via 

actief is, werd er geen verschil gevonden tussen TAK-242 en PBS in het herstel van 

de bloeddoorstroming na achterpootischemie in muizen. Zowel intramusculaire als 

continue subcutane toediening van TAK-242 resulteerde niet in een verminderd herstel 

na achterpootischemie.

We concludeerden dat het herstel van de bloeddoorstroming na achterpootische-

mie in muizen niet negatief beïnvloed wordt door de toediening van TLR4-antagonist 

TAK-242.

In hoofdstuk 6 toonden we aan dat PCAF essentieel is voor een adequate arte-

riogenese. PCAF acetyleert histonen H3 en H4, maar reguleert ook de non-histon 

proteïnen, zoals hypoxia-inducible factor 1  (Hif-1 ) en Notch, welke essentieel is 

voor NF-

genregulatie. Bovendien werd eerder aangetoond dat een variatie in de promotor regio 

we eerder laten zien dat PCAF betrokken is bij de vasculaire remodelering in een muis 

-

matoir en immuun-gemoduleerd proces, onderzochten we de relatie tussen PCAF en 

arteriogenese. We toonden aan dat PCAF een essentiële rol heeft tijdens arteriogenese 

door gebruik te maken van zowel PCAF-/- muizen als de natuurlijke PCAF-remmer 

Garcinol in wild type muizen. In beide experimenten resulteerden suppressie van 

PCAF in een verminderd herstel van de bloeddoorstroming na achterpootischemie. 
-/- muizen dan in de met Garcinol behandelde wild type 

muizen en werd deels verklaard door een verminderd pre-existent collateraal vaatbed 

in de PCAF knock-outs. We konden bevestigen dat PCAF-/- muizen een verminderd 
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deletie van PCAF in onze knock-out muisstam in 3505 genen die verschillend werden 

gereguleerd. Dat bleken voor een belangrijk deel genen die betrokken zijn bij arterio-

remodelering van de extracellulaire matrix, waardoor cel migratie en outward expan-

een verminderde rekrutering van cellen die essentieel zijn voor arteriogenese, zoals 

T-lymfocyten (voornamelijk geactiveerde CD4+ T-lymfocyten), natural killer cellen en 

beschreven betrokken te zijn bij arteriogenese, zoals B-lymfocyten en dendritische 

-

nomen in het beenmerg van PCAF-/-

interfereert met de rekrutering van pro-arteriogene cellen uit de leukocyten reservoirs. 

Tevens kwamen genen die coderen voor belangrijke leukocyten-chemoattractants 

verminderd tot expressie in PCAF-/- muizen, zoals CXCL12 en CCL9. In vivo resulteerde 

ruimte van collateralen.

-

arteriogenese. In hoofdstuk 7 onderzochten we het master switch potentieel van mi-

croRNA (miRs), kleine niet-coderende endogene enkelstrengs RNA moleculen. MiRs 

verminderen de expressie van target genen en beïnvloeden theoretisch de expressie 

van honderden genen tegelijk. Hierdoor kan de regulatie van een enkele miR multi-

genen reguleren tijdens neovascularisatie. Vervolgens hebben we een tweede RTP uit-

gevoerd op genen waarvan de expressie is toegenomen in de eerste fase van neovas-

expression analyse zoals beschreven in hoofdstuk 3. Ten derde brachten we de miR 

regulatie tijdens neovascularisatie in kaart door een micro-array miR expressie analyse 

te verrichten op exact diezelfde weefsels. In de RTPs vonden we een verrijking van 

Uit dit cluster hebben we verschillende miRs geselecteerd, afhankelijk van het expres-

responder) en miR-495 (non-responder). Alhoewel mir-487b in geen van beide RTPs 
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487b tot de meest gereguleerde miRs van dit cluster behoorde en al eerder was be-

schreven als een belangrijke regulator van outward remodelering van de aorta. Alle vier 

miRs kwamen sterk tot expressie in spier van vasculair weefsel van gezonde C57BL/6 

muizen. Voor onze studies gebruiken we nieuwe miR-remmers, namelijk “gene silen-

van het aantal en grootte van de collateralen in de adductoren spiergroep en van het 

aantal CD31+ vaten in de kuitspier. We konden bevestigen dat er na toediening van de 

495. Aorta ring assays toonden een toename van vaatnieuwvorming na remming van 

-

toonden het grootste aantal macrofagen rond de remodelerende collateralen. Geen 

We concludeerden dat het 14q32 microRNA cluster zeer nauw betrokken is bij neo-

miR-487b, miR-494 en miR-495) een interessante nieuwe strategie kan zijn om thera-

peutische neovascularisatie te stimuleren.

Concluderend, de studies in dit proefschrift omvatten een preklinisch muismodel 

om neovascularisatie in vivo te kunnen bestuderen en een aantal potentiele nieuwe 

targets om therapeutische neovascularisatie te stimuleren. Dit proefschrift draagt bij 

aan een beter inzicht in de processen die ten grondslag liggen aan post-ischemische 

neovascularisatie en biedt nieuwe therapeutische perspectieven voor de huidige be-

bloeddoorstroming na een arteriële occlusie het gevolg is van een beperkt pre-existent 

collateraal vaatbed of van een verminderde collaterale remodelering, we zijn nu dichter 
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Stellingen

behorend bij het proefschrift

Regulation of arteriogenesis 
Mechanistic studies and options for therapeutic intervention

1. Ondanks dat de muis maar weinig gelijkenis vertoont met de klassieke vaatpatiënt, is het 
achterpoot ischemie muismodel van groot belang om inzicht te krijgen in de complexe 
multifactoriële processen die plaatsvinden tijdens neovascularisatie. (dit proefschrift)

dit proefschrift)

conform de hypothese. (dit proefschrift)

een ischemisch event. (dit proefschrift en Lucitti et al. Stroke.

in de toekomst steeds vaker het mes in zijn zak kunnen houden. (Silvestre et al. Physiol 
Rev.

et al. Cardiovasc Revasc Med. J Vasc 
Surg.

 
(Grissinger. P T.

van een chirurg van hele andere waarde dan in de handen van een crimineel.

verschillende zaken.

11. Anyone who imagines they can work alone winds up surrounded by nothing but rivals, 
without companions. The fact is, no one ascends alone. (Lance Armstrong. It’s not 
about the bike: my journey back to life


