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Cardiovascular disease
As reported by the World Heath Organization, cardiovascular disease (CVD) is the leading cause 
of death globally and it is predicted this will remain to increase throughout 2030 to an estimated 
23,3 million patients per year. This trend is accompanied by a steep increase in healthcare costs, 
making it a great health and socio-economic burden. The underlying pathology of CVD is often 
atherosclerosis, characterized by the development of atherosclerotic plaques in middle- and 
larger-sized arteries. Atherosclerosis is a chronic inflammatory disease initiated by endothelial 
dysfunction resulting in the local uptake of oxidized low-density lipoprotein and inflammatory cells 
in the vessel wall. During plaque progression, gradual luminal narrowing can result in chronic 
decrease of the peripheral blood flow. Also, plaque rupture can occur, leading to acute occlusion 
of the artery. Both scenarios lead to local tissue ischemia distal from the occlusion. Depending 
of the location of atherosclerotic plaque development, different symptoms can be developed. 
Most common CVDs are coronary artery disease, leading to myocardial infarction, cerebrovascular 
disease, leading to stroke and peripheral artery disease (PAD), leading to critical limb ischemia or 
eventually leg amputation. Risk factors for developing CVD are widely described and include 
unhealthy lifestyle choices, such as smoking, lack of exercise, or diet and hypertension (modifiable 
factors). Also age, gender, family history and ethnic background (non-modifiable factors) are well-
described risk factors. Currently, more and more attention is paid to the genetic component of 
developing CVD1.  

Neovascularization
As a result of local arterial occlusion by atherosclerotic plaque formation, the human body is 
capable to restore blood flow to distal ischemic tissues by the formation of new blood vessels, 
known as ‘neovascularization’. In the adult body there are two forms of neovascularization, namely 
angiogenesis and arteriogenesis. Angiogenesis is the sprouting of new capillaries from pre-existing 
vessels, and occurs frequently as a response to ischemia to improve tissue oxygenation. This 
process occurs early after the onset of ischemia and results in the formation of small and mostly 
unstable capillaries. Although numerous vessels are developed during this process, the amount 
of blood flow that is restored is relatively small. Angiogenesis plays a major role in different 
(pathological) processes, such as tumor growth, wound healing or placental development during 
pregnancy. Arteriogenesis is mainly driven by shear stress and describes the growth of pre-existing 
collateral interconnecting anastomoses that are already formed during the embryonic phase2. 
Collaterals mature into functional arteries by remodeling of the vessel wall, resulting in an increased 
vascular lumen. Shear stress is indicated to only play a role in the initiating phase of arteriogenesis3. 
During collateral vessel growth, shear stress will decrease and only a small number of anastomoses 
will outgrow into large collateral arteries4. 
The net effect of blood flow restoration is critically different between angiogenesis and 
arteriogenesis. Increasing the lumen diameter is contributing more to blood flow restoration than 
the increasing the number of vessels. According to the hagen-Poiseuille’s equation (Poiseuille’s 
law), the flow is increased by the fourth power over the radius of the vessel during arteriogenesis. 
Therefore, the contributing effect of angiogenesis to restoring blood flow and tissue oxygenation 
is very little compared to arteriogenesis5.
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Furthermore, the main difference on a tissue level is the presence of vascular smooth muscle 
cells (VSMCs) in growing collateral vessels, which are lacking in newly formed capillaries.

Arteriogenesis, an orchestra of cell communications
The presence of arteriogenesis is first described by Fulton in the coronary circulation6. However, 
just as angiogenesis, the formation of collateral arteries has been observed in different vascular 
beds in the circulation. Collateral vessel recruitment is initiated by hemodynamic changes due to 
plaque formation leading to a drop in blood pressure in the distal vascular bed of the occluded 
artery and the resulting increased perfusion pressure proximal of the occlusion. The resulting 
pressure build-up in the interconnecting collateral vessels leads to endothelial activation.  During 
activation, the morphology of endothelial cells changes from flat, interlined cells towards enlarged, 
proliferating cells. Endothelial cells sense hemodynamic forces resulting from changes in shear 
stress. These are communicated towards VSMCs. The interplay between endothelial cells and 
VSMCs is crucial in the initial phase of arteriogenesis7. VSMCs present in the vascular wall start 
to proliferate and migrate early after onset of arterial occlusion and peaks three to seven days 
later. This leads to significant enlargement of the vascular lumen by a 3- to even a 20-fold, 
depending on the species8. Above all, arteriogenesis is described as an inflammatory process. 
Schaper et al. was the first to describe the adherence of leukocytes to the activated endothelium 
of coronary collaterals9. The activated endothelium starts to produce cell-attracting substances, 
such as monocyte chemotactic protein (MCP)-1 and express adhesion molecules (ICAM-1, 
ICAM-2 and VCAM-1) to which circulating leukocytes can adhere. Circulating leukocytes (e.g. 
monocytes and T lymphocytes) express receptors for MCP-1 and adhesion molecules, resulting 
in attraction and binding to the endothelium. This leads to extravasation from the circulation towards 
the perivascular space via cell rolling, adhesion, and penetration of the endothelium.  Once 
infiltrated, the activated leukocytes start to secrete growth factors to stimulate migration and 
proliferation of endothelial cells and VSMCs, such as fibroblast growth factor-2 (FGF-2) of vascular 
endothelial growth factor (VEGF)10.

Therapeutics to stimulate neovascularization
In the past, extensive research has been performed in small and large animal models to stimulate 
arteriogenesis in vivo. Different approaches have been undertaken to influence the growth of 
collateral arteries by targeting endothelial cell proliferation, VSMC proliferation and differentiation 
and local inflammatory cell influx. Compounds tested in the past have shown to stimulate 
arteriogenesis in vivo by increasing monocyte mobilization and influx (MCP-1, VEGF), mobilization 
of progenitor bone marrow cells (G-CSF, GM-CSF) or stimulate proliferation of endothelial cells 
and VSMCs (FGF)10. Clinical trials focusing on stimulation of neovascularization in PAD patients 
quickly followed. Unfortunately, the positive effects in experimental models were not successfully 
translated to the clinical setting, regarding improvement in walking distance, for example11,12. 
Explanations for these failures can be dissimilarities between mice and human in genome and 
biological responses and miscalculations regarding dose-response for treatment compounds for 
animal model to patients. In the past, murine hindlimb ischemia models have been used extensively 
using genetically modified mice to validate the importance of different factors. However, genetic 
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background greatly predicts the outcome of arteriogenesis in mice.  The number of pre-existing 
collateral anastomoses in Balb/C is much smaller of that in the C57Bl/6J mice, explaining the 
differences in perfusion recovery after hindlimb ischemia. Obviously, the existence of comorbidities, 
such as hypertension, dyslipidemia and obesity in patients has an important influence on the 
outcome of the treatment. This explains not only the non-existing therapeutic effects in patients, 
but also the unwanted side effects, such as worsening of atherosclerotic disease. This last 
phenomenon is a big concern because of the biological resemblance of arteriogenesis and 
atherosclerosis, with regard to endothelial activation and the inflammatory component.   

Need for new approaches
In order to develop new therapeutic approaches in treating patients with PAD, there is a great 
need for better understanding the process of neovascularization. In practice, the murine hindlimb 
ischemia model is mostly used, because of the possibilities in genetic modification and 
reproducibility. As mentioned, genetic background of mouse models greatly predicts the outcome 
after hindlimb ischemia and differences in therapeutic window. The ongoing debate concentrates 
on delivery of new therapeutics in a local and sustained manner to avoid unwanted side effects 
and loss of therapeutic potential. Current research needs to focus on the discovery of new 
therapeutic targets stimulating neovascularization. The focus stays on stimulating local inflammation, 
since the importance of inflammatory components is still evident.

SCOPE AND OUTLINE

Within this thesis, several inflammatory targets are identified to play a role in neovascularization 
using a murine hindlimb ischemia model. This thesis focuses on the role of pro- and anti-
inflammatory targets to modulate neovascularization. In chapter 2 and 3, the role of the chemokine 
CXCL10 is studied. In chapter 2 we reviewed the diverse role of the chemokine CXCL10 in 
cardiovascular disease. Chapter 3 describes the crucial role of CXCL10 in neovascularization in 
a murine hindlimb ischemia model by studying CXCL10-/- mice. CXCL10 is found to be involved 
in perfusion recovery and especially the growth of pre-existing collateral arteries. In chapter 4, the 
CD200-CD200 receptor inhibitory axis is investigated in a murine hindlimb ischemia model. We 
studied the effect of influencing the inhibitory pathway studying CD200-/- mice and stimulation of 
the CD200 receptor in vivo on perfusion recovery and inflammatory response. In chapter 5, we 
study the negative side effects of in vivo treatment with a specific Toll-like receptor 4 (TLR4) inhibitor 
(TAK-242). TLR4 is described to be crucial during perfusion recovery13, but also in atherosclerosis14. 
TAK-242 is successful in inhibiting in vivo atherosclerotic plaque development15, but may be 
harmful on the arteriogenic response during tissue ischemia. Chapter 6 describes the therapeutic 
effect of human mesenchymal stem cell-derived exosomes on perfusion recovery. Since 
exosomes are described to act anti-inflammatory, we study the effect of exosome treatment during 
hindlimb ischemia in mice by monitoring perfusion recovery and local inflammatory responses. In 
chapter 7, we investigated the expression levels of the inflammatory component leukotriene B4 
(LTB4) in established human atherosclerosis using the Athero-Express biobank and in human 
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abdominal aortic aneurysms, using the Aneurysm-Express biobank.  We investigated if LTB4 
plaque levels and AAA levels were related to a vulnerable plaque phenotype or inflammatory AAA. 
In addition, we investigated if LTB4 levels could predict future cardiovascular events in both 
diseases.  
In the last chapter, chapter 8, all the results in this thesis are summarized and discussed.
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ABSTRACT

C-X-C motif ligand 10 (CXCL10), or interferon-inducible protein-10, is a small chemokine belonging 
to the CXC chemokine family. Its members are responsible for leukocyte trafficking and act on 
tissue cells, like endothelial and vascular smooth muscle cells. CXCL10 is secreted by leukocytes 
and tissue cells and functions as a chemoattractant, mainly for lymphocytes. After binding to its 
receptor CXCR3, CXCL10 evokes a range of inflammatory responses; key features in 
cardiovascular disease (CVD). The role of CXCL10 in CVD has been extensively described, for 
example for atherosclerosis, aneurysm formation and myocardial infarction. However, there seems 
to be a discrepancy between experimental and clinical settings. This discrepancy occurs from 
differences in biological actions between species (e.g. mice and human), which is dependent on 
CXCL10 signaling via different CXCR3 isoforms or CXCR3 independent signaling. This makes 
translation from experimental to clinical settings challenging. Furthermore, the overall consensus 
on the actions of CXCL10 in specific CVD models is not yet reached.
The purpose of this review is to describe the functions of CXCL10 in different CVDs in both 
experimental and clinical settings and to highlight and discuss the possible discrepancies and 
translational difficulties. Furthermore, CXCL10 as a possible biomarker in CVD will be discussed.  
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INTRODUCTION

Chemokines are soluble low molecular weight proteins that are involved in a wide variety of 
processes during physiological and pathological conditions. They can be secreted by and act 
on different cell types depending on the expression of specific receptors. Chemokines are known 
to be involved in leukocyte trafficking, but can also act on other cells like endothelial cells and 
vascular smooth muscle cells (VSMCs)1. Subgroups of chemokines that have been identified are 
C, CC, CX3C and CXC, based on molecular structure and arrangement of cysteine residues that 
form disulfide-bonding pairs. C chemokines mainly recruit lymphocytes, while CC chemokines 
recruit monocytes. So far, only one CX3C chemokine has been described. CX3CL1 (fractalkine) 
can act as a chemoattactant for different leukocytes (soluble CX3CL1) and promotes cell adhesion 
to activated endothelial cells (cell-bound CX3CL1). The last family of chemokines, the CXC 
chemokines, is involved in leukocyte trafficking and endothelial and vascular smooth muscle cell 
(VSMC) proliferation and motility2–4. In this review, the role of C-X-C motif ligand 10 (CXCL10) in 
different cardiovascular disease models will be highlighted. CXCL10 belongs to the CXC 
chemokine family4. The CXC chemokines can be subdivided into two groups according to the 
presence or absence of a tripeptide glutamic acid-leucine-arginine (Glu-Leu-Arg motif; ‘ELR’) motif 
preceding the first conserved cysteine; the ELR motif positive (ELR+) and ELR motif negative 
(ELR-) CXC chemokines. ELR+ CXC chemokines are known to attract neutrophils and hold more 
angiogenic properties, whereas ELR- CXC chemokines are lymphocyte attractants with angiostatic 
properties5,6. CXCL10 belongs to the ELR- CXC chemokines and is also known as interferon-
inducible protein-10 (IP-10). As the name implies, this chemokine can be secreted upon interferon 
gamma (IFNγ) production by a wide variety of cell types, such as endothelial cells, fibroblasts, 
keratinocytes, monocytes and T lymphocytes7, but secretion can also be induced by  
lipopolysaccharide and pro-inflammatory cytokines such as IFN-alpha, IFN-beta, as well as tumor 
necrosis factor-alpha8,9, depending on the cell type. CXCL10 exerts its biological effects mainly 
via binding to CXCR310. Also, CXCR3-independent pathways have been studied for CXCL10 
involving binding of CXCL10 to heparine sulfate glycosaminoglygans (GAGs)11–14 for cells not 
expressing CXCR3. CXCL10 not only induces chemoattraction of inflammatory cells, but also 
migration and proliferation of endothelial cells and VSMCs15–18. CXCL10 has been studied 
extensively in cardiovascular diseases, both experimentally and clinically.
The aim of this review is summarize the role of CXCL10 in cardiovascular disease in both 
experimental and clinical studies and highlight the discrepancies between the different settings. 

CXCL10 SIGNALING AND EFFECTS

CXCL10 signaling
CXCL10 signals via binding to its receptor CXCR3. Next to CXCL10, CXCL9 and CXCL11 can 
also bind to this receptor. CXCR3 is a seven trans-membrane-spanning G-protein-coupled 
receptor (GPCR). This receptor is composed of the Gα, Bβ and Gγ subunit. Binding of a ligand 
to CXCR3 leads to the exchange of guanosine triphosphate (GTP) to guanosine phosphate (GDP), 
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which is followed by dissociation of the regulatory Gα subunit from the catalytic Gβγ subunit dimer. 
Upon activation, the G protein subunits can activate different enzymes leading to the production 
of inositol phosphates, protein kinase activation, an increase in intracellular Ca2+ production and 
actin reorganization. Activation of the CXCR3 by CXCL10 leads to different cellular actions, such 
as chemotaxis, phagocytosis, cell degranulation and respiratory burst10,19,20. Signaling via CXCR3 
after CXCL10 binding is dependent on the type of target cell and the type of CXCR3 isoform 
bound to the surface of this cell. 
The biological effects of CXCR3 signaling after CXCL10 between mice and humans are critically 
different. This is the result of differences in isoform expression in mice and humans. After the 
identification of CXCR3 expression in mice21, no other isoforms are identified. In humans, the 
known isoforms identified are CXCR3-A, CXCR3-B and CXCR3-alt. CXCR3-A consists of 368 
animo acids and is associated with a Gαi or a Gαq subunit. It is widely expressed by different cell 
types. This isoform is similar to the CXCR3 in mice, regarding cell expression and signaling 
effects22. CXCR3-B is a larger receptor of 415 animo acids with a larger N-terminus, compared 
to CXCR3-A. This isoform is mainly expressed by (microvascular) endothelial cells20. The third 
isoform, CXCR3-alt, is generated by posttranscriptional exon skipping resulting in only four to five 
trans membrane domains and shows a drastically altered C-terminal protein sequence. Its 
functions are relatively unknown, except that it is co-expressed with CXCR3-A at very low levels 
and that CXCL10 does not bind to this isoform and only mediates functions of CXCL1123. 
As mentioned, CXCL10 can also exert its functions via CXCR3-independent pathways, mostly 
studied in an in vitro setting. CXCL10 is able to bind to GAGs6 and is involved in inhibiting 
endothelial cell proliferation, independent of CXCR3 signaling13. The angiostatic properties of 
CXCL10, however, seem to be dependent on CXCR3 binding and not binding by GAGs24. 
Fibroblast recruitment by CXCL10 has also been linked to binding to GAGs instead of CXCR3, 
in which CXCL10 functions as an anti-fibrotic chemokine12. Interestingly, evidence has been found 
for CXCL10 signaling independent of binding to CXCR3 or GAGs, which might be related to 
epithelial and endothelial cell functions. The exact mechanism is not described yet14.   

CXCL10 effects
CXCL10 can function via autocrine or paracrine effects. CXCL10 has versatile biological functions 
on different cell types, which are mostly dependent on the expression of CXCR3. Actions include 
attraction of inflammatory cells, such as monocytes and T lymphocytes, but it can also function 
on the proliferation and migration of endothelial cells and VSMCs15–18,25. 

CXCL10 effects in mice
In mice, one isoform of CXCR3 receptor is identified as mediating angiostatic effects of CXCL10, 
similar to the CXCR3-A receptor identified in humans22. Effects of CXCL10 in mice have been 
described extensively. These are Th1 lymphocyte recruitment, activation and attraction of B 
lymphocytes, macrophages, and Natural Killer (NK) cells to the site of inflammation19. Effects of 
CXCL10 on endothelial cells and VSMCs have rarely been described in mice. In rats, however, 
Wang et al. described upregulation of CXCL10 by VSMCs and reported both proliferative and 
chemotactic effects of CXCL10 on VSMCs15. 
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CXCL10 effects in humans
In humans, the effects of CXCL10 differ from those in mice. This is largely due to discrepancies 
in CXCR3 isoform expression between human and mice. The variety of effects of CXCL10 primarily 
depends on binding to CXCR3 and is therefore cell dependent. In humans, three isoforms of this 
receptor have been identified to which CXCL10 binds: CXCR3-A and CXCR3-B, differentially 
expressed by various cell types.
The first discovered isoform, CXCR3-A, is formed after the splicing of a single intron. CXCR3-A 
is known as the ‘angiostatic’ isoform and is expressed by leukocytes22,26, (vascular) SMCs27,28, 
and epithelial cells29. Functions of CXCR3-A are comparable to the CXCR3 functions in mice. 
Expression of the CXCR3-B or CXCR3-alt isoform has not been described in mice, suggesting 
that the ‘anti-angiogenic’ properties of CXCR3 only emerge in humans18. After binding to CXCR3-A, 
CXCL10 can promote cell proliferation, and functions as a chemoattractant for leukocytes, 
especially Th1 lymphocytes19. CXCL10 has also recently been described in VSMC dedifferentiation 
during spiral artery remodeling in human VSMC cell line30. CXCR3-B, the ‘anti-angiogenic’ isoform, 
is primarily expressed by epithelial and endothelial cells. Binding of CXCL10 to CXCR3-B inhibits 
cell migration and promotes cell apoptosis. These data emerge from in vitro experiments performed 
with different human vascular endothelial cells, such as human umbilical cord endothelial cells 
(HUVECs) or human microvascular endothelial cells (HMECs)22,31–33.

The schematic figure on page 22 summarizes the effects of CXCL10 on different cell types after 
binding to the different CXCR3 isoforms in both mouse and human. 
 

CXCL10 IN CARDIOVASCULAR DISEASE

Chemokines in cardiovascular disease
Vascular remodeling can be a consequence of (cardio)vascular disease and describes structural 
adaptation (enlargement or contraction) of the vascular lumen and vascular wall in response to 
various stimuli. These can be changes in blood flow leading to shear stress and hypoxia or 
immunological or mechanical changes leading to vascular wall damage1,34. During vascular 
remodeling, structural changes occur in all layers of the vascular wall. These changes can result 
from disturbance of the structural and functional integrity of the endothelium, accumulation of 
inflammatory cells and changes in SMC composition, all contributing to the severity of the 
disease26,27. Cellular behavior in vascular tissues is directed by chemokines. Different types of 
chemokines and their receptors have been described to be involved in vascular remodeling. 
CXCL10 is known to contribute to the pathophysiology of cardiovascular disease, such as 
atherosclerosis, aneurysm formation, MI and PAD in both experimental and clinical studies.       

CXCL10 in atherosclerosis
Atherosclerosis is a progressive inflammatory disease occurring in the middle-sized and larger 
arteries that can result in gradual luminal narrowing or acute thrombotic occlusion as a result of 
atherosclerotic plaque rupture35. Initially, activated endothelial cells express adhesion molecules 
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resulting in adhesion and infiltration of inflammatory cells, such as monocytes and T lymphocytes. 
During plaque progression, inflammatory cells infiltrate the vessel wall and VSMCs start to 
proliferate and migrate. Chemokines in general have been described to be crucial during all phases 
of atherosclerotic disease progression36,37. The role of CXCL10 in atherosclerosis has been studied 
in the past. Mach et al. was one of the first to describe expression of CXCL10 in human 
atherosclerotic plaques in different stages of the disease. Endothelial cells, VSMCs and 
macrophages express CXCL10 at all examined stages of lesion development. Expression of 
CXCR3 could also be observed in these stages, and the vast majority of CXCR3 expressing cells 
were CD4+ T lymphocytes38. Shortly after this observation, mouse models for atherosclerosis 
revealed a role for CXCL10 in (early) lesion development. Compared to ApoE-/- mice, double 

Figure. The effect of CXCL10 on CXCR3 isoforms in mouse and human tissues 
Schematic overview of CXCR3 isoform expression in mouse and human cells and its actions after CXCL10 binding. In mice, 
one isoform of CXCR3 receptor has been identified and known as an angiostatic receptor. CXCR3 is expressed by T 
lymphocytes (Th1), but also monocytes, NK cells, VSMCs and endothelial cells (low expression levels). After binding of 
CXCL10, the murine CXCR3 receptor mediates cell functions, such as chemotaxis, cell proliferation, migration and survival. 
In humans, this isoform is known as CXCR3-A with similar expression patterns and functions. In addition, a second isoform, 
known as CXCR3-B, is identified in human binding CXCL10. This isoform is primarily expressed by endothelial cells and is 
known for its anti-angiogenic properties. These include promoting cell apoptosis and inhibiting cell proliferation and migration.   
Abbreviations: CXCL10: chemokine (c-x-c motif) ligand 10; CXCR3: chemokine (c-x-c motif) receptor 3; ECs: endothelial 
cells; NK cell: Natural Killer cell; VSMCs: vascular smooth muscle cells.
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knockout mice for ApoE and CXCL10 demonstrated significant reductions in atherogenesis, 
resulting in smaller lesions. Furthermore, less CD4+ T lymphocytes accumulated in the lesions, 
with a simultaneous increase of regulatory T lymphocytes (Tregs)18. ApoE-/-CXCR3-/- mice also 
displayed significantly reduced atherosclerotic plaque development compared to ApoE-/- mice, 
accompanied with increased numbers of Tregs

39. As a result, interventions targeting plaque 
progression have been tested to elucidate the effect of CXCL10 inhibition in vivo. Treatment with 
a specific antagonist for CXCR3 (NBI-74330) in ApoE-/- mice resulted in similar effects as in 
CXCR3-/- mice40. Also, treatment of LDLR-/- mice with an inhibitor for CCR5 and CXCR3 reduced 
atherosclerotic plaque area, T lymphocyte number and IFNγ plaque expression41. ApoE-/- mice 
subjected to shear stress followed by treatment with an antibody against CXCL10 resulted in a 
more stable plaque phenotype with twice as many SMCs compared to untreated controls, but 
did not change overall plaque size42. Cheng et al. already observed the relation between shear 
stress, CXCL10 production and plaque stability. Low shear stress resulted in a 10-fold higher 
CXCL10 mRNA expression in the vessel wall. Expression of CXCL10 was confirmed by 
immunohistochemical analysis, revealing that CXCL10 was mainly localized in the medial regions 
of the murine plaques43. Lastly, CXCL10 has been shown to be significantly involved in VSMC 
proliferation and intimal hyperplasia, important during restenosis44,45.  

CXCL10 in aneurysm formation
Aneurysm formation often coexists with advanced atherosclerotic disease46 and systemic 
atherosclerosis is considered a risk factor for aneurysm formation47. Similar to atherosclerosis, 
aneurysmal tissue is characterized by inflammatory cell infiltrates, in particular B and T lymphocytes 
(mostly Th1)48, which is related to aneurysm development and local thrombus formation49. Both 
inflammation and intraluminal thrombus formation have been related to aortic wall disruption and 
can therefore contribute to abdominal aortic aneurysm (AAA) growth and rupture50. Inflammatory 
cytokines and chemokines have been considered to play a causal role in aneurysm formation. 
CXCL10 and its receptor CXCR3 have been studied in mouse models for AAA, with conflicting 
results. King et al. observed that ApoE-/-CXCL10-/- mice after angiotensin II infusion had worse 
aneurysmal disease accompanied with more dilation and rupture, suggesting a protective role 
for CXCL10 in AAA formation51. In contrast, CXCR3 signaling itself seems to be crucial for 
aneurysm development in wildtype mice52. However, these results emerge from aneurysm 
formation in a different vessel type (aorta versus carotid artery). Contradictory, in a different murine 
model for aortic aneurysm formation, CXCR3 does not seem to play a crucial role53. In clinical 
studies, CXCL10 and CXCR3 expression have been related to recruitment of CXCR3+ T 
lymphocytes secreting IFNγ and CXCL10. Furthermore, a correlation could be observed with 
outward arterial remodeling and intimal expansion. This remodeling resulted in matrix degradation54. 
Furthermore, differences were observed in inflammation between types of aneurysms, since 
CXCL10 is expressed 20-fold higher in AAA compared to popliteal artery aneurysms (PAA)55. 
Lastly, patients suffering from thoracic aortic aneurysms showed significantly elevated circulating 
CXCL10 levels compared to controls52. Although, preclinical data show conflicting results, clinical 
studies point out a more clear direction of CXCL10 in aneurysm formation.
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CXCL10 in myocardial infarction
During myocardial infarction (MI), upregulation of chemokines is a prominent feature during the 
post infarction period. Several CXC chemokines are consistently upregulated in different MI 
models, where they play a crucial role in leukocyte trafficking and post infarct wound healing56. 
The exact mechanisms of chemokine expression regulation are still unclear. In addition, 
upregulation of different chemokines at different time points during and post MI has not been fully 
elucidated57. Experimental studies have shown that CXCL10 not only functions as an angiostatic 
protein, but also acts anti-fibrotic5,6,58. Especially the latter finding may be crucial in post-infarct 
tissue healing and the accompanied fibrosis. In canine and murine MI models, CXCL10 was 
upregulated in the ischemic myocardial tissue during the first 24 hours56,59. CXCL10 can therefore 
act as an angiostatic and anti-fibrotic chemokine to prevent premature neovascularization and 
fibrosis until the damaged myocardium is cleared from apoptotic and necrotic cells. Studying 
cardiac injury, cardiac repair and post infarct remodeling in CXCL10-/- mice after MI suggested 
an essential role for CXCL10 in the infarct healing. CXCL10-/- mice showed more intense 
inflammatory cell infiltration, cardiac remodeling and expansion of the formed scar. The fibrotic 
response was also attenuated and premature compared to wildtype mice. Surprisingly, CXCL10-/- 
mice did not show early neovascularization60. CXCL10 has previously been studied as a circulating 
biomarker and predictor of cardiovascular damage in patients suffering from (acute) MI. The use 
of CXCL10 as a biomarker in cardiovascular disease will be discussed further in this review.

CXCL10 in collateral artery formation
Patients suffering from PAD often have a reduced arterial flow to the lower limbs due to local 
atherosclerotic plaques in the middle-sized and larger arteries. Adaptive collateral artery growth, 
known as arteriogenesis, is often hampered in these patients61,62. The underlying mechanism of 
arteriogenesis is not yet fully understood, but important processes involved are local infiltration 
and extravasation of inflammatory cells and proliferation and migration of VSMCs63,64. Chemokines 
are key players in arteriogenesis and have already been extensively studied (for review, see 
Shireman65). Experimental models studying arteriogenesis already proposed different chemokines 
involved, such as monocyte chemoattractant protein (MCP)-1, also known as CCL266–68. Earlier 
studies already showed the role of CXCR3 and IFNγ in hindlimb ischemia models. CXCR3-/- mice 
undergoing unilateral femoral artery ligation resulted in lower perfusion recovery, accompanied 
with lower capillary density in the ischemic calf muscle and less infiltration of macrophages and 
T lymphocytes in the perivascular space in the ischemic hindlimb muscles69. Lee et al. showed 
that CXCL10 is upregulated in the hindlimb muscle tissue in the late phase of hindlimb ischemia, 
again suggesting the involvement of CXCL10 in neovascularization68. Recently, we confirmed the 
involvement of CXCL10 in arteriogenesis in a murine hindlimb ischemia model. Compared to 
wildtype, CXCL10-/- mice showed significantly reduced perfusion recovery after unilateral femoral 
artery ligation. This was explained by significantly less collateral vessel formation and hampered 
enlargement of collateral vasculature. In addition, we showed that in particular CXCL10 is involved 
in migration of VSMCs in vitro70.
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CXCL10 as a biomarker for cardiovascular disease
As described above, CXCL10 is involved in different levels of cardiovascular disease severity. In 
the past, clinical studies have shown that circulating chemokine levels can function as independent 
predictors (‘biomarkers’) of (acute) ischemic cardiovascular events and cardiovascular death71–74. 
It is important to mention that a biomarker is only reliable for its function if it fulfills certain criteria, 
such as stability between individuals, long half-life, easy and fast measurement using low-cost 
methods, and is not dependent of collection methods (e.g. serum/plasma)75.     
The function of CXCL10 as a biomarker for cardiovascular events has been investigated by 
measuring the transient levels of circulating CXCL10 protein during (acute) MI and treatment with 
percutaneous coronary intervention (PCI). In patients suffering from acute MI (AMI) CXCL10 serum 
levels correlated negatively to creatine kinase (CK)-MB release, a marker for MI. CXCL10 serum 
levels before PCI were considered as an independent predictor of CK-MB release. Furthermore, 
CXCL10 serum levels also negatively correlated to infarct size. Compared to healthy controls, 
AMI patients had significantly higher CXCL10 serum levels76. In contrast, in a study from Orn et 
al. CXCL10 serum levels measured at the onset of an AMI correlated positively to infarct size, 
which did not confirm earlier data77. However, these studies used different methods to determine 
myocardial damage (CK-MB release versus Troponin I release). On the other hand, Herder et al. 
investigated CXCL10 serum levels along with other chemokines in a case-cohort study with 
patients diagnosed with coronary heart disease (CHD). The cohort consisted of 381 cases versus 
1977 controls included over an 11-year time period. Although baseline CXCL10 serum levels 
were significantly higher in cases versus controls, adjustment for sex, age and cardiovascular risk 
factors resulted in a non-significant contribution of CXCL10 serum measurements for risk 
assessment of CHD78. Furthermore, Ardigo et al.79 identified CXCL10 as a potential biomarker in 
a much smaller cohort using a multi biomarker approach in patients suffering from CAD participating 
in the ADVANCE study. They report significantly higher serum CXCL10 levels in patients compared 
to controls (48 patients versus 44 controls). Nevertheless, measuring multiple chemokines is 
recommended for a more relevant biological analysis of the disease, instead of a single 
measurement approach of, for instance, CXCL10.     
Simultaneously, Rothenbacher et al. reported a positive association between CXCL10 serum 
levels and risk for CHD in a clinical case-control study of almost 800 patients, even after adjustment 
for conventional CHD risk factors. Unfortunately, no (long-term) clinical follow-up was performed 
in these individuals80. Clinical studies provided important evidence for the role of CXCL10 in 
patients suffering from coronary artery disease (CAD). Patients suffering from unstable angina 
showed an increased CXCL10 expression in PBMCs as early as 6 hours after onset of complaints 
compared to controls or patients suffering from stable angina81. Furthermore, plasma CXCL10 
and IFNγ levels have been associated with the formation of collaterals in CAD patients82.
Patients suffering from critical limb ischemia also showed higher serum CXCL10 levels, next to 
increased levels of other inflammatory markers. In addition, they showed a negative correlation 
between inflammatory cytokines and CD34+ bone marrow cells. Teraa et al. discussed that 
prolonged exposure to pro-inflammatory stimuli may lead to exhaustion or suppression of the 
CD34+ cell pool in the bone marrow83. It is important to mention that the measured circulating 
CXCL10 levels in different studies mostly showed a large variation, which is an important indicator 
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of a low reliability of this approach. Because single CXCL10 measurements did not result in reliable 
predictions, the described studies all recommended a combined chemokine approach for 
cardiovascular risk prediction. However, this approach seems unrealistic from a practical and 
clinical point of view for obvious reasons, such as variability and costs. Although chemokines 
have been extensively described as pathogenic key players in cardiovascular disease, this does 
not automatically mean that they are suited as biomarkers or risk predictors. Furthermore, the use 
of chemokines as biomarkers in cardiovascular risk prediction brings some challenges. As 
mentioned, a biomarker needs to fulfill criteria regarding its reliability. Chemokines as biomarkers 
are challenged by their stability, half-life, level fluctuation with use of different anti-coagulants, and 
their low concentrations75. CXCL10 has been described to bind locally to endothelial cells or 
extracellular matrix components via GAGs, which makes the function of CXCL10 as a reliable 
circulating biomarker questionable. 
In the past, genetic variations in chemokine genes have been extensively described, for example 
for MCP-1, CCL2 and 5 (for reviews, see75,84). The mechanism by which the 9p21 locus is 
associated with CAD and other cardiovascular diseases has been investigated in the past, by for 
instance the effect on impaired IFNγ responses85. However, this mechanism does not involve the 
regulation of CXCL10 responses itself86. Until now, no genetic variations in the CXCL10 gene 
have been linked to cardiovascular risk prediction. 

The table on page 28 and 29 provides an overview of the role of CXCL10 in cardiovascular 
disease in experimental and clinical settings.   
  

SUMMARY AND CONCLUSION

In this review, we summarized the role of CXCL10 in different cardiovascular diseases, in both 
the experimental and clinical setting. The role of CXCL10 is rather complex, also depending on 
its action on different isoforms of the CXCR3 receptor. Since CXCR3 is differentially expressed 
by different cell types, which also differs between mouse and man, translating experimental and 
clinical data is challenging. Also other signaling pathways, independent of CXCR3, have been 
described. The involvement of CXCL10 in atherosclerosis in both experimental and clinical settings 
suggests that CXCL10 contributes positively to the initiation and progression of the disease. In 
contrast, the functions of CXCL10 in aneurysm formation and MI are less consistent. This can 
be partly explained by study design and possible (biological) discrepancies between animal 
models and patient groups studied. Animal models for PAD suggest that CXCL10 in positively 
involved in arteriogenesis. Both CXCR3 and CXCL10 deficiency resulted in decreased perfusion 
recovery in a murine hindlimb ischemia model. To this date, clinical evidence for the role of CXCL10 
in PAD patients is scarce.  
CXCL10 as a biomarker for cardiovascular risk prediction has been investigated in different clinical 
studies. However, measuring a single marker to predict cardiovascular risk will not be conclusive, 
which holds true for most potential biomarkers. Furthermore, CXCL10 as a reliable biomarker, 
regarding its stability, consistency and possible binding to GAGs, is suboptimal. CXCL10 can 
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have both detrimental and beneficial effects on cardiovascular disease prognosis and outcome. 
In particular, since other inflammatory diseases are also linked to CXCL10, further research is 
needed to elucidate the effects of CXCL10.  
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Absence of chemokine (C-X-C motif ) ligand 10 diminishes  
perfusion recovery after local arterial occlusion in mice
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ABSTRACT

Objective 
In arteriogenesis, pre-existing anastomoses undergo enlargement to restore blood flow in ischemic 
tissues. Chemokine (C-X-C motif) ligand 10 (CXCL10) is secreted after Toll-like receptor (TLR) 
activation. TLRs are involved in arteriogenesis, however, the role of CXCL10 is still unclear. In this 
study, we investigated the role for CXCL10 in a murine hindlimb ischemia model.

Approach and results 
Unilateral femoral artery ligation was performed in wildtype (WT) and CXCL10-/- (KO) mice and 
perfusion recovery was measured using Laser-Doppler perfusion analysis. Perfusion recovery 
was significantly lower in KO mice compared to WT at day 4 and 7 after surgery (KO vs WT: 
28%±5 vs 81%±13 at day 4; p=0.003, 57%±12 vs 107%±8 at day 7; p=0.003). Vessel 
measurements of alpha-smooth muscle actin (α-SMA) positive vessels revealed increasing 
numbers in time after surgery, which was significantly higher in WT compared to KO. Furthermore, 
α-SMA positive vessels were significantly larger in WT compared to KO at day 7 (wall thickness; 
p<0.001, lumen area; p=0.003). Local inflammation were assessed in hindlimb muscles, but this 
did not differ between WT and KO. Chimerization experiments analyzing perfusion recovery and 
histology revealed an equal contribution for bone marrow-derived and circulating CXCL10. 
Migration assays showed a stimulating role for both intrinsic and extrinsic CXCL10 in VSMC 
migration.

Conclusions 
CXCL10 plays a causal role in arteriogenesis. Bone marrow-derived CXCL10, as well as tissue-
derived CXCL10, plays a critical role in accelerating perfusion recovery after arterial occlusion in 
mice probably by promoting VSMC recruitment and maturation of pre-existing anastomoses.
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Role of CXCL10 in Perfusion Recovery

INTRODUCTION

Patients suffering from a reduced arterial flow due to atherosclerotic lesion development in middle 
and larger arteries often benefit from adaptive collateral artery growth, known as arteriogenesis. 
During arteriogenesis, pre-existing collaterals undergo enlargement triggered by increased shear 
stress resulting in improved tissue perfusion1. The underlying mechanism of arteriogenesis is not 
yet fully understood, but important components of this process are the infiltration and extravasation 
of inflammatory cells and recruitment and proliferation of vascular smooth muscle cells (VSMCs). 
Previously, we have shown that Toll-like receptor (TLR) 2 and 4 as well as downstream NF-κB 
p50 signaling are involved in the process of arteriogenesis2,3. Disruption of the extracellular matrix 
by matrix metalloproteinases enables VSMC migration and outward growth of the collateral 
vessel4,5. As a result of increased shear stress, activated endothelial cells start to upregulate 
factors that induce the regrowth of VSMCs6, resulting in luminal vessel diameter increase, as well 
as vessel wall maturation by recruitment and proliferation of VSMCs7. In addition, recruitment of 
activated inflammatory cells to the site of arteriogenesis has been reported in many pre-clinical 
and clinical studies8–10. Chemokines, such as monocyte chemotactic protein (MCP)-1, have 
shown to play a crucial role in the process of local recruitment of inflammatory cells as monocytes, 
macrophages and T lymphocytes for stimulation of arteriogenesis, but has also been indicated 
to affect migration and proliferation of VSMCs9,11. C-X-C chemokine ligand 10 (CXCL10), also 
known as interferon-inducible protein 10 (IP-10), belongs to the C-X-C chemokine superfamily. 
It functions as a potent chemoattractant for monocytes and T lymphocytes12–14, and signals via 
the CXCR3 receptor15. In response to interferon gamma (IFNγ) after TLR stimulation, various cell 
types, such as endothelial cells, fibroblasts, monocytes and T lymphocytes, can secrete 
CXCL1016. In addition to its leukocyte attractant properties, CXCL10 also induces migration and 
proliferation of VSMCs17,18. Previous studies demonstrated a role for both CXCR3 and IFNγ in the 
field of arteriogenesis. Loss of CXCR3 in mice resulted in lower perfusion recovery after femoral 
artery ligation accompanied with lower capillary density in the ischemic calf muscle and less 
infiltration of macrophages and T lymphocytes in hindlimb muscles19. Furthermore, additional 
studies associated hindlimb ischemia in mice with an elevation of IFNγ plasma levels during the 
first three days after arterial occlusion20. The role of CXCL10 has been studied in a mouse model 
for myocardial infarction (MI) where CXCL10 deficiency was associated with decreased 
microvascular density in the infarct and peri-infarct area after induction of MI21. CXCL10 has been 
described as a ‘late-phase protein’ during perfusion recovery after hindlimb ischemia that plays 
a more pronounced role in vessel maturation11, which is known as a late step in neovascularization. 
In fact, similar patterns of mRNA levels of CXCR3, the receptor for CXCL10, and CXCL9, another 
ligand for CXCR3, could be observed in a murine model for hindlimb ischemia19. However, the 
causal role for CXCL10 in hindlimb ischemia has not been studied yet. In this study, we investigated 
the role of CXCL10 in arteriogenesis using a mouse model for hindlimb ischemia. We hypothesized 
that mice lacking CXCL10 demonstrate reduced collateral vessel formation resulting in lower 
perfusion recovery and that influx of inflammatory cells into the surrounding tissue is hampered.
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MATERIALS AND METHODS

CXCL10 measurements
Adductor and peroneus tissue from the operated hindlimb and plasma were obtained from wildtype 
mice (C57Bl/6J) at baseline, day 1, 2, 3, 4 and 7 after surgery, as published before22. Muscle 
tissue was grinded and protein was isolated using Tris isolation (Roche) according to manufacturer’s 
instructions. 
Blood was isolated and centrifuged at 300 G. Plasma was isolated and stored immediately at 
-80 °C. CXCL10 protein levels were determined using Simplex assay (ProcartaPlex™ Luminex 
Mouse Immunoassays, eBioscience) according to manufacturer’s instructions. CXCL10 plasma 
levels were determined using a Quantikine ELISA (R&D Systems, cat # MCX100) according to 
manufacturer’s instructions.    

Animal procedures
The present study was approved by the Utrecht University animal experimental committee 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). 
Male C57Bl/6J mice and breeding pairs of the CXCL10-/- strain were obtained from Jackson 
Laboratories (strain name: B6.129S4-Cxcl10tm1Adl/J). The CXCL10-/- animals were housed for 
breeding at our university. At 10-12 weeks of age, twenty-five C57Bl/6J (WT) mice and twenty-
four CXCL10-/- mice underwent unilateral permanent femoral artery ligation as described 
previously23. Fifteen WT and fifteen CXCL10-/- mice underwent bone marrow transplantation prior 
to the surgery (see below). Mice were anesthetized with Dormicum (2 mg/kg) and medetomidine 
(0.15 mg/kg) and analgized with fentanyl (0.02 mg/kg) via intraperitoneal injection. After surgery, 
the mice were antagonized by a subcutaneous injection of Anexate (1.0 mg/kg) and Atipam (5.0 
mg/kg) and received 2 injections of buprenorphine (0.15 mg/kg). 
Paw perfusion was assessed using Laser-Doppler Perfusion Imaging (LDPI) (Moor Instruments, 
Ltd, Devon, UK) before and after surgery. In addition, paw perfusion was assessed at day 4 and 
7, without the use of fentanyl to avoid potential changes in vasotonus. Perfusion recovery in the 
ischemic limb is expressed as a percentage of the contralateral non-ischemic limb perfusion. 
Mice were terminated at baseline, day 4 or day 7.    

Bone marrow transplantation
Before bone marrow transplantation WT and CXCL10-/- mice were lethally irradiated at the age of 
6 weeks with a dose of 700 cGray (1030 motor units) before transplantation with respectively 
CXCL10-/- bone marrow and WT bone marrow cells. Bone marrow was isolated from five age 
matched CXCL10-/- donor mice and five age matched WT donor mice by flushing the humeral 
and femoral bones with sterile RPMI 1640 medium (Invitrogen). Each mouse received 5 million 
cells in 250 μl RPMI medium via tail vein injection. After a recovery period of 6 weeks, mice 
underwent femoral artery ligation, followed by assessment of paw perfusion as described above. 
Before surgery, blood was drawn via cheek puncture to check transplantation efficacy. Genomic 
DNA was isolated automatically using GeneMole (Mole Genetics) and Mole strips (Mole Genetics, 
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MGK20-10-102). QPCR was performed using primers specific for WT and CXCL10-/- mice as 
provided by Jackson Laboratories. A success rate of >85% of phenotype expression was 
acceptable for continuation of analysis. Chimeric mice were terminated at day 7.      

Immunohistochemistry
Immunohistochemistry was performed on the adductor and peroneus muscles at baseline, 4 and 
7 days after surgery in WT and CXCL10-/- mice. For chimeric mice, analysis was performed at 
day 7 only. Muscles were embedded in paraffin and 4μm thick sections were cut. Prior to staining 
of the adductor muscle, sections were boiled in Sodium Citrate Tribasic Hydrate (10mM, pH6.0) 
as antigen retrieval solution. Tissue macrophages were identified by staining for Mac-3 (1:200, 
BD Pharmingen, 550292), followed by a biotin labeled goat anti-rat antibody (1:200, Southern 
Biotech) and streptavidin-HRPO (1:1000, Southern Biotech, 7100-05). T lymphocytes were 
identified by staining for CD3 (1:100, DAKO, A0452), followed by Powervision anti-rabbit-HRPO 
(ImmunoVision Technologies, DPVM-110HRP). All sections were developed using 3-Amino-9-
ethylcarbazole (AEC) and counterstained using haematoxylin. To assess alpha-Smooth Muscle 
Actin (α-SMA) positive vessels in adductor tissue, the sections were incubated with a FITC-labeled 
α-SMA antibody (1:400, Sigma, F3777). Nuclei were counterstained with Hoechst. Desmin 
positive vessels were detected by staining for Desmin (1:200, Millipore, clone Y66) followed by 
a goat anti-rabbit Alexa 555 (1:1000, Invitrogen, A21458). Collateral vessels were identified by 
incubation with a FITC-labeled α-SMA antibody (1:400, Sigma, F3777). CXCR3 positive vessels 
were detected by staining for CXCR3 (1:50, R&D Systems, MAB1685), followed by a biotin 
labeled goat anti-rat antibody (1:200, Southern Biotech, 3052-08) and streptavidin-Alexa 555 
(1:1000, Invitrogen, S21381). Collateral vessels were identified by incubation with a FITC-labeled 
α-SMA antibody (1:400, Sigma, F3777). In the peroneus tissue, vessels were identified by 
incubation with CD31 (1:1500, Santa Cruz, sc-1506-R), followed by a biotin labeled goat anti-
rabbit antibody (1:200, Vector, BA1000) and streptavidin-Alexa 555 (1:1000, Invitrogen, S21381). 
All immunohistochemical stainings were analyzed in a blinded fashion using Cell^P analysis 
software (Olympus). 

Collateral vessel size measurements
The lumen area and vessel wall dimensions of collateral vessels were assessed at baseline, 4 
and 7 days after surgery from three to six randomly chosen α-SMA positive vessels per section 
and expressed per vessel. For chimeric mice, analysis was performed at day 7 only. Maximal 
vasodilation was assured by flushing with a vasodilator (nitro-glycerine) during perfusion fixation 
of the hindlimbs. Measurements were analyzed using Cell^P analysis software (Olympus). Lumen 
area and vessel wall area are expressed in square μm (μm2); vessel wall thickness, outer and 
inner perimeter in μm. 

In vitro migration of vascular smooth muscle cells
Human Aortic Vascular Smooth Muscle Cells (VSMCs; Lonza) and Human Umbilical Vein 
Endothelial Cells (HUVECs; Lonza) were cultured on gelatin-coated plates in SMGM2 medium 
(SMBM2 medium supplemented with SMGC2 bullet kit and 5% FCS; Lonza) and EGM2 medium 
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(EGM2 medium supplemented with EGM2 bullet kit and 2% FCS; Lonza) respectively, in 5% CO2 
at 37 °C. The experiments were performed with cells at passage 3-5. In order to investigate the 
effect of CXCL10 on VSMC migration, control VSMCs were plated in the upper chambers of 
Transwell culture inserts (FluoroBlokTM cell culture inserts, 24-well 8.0 μm pore size, Corning) at 
a density of 0.5 x 105 cells/well in 250 μl SMBM2 medium with 0.5% FCS. The lower chambers 
were filled with 750 μl SMBM2 with 0,5% FCS together with three different concentrations of 
recombinant human CXCL10 (0 ng/ml, 10 ng/ml and 100 ng/ml) (Peprotech, cat # 300-12). Cells 
were left for 18h incubation in 5% CO2 at 37 °C for migration. CXCL10 knockdown in VSMCs 
and HUVECs was achieved by cell transfection of a pool of 4 targeting siRNA sequences specific 
for CXCL10 (siCXCL10) (ThermoScientific). Control cells were transfected with a pool of 4 non-
targeting siRNA sequences (siSHAM) (ThermoScientific). In order to investigate the role of 
endogenous CXCL10 on the migration of VSMCs in a FCS gradient, the VSMCs were plated in 
the upper chambers of Transwell cell culture inserts (FluoroBlokTM cell culture inserts, 24-well 
8.0 μm pore size, Corning) 24h after transfection at a density of 0.5 x 105 cells/well in 250 μl 
SMBM2 medium with 0.5% FCS. The lower chambers were filled with 750 μl SMBM2 with 5% 
FCS. To examine the role of endothelial cell derived CXCL10 in VSMC migration, control VSMCs 
were plated in the upper chambers of Transwell cell culture inserts (FluoroBlokTM cell culture 
inserts, 24-well 8.0 μm pore size, Corning) at a density of 0.5 x 105 cells/well in 250 μl SMBM2 
medium. In the lower chambers, HUVECs were seeded 24h after transfection at a density of 1.0 
x 105 cells/well in 750 μl SMGM2. After 18h incubation in 5% CO2 at 37 °C, cells that have 
migrated through the filter and were located at the bottom of the inserts were stained with calcein-
AM for 30 minutes at 5% CO2 at 37 °C, followed by visualization by fluorescence microscopy. 
The ability of the VSMCs to migrate was determined by the total number of cells (>50μm2) crossing 
the polycarbonate membranes (analysis in ImageJ). Total RNA was isolated 24h after transfection 
using RNAeasy kit (Qiagen) and reversed transcribed to cDNA using iScript cDNA synthesis kit 
(Bio-Rad). CXCL10 mRNA levels were assessed by semi-quantitative PCR method using CXCL10 
pr imers  (sense:  5 ’ -CTCCAGTCTCAGCACCATGA-3’ ;  and ant isense: 
5’-CAAAATTGGCTTGCAGGAAT-3’). Primers for the housekeeping gene ß-actin (sense: 
5’-TCCCTGGAGAAGAGCTACGA-3’; and antisense: 5’-AGCACTGTGTTGGCGTACAG-3’) were 
used as a quantitative control. 
     
Statistical analysis
SPSS version 20.0 (Chicago, IL, USA) was used for statistical analyses. Comparisons between 
means were analyzed with an independent T test for two groups and a one-way analysis of 
variance (ANOVA) with post-hoc Bonferroni correction for comparisons with more than two groups. 
Differences between means with p-values <0.05 were regarded as statistically significant. Data 
are expressed as mean ± SEM.
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RESULTS

CXCL10 protein levels in tissue and plasma  
CXCL10 protein levels in muscle tissue of the operated limb isolated from WT mice changed 
during perfusion recovery. In both adductor (non-ischemic) (Figure 1a) and peroneus (ischemic) 
(Figure 1b) muscle tissue, CXCL10 protein levels reached its peak at day 4 (* p<0.05 vs baseline 
in peroneus tissue). 
CXCL10 protein levels in plasma from WT mice also changed during perfusion recovery after 
femoral artery ligation, although in a different pattern. At day 1, plasma levels remained at baseline 
levels, but at day 2 the levels increased significantly. After day 2, plasma levels dropped again 
towards baseline levels (p<0.05 compared to baseline, day 1, 3, and 4). At day 7, the levels seem 
to increase again, but did not reach statistical differences compared to baseline (Figure 1c).  

Perfusion recovery
CXCL10-/- mice showed decreased perfusion recovery when compared to WT mice at day 4 
after ligation (WT vs CXCL10-/-: 81%±13 vs 28%±5; p=0.003) and at day 7 (WT vs CXCL10-/-: 
107%±8 vs 57%±12; p=0.003) (Figure 2a). To assess whether the effect of CXCL10 is mediated 
via bone marrow-derived cells or tissue-derived cells, we performed femoral artery ligation in 
chimeras. To confirm chimerisation, genomic expression of CXCL10 DNA was assessed 6 weeks 
after irradiation and bone marrow transplantation. An expression of the corresponding genotype 
of >85% was acceptable for continuation of the experiments (Figure 2b).  

Figure 1. CXCL10 protein levels in hindlimb tissue 
and plasma after femoral artery ligation
CXCL10 protein levels were determined using 
Luminex in hindlimb muscles of the operated limb 
(n=5 mice/time point; A and B) and ELISA in plasma 
isolated after femoral artery ligation (n=10 mice/time 
point; C). In hindlimb muscles, CXCL10 levels were 
highest at day 4, which was only significant for 
peroneus tissue compared to baseline and day 1 (B). 
In plasma, levels at day 2 were significantly higher 
compared to baseline, day 1, 3 and 4 (C). Data are 
presented as mean ± SEM; * p<0.05.
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Compared to WT, corresponding chimeras (CXCL10-/- bone marrow in WT mice) showed 
significantly lower perfusion recovery at day 4 and 7 (WT vs chimeras: 81%±13 vs 46%±4 at day 
4; p=0.026, and 107%±8 vs 61%±6 at day 7; p<0.001) (Figure 2a). Transplantation of WT bone 
marrow in CXCL10-/- mice showed significantly improved perfusion recovery at day 4 (CXCL10-

/- vs chimeras: 28%±5 vs 63%±4 at day 4, p<0.001, and 57%±12 vs 74%±6 at day 7, p=0.25) 
(Figure 2a), but did not fully rescue the CXCL10-/- phenotype.

Vessel number in adductor and peroneus tissue
Since perfusion recovery depends on smooth muscle cell positive conductance vessels that 
bypass the occluded naïve artery, we assessed the number of α-SMA positive vessels in the 
adductor muscle of the operated hindlimb (total number of α-SMA positive vessels per section). 
At baseline, no differences could be observed. Compared to baseline, the number of α-SMA 
positive vessels was higher in both WT and CXCL10-/- at 4 days after ligation. However, the 
number of α-SMA positive vessels in CXCL10-/- mice was significantly lower than in WT at day 4 
(WT vs CXCL10-/-; 102±7 vs 67±5, p<0.001) and at day 7 (WT vs CXCL10-/-; 88±9 vs 60±6, 
p=0.02) (Figure 3a). 
While arteriogenesis in the used mouse model occurs mostly in the upper hindlimb (adductor), 
angiogenesis takes place in the ischemic area i.e. distal from the occlusion. We therefore assessed 
the number of CD31 positive vessels in the ischemic peroneus muscle, expressed per muscle fiber. 

Figure 2. Perfusion recovery after femoral artery 
ligation in wildtype and CXCL10-/- mice
Perfusion recovery after femoral artery ligation was 
determined before (pre) and after (post) surgery, at day 
4 and day 7 in wildtype (WT) mice (n=10; circles), 
CXCL10-/- mice (n=9; squares), WT bone marrow → 
CXCL10-/- chimeric mice (downward triangles), CXCL10 
bone marrow → WT chimeric mice (upward triangles). 
Perfusion was calculated as percentage perfusion in 
operated (ischemic) of the control (nonischemic) paw (A). 
Chimerisation was confirmed by analysis of CXCL10 
expression in genomic DNA in the circulation 6 weeks 
after irradiation and bone marrow transplantation. An 
expression of the corresponding genotype of >85% 
(dashed line) was acceptable for continuation of the 
experiments (B). Data are presented as mean ± SEM; * 
p=0.003 (WT vs CXCL10-/-), # p<0.001 (CXCL10-/- vs 
WT → CXCL10-/-); ^ p<0.05 (WT vs CXCL10-/- → WT); 
$ p<0.001 (WT vs CXCL10-/- → WT).
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At baseline, no differences could be observed between WT and CXCL10-/-. Again CXCL10-/- mice 
had significantly less vessels compared to WT at day 4, but this difference diminished at day 7 
(WT vs CXCL10-/-; 1.75±0.05 vs 1.21±0.09 at day 4, p<0.001 and 1.00±0.09 vs 0.93±0.10 at 
day 7, p=0.63) (Figure 3b). These data indicate that, although the initial angiogenic response was 
slowed down in CXCL10-/- mice, angiogenic related vascular growth was compensated at later 
time points due to degradation of angiogenic vessels in WT mice. 

Figure 3. Histology on hindlimb muscles for vessel density and inflammatory cell influx in wildtype and CXCL10-/- mice
Histology was performed at baseline, day 4 and day 7 in both wildtype (n=10; black bars) and CXCL10-/- mice (n=9; white 
bars). Total numbers of α-SMA positive vessels per section was determined in the adductor muscle of the operated hindlimb 
(A). Number of CD31 positive vessels corrected for muscle fiber was determined in the ischemic calf muscle (peroneus) of 
the operated hindlimb (B). Macrophage and T lymphocyte number was determined in the perivascular space around the 
growing collateral vessels in the adductor muscle of the operated hindlimb (C and D). Data are presented as mean ± SEM; 
* p=0.02, ** p<0.001; WT vs CXCL10-/-. Photos are representative images of WT and CXCL10-/- mice at day 7 per analysis. 
Scale bar indicates 100 μm.
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To further identify the role of bone marrow derived and circulating CXCL10, vessel numbers were 
assessed in chimeric mice. The number of α-SMA positive vessels is higher in WT → CXCL10-/- 
chimeras compared to CXCL10-/- → WT chimeras, although not significant (Figure 4a). This is 
concordance with the perfusion recovery data. Regarding the angiogenic response, no difference 
could be observed between the chimeras (Figure 4b).

Collateral vessel geometry
A hallmark of arteriogenesis is the enlargement of collateral vessels, where VSMCs in the vessel 
wall are recruited and start to accumulate and proliferate to ensure permanent vessel diameter 
and wall thickness enlargement. We assessed the mean vessel geometry of α-SMA positive 
vessels at baseline, 4 and 7 days after surgery. Vessel geometry increased over time in both 
groups, but in WT this increase was more pronounced with significantly larger vessels compared 
to CXCL10-/- at day 7 (WT vs CXCL10-/-; vessel wall area: 241μm2±21 vs 87μm2±20, p<0.001; 
vessel wall thickness; 3.57μm±0.23 vs 2.23μm±0.23, p<0.001; vessel lumen area: 268μm2±37 
vs 109μm2±27, p<0.01; outer perimeter: 92μm±4.8 vs 59μm±5.8, p<0.001; inner perimeter: 

Figure 4. Histology of hindlimb muscles for vessel density and inflammatory cell influx in chimeric mice
Histology was performed at day 7 in both WT bone marrow → CXCL10-/- mice (n=15; black bars) and CXCL10-/- bone 
marrow → WT mice (n=15; white bars). Total numbers of α-SMA positive vessels per section was determined in the adductor 
muscle of the operated hindlimb (A). Number of CD31 positive vessels corrected for muscle fiber was determined in the 
ischemic calf muscle (peroneus) of the operated hindlimb (B). Macrophage and T lymphocyte number was determined in 
the perivascular space around the growing collateral vessels in the adductor muscle of the operated hindlimb (C and D). 
Data are presented as mean ± SEM; * p=0.01.
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69μm±4.4 vs 47μm±4.6, p<0.01) (Figure 5a-e). To identify the changes in VSMC subtypes 
between WT and CXCL10-/- during arteriogenesis, we calculated the percentage of desmin 
positive collateral vessels. During arteriogenesis, in wildtype mice, more desmin positive vessels 
were lost at day 4 compared to CXCL10-/- (WT vs CXCL10-/-; 18.5% vs 40%; p<0.001). At day 
7, the percentage increased in WT mice, indicating collateral vessel maturation (WT vs CXCL10-

/-; 54% vs 32.5%; p<0.01). Simultaneously, no significant changes in percentage desmin positive 
collateral vessels could be observed in CXCL10-/- mice in time (Figure 5g). These data suggest 
that only in the WT mice transient change in VSMC subtype expression occurred during collateral 
vessel maturation (arteriogenesis). Collateral vessels from both WT and CXCL10-/- mice positive 
for α-SMA also express the receptor for CXCL10 (CXCR3) at all time points. Figure 5h shows a 
representative image of CXCR3 staining by an α-SMA positive vessel. 
In chimeric mice, the mean vessel geometry of α-SMA positive vessels was also assessed and 
showed a small difference between the chimeras, in which WT → CXCL10-/- chimeras displayed 
larger geometry compared to CXCL10-/- → WT (Figure 6). Interestingly, the collateral vessel 
geometry data fully represent the differences in the perfusion recovery in all experimental groups.

Influx of inflammatory cells
Influx of inflammatory cells into the local muscle tissue plays a crucial role in vascular remodeling 
and perfusion recovery. Therefore, we analyzed the number of macrophages and T lymphocytes 
in the perivascular space of collateral arteries in the adductor muscle at baseline, day 4 and 7 
after surgery. Indeed, compared to baseline, both macrophage and T lymphocyte numbers 
increased during perfusion recovery, but no significant differences could be observed between 
WT and CXCL10-/- (Figure 3c and d).
Influx of inflammatory cells was different between the chimeric mice. Although CXCL10-/- → WT 
chimeras showed similar macrophage influx levels compared to CXCL10-/- mice, WT → CXCL10-

/- chimeras showed significantly lower levels (lower than wildtype), suggesting a greater effect for 
resident CXCL10 than circulating CXCL10 in attraction of macrophages. The difference between 
both chimeric groups was significant (WT → CXCL10-/- chimeras vs CXCL0-/- → WT chimeras; 
1.7±0.24 vs 2.7±0.26; p=0.01). T lymphocyte influx showed a similar pattern, although no 
significant differences could be observed (Figure 4c and d). 

In vitro migration of vascular smooth muscle cells 
In order to evaluate the paracrine effects of CXCL10 on the migration of smooth muscle cells, 
human aortic VSMCs were seeded on a Transwell membrane and allowed to migrate over 18h 
in a gradient of recombinant human CXCL10 (rhCXCL10) in different concentrations (0 ng/ml, 10 
ng/ml and 100 ng/ml. Compared to control (0 ng/ml), relative migration of VSMCs towards 
rhCXCL10 was significantly higher for both 10 ng/ml and 100 ng/ml (p<0.05 vs control) (Figure 
7a). To evaluate the autocrine effects of CXCL10 on the migration of smooth muscle cells, human 
aortic VSMCs were seeded on a Transwell membrane and allowed to migrate for 18h in a gradient 
of 5% FCS. Knockdown of CXCL10 expression by siRNA in VSMCs significantly decreased the 
total number of migrated cells (Figure 7b). The chemoattractive effect of CXCL10 secretion by 
endothelial cells on the migration of VSMCs was also evaluated. Knockdown of CXCL10 in 
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HUVECs, seeded in the lower chamber of a Transwell membrane, significantly reduced the 
migration of VSMCs from the upper chamber, towards the HUVECs in the lower chamber (Figure 
7c). Knockdown of CXCL10 was evaluated in transfected HUVECs and VSMCs with semi-
quantitative PCR on CXCL10 at 24h after transfection. Gel analysis of the PCR products revealed 
knockdown of CXCL10 after siRNA treatment compared to siSHAM in both VSMCs (Figure 7d) 
and HUVECs (Figure 7e).
 

Figure 5. Vessel geometry and desmin and CXCR3 expression in collateral vessels
Collateral vessel geometry was analyzed in α-SMA positive vessels in the adductor muscle and expressed as the mean of 
three to six randomly chosen vessels per section/mouse. Analysis was performed at baseline, day 4 and day 7 in both 
wildtype (n=10; black bars) and CXCL10-/- mice (n=9; white bars). Vessel wall thickness is calculated as the average diameter 
of the vessel wall and expressed in μm (A). Vessel wall area and lumen area per vessel are expressed in μm2 (B-C). Outer 
and inner perimeter is expressed in μm (D-E). Photos are representative images of α-SMA staining for WT and CXCL10-/- mice 
at baseline and day 7 (F). Desmin positive collateral vessels were calculated as a percentage of α-SMA positive vessels at 
baseline, day 4 and day 7 in both wildtype and CXCL10-/- mice. Percentage of desmin positive vessels in wildtype was 
significantly lower at day 4 and higher at day 7 compared to CXCL10-/- (similar levels at all time points) (G). Representative 
image of CXCR3 expression in α-SMA positive vessel wall (red indicates CXCR3 staining; green indicates α-SMA staining; 
blue indicates nuclei) (H). Data are presented as mean ± SEM; * p<0.01, ** p<0.001. Scale bar indicates 100 μm.
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Figure 6. Vessel geometry in collateral vessels of chimeric mice
Collateral vessel geometry was analyzed in α-SMA positive vessels in the adductor muscle and expressed as the mean of 
three to six randomly chosen vessels per section/mouse. Analysis was performed at day 7 in both WT → CXCL10-/- (n=15; 
black bars) and CXCL10-/- → WT mice (n=15; white bars). Vessel wall thickness is calculated as the average diameter of the 
vessel wall and expressed in μm (A). Vessel wall area and lumen area per vessel are expressed in μm2 (B-C). Outer and 
inner perimeter is expressed in μm (D-E). Photos are representative images of α-SMA staining for chimeric mice at day 7 (F). 
Data are presented as mean ± SEM. Scale bar indicates 100 μm.
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Figure 7. Vascular smooth muscle cell migration
CXCL10 is involved in human aortic vascular smooth muscle cell (VSMC) migration in vitro. To examine the chemoattractive 
function of CXCL10 on migration, VSMCs were plated on a polycarbonate Transwell filter and were allowed to migrate towards 
the lower chamber for 18h. VSMCs plated in the upper chamber migrated towards recombinant human CXCL10 (rhCXCL10) 
(0 ng/ml, 10 ng/ml and 100 ng/ml) in the lower chamber. Both 10 and 100 ng/ml CXCL10 resulted in a significantly higher 
migration compared to control (numbers relative to control; A). siRNA mediated knockdown of CXCL10 in VSMCs resulted 
in significantly less migration towards a FCS gradient (siCXCL10 vs control or siSHAM; B). Untreated VSMCs plated in the 
upper chamber were allowed to migrate towards siRNA mediated CXCL10 knockdown in HUVECs. Significantly less VSMCs 
migrated towards treated HUVECs after siRNA knockdown of CXCL10 (siCXCL10 vs control or siSHAM; C). siRNA mediated 
knockdown was validated using semi-quantitative PCR method for both VSMC (D) and HUVEC (E). β-actin was used as a 
housekeeping gene. Data are presented as mean ± SEM of two experiments in which each condition was performed in 
triplicate. * p<0.05; ** p<0.01 versus control and siSHAM condition.
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DISCUSSION

Arteriogenesis is known as an inflammatory process in which recruitment and proliferation of both 
inflammatory cells and VSMCs are important for maintaining tissue perfusion after local arterial 
occlusion. Chemokines are well-known key players in this process. CXCL10 has previously been 
described as a potent chemokine for attracting inflammatory cells, especially monocytes and T 
lymphocytes12,24, but has also been associated with angiogenesis in the ischemic myocardium 
after induction of myocardial infarction in mice21. In this study, we investigated the causal role of 
CXCL10 for perfusion recovery in a mouse model for hindlimb ischemia. 
To elucidate the role for CXCL10 in perfusion recovery, we first measured CXCL10 plasma levels 
as well as protein levels in hindlimb muscles after hindlimb ischemia in wildtype mice. CXCL10 
levels increased significantly in ischemic muscle tissue at day 4. In non-ischemic tissue, a similar 
trend was observed. CXCL10 plasma levels increased significantly already on day 2. Based on 
the general short-life of chemokines, this suggests that circulating CXCL10 is involved particularly 
in the initiation process during the early phase after femoral artery occlusion, whereas tissue 
CXCL10 is involved at a later stage. To establish causality, we performed a unilateral femoral artery 
ligation in wildtype and CXCL10-/- mice. In line with the plasma and tissue levels, perfusion recovery 
was reduced in CXCL10-/- mice as early as day 4 compared to wildtype, This difference was still 
evident at day 7, when wildtype mice reached full perfusion recovery. This is in concordance with 
the study of Waeckel et al. using CXCR3-/- mice in a hindlimb ischemia model19.  
To determine if the role of CXCL10 relies on circulating or resident cells, we performed bone 
marrow transplantations in wildtype and CXCL10-/- mice followed by unilateral femoral artery 
ligation. Transplanting CXCL10-/- bone marrow into wildtype mice led to comparable reductions 
of perfusion recovery demonstrated by total CXCL10-/- mice. When wildtype bone marrow was 
transplanted into CXCL10-/- mice, perfusion recovery was significantly improved. Yet, wildtype 
bone marrow transplantation was not able to fully restore perfusion to comparable amounts as in 
wildtype mice. This indicates that CXCL10 from both circulating and resident cells is important in 
perfusion recovery, which is in line with the fact that leukocytes as well as endothelial cells, VSMCs 
and fibroblasts can be a source for CXCL1016–18. 
To investigate the role of CXCL10 in attracting inflammatory cells during perfusion recovery, we 
assessed local macrophage and T lymphocyte accumulation around collateral vessels in wildtype 
and CXCL10-/- mice at different timepoints during perfusion recovery. Although we observed the 
expected increased influx of these cells after hindlimb ischemia, no significant differences could 
be observed in macrophage and T lymphocyte accumulation between wildtype and CXCL10-/- 
mice at any time point. Previous studies in ischemic tissues showed decreased leukocyte 
accumulation in CXCR3-/- and CXCL10-/- mice in a murine MI model19,21. In the murine hindlimb 
ischemia model, arteriogenesis in the upper limb is initiated by shear stress and not ischemia, 
which might explain the differences in leukocyte recruitment. Chimeric experiments revealed a 
greater effect for CXCL10 expressed by tissue resident cells in the attraction of macrophages 
and T lymphocytes towards the tissue, since CXCL10 deficiency in bone marrow alone does not 
influence cell influx at least in the last phase of perfusion recovery (day 7). Furthermore, 
transplantation of WT bone marrow in CXCL10-/- even resulted in lower influx. Therefore, CXCL10 
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expressed by, for instance, vascular SMCs, might explain inflammatory cell influx. In contrast, the 
vessel number and geometry measurements in chimeric mice show again a dual role for both 
bone marrow derived and resident CXCL10. These latter measurements provide the strongest 
explanation for perfusion recovery differences in the WT and CXCL10-/- mice. Next to this, the 
role of CXCL10 might be redundant in this process as other known ligands for CXCR3, CXCL9 
and CXCL11, can be responsible for the attraction of inflammatory cells at the site of collateral 
growth. CXCL9 is known to be upregulated during hindlimb ischemia in a similar pattern as 
CXCL1011,19. Apart from these CXCR3 ligands, there is a huge variety of factors that can attract 
monocytes and lymphocytes that may compensate the lack of CXCL10 in this study, which we 
therefore did not assess.
Since CXCL10 is known to act on both endothelial cells and SMCs16–18, we analyzed the number 
of α-SMA positive vessels and measured collateral vessel dimensions in the hindlimb muscle. 
Wildtype mice showed more α-SMA positive vessels after femoral artery ligation than CXCL10-/- 
mice. Concomitantly, enlargement of collateral vessels in wildtype mice during perfusion recovery 
is more prominent compared with CXCL10-/- mice pointing out a role for CXCL10 in migration of 
VSMCs. The direct effect of CXCL10 on VSMCs is plausible, since we demonstrated the 
expression of CXCR3 by VSMCs in the hindlimb tissue. 
In addition, we further elucidated on the VSMC subtypes by analyzing desmin expression in 
α-SMA positive vessels, a marker for contractile VSMCs. We observed that wildtype mice showed 
an early decrease in desmin expression (more synthetic that contractile VSMCs), followed by a 
later increase in vascular desmin expression (more contractile than synthetic VSMCs), which is 
a hallmark of arteriogenesis. However, desmin expression in CXCL10-/- mice hardly changed. 
These data suggest that only the wildtype mice showed transient changes in VSMC subtype 
expression during collateral vessel maturation (arteriogenesis), a phenomenon not occurring in 
CXCL10-/- mice. This points to a role of CXCL10 in the regulation of VSMC phenotype switch, 
already described by Wallace et al.25. 
Our data showed that CXCL10 stimulated migration of VSMCs in vitro. Furthermore,  knockdown 
of CXCL10 by siRNA in VSMCs and HUVECs resulted in reduced VSMC migration, indicating 
that CXCL10 is both intrinsically and extrinsically involved in VSMC migration. However, we were 
unable to directly show the effect of CXCR3 on VSMC migration or the effect of CXCL10 on 
HUVEC migration. Yates-Binder et al.26 already that showed an inhibiting effect of an IP-10 peptide 
on endothelial cell motility and tube formation, although showing this in a different cell type (HMECs 
vs HUVECs).  
However, the arteriogenic response in the mouse model is of greater importance than the 
angiogenic response. 
Although we did not further investigate the intracellular effect of CXCL10 on VSMCs, these 
intracellular effects of CXCL10 on VSMCs have already been described previously. CXCL10 
effects are mediated through its specific receptor CXCR3(A). CXCR3 is a seven trans-membrane-
spanning G-protein-coupled receptor (GPCR). Binding of CXCL10 to CXCR3 leads to the 
exchange of guanosine triphosphate (GTP) to guanosine diphosphate (GDP), followed by 
dissociation of the regulatory Gα subunit from the catalytic Gβγ subunit dimer. Upon activation, 
the G protein subunits can activate different enzymes leading to the production of inositol 
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phosphates, protein kinase activation, an increase in intracellular Ca2+ production and actin 
reorganization. Activation of the CXCR3 by CXCL10 leads to different cellular actions, such as 
degranulation, respiratory burst and phagocytosis15,27,28. Lastly, the role of CXCL10 has been 
extensively described in different mouse models for cardiovascular diseases, for example 
atherosclerosis, aneurysm formation or myocardial infarction. Although this study shows a 
beneficial effect of CXCL10 on arteriogenesis, it should be mentioned that other animal models 
have shown detrimental effects of CXC10 on atherosclerotic plaque formation14, aneurysm 
formation29, or myocardial infarction21.     

Taken together, our in vivo and in vitro data imply that a significant part of the beneficial effect of 
CXCL10 in perfusion recovery is mediated via regulation of vascular cells. In summary, our findings 
strongly point towards a predominant action of CXCL10 on VSMCs rather than on leukocyte 
infiltration in arteriogenesis.    
In conclusion, CXCL10 is involved in perfusion recovery after unilateral femoral artery ligation in 
mice. CXCL10, from both circulating and resident cells, is involved in the process of perfusion 
recovery. CXCL10 stimulates α-SMA positive vessel formation and growth, but does not influence 
the influx of inflammatory cells during hindlimb ischemia. This study identifies a causal role for 
CXCL10 during arteriogenesis in a murine hindlimb ischemia model, probably via stimulation of 
α-SMA positive cell recruitment to the collateral vasculature.
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Significance
Chemokines are powerful chemotactic molecules and key players during inflammatory responses 
in cardiovascular diseases to balance immune responses. Because of their potent actions and 
small molecular size, they are often proposed as therapeutic targets. CXCL10 is one of these 
chemokines known to contribute to inflammatory responses in cardiovascular disease. In this 
study, we show that CXCL10 is involved in collateral artery formation (arteriogenesis). Although 
inflammatory cells, such as monocytes, macrophages and T lymphocytes, are stated to contribute 
significantly to arteriogenesis, our in vitro and in vivo results point to a role for CXCL10 in vascular 
smooth muscle cell migration and thereby facilitating growth of collateral arteries.
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ABSTRACT

The role of the CD200 ligand-CD200 receptor (CD200-CD200R) inhibitory axis is highly important 
in controlling myeloid cell function. Since the activation of myeloid cells is crucial in arteriogenesis, 
we hypothesized that disruption of the CD200-CD200R axis promotes arteriogenesis in a murine 
hindlimb ischemia model. Female Cd200-/- and wildtype (C57Bl/6J) mice underwent unilateral 
femoral artery ligation. Perfusion recovery was monitored over 7 days using Laser-Doppler analysis 
and was increased in Cd200-/- mice at day 3 and 7 after femoral artery ligation, compared to 
wildtype. Histology was performed on hindlimb muscles at baseline, day 3 and 7 to assess vessel 
geometry and number and inflammatory cell influx. Vessel geometry in non-ischemic muscles 
was larger, and vessel numbers in ischemic muscles were increased in Cd200-/- mice compared 
to wildtype. Furthermore, T lymphocyte influx was increased in Cd200-/- compared to wildtype. 
CD200R agonist treatment was performed in male C57Bl/6J mice to validate the role of the 
CD200-CD200R axis in arteriogenesis. CD200R agonist treatment after unilateral femoral artery 
ligation resulted in a significant decrease in vessel geometry, perfusion recovery and T lymphocyte 
influx at day 7 compared to isotype treatment. In this study, we show a causal role for the CD200-
CD200R inhibitory axis in arteriogenesis in a murine hindlimb ischemia model. Lack of CD200R 
signaling is accompanied by increased T lymphocyte recruitment to the collateral vasculature and 
results in enlargement of pre-existing collateral arteries.
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INTRODUCTION

Cardiovascular disease and its resulting morbidity and mortality are still a major health problem 
in the modern Western world. It is often associated with vascular occlusion resulting in local 
tissue ischemia. Stimulating perfusion recovery after vascular occlusion may be beneficial for 
many patients suffering from peripheral artery disease. As a response to local tissue ischemia, 
the human body is capable to restore blood flow with the adaptive growth of pre-existing collateral 
arteries into larger conduit arteries. This process is known as arteriogenesis1,2. Circulating 
inflammatory cells can extravasate from the bloodstream into the tissue and recruitment and 
proliferation of vascular smooth muscle cells have been shown to be of importance during 
arteriogenesis3. Migration of vascular smooth muscle cells and outward growth of the collateral 
vessel is enabled by disruption of the extracellular matrix by matrix metalloproteinases. Recruited 
inflammatory cells start to produce cell-attracting substances (chemokines). These chemokines 
have shown to play a crucial role in the process of local recruitment of inflammatory cells as 
monocytes, macrophages for stimulation of arteriogenesis, but have also been indicated to affect 
migration and proliferation of vascular smooth muscle cells locally. In addition to monocytes1,4–7, 
T lymphocytes (cytotoxic T cells, T helper cells and Natural Killer T cells) have been shown to 
contribute to arteriogenesis8–10.
The main role of the immune system is to protect against different pathogens by an adequate 
immune response. However, damage may result from inappropriate activation of the immune 
system. The CD200-CD200 receptor (CD200R) axis is known as an inhibitory axis, critical in 
controlling excessive inflammatory responses in the case of infection or inflammation11,12. CD200 
is a membrane glycoprotein expressed by a wide range of cells, including neurons, endothelium, 
smooth muscle cells and immune cells, such as T lymphocytes, B lymphocytes and dendritic 
cells13–16. In contrast, expression of CD200R is restricted to lymphoid cells, such as T 
lymphocytes, B lymphocytes, Natural Killer cells and myeloid cells, including dendritic cells, mast 
cells, eosinophils, basophils, neutrophils and macrophages, particularly the M2a 
subpopulation15,17,18. Ligation of CD200R by CD200 has immunomodulatory effects, such as 
induction of immune tolerance, regulation of cell differentiation, adhesion and chemotaxis of 
various cell populations19. Furthermore, CD200R ligation is involved in cytokine and chemokine 
release from leukocyte subsets11. Mice lacking CD200 (Cd200-/-) revealed the importance of 
CD200-CD200R interactions in dampening the immune system. Cd200-/- mice have an increased 
sensitivity to autoimmune diseases, such as encephalomyelitis and collagen induced arthritis, 
compared to wildtype controls12. We previously showed that mice lacking CD200 suffer from 
increased immunopathology in response to influenza virus infections, compared to wildtype 
controls20, for which T lymphocytes are essential. On the other hand, the absence of CD200-
CD200R signaling breaks tumor tolerance and inhibits outgrowth of endogenous tumors21. 
We hypothesized that the CD200-CD200R axis is involved in arteriogenesis. Disruption of the 
axis might lead to more activation of the immune system during hindlimb ischemia resulting in 
stimulation of arteriogenesis.  In this study, we investigated perfusion recovery in Cd200-/- mice 
as well as after CD200R ligation in vivo in a murine hindlimb ischemia model and assessed 
histological features of arteriogenesis. We observed that mice lacking CD200 have larger collateral 
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vessels and increased perfusion recovery after hindlimb ischemia. This was accompanied by 
significant increase in local T lymphocyte influx compared to wildtype. In addition, ligating CD200R 
in vivo by CD200R agonist treatment in wildtype mice resulted in significantly smaller collateral 
vessels and a lower perfusion recovery after hindlimb ischemia. This was accompanied by a 
decreased T lymphocyte influx compared to isotype treatment. 

 
METHODS

Animal procedures
The present study was approved by the Utrecht University animal experimental committee 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). 
For the Cd200-/- study, female C57Bl/6J (wildtype) and Cd200-/- (C57Bl/6J background) mice 
were bred at the Utrecht University until age 10-14 weeks before undergoing unilateral permanent 
femoral artery ligation as described earlier7. For the CD200R agonist study, male wildtype C57Bl/6J 
mice were ordered from Charles River (age 10-12 weeks) and also underwent unilateral permanent 
femoral artery ligation as described earlier7, followed by a two times intravenous injection of OX110 
(a kind gift of Neil Barclay, Oxford) or rat IgG2a control (anti-βGal, GL117) both at a dose of 100 
μg/injection, immediately after surgery and at day 2. 
Prior to surgery, all mice were anaesthetized with midazolam (2 mg/kg) and medetomidine (0.15 
mg/kg) and analgesized with fentanyl (0.02 mg/kg) through a single intraperitoneal injection. After 
surgery, the anaesthetics were antagonized by a single subcutaneous injection of flumazenil (0.8 
mg/kg) and atipamezole (4.0 mg/kg). After operation the mice received two injections of 
buprenorphine (0.15 mg/kg) via subcutaneous injection. Paw perfusion was assessed using 
Laser-Doppler Perfusion Imaging (LDPI) (Moor Instruments, Ltd, Devon, UK) before and after 
surgery. In addition, paw perfusion was assessed at day 3 and 7, without the use of fentanyl to 
avoid potential changes in vasotonus. Perfusion recovery in the ischemic limb is expressed as a 
percentage of the contralateral non-ischemic limb perfusion. Muscle tissue was isolated for 
immunohistochemistry. For the Cd200-/- study, mice were terminated at baseline, day 3 and day 
7. After CD200R agonist treatment, all mice were terminated at day 7. Termination was performed 
by an overdose of euthesate mix with ketamine and midazolam (5 mg/kg; 0.15 mg/kg) via 
intraperitoneal injection.

Immunohistochemistry
Immunohistochemistry was performed on the adductor and peroneus muscle at baseline, day 
3 and/or day 7 after surgery. Muscles were embedded in paraffin and 4μm thick sections were 
cut. Prior to staining, all sections were boiled in Sodium Citrate Tribasic Hydrate (10mM, pH6.0) 
as antigen retrieval solution. Tissue T lymphocytes were identified by staining for CD3 (DAKO, 
A0452), followed by Powervision α-rabbit-HRPO (ImmunoVision Technologies, DPVM-110HRP). 
Tissue macrophages were identified by staining for Mac-3 (BD Pharmingen, 550292), followed 
by biotin labeled goat α-rat (Southern Biotech, 3050-08) and streptavidin-HRPO (Southern 
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Biotech, 7100-05). All sections were developed using 3-Amino-9-ethylcarbazole (AEC) and 
counterstained using haematoxylin. To assess alpha-Smooth Muscle Actin (α-SMA) positive 
vessels in adductor tissue, the sections were incubated with a FITC-labeled α-SMA antibody 
(Sigma Aldrich, F3777). Nuclei were counterstained with Hoechst. In the peroneus tissue, vessels 
were identified by incubation with CD31 (Santa Cruz Biotechnologies, sc-1506), followed by a 
biotin labeled goat α-rabbit antibody (Vector, BA-1000) and streptavidin-Alexa 555 (Invitrogen, 
S-21381). Total number α-SMA positive vessels per section were counted and CD31 positive 
vessels were counted per frame and corrected for muscle fiber number (CD31 positive vessels 
per muscle fiber). T lymphocyte and macrophage numbers were counted in the perivascular 
space of three to six randomly chosen collateral vessels per section and calculated as average 
per vessel. All immunohistochemical stainings were analyzed in a blinded fashion using Cell^P 
analysis software (Olympus). 

Collateral vessel size measurements
Vessel wall dimensions and lumen area of collateral vessels were assessed at baseline, day 3 
and/or day 7 after surgery from three to six randomly chosen α-SMA positive cross-sectional 
vessels per section and averaged per vessel. Maximal vasodilation was assured by flushing with 
a vasodilator (nitro-glycerine) during perfusion fixation of the hindlimbs. Measurements were 
analyzed using Cell^P analysis software (Olympus). Vessel wall area and lumen area are 
expressed in square micrometer (μm2); vessel wall thickness, outer and inner perimeter in 
micrometer (μm).

Flow cytometry
Whole blood analysis was performed using flow cytometry to analyze leukocyte composition 3 
and 7 days after surgery in wildtype and Cd200-/- mice. Heparinized whole blood was stained 
with fluorescent-labeled antibodies. The following antibodies were used: CD3-PE (T lymphocytes, 
eBiosciences), Ly6C-PacificBlue (monocytes, eBiosciences) and CD11b-PE/Cy7 (eBiosciences) 
as a marker for the activation status. Data was analyzed using Kaluza software (Beckman Coulter 
Inc.) and T lymphocyte and monocyte numbers are expressed in percentage of total leukocytes. 
Ly6Chigh and Ly6Clow monocyte numbers are expressed in percentage of total monocytes. 
CD11b expression is expressed in mean fluorescent intensity.

Statistical analysis
IBM SPSS statistics version 20 (New York, USA) was used for statistical analysis. Statistical 
differences between two groups (Cd200-/- versus wildtype or CD200R agonist versus IgG) were 
analyzed using Mann-Whitney U test. Differences with P-values <0.05 were considered significant. 
Data were expressed as mean ± Standard Error of the Mean (SEM).
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RESULTS

Collateral vessel geometry and perfusion recovery after arterial occlusion
A hallmark of arteriogenesis is the enlargement of pre-existing collaterals that bypass the 
occluded naïve artery in response to tissue ischemia1,22,23. Following unilateral hindlimb ischemia, 
collateral vessel geometry was measured in adductor tissue from wildtype and Cd200-/- mice. 
Parameters defining collateral vessel geometry were similar in both groups at baseline, but 
increased over time in wildtype and Cd200-/- mice. This increase was larger in Cd200-/- mice 
and most prominent at day 7 (p=0.067 for vessel wall thickness, p=0.020 for vessel wall area, 
p=0.010 for vessel lumen area, p=0.016 for outer perimeter and p=0.010 for inner perimeter) 
(Figure 1a). Perfusion recovery was measured using Laser-Doppler analysis. Cd200-/- mice 
show a significantly higher perfusion recovery compared to wildtype at day 3 after surgery 
(Cd200-/- versus wildtype: 39%±3.3 versus 24%±3.0; p=0.001). This difference remained 
visible throughout day 7, although not significantly different (Cd200-/- versus wildtype: 59%±3.7 
versus 53%±6.6; p=0.100) (Figure 1b).

Vessel number in adductor and peroneus tissue
During perfusion recovery, not only collateral vessel enlargement occurs, but also the numbers 
of arterioles and capillaries can increase. We assessed the number of α-SMA positive vessels in 
the adductor muscle (thigh muscle) of the operated hindlimb (total number of α-SMA positive 
vessels per section), defining arteriogenesis. This number did not increase in time and was not 
different between Cd200-/- and wildtype mice (Figure 2a). 
Although arteriogenesis in the used mouse model occurs in the non-ischemic upper hindlimb 
muscle (adductor), angiogenesis is restricted to the ischemic lower hindlimb muscle (peroneus), 
that is, distal from the occlusion. In the peroneus muscle, we assessed the number of CD31 
positive vessels, expressed per muscle fiber in the operated hindlimb. At baseline, no differences 
between wildtype and Cd200-/- were observed. After surgery, an increased number of CD31 
positive vessels per muscle fiber was observed in Cd200-/-, but not in wildtype mice, resulting in 
a marked difference as soon as day 3 (p<0.001 at day 3; p=0.020 at day 7) (Figure 2b).

Influx of inflammatory cells
Both influx of T lymphocytes and macrophages is important during vascular remodelling and 
perfusion recovery3,9. Therefore, we quantified both cell types in the perivascular space of collateral 
conduit vessels in the adductor muscle tissue at different time points after surgery. T lymphocyte 
influx in the perivascular space was larger in Cd200-/- mice compared to wildtype mice, resulting 
in a significant difference at day 3 (Cd200-/- versus wildtype: 4.3±0.8 versus 1.6±0.3, p=0.010) 
and 7 (Cd200-/- versus wildtype: 3.8±0.5 versus 1.9±0.3, p=0.012) (Figure 2c). Macrophage 
numbers also increased as soon as day 3, but did not differ between wildtype and Cd200-/- mice 
and remained at similar levels at day 7 in both groups (Figure 2d).
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Figure 1. Collateral vessel geometry and perfusion recovery after arterial occlusion in wildtype and Cd200-/- mice
Collateral vessel geometry was performed at baseline, day 3 and day 7 in wildtype (black bars) and Cd200-/- mice (white 
bars) (A). Vessel wall thickness is calculated in the average diameter of the vessel wall and expressed in micrometer (μm). 
Vessel wall area per vessel is expressed in square micrometer (μm2) and calculated as area of total vessel minus lumen area. 
Lumen area per vessel is expressed in square micrometer (μm2). Outer and inner perimeter is expressed in micrometer (μm). 
Photos are representative images of alpha-Smooth Muscle Actin (α-SMA) staining for wildtype and Cd200-/- mice at baseline 
and day 7. Scale bar indicates 100 μm. Number of animals: n=9-11 per time point for both wildtype mice (black bars) and 
Cd200-/- mice (white bars). Perfusion recovery was performed at baseline, day 3 and day 7 and was calculated as percentage 
perfusion in operated (ischemic) of the control (nonischemic) paw (B). Number of animals: n=35 at baseline, n=25 at day 3, 
n=23 at day 7 for wildtype mice (black squares) and n=35 at baseline day 3, n=26 at day 7 for Cd200-/- mice (white circles). 
Data are presented as mean ± Standard Error of the Mean (SEM); *p<0.05; **p=0.001 (Cd200-/- versus wildtype).
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Figure 2. Histology for vessel numbers and inflammatory cell influx in wildtype and Cd200-/- mice
Histology was performed at baseline, day 3 and day 7 in wildtype (black bars) and Cd200-/- mice (white bars). Total number 
of alpha-Smooth Muscle Actin (α-SMA) positive vessels per section in the adductor muscle of the operated hindlimb (n=9-11 
per time point and genotype) (A). Number of CD31 positive vessels corrected for muscle fiber number in the ischemic 
peroneus muscle of the operated hindlimb (n=9-11 per time point and genotype) (B). T lymphocyte (C) and macrophage 
number (D) was determined in the perivascular space around growing collateral vessels in the adductor muscle of the operated 
hindlimb (n=9-11 at baseline and day 3; n=23-26 at day 7, both wildtype and Cd200-/-). Photos are representative images 
of CD3 (E) and Mac-3 (F) staining. Scale bar indicates 100 μm. Data are presented as mean ± Standard Error of the Mean 
(SEM). *p=0.01 for T lymphocytes; *p=0.02, **p<0.001 for CD31 positive vessels (Cd200-/- versus wildtype).
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Leukocyte composition in blood
At day 3 and 7 after surgery, leukocyte composition of whole blood was analyzed using flow 
cytometry. At day 3, no differences could be observed in T lymphocyte percentages between 
wildtype and Cd200-/- mice. At day 7, T lymphocyte percentage in Cd200-/- remains at a similar 
level, whereas in wildtype mice this percentage drops (21%±2.1 vs 12%±2.7; p=0.02). Monocyte 
numbers drop at day 7 compared to day 3, in both wildtype and Cd200-/- mice and levels do 
not differ between the two genotypes (Figure 3a). CD11b expression, a marker for cell activation, 
in both T lymphocytes and monocytes, does not show dramatic differences in time and between 
wildtype and Cd200-/- mice (Figure 3b). In addition, no differences were observed for the 
monocyte subsets (Ly6Chigh and Ly6Clow) as expressed as percentage of total monocyte count 
(Figure 3c).

Collateral vessel geometry and perfusion recovery after CD200R stimulation
To validate the role of the CD200-CD200R axis in arteriogenesis, we investigated if triggering the 
CD200R adversely affects arteriogenesis after hindlimb ischemia in wildtype mice. Following 
unilateral hindlimb ischemia, C57Bl/6J mice were treated (day 0 and 2 via intravenous injection) 
with a specific CD200R agonist (OX110). Treatment with a rat IgG2a control antibody (anti-βGal) 
served as an isotype control. Perfusion recovery was monitored using Laser-Doppler analysis. 
Histological analysis was performed on the hindlimb muscles at day 7. Collateral vessel geometry 
at day 7 was lower after CD200R agonist treatment compared to IgG treatment (p=0.035 for 
vessel wall thickness, p=0.015 for vessel wall area, p=0.011 for vessel lumen area, p=0.007 for 
outer perimeter and p=0.003 for inner perimeter) (Figure 4a). In line with this, perfusion recovery 
was also significantly lower at day 7 after CD200R agonist treatment (CD200R agonist versus 
IgG; 56%±5.0 versus 84%±9.7, p=0.026) (Figure 4b). Number of α-SMA and CD31 positive 
vessels was unaffected at day 7 after CD200R agonist treatment compared to IgG treatment 
(Figure 5a and b). 

Influx of inflammatory cells after CD200R stimulation
Histological analysis at day 7 revealed a decrease in T lymphocyte influx after CD200R agonist 
treatment compared to IgG treatment (CD200R agonist versus IgG; 6.4±0.9 versus 3.6±0.6, 
p=0.029) (Figure 5c), without affecting local macrophage influx (Figure 5d). This is in line with the 
data obtained in the Cd200-/- mice and underlines the importance of the CD200-CD200R axis 
in the process of arteriogenesis. 
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Figure 3. Whole blood leukocyte composition after femoral artery ligation in wildtype and Cd200-/- mice
Leukocyte composition of whole blood was analyzed at day 3 and day 7 in wildtype (black bars) and Cd200-/- mice (white 
bars) using flow cytometry (n=9-11 per time point and genotype). CD3+ T lymphocytes and Ly6C+CD11b+ monocytes are 
expressed in percentage of total leukocytes after erythrocyte lysis (A). Activation status of CD3+ T lymphocytes and 
Ly6C+CD11b+ monocytes was analyzed using the CD11b expression (mean fluorescent intensity) (B). Changes in monocyte 
subsets were analyzed using expression levels of Ly6C (high or low mean fluorescent intensity) on Ly6C+CD11b+ monocytes. 
Numbers of Ly6ChighCD11b+ monocytes and Ly6ClowCD11b+ monocytes are expressed as a percentage of total 
monocytes (C). Data are expressed as mean ± Standard Error of the Mean (SEM); * p=0.02 (wildtype vs Cd200-/-).            
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Figure 4. Collateral vessel geometry and perfusion recovery after arterial occlusion followed by CD200R agonist 
treatment in wildtype mice
Collateral vessel geometry was performed after PBS (black bars) IgG (white bars) and CD200R agonist (grey bars) treatment 
(n=10 per treatment) (A). Vessel wall thickness is calculated in the average diameter of the vessel wall and expressed in 
micrometer (μm). Vessel wall area per vessel is expressed in square micrometer (μm2) and calculated as area of total vessel 
minus lumen area. Lumen area per vessel is expressed in square micrometer (μm2). Outer and inner perimeter is expressed 
in micrometer (μm). Photos are representative images of alpha-Smooth Muscle Actin (α-SMA) staining for PBS, IgG and 
CD200R agonist treatment at day 7. Scale bar indicates 100 μm. Number of animals: n=10 for PBS (black bar), IgG (white 
bar) and CD200R agonist (grey bar). Perfusion recovery was performed at baseline, day 3 and day 7 and was calculated as 
percentage perfusion in operated (ischemic) of the control (nonischemic) paw (B). Number of animals: n=10 for PBS (black 
square), IgG (black triangle) and CD200R agonist (white circle) at all time points. Data are presented as mean ± Standard 
Error of the Mean (SEM); * p<0.05 (CD200R agonist versus IgG).
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Figure 5. Histology for vessel numbers and inflammatory cell influx after CD200R agonist treatment in wildtype mice
Histology was performed after PBS (black bars), IgG (white bars) or CD200R agonist (grey bars) treatment (n=10 per treatment) 
at day 7. Total number of alpha-Smooth Muscle Actin (α-SMA) positive vessels per section in the adductor muscle of the 
operated hindlimb (A). Number of CD31 positive vessels corrected for muscle fiber number in the ischemic calf muscle of 
the operated hindlimb (B). T lymphocyte (C) and macrophage number (D) was determined in the perivascular space around 
growing collateral vessels in the adductor muscle of the operated hindlimb. Photos are representative images of CD3 (E) and 
Mac-3 (F) staining. Scale bar indicates 100 μm. Data are presented as mean ± Standard Error of the Mean (SEM). *p=0.03 
(CD200R agonist versus IgG).
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DISCUSSION

The process of collateral artery formation (arteriogenesis) after local arterial occlusion is known as 
a tightly regulated inflammatory process, in which local influx of inflammatory cells is a necessity. 
The CD200-CD200R axis has been identified as an inhibitory axis to restrain inflammatory 
responses and its exacerbation after infection. Its involvement in arteriogenesis has yet to be 
elucidated. 
To investigate the role of CD200-CD200R axis in arteriogenesis, Cd200-/- mice subjected to 
unilateral femoral artery ligation, followed by analysis of collateral vessel geometry, a hallmark of 
arteriogenesis1,22,23. We observed greater vessel enlargement accompanied by an increased 
perfusion recovery, compared to wildtype mice. These results were validated by CD200R agonist 
treatment, resulting in opposing effects regarding vessel geometry and perfusion recovery. Taken 
together, these findings prove causality between CD200-CD200R axis and arteriogenesis. 
Unchallenged Cd200-/- mice are healthy. However, challenging these mice, for instance by viral 
and bacterial infections, induced tumor formation and induced autoimmunity, leads to overt 
phenotypes20,21,24. CD200-CD200R axis also affects Toll-like receptor 2 and 4 responses, and 
thereby facilitates protection against excessive inflammatory responses25,26. In the past, we have 
shown that Toll-like receptor 2 and 4 play a crucial role in arteriogenesis27.
Female wildtype mice have a decreased perfusion recovery compared to male wildtype mice with 
the similar genetic background28. Therefore, the window of improvement of perfusion recovery is 
larger in female mice, while a decreasing perfusion recovery is easier to observe in male mice, 
explaining our choice for female and male mice in our different experimental settings.
The CD200-CD200R axis has specifically been suggested to attenuate inflammation and tissue 
damage during tissue ischemia29. Furthermore, mice deficient for CD200R show an enhanced 
pro-angiogenic and pro-inflammatory response in laser-induced choroidal neovascularization, 
which was reduced after CD200R agonist treatment. Specifically, changes in alternatively activated 
M2 macrophages involved in promoting angiogenesis, were observed30. In our study, we 
investigated inflammatory cell influx in the perivascular space as a response to tissue ischemia 
and observed a marked difference in T lymphocyte influx between Cd200-/- and wildtype mice. 
As expected, wildtype mice showed a temporal increase over 3 and 7 days after ischemia, 
whereas in Cd200-/- the T lymphocyte influx already reached its peak as early as day 3. This 
suggests a crucial role for CD200-CD200R axis in recruiting T lymphocytes during perfusion 
recovery early after the onset of tissue ischemia. In line with this, CD200R agonist treatment 
resulted in a marked decrease in T lymphocyte influx compared to control IgG treatment. Indeed, 
we found significant differences in capillary density (CD31+ vessels) in the calf. However, this 
difference was not due to increased numbers in Cd200-/- mice, but merely to a reduction in vessel 
density in the wildtype mice. In addition, after CD200R agonist treatment, no differences were 
observed in CD31+vessels compared to IgG treatment, suggesting a limited effect of changes 
on CD31+ vessel numbers on perfusion recovery.  
Although CD200R is mainly advertised as a regulator of myeloid cell function, multiple studies 
report a prominent effect on T lymphocytes. The pathogenic outcome of influenza virus infection 
in Cd200-/- mice is dependent on the presence of both CD4+ and CD8+ T lymphocytes20. 
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Furthermore, decreased tumor growth in Cd200-/- mice was associated with a shift in the regulatory 
T lymphocyte/T effector cell balance. Although, we did not measure cytokine production in  
Cd200-/- mice, we previously showed that Cd200-/- mice showed an increased production of 
Th2/Th17 specific cytokines, such as IL-6, IL-10 and IL-1721, which can also occur in our model. 
This mechanism might also explain the small effect on perfusion recovery, since both T lymphocyte 
subsets are mostly involved in the angiogenic response, which only shows a small contribution 
to perfusion recovery31.
In addition, attraction of regulatory T lymphocytes and attenuation of T effector cell activation 
towards CD200 expressing skin grafts is associated with prolonged graft survival32.  
Whether the effect of CD200 on T lymphocytes is direct or indirect is not clear. In our study, local 
macrophage influx was not changed in Cd200-/- mice. However, by changing the quality of the 
myeloid compartment, T lymphocytes could indirectly be influenced by lack of CD200. Indeed, 
macrophages expressing CD200R were shown to inhibit T lymphocyte function by changing their 
cytokine production from a pro-inflammatory to an anti-inflammatory profile33. We analyzed the 
circulating leukocyte populations after hindlimb ischemia in both wildtype and Cd200-/- mice. 
These data show no difference in T lymphocyte numbers at day 3 between wildtype and  
Cd200-/-, but does show a decrease of circulating T lymphocytes in wildtype mice, suggesting 
to leave the circulation and entering the perivascular space around growing collaterals.  
In Cd200-/-, the T lymphocyte numbers are high at a constant level, even after entering the tissue, 
suggesting a saturation of tissue T lymphocytes. These constant high levels confirm the importance 
of T lymphocyte in the CD200-CD200R axis. Circulating monocyte subsets hardly changed in 
time and was not different between the genotypes. The role of CD200-CD200R axis in 
arteriogenesis could not be explained by differences in circulating monocyte subsets or monocyte 
tissue influx, since no differences were observed between wildtype and Cd200-/- mice. 
CD200 is not only expressed by circulating inflammatory cells, but is also locally expressed by 
vascular cells, such as the endothelium and vascular smooth muscle cells13–16. Arteriogenesis is 
a local process in which increased shear stress activates the endothelium and local interaction 
of circulating inflammatory cells and vascular cells plays a crucial role34. Therefore, the interaction 
of CD200-expressing vascular cells with CD200R-expressing inflammatory cells can be of great 
importance in the regulation of arteriogenesis. 
In conclusion, the CD200-CD200R inhibitory axis plays an important role in the process of 
arteriogenesis after unilateral femoral artery ligation in mice. The CD200-CD200R axis affects 
collateral vessel geometry during arteriogenesis. In addition, circulating T lymphocyte numbers 
and local T lymphocyte recruitment to the collateral vasculature were affected.
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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 hindlimb ischemia show decreased 
perfusion recovery accompanied by an impaired infiltration of inflammatory cells. TLR antagonists 
are currently developed and tested with the objective to inhibit acute exacerbation of organ 
damaging immune responses. However, systemic inhibition of innate immune responses may 
negatively influence arteriogenesis. In this study, we evaluated if TLR4 inhibition by a potent TLR4 
inhibitor (TAK-242) would negatively influence perfusion recovery in a mouse model for 
arteriogenesis. Whole blood 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-α) release was measured 
using ELISA. Next, the effect of TAK-242 was tested in a mouse model for arteriogenesis on 
perfusion recovery. TLR4 responses measured by TNF-α 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, TAK-242 does not negatively influence perfusion recovery following hindlimb 
ischemia despite its TLR4 inhibiting properties. 
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INTRODUCTION

Arterial occlusive diseases are a common cause of death. Patients suffering from peripheral artery 
disease (PAD) suffer from poor tissue perfusion due to local arterial occlusion in larger arteries, 
often caused by atherosclerosis. Adaptive collateral artery growth (arteriogenesis) is characterized 
by enlargement of pre-existing vascular anastomoses as a result of local arterial occlusion and 
subsequent increase in shear stress. However, arteriogenesis is often inadequate to prevent 
tissue ischemia in patients suffering from PAD.
Arteriogenesis is characterized as an inflammatory process, in which activation and local tissue 
infiltration of monocytes and T lymphocytes play an important role. Toll-like 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 on several other vascular cell types, like 
endothelial cells and fibroblasts. The innate immune system is the first line of defense against 
exogenous pathogens, but also regulates the inflammatory responses in acute and chronic 
cardiovascular diseases in response to pathogen associated molecular patterns (PAMPS)2. Next 
to arteriogenesis, TLRs are involved in atherosclerosis3 and myocardial ischemia/reperfusion (I/R) 
injury4,5.
Previously, we have shown that mice lacking TLR4 suffered from impaired perfusion recovery and 
less infiltration of monocytes in the local ischemic tissue. Furthermore, specifically the TLR4 
expression on the bone marrow-derived cells and not the resident vascular cells explained the 
differences in arteriogenic responses after ischemia1. Although this knockout model revealed that 
inborn deficiency of TLR4 is related to impaired perfusion recovery, it remains unclear whether in 
vivo administration of TLR4 antagonists in mice with normal TLR4 expression is able to negatively 
influence perfusion recovery after hindlimb ischemia. TLR4 antagonists effectively inhibit TLR4 
signaling, resulting in down toning of the immune response. Moreover, they have shown to work 
beneficial for inflammatory diseases. This includes treatment of elevated blood pressure in mice6, 
injury following myocardial infarction in mice7,8, prevention of experimental endotoxemia in guinea 
pigs9, attenuation of inflammation after lung injury in mice10 and finally, reducing early stage 
atherosclerosis in diabetic ApoE-/- mice11. One potent TLR4 inhibitor, ethyl (6R)-6-[N-(2-chloro-4-
fluorophenyl)sulfamoyl] cyclohex-1-ene-1-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)-α) and nitric oxide (NO) production by murine and human monocytes and macrophages12–14. 
Sepsis and endotoxin mouse models have shown that TAK-242 treatment attenuated the TLR4 
response, which resulted in lowering of cytokine production. Furthermore, survival rates drastically 
increased after TAK-242 treatment following lipopolysaccharide (LPS) challenge15,16. Based on 
the immune suppressive effects defined above, treatment with TAK-242 could result in unwanted 
side effects, such as impaired tissue perfusion during organ ischemia. 
In this study, we evaluated the effect of in vivo treatment with TAK-242 on perfusion recovery 
following tissue ischemia and thus examined if the compound would mimic TLR4 deficiency in a 
mouse model for arteriogenesis.
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METHODS

Ethics statement
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
TAK-242 (ethyl (6R)-6-[N-(2-chloro-4-fluorophenyl)sulfamoyl] cyclohex-1-ene-1-carboxylate) was 
synthesized and emulsified at Takeda Pharmaceutical Co. Ltd (Osaka, Japan). Lipopolysaccharide 
(LPS) (Escherichia coli 055:B5) was purchased form Sigma Aldrich (St Louis, MO, USA) and 
diluted in sterile phosphate buffered saline (PBS).

Whole blood stimulations
Whole blood from healthy volunteers and C57Bl/6J mice was collected in heparinized tubes. 
Blood was incubated with TAK-242 (0.3 mg/ml) for 30 minutes, followed by incubation with 
different LPS concentrations (0-500 ng/ml) at 37 °C. Dosage of TAK-242 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 96-wells plate for 30 minutes at 37 °C 
followed by FACS analysis. For TNF-α expression measurements, human whole blood was 
incubated with LPS for 2 hours at 37 °C and mouse whole blood was incubated overnight (20 
hours) at 37 °C. Whole blood was centrifuged at 300x g, for 5 minutes and plasma was stored 
for TNF-α measurements.       

Fluorescence-activated cell sorting (FACS)
LPS stimulation on whole blood was followed by staining with FACS antibodies. The following 
antibodies were used: CD14 RPE‐Cy5 (monocytes, Serotec), CD66b PE (neutrophils, 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, eBioscience), Ly-6G PE 
(neutrophils, eBioscience), CD11b FITC (Bioconnect) and CD62L PE-Cy7 (Abcam).

ELISA
TNF-α levels in plasma from stimulated whole blood was quantified using sandwich ELISA kits 
according to manufacturer’s instructions (BendermedSystems for human TNF-α; R&D Systems 
for mouse TNF-α). 

Animals, in vivo testing and operation procedures
All procedures were performed on male C57Bl/6J mice and started when the animals 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 
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adductor muscle. Twenty four hours after i.m. injection whole blood was collected for LPS 
stimulation via tail vein cuts. Blood samples were incubated with different concentrations of LPS 
(0 ng/ml; 125 ng/ml; 250 ng/ml) for 20 hours at 37°C. Whole blood was centrifuged and 
supernatant was taken off for TNF-α measurements.
For in vivo testing of TAK-242 effects during perfusion recovery, mice received TAK-242 dissolved 
in PEG-400 (5mg/ml) infused in Alzet osmotic micro-pumps (DURECT corp., model 1007D; 
delivery rate 0.5 ul/h, 7 days) and primed overnight at 37 °C 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, followed 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. 
Perfusion 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-α 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 previously18. 

Statistical analysis
SPSS version 20.0 (Chicago, IL, USA) was used for statistical analyses. Comparisons between 
means were analyzed with an independent T test. Differences between means with p-values 
<0.05 were regarded as statistically significant. Data are expressed as mean±SEM.
 
 
RESULTS

Ex vivo TAK-242 effects on TLR4 induced cell activation
Heparinized human whole blood from a healthy volunteer and whole blood from a C57Bl/6J 
mouse was stimulated with different LPS concentrations with or without preincubation 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 
preincubation inhibited this LPS-induced activation. TLR4 inhibition by TAK-242 appeared more 
effective following administration of the lower LPS 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 affected CD11b and L-selectin expression at higher LPS concentrations 
as well (Figure 1b). In mice, hardly any inhibitory effect was observed of TLR4 activation by TAK-
242 on cell-based activation markers (Figure 2a and 2b). 
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Levels of TNF-α 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-α 
production could be observed after LPS stimulation. Preincubation of TAK-242 resulted in dramatic 
decrease of TNF-α production in human (100% decrease, figure 3a) as well as mouse whole 
blood (88-91% decrease, figure 3b). For human blood, TNF-α levels after TAK-242 incubation 
and subsequent LPS stimulation were below the detection limit. 

Figure 1. CD11b and L-selectin expression on human monocytes (A) and neutrophils (B) after Toll-like receptor (TLR) 
4 inhibition 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. 
Dotted line represents mean fluorescence intensity of unstimulated sample (PBS) and is used as a reference.
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Figure 2. CD11b and L-selectin expression by murine monocytes (A) and granulocytes (B) after Toll-like receptor 
(TLR) 4 inhibition by TAK-242
Whole blood was collected from a wildtype (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. Dotted line represents mean fluorescence intensity of unstimulated sample (PBS) and is used as a reference.
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In vivo TAK-242 effects on perfusion recovery after slow and systemic release
After confirming the TLR4 inhibitory effects of TAK-242 in vitro, we assessed the effect 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 significant differences in perfusion recovery 
were observed at all measured time points between TAK-242 treatment and control. All mice 
showed full recovery after 7 days (Figure 4a). To test the inhibitory effects of TAK-242 on TLR4 
stimulation after micro-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-α levels compared to LPS stimulation only (control mice). However, no statistical 
significant differences could be observed (LPS 1 ng/ml, p=0.81; LPS 10 ng/ml, p=0.92; LPS 
100 ng/ml, p=0.11).  At day 7, TAK-242 administration inhibited TNF-α levels after LPS stimulation, 
whereas control mice maintained TNF-α levels compared to day 3 (LPS 100 ng/ml; p=0.03) 
(Figure 4b).  

Figure 3. Tumor Necrosis Factor (TNF)-α 
expression in human (A) and mouse (B) 
whole blood after TLR4 inhibition by TAK-242
Whole blood was collected from healthy donors 
(n=3) and wildtype (C57Bl/6J) mice (n=4). 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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Intramuscular administration of TAK-242 in vivo
Since continuous and slow release of TAK-242 via micro-pumps did not inhibit perfusion recovery 
after hindlimb ischemia. To test whether the route of application was responsible 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 injection and was stimulated for 20 hours with 
three different concentrations of LPS (0 ng/ml, 125 ng/ml, 500 ng/ml). After i.m. administration, 
TAK-242 treatment resulted in a 60% to 65% decrease in TNF-α production compared to control 
(PBS) treatment 24 hours after administration. These differences were not statistically significant 
(control vs TAK-242; LPS 125 ng/ml, p=0.11; LPS 500 ng/ml, p=0.15) (Figure 5).

In vivo TAK-242 effects on perfusion recovery after intramuscular injection
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 was measured over 7 days after 
operation. No effect of TAK-242 administration could be observed on perfusion recovery, since 
both groups recovered equally over 4 and 7 days after ligation (Figure 6).   

Figure 4. Perfusion recovery in control and 
TAK-242 treated mice with micro-pumps (A) 
and TNF-α levels after LPS stimulation at day 
3 and 7 after surgery (B). 
Prior to 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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Figure 5. I.m. injection of PBS and TAK-242 in mice and TNF-α 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-α 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 i.m. injection
After surgery, mice received PBS (control) or TAK-242 via i.m. injection in the right adductor muscle. Perfusion recovery 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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DISCUSSION

In arteriogenesis, immune responses and subsequent local influx of inflammatory cells around 
developing collateral arteries are crucial for restoring poor tissue perfusion. TLR4 has been 
identified as a target candidate for stimulating in vivo arteriogenesis1,19. Different compounds have 
been tested to block TLR activation to analyze the effects on inflammatory diseases. For example, 
treatment with a specific humanized TLR2 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 earlier with different approaches for administration. 
In this study, we investigated whether in vivo administration of a TLR4 antagonizing compound 
would negatively influence perfusion recovery after hindlimb ischemia in mice. We hypothesized 
that systemic in vivo administration of TAK-242 could inhibit perfusion recovery after hindlimb 
ischemia, which could be considered as a negative side effect of TLR4 inhibition. 
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. However, this effect could 
not be observed in murine blood cells as was analyzed by FACS. In contrast, in both human and 
murine whole blood, inhibition of LPS induced TNF-α production was observed. 
Previously, it has been demonstrated that TNF-α can exert an accelerating role by positively 
modulating arteriogenesis in mice and rabbits18,21,22. Therefore, measuring TNF-α levels after LPS 
stimulation is not just reflecting TLR4 activation, but it also reveals increased expression of an 
inflammatory parameter that can stimulate arteriogenesis. 
However, one should keep in mind that effects of TAK-242 on human and murine cells are difficult 
to compare, since TAK-242 metabolites are known to have differences in pharmacokinetics in 
various species23. 
TAK-242 has been described extensively as a specific inhibitor of TLR4 signaling in vitro using 
murine peritoneal macrophages for cytokine read-out after LPS stimulation24. Zhou et al. also 
showed that TAK-242 inhibits all downstream effects of TLR4 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-α production. Also, 
Takashima et al.14 described the inhibitory effects of TAK-242 on TLR4 activation in a human 
monocytic cell line, but it was not described if TAK-242 was incubated prior to or simultaneously 
with LPS stimulation. Our results may seem contradictory, however, long-term effects of TAK-242 
on TLR4 stimulation is reflected by TNF-α 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 by systemic delivery via osmotic micro-pumps. At day 3, 
we did not observe an effect of TAK-242 treatment regarding TNF-α responses. Moreover, TAK-
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242 treatment even led to a higher response in compared to PBS treatment as a result of the 
placement of osmotic micro-pumps. Therefore, the effect of TAK-242 treatment on TLR4 
stimulation was overruled by the subcutaneous pump placement observed on day 3, since control 
mice did not receive a pump. However, at a later time point (day 7), the TNF-α response in control 
mice was still high, whereas TAK-242 treatment was able to induce TLR4 inhibition, measured 
as lower TNF-α levels. Although TLR4 inhibition was eventually achieved by TAK-242, this delayed 
effect can explain why perfusion recovery was not inhibited compared to the control group. 
Previously, TNF-α levels have been used as a measure of TLR responsiveness, but we did not 
study the association between in vivo TNF-α levels and arteriogenesis in this study. Therefore, 
our results do not contradict the current view that TNF-α release induces arteriogenesis.
Since the subcutaneous delivery of TAK-242 did not affect perfusion recovery, we 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-α 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 inhibit perfusion recovery. However, we could not observe any 
effects on perfusion recovery after TAK-242 treatment.
It still remains unclear why pharmaceutical inhibition of TLR4 by TAK-242 did not have an effect 
on perfusion recovery, whilst knockout of TLR4 in mice did. One major difference between the 
two set-ups is the complete lack of TLR4 on all cells in the TLR4-/- mice. Wildtype and TLR4-/- mice 
are not only different in their genotype. Also responsive phenotypical changes occur as a result 
of TLR4 deletion, due to adaption of, for instance, immunological components (i.e. differences in 
baseline characteristics), which might explain the differences in immunological responses. 
Therefore, comparing acute pharmaceutical intervention in wild type mice to TLR4-/- mice remains 
difficult.
  
Limitations
In this study, we did not investigate the dose-dependency of TAK-242 in our model for 
arteriogenesis. This would be useful to assess the optimal effect of TAK-242 on perfusion recovery 
after hindlimb ischemia. Furthermore, the extrapolation of animal models to a human setting merits 
careful consideration, since there appears to be a wide range of species-dependent variation in 
the effect of TAK-242. Therefore, the results from this mouse study need to be carefully interpreted, 
before any conclusions can be drawn regarding the effects of TAK-242 in a clinical setting.

Conclusion
TAK-242 has inhibitory effects on TNF-α production after TLR4 stimulation both in vitro as well as 
in vivo in mice. However, this inhibition may only exert a short-term effect. Although TLR4 inhibition 
as recently been proven to inhibit atherosclerotic lesion development in mice11, we observed that 
TAK-242 treatment had no negative side effects on long-term perfusion recovery after hindlimb 
ischemia in mice.          
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ABSTRACT

Background 
We have previously shown that human mesenchymal stem cell-derived exosomes are 
cardioprotective by activation of cell survival, inhibition of apoptotic signaling and inhibition of the 
inflammatory response after myocardial ischemia reperfusion injury. During hindlimb ischemia, 
this response is crucial for collateral artery growth (arteriogenesis) and results in enhanced 
perfusion recovery. We hypothesized that since mesenchymal stem cell-derived exosomes inhibit 
the inflammatory response, exosome treatment during hindlimb ischemia would attenuate the 
inflammatory response and abrogate perfusion recovery in a murine hindlimb ischemia model.

Methods and results 
Mice (C57Bl/6J) underwent unilateral femoral artery ligation followed by repeated systemic 
(intravenous) injection of exosomes. Perfusion recovery was monitored using Laser-Doppler 
analysis at baseline, day 4 and 7 after surgery. Histology was performed on the operated hindlimb 
for assessment of local inflammatory cell influx. To ensure local delivery of exosomes, mice 
underwent surgery, followed by repeated intramuscular injection of exosomes in the operated 
hindlimb. Local exosome treatment resulted in a significant decrease in perfusion recovery at 4 
and 7 days after surgery compared to placebo (60%±5.0 versus 86%±8.5; p=0.01 at day 7). 
Local exosome treatment also resulted in reduced local macrophage and T lymphocyte influx at 
day 7 (macrophages: 3.3±0.4 versus 4.8±0.5; p=0.02; T lymphocytes: 2.3±0.3 versus 4.5±0.8; 
p=0.01). Lastly, local exosome treatment resulted in decreased collateral vessel geometry 
compared to placebo (vessel lumen area: 442μm2±256 vs 883μm2±435, p=0.02). After systemic 
exosome injection, perfusion recovery and the local inflammatory response at day 7 was not 
significantly lower compared to placebo.   

Conclusion 
Local injection of human MSC-derived exosomes reduces perfusion recovery after hindlimb 
ischemia, probably by inhibition of the local inflammatory cell influx.
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INTRODUCTION

The therapeutic potential of human mesenchymal stem cells (MSC) has been investigated for 
years in cardiovascular diseases, for example in treating patients with acute myocardial infarction1 
and patients suffering from critical limb ischemia2. The beneficial effects of MSC treatment can 
partly be explained by paracrine functions. This ‘paracrine hypothesis’ has gained increasing 
interest in the research field of MSC therapy3. Pre-clinical and clinical studies focusing on peripheral 
artery disease, demonstrated MSCs to be beneficial in treatment of limb ischemia2,4. Previously, 
we demonstrated that infusion of MSC conditioned medium (MSC-CM) improved cardiac function 
and reduced infarct size5 and improved cardiac function6 in a porcine myocardial infarction model. 
Further investigation revealed a crucial role for a specific fraction of the MSC-CM responsible for 
these beneficial effects, later identified as exosomes. Exosomes are bi-lipid membrane vesicles 
of 50-100 ηm in diameter size and are secreted by numerous cell types after fusion of multivesicular 
bodies with the cell membrane. The content of exosomes carries a wide variety of proteins and 
RNAs and can function in cell-cell communication and among others in cellular interactions during 
immune biology and cancer7. In a mouse model for myocardial ischemia reperfusion (I/R) injury, 
human MSC-derived exosomes have cardioprotective properties by reducing infarct size8. 
Intravenous injection of exosomes after reperfusion results in less I/R injury by energy restoration 
of the cardiomyocytes, activation of pro-survival signaling pathways and inhibition pro-apoptotic 
signaling. In addition, the inflammatory response is significantly reduced9. Although the therapeutic 
effects of MSCs from different origins have been investigated in hindlimb ischemia in the past10–12, 
the therapeutic potential of human MSC-derived exosomes has still to be elucidated. During the 
process of hindlimb ischemia, enlargement of pre-existing collateral vessels occurs to circumvent 
the local arterial occlusion and prevent tissue ischemia. This process is essentially an inflammatory 
process, in which inflammatory cells extravasate from the circulation into the perivascular space 
of collateral vessels13 to modulate collateral growth. Exosomes have been described as 
immunomodulatory mediators in different disease settings by suppressing the activity of immune 
cells14. In this study, we hypothesized that exosome treatment would attenuate inflammation in a 
mouse model for hindlimb ischemia, resulting in reduced perfusion recovery. We subjected 
wildtype mice to hindlimb ischemia and injected exosomes locally after surgery and monitored 
perfusion recovery, local inflammatory responses and changes in tissue vascularization.                       
 

MATERIALS AND METHODS

Preparation of exosomes
Exosomes were purified from conditioned medium (CM) from mesenchymal stem cells (MSCs) 
derived from human embryonic stem cells (huES9.E1) by HPLC as previously described8. In brief, 
CM collected from cultured MSCs was concentrated 50x by tangential flow filtration (TFF) using 
a membrane with a 100 kDa MWCO (Sartorius, Goettingen, Germany). CM was fractionated by 
high performance liquid chromatography (HPLC) (TSK Guard column SWXL, 6×40 mm and TSK 
gel G4000 SWXL, 7.8×300 mm, Tosoh Corp., Tokyo, Japan). Exosomes were collected from 
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the first peak of the elution and concentrated using the 100 kDa MWCO filter. Exosomes were 
filtered with a 0.22 μm filter, aliquoted and stored at -80 ºC until further use15. In this study, two 
different batches were used. For the intramuscular injection, batch AC25 was used. For i.v. 
injection an older batch was used, AC19, also used earlier in a murine myocardial I/R model by 
Arslan et al.9.

Animal procedures
The present study was approved by the Utrecht University animal experimental committee 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). 
Male C57Bl/6J (wildtype) were ordered from Charles River (age 10-12 weeks) and underwent 
unilateral permanent femoral artery ligation as described earlier16, followed by a three times 
intramuscular injection in the right adductor muscle with purified exosomes (batch AC25) at a 
dose of 0.4 μg protein per injection or NaCl (0.9%) immediately after surgery (day 0), day 2 and 
day 4. Intravenous injection of exosomes (batch AC19) was performed in the same dose 
immediately after surgery, and at day 1, 2 and 3. Prior to surgery, all mice were anaesthetized 
with dormicum (2 mg/kg) and medetomidine (0.15 mg/kg) and analgesized with fentanyl (0.02 
mg/kg) through a single intraperitoneal injection. After surgery, the anaesthetics were antagonized 
by a single subcutaneous injection of flumazenil (0.8 mg/kg) and atipamezole (4.0 mg/kg). After 
operation the mice received two injections of buprenorphine (0.15 mg/kg) via subcutaneous 
injection. Paw perfusion was assessed using Laser-Doppler Perfusion Imaging (LDPI) (Moor 
Instruments, Ltd, Devon, UK) before and after surgery. In addition, paw perfusion was assessed 
at day 4 and 7, without the use of fentanyl to avoid potential changes in vasotonus. Perfusion 
recovery in the ischemic limb is expressed as a percentage of the contralateral non-ischemic 
limb perfusion. Muscle tissue was isolated for immunohistochemistry. Mice were terminated at 
day 7.    

Immunohistochemistry
Immunohistochemistry was performed on the adductor and peroneus muscle at day 7 after 
surgery. Muscles were embedded in paraffin and 4μm thick sections were cut. Prior to staining, 
all sections were boiled in Sodium Citrate Tribasic Hydrate (10mM, pH6.0) as antigen retrieval 
solution. Tissue macrophages were identified by staining for Mac-3 (BD Pharmingen, 550292), 
followed by biotin labeled goat α-rat (Southern Biotech, 3050-08) and streptavidin-HRPO 
(Southern Biotech, 7100-05). Tissue T lymphocytes were identified by staining for CD3 (DAKO, 
A0452), followed by Powervision α-rabbit-HRPO (ImmunoVision Technologies, DPVM-110HRP). 
All sections were developed using 3-Amino-9-ethylcarbazole (AEC) and counterstained using 
hematoxylin. To assess alpha-Smooth Muscle Actin (α-SMA) positive vessels in adductor tissue, 
the sections were incubated with a FITC-labeled α-SMA antibody (Sigma Aldrich, F3777). Nuclei 
were counterstained with Hoechst. In the peroneus tissue, vessels were identified by incubation 
with CD31 (Santa Cruz Biotechnologies, sc-1506), followed by a biotin labeled goat α-rabbit 
antibody (Vector, BA-1000) and streptavidin-Alexa 555 (Invitrogen, S-21381). Total number α-SMA 
positive vessels per section were counted and CD31 positive vessels were counted per frame 
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and corrected for muscle fiber number (CD31 positive vessels per muscle fiber). T lymphocyte 
and macrophage numbers were counted in the perivascular space of three to six randomly chosen 
collateral vessels per section and calculated as average per vessel. All immunohistochemical 
stainings were analyzed in a blinded fashion using Cell^P analysis software (Olympus). 

Statistical analysis
IBM SPSS statistics version 20 (New York, USA) was used for statistical analysis. Statistical 
differences between two groups were analyzed using a Mann-Whitney U test. Differences with 
P-values <0.05 were considered significant. Data were expressed as mean ± Standard Error of 
the Mean (SEM).

RESULTS

Local exosome treatment reduces perfusion recovery and inflammatory cell influx
Arteriogenesis is a local process, characterized by a local inflammatory response. Since 
exosome treatment is described to reduce the inflammatory tissue response9, we hypothesized 
that exosome treatment can reduce perfusion recovery in a murine hindlimb ischemia model. 
After surgery, exosomes were injected intramuscularly at day 0, 2 and 4 and perfusion recovery 
was monitored over time. Local treatment with purified exosomes resulted in a significant 
reduction of perfusion recovery 7 days after surgery (exosomes vs placebo: 42%±7.0 vs 
53%±4.4 at day 4, p=0.20; 60%±5.0 versus 86%±8.5 at day 7; p=0.01) (Figure 1). This was 
also accompanied by a significant decrease in inflammatory cell influx after exosome treatment 
(exosomes vs placebo; 3.3±0.4 vs 4.8±0.5; p=0.02 for macrophages; 2.3±0.3 vs 4.5±0.8; 
p=0.01, for T lymphocytes) (Figure 2).

Figure 1. Local exosome treatment 
and perfusion recovery
Perfusion recovery was monitored after 
local exosome treatment via 
intramuscular injection after femoral artery 
ligation. Perfusion recovery was 
determined before (pre) and after (post) 
surgery, at day 4 and day 7 in placebo 
(black circles, n=8) and exosome treated 
mice (white squares, n=10). Perfusion 
was calculated as percentage perfusion 
in operated (ischemic) of the control 
(non-ischemic) paw. Data are presented 
as mean ± SEM. *p=0.01  (exosomes 
versus placebo).
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Local exosome treatment induces angiogenesis
We assessed collateral vessel numbers (total number of α-SMA positive vessels per section) in 
the non-ischemic adductor muscle of the operated hindlimb seven days after surgery. Number 
of α-SMA positive vessels after exosome treatment was not different from placebo (Figure 3). 
Human MSC-derived exosomes have been described to stimulate angiogenesis in vitro17. We 
assessed the angiogenic response in vivo in the ischemic peroneus muscle of the operated 
hindlimb seven days after surgery. The number of CD31 positive vessels per muscle fiber was 
significantly higher after exosome treatment compared to placebo (exosomes vs placebo; 1.5±0.1 
vs 1.2±0.1; p=0.04) (Figure 3).

Figure 2. Local exosome treatment and local inflammatory response
Histology was performed at day 7 after surgery in placebo (black bars, n=8) and exosome treated mice (white bars, n=10). 
Macrophage and T lymphocyte number was determined in the perivascular space around growing collateral vessels in the 
adductor muscle of the operated hindlimb. Data are presented as mean ± SEM. *p=0.01 for T lymphocytes; *p=0.02, for 
macrophages (exosomes versus placebo).

Figure 3. Vessel numbers after local exosome treatment
Histological studies were performed at day 7 after surgery in placebo (black bars, n=8) and local exosome treated mice 
(white bars, n=10). Total number of α-SMA positive vessels per section in the adductor muscle of the operated hindlimb. 
Number of CD31 positive vessels corrected for muscle fiber number in the ischemic peroneus muscle of the operated 
hindlimb. Data are presented as mean ± SEM. *p=0.04 for CD31 positive vessels (exosomes versus placebo).

2014195 proefschrift Pleunie van den Borne.indd   98 21-05-14   09:21



99

Exosomes in Perfusion Recovery

Local exosome treatment results in smaller collateral vessels
The process of arteriogenesis is defined as the enlargement of pre-existing collaterals into larger 
functional vessels able to circumvent local arterial occlusion18. To validate the effect of exosomes 
on arteriogenesis, we assessed the collateral vessel geometry seven days after surgery. In line 
with the anti-inflammatory activities of exosomes and the reduced perfusion recovery, exosome 
treatment led to significantly smaller collateral vessels (exosomes vs placebo: vessel wall thickness: 
4.5μm±0.3 vs 5.5μm±0.3, p=0.06; vessel wall area: 403μm2±53 vs 638μm2±76, p=0.03; vessel 
lumen area: 442μm2±81 vs 883μm2±165, p=0.03; outer perimeter: 104μm±8 vs 139μm±11, 
p=0.03; inner perimeter: 76μm±7 vs 107μm±10, p=0.03) (Figure 4).  

Systemic exosome treatment does not affect perfusion recovery and inflammatory cell influx
Since systemic exosome treatment is described to reduce the inflammatory tissue response in 
a myocardial I/R injury model9, we also tested systemic injection of similar exosomes could also 
reduce perfusion recovery in a murine hindlimb ischemia model. After surgery, mice received 
exosome treatment intravenously. Perfusion recovery was monitored after surgery. Exosome 
treatment showed a trend towards a reduced perfusion recovery at day 4 and 7 compared to 
placebo (exosomes vs placebo: 53%±7.8 vs 77%±9.0 at day 4, p=0.06; 76%±7.7 vs 86%±7.8 
at day 7; p=0.67) (Figure 5). Furthermore, local macrophage and T lymphocyte influx in the 
perivascular space of maturing collateral arteries was not changed after intravenous exosome 
treatment compared to placebo (exosomes vs placebo; 2.7±0.6 vs 2.4±0.5; p=0.74 for 
macrophages; 1.5±0.6 vs 1.9±0.6; p=0.56, for T lymphocytes) (Figure 6).    
 

DISCUSSION

In the past years, an emerging interest has developed in the therapeutic effects of MSC-derived 
exosomes in cardiovascular disease. This ‘off the shelf’ therapy has proven to work beneficial for 
reducing myocardial I/R injury8,9, in particular by inducing an angiogenic response and reducing 
the unwanted inflammatory response. However, in arteriogenesis, which is characterised as an 
inflammatory process, the anti-inflammatory effect of exosome treatment may attenuate perfusion 
recovery, resulting in tissue ischemia by its anti-inflammatory properties. In this study, we 
hypothesized that human MSC-derived exosome treatment attenuates perfusion recovery via 
inhibition of the inflammatory response in a murine hindlimb ischemia model.
Our study shows for the first time that local injection of human MSC-derived exosomes reduces 
perfusion recovery and local inflammatory response after hindlimb ischemia. In the past, bone 
marrow-derived MSCs have been tested for its angiogenic and arteriogenic potential and treatment 
has been successful in a murine hindlimb ischemia model12,19. Furthermore, microparticles derived 
from the ischemic hindlimb muscle have been tested in a hindlimb ischemia model20. It was 
observed that local injection of isolated microparticles improved post ischemic neovascularization 
when injected simultaneously with bone marrow mononuclear cells. Since the experimental setting 
is different and the injected microparticles have a different origin compared to our study, comparison 
with our experiment is difficult.  The inhibiting effects on perfusion recovery were confirmed by 
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Figure 4. Collateral vessel geometry after local exosome treatment
Collateral vessel geometry and perfusion recovery was performed at day 7 after surgery in placebo (n=8) and exosome 
treated mice (n=10). Vessel wall thickness is calculated in the average diameter of the vessel wall and expressed in micrometer 
(μm). Vessel wall area per vessel is expressed in square micrometer (μm2) and calculated as area of total vessel minus lumen 
area. Lumen area per vessel is expressed in square micrometer (μm2). Outer and inner perimeter is expressed in micrometer 
(μm). Data are presented as mean ± SEM; * p<0.05 (exosomes versus placebo). 
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measuring collateral vessel geometry after exosome treatment, which was significantly decreased. 
Next, we observed a small pro-angiogenic response after local exosome treatment compared to 
placebo in the ischemic hindlimb muscles. These pro-angiogenic responses have been observed 
in in vitro17 and in vivo21. However, it is unclear whether this is a direct result of exosome treatment 
or indirectly from local ischemia, since exosome injection was performed in the non-ischemic 
muscle adductor muscle. Although, exosome injection resulted in a pro-angiogenic response, this 
effect was inferior to the inhibited arteriogenic response regarding perfusion recovery. As expected, 
the inflammatory response was decreased after local exosome treatment, as measured at day 7. 
Similar effects were already observed in myocardial I/R injury9, early after onset of ischemia. We 
do not observe a difference in perfusion recovery at day 4 after local injection, but it would be of 
interest to investigate the inflammatory response earlier after onset of hindlimb ischemia, to further 
validate the mechanism of exosomes in this model. The immunomodulatory effects of MSCs have 
been extensively studied in the past22. 

Figure 5. Systemic exosome 
treatment and perfusion recovery
Perfusion recovery was monitored 
after systemic exosome treatment via 
intravenous injection after femoral 
artery ligation. Perfusion recovery was 
determined before (pre) and after 
(post) surgery, at day 4 and day 7 in 
placebo (black circles, n=9) and 
exosome treated mice (white squares, 
n=10). Perfusion was calculated as 
percentage perfusion in operated 
(ischemic) of the control (non-
ischemic) paw. Data are presented as 
mean ± SEM.

Figure 6. Systemic exosome treatment and local inflammatory response
Histological studies were performed at day 7 after surgery in placebo (black bars, n=9) and systemic exosome treated mice 
(white bars, n=10). Macrophage and T lymphocyte number was determined in the perivascular space around growing 
collateral vessels in the adductor muscle of the operated hindlimb. Data are presented as mean ± SEM.
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Recently, MSC-derived exosomes have been tested for its immunomodulatory capacities in murine 
cells. Exosomes have the potential to attenuate the inflammatory response in vitro by inducing 
the expression of anti-inflammatory cytokine production23.
Exosome treatment in myocardial I/R studies used an older exosome batch by systemic 
injection. We investigated the therapeutic potential of this batch in our model also via systemic 
injection. Although systemic injection of this exosome batch alone has been shown to be 
beneficial in myocardial I/R injury in the past8,9, we did not observe a strong phenotypic effect 
in the hindlimb ischemia model. Whether this difference could be explained by differences in 
batch quality or a longer storage time is not clear, since the therapeutic effect of both batches 
is proven experimentally. Both batches have proven to act anti-inflammatory, although in different 
experimental settings. Furhermore, exact mechanism of human MSC-derived exosome 
treatment in hindlimb ischemia is still unknown. It is interesting to investigate is the content of 
the human MSC–derived exosomes to further speculate on its possible anti-inflammatory 
properties. 
In conclusion, we observed that local MSC-derived exosome treatment inhibits perfusion 
recovery in a murine hindlimb ischemia model. This was accompanied by a significantly 
decreased local inflammatory response and collateral vessel geometry and an increased 
angiogenic response. 
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ABSTRACT

Background 
Leukotriene B4 (LTB4) has been associated with the initiation and progression of atherosclerosis 
and abdominal aortic aneurysm (AAA) formation. However, associations of LTB4 levels with tissue 
characteristics and adverse clinical outcome of advanced atherosclerosis and AAA are scarcely 
studied. We hypothesized that LTB4 levels are associated with a vulnerable plaque phenotype 
and adverse clinical outcome. Furthermore, that LTB4 levels are associated with inflammatory 
AAA and adverse clinical outcome.

Materials and methods 
Atherosclerotic plaques and AAA specimens were selected from two independent databases for 
LTB4 measurements. Plaques were isolated during carotid endarterectomy from asymptomatic 
(n=58) or symptomatic (n=317) patients, classified prior to surgery. LTB4 levels were measured 
without prior lipid extraction and levels were corrected for protein content. LTB4 levels were related 
to plaque phenotype, baseline patient characteristics and clinical outcome within three years 
following surgery. Seven non-diseased mammary artery specimens served as controls. AAA 
specimens were isolated during open repair, classified as elective (n=189), symptomatic (n=29) 
or ruptured (n=23). LTB4 levels were measured similar to the plaque measurements and were 
related to tissue characteristics, baseline patient characteristics and clinical outcome. Twenty-six 
non-diseased aortic specimens served as controls. 

Results 
LTB4 levels corrected for protein content were not significantly associated with histological 
characteristics specific for vulnerable plaques or inflammatory AAA as well as clinical presentation. 
Moreover, it could not predict secondary manifestations independently investigated in both 
databases. However, LTB4 levels were significantly lower in controls compared to plaque 
(p=0.025) or AAA (p=0.017).             

Conclusions 
LTB4 levels were not associated with a vulnerable plaque phenotype or inflammatory AAA or 
clinical presentation. This study does not provide supportive evidence for a role of LTB4 in 
atherosclerotic plaque destabilization or AAA expansion. However, these data should be interpreted 
with care, since LTB4 measurements were performed without prior lipid extractions.  
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INTRODUCTION

Atherosclerosis is a progressive inflammatory disease occurring in the middle and larger arteries 
that can result in gradual luminal narrowing or acute thrombotic occlusion due to atherosclerotic 
plaque rupture1. During initiation of atherosclerosis, the activated endothelium expresses adhesion 
molecules resulting in adhesion and infiltration of leukocytes2,3. Monocyte recruitment in the 
vascular wall can be mediated by different cytokines, such as leukotrienes. Leukotriene B4 (LTB4), 
an end product of the arachidonate 5-lipoxygenase (ALOX5) pathway of the arachidonic acid (AA) 
pathway, is a potent chemoattractant and pro-inflammatory lipid mediator derived from membrane 
phospholipids. Upstream of ALOX5, phospholipases A2, like protein kinase C (PKC), are involved 
in translocation of ALOX5 to the nuclear envelope. After translocation, LTB4 can be generated 
from ALOX5 on the nuclear membrane of inflammatory cells, predominantly granulocytes, 
macrophages, mast cells, but also vascular smooth muscle cells (SMCs) endothelial cells and 
platelets4,5. The known receptors for LTB4 are B leukotriene receptor 1 (BLT1) and BLT2. BLT1 is 
known as the high affinity receptor for LTB4 and is primarily, but not exclusively, expressed by 
inflammatory cells6,7. LTB4 exerts broad inflammatory actions. After binding to BLT1, it affects 
leukocytes by stimulating the formation of the CD34 positive bone marrow cells and their 
subsequent migration into the blood circulation. LTB4 also enhances cell motility and endothelial 
adhesion molecule expression, promoting leukocyte transmigration into the tissue. Furthermore, 
LTB4 enhances cell survival and leukocyte activation8. Components of the ALOX5 pathway and 
its downstream LTA4 hydrolase (LTA4H), lead to local production of different leukotrienes in the 
atherosclerotic plaque9. Although different components of the leukotriene pathway have been 
suggested to play a role in atherogenesis and plaque instability10, the specific role of LTB4 is still 
unclear. The functional relevance of LTB4 and its receptors in atherosclerotic disease have been 
investigated in mouse models deficient for ApoE or LDLR. Based on these results, specific 
antagonists for ALOX5 pathway components have been developed to inhibit lesion development. 
The ALOX5 pathway, and LTB4 specifically, not only plays a role in atherogenesis, also aneurysm 
formation has been linked to this pathway. A mouse model for abdominal aortic aneurysm (AAA) 
formation revealed that BLT1 deficiency results in a lower incidence of AAA with a reduced tissue 
inflammation11. The aforementioned results suggest that leukotrienes, and LTB4 in particular, are 
actively involved in plaque instability and aneurysm formation12. Although ex vivo production of 
LTB4 has been associated with in human atherosclerotic plaques in the past13, evidence in human 
studies supporting the role of LTB4 in both advanced atherosclerosis and AAA in secondary 
clinical outcome is scarce. 
We investigated the expression of LTB4 in advanced human atherosclerotic plaques and AAA 
specimens separately in two independent databases. We related expression levels to 
atherosclerotic plaque and AAA characteristics in a side-by-side analysis. Furthermore, we studied 
the possible link between LTB4 levels and clinical characteristics of patients suffering from 
atherosclerosis or AAA, separately.  
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MATERIALS AND METHODS

Ethics statement
All patients scheduled for CEA or open AAA repair in the two participating centers (St. Antonius 
Hospital Nieuwegein and University Medical Center Utrecht) are asked to participate in the 
corresponding studies. The Medical Ethics Committee of the two centers approved the studies 
and all patients provided a written informed consent.

Biobanks
The Athero-Express (AE) biobank and the Aneurysm-Express biobank are two independent 
ongoing multi-center biobanks with a longitudinal study design. The AE biobank comprises carotid 
atherosclerotic plaque specimens obtained from patients that underwent carotid endarterectomy 
(CEA) and the Aneurysm-Express biobank comprises AAA specimens obtained from patients 
undergoing open AAA surgical repair. The biomaterials collected during the procedures are 
processed in the laboratory according to a standardized protocol described previously14,15. After 
surgery, the patients undergo a 3-year clinical follow-up. For the present study, we included 375 
atherosclerotic specimens from patients included in the AE biobank between May 2002 and 
October 2009 and 241 AAA specimens from patients included in the Aneurysm-Express biobank 
between April 2003 and April 2009.

Patient populations
Athero-Express biobank
Patients included for CEA were classified as asymptomatic (no clinical symptoms related to the 
carotid luminal stenosis >70%) (n=58) or symptomatic (n=317) prior to surgery. The symptoms 
can be categorized into minor clinical symptoms (i.e. transient ischemic attack, amaurosis fugax 
or retinal infarction; n=228) or major clinical symptoms (i.e. stroke; n=89). 

Aneurysm-Express biobank
The indications for intervention following the diagnosis of AAA were based on current guidelines 
and included: AAA diameter exceeding 55 mm for males and between 50 and 55 mm for females, 
rapidly expanding aortic diameters (≥5 mm in 6 months with a minimum of 40 mm), saccular 
aneurysms, and symptoms attributable to the AAA or rupture of the AAA. Patients selected for 
open surgical repair were classified as elective (n=189), ruptured (n=23), or symptomatic AAA 
(n=29) prior to surgery.

Tissue examination
Immunohistochemistry (CEA)
According to a standardized protocol, the plaque was divided into equal segments of 5 mm in 
length along the longitudinal axis. The segment with the greatest plaque burden was considered 
as the culprit lesion and subjected to (immuno)histochemical examination. Plaque segments were 
fixed in formalin (4%) and embedded in paraffin. Consecutive sections were stained with 
Hematoxylin & Eosin (H&E) for general overview including calcifications, and intraplaque 
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hemorrhages, Elastic van Gieson (EvG) for elastin content, Picro Sirius Red (PSR) for collagen 
content, α-actin for smooth muscle cells (SMC), CD68 for macrophages, CD66b for neutrophils 
and CD34 for microvessel density. Macrophage and SMC content were measured quantitatively 
by computerized analysis using AnalySIS 3.2 software (Soft Imaging Systems GmbH, Münster, 
Germany) and reported as percentage positive staining per plaque area14. Microvessel density in 
the plaque was quantified in three hotspots and expressed as an average number of vessels per 
hotspot16. Neutrophil content was quantified as total number of CD66b positive cells in the 
plaque17. 
Presence of collagen, calcification and intraplaque hemorrhage was scored semi-quantitatively 
as no, minor, moderate or heavy staining in different locations in the plaque. Intraplaque 
hemorrhage was defined as a hemorrhage in the plaque without any signs of cap rupture and/
or thrombus formation. Size of lipid core was visually estimated as a percentage of total plaque 
area using H&E and PSR staining. A plaque containing  >40% lipid core was considered as 
atheromatous. Previous histological examinations reported good intra and inter observer 
reproducibility for the quantitative and semi-quantitative measurements16.
A random selection of plaques was stained for the LTB4 receptor, BTL1, (n=19) and for ALOX5 
(n=28). Sections were pretreated by boiling in citrate buffer as antigen retrieval solution (20 minutes, 
pH 6.0). BLT1 was detected by incubation with a polyclonal rabbit anti-human BLT1 antibody (1 
hour at RT, 1:800, Cayman Chemicals LtD, Michigan, USA). ALOX5 was detected using polyclonal 
rabbit anti-human ALOX5 antibody (1 hour at RT, 1:100, Sigma Aldrich, St. Louis, USA). For both 
stainings, Brightvision poly HRP-anti-rabbit IgG (30 minutes at RT, ready to use, Immunologic, 
Duiven, The Netherlands) was used as a secondary antibody. The signal was visualized using 
diaminobenzidine (DAB) (DAKO, Carpinteria, USA). Sections were counterstained with 
haematoxylin.
  
Immunohistochemistry (AAA)
According to a standardized protocol, biopsies of the ventral wall of the AAA at the site of maximal 
diameter were collected during open repair and dissected into 5 mm segments. The middle 
segment was formalin fixed (4%) and embedded in paraffin. Tissue was analyzed using (immuno)
histochemistry. Sections were stained for H&E, EvG, PSR, vascular SMCs, and CD68. In addition, 
T-lymphocytes (CD3), B-lymphocytes (CD20) and plasma cells (CD138) were identified. Analysis 
was performed as described previously15.

Validation of LTB4 measurements after tissue isolation from AAA specimens
A pilot study was performed on a set of AAA tissue homogenates for validation of LTB4 
measurements using ELISA after protein isolation. Lipid extractions were performed according to 
the SPE (C-18) column purification protocol described in the LTB4 EIA protocol by Cayman 
Chemicals (LTB4 EIA kit, Cayman Chemicals LtD, Michigan, USA). This protocol is designed for 
lipid extraction for lipid analysis. Non-purified samples were used for comparison. Dilution series 
were performed on non-purified and purified samples for accuracy of LTB4 measurements. In 
addition, column purifications were combined with LTB4 spiking (50 pg/ml) to validate accuracy 
of LTB4 measurements. All results are described in figure 1.
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Protein isolation from CEA specimens
Adjacent segments of the culprit lesion were used for protein isolation as described previously14. 
In short, plaque segments were snap-frozen in liquid nitrogen and stored at -80 °C until further 
use. Protein extraction was performed according to a standardized protocol using Tris buffer. Total 
protein concentration was determined using the BCA Protein Assay Kit (Thermo Fischer Scientific, 
Etten-Leur, The Netherlands). Expression levels of LTB4 within the atherosclerotic specimen were 
quantified using ELISA (LTB4 Parameter Assay Kit, R&D Systems Inc., Minneapolis, USA). LTB4 
levels were adjusted for total protein concentration within the atherosclerotic specimen and 
expressed as pg/mg of total protein. For validation purposes, uncorrected LTB4 data is also 
depicted and expressed as pg/ul sample.  Expression of a selection of proteins involved upstream 
and downstream of the ALOX5 pathway was analyzed using Western Blot and quantified as 
intensity per square millimeter. These were BLT1, ALOX5 and PKC. 

Protein isolation from AAA specimens
Adjacent segments of AAA specimens were used for protein isolation as described previously15. 
In short, AAA segments were snap-frozen in liquid nitrogen and stored at -80 °C until further use. 
Protein extraction was performed according to a standardized protocol using Tris buffer. Total 
protein concentration was determined using the BCA Protein Assay Kit (Thermo Fischer Scientific, 
Etten-Leur, The Netherlands). Expression levels of LTB4 within the AAA specimen were quantified 
using ELISA (LTB4 EIA kit, Cayman Chemicals LtD, Michigan, USA). LTB4 levels were adjusted 
for total protein concentration within the AAA specimen and expressed as pg/mg of total protein. 
For validation purposes, uncorrected LTB4 data is also depicted and expressed as pg/ul sample.   

Plasma LTB4 levels (CEA)
At the time of inclusion, blood was collected in Sodium Citrate vacutainers at the outpatient clinic 
prior to surgery from a subpopulation of 35 randomly selected CEA patients. Blood was 
immediately centrifuged at 1850 G and subsequently isolated for LTB4 plasma measurements. 
To assess the comparison between plaque and plasma levels, LTB4 plasma levels were quantified 
using ELISA (LTB4 Parameter Assay Kit, R&D Systems Inc., Minneapolis, USA) and expressed 
as pg/ml of plasma. To validate the occurrence of ex vivo LTB4 formation after whole blood 
collection, a pilot validation study was performed with EDTA plasma (n=4) and Sodium Citrate 
plasma (n=4) preincubated with a 5-LOX inhibitor (100 μM Zileuton, Sigma Aldrich) or PBS (control) 
immediately after collection for 30 minutes. Plasma was collected and LTB4 levels were measured 
using ELISA (LTB4 Parameter Assay Kit, R&D Systems Inc., Minneapolis, USA) and expressed 
as pg/ml of plasma.     

Control groups
Seven non-atherosclerotic mammary artery specimens were collected from patients scheduled 
for coronary artery bypass grafting (CABG). In addition, twenty-six non-aneurysmatic aortic 
specimens were collected from the infrarenal aortic wall by a pathologist during autopsy. Abdominal 
aortas exhibiting aneurysms or rupture were excluded. Specimens were processed identically to 
the CEA and AAA specimens as described above.
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Follow-up and outcome 
Primary outcome for both studies was defined as any vascular event or vascular intervention.  
This composite endpoint included non-fatal stroke, non-fatal myocardial infarction or perivascular 
intervention that was not planned at the time of inclusion (e.g. carotid surgery or angioplasty, 
coronary bypass, percutaneous coronary intervention, peripheral vascular surgery or angioplasty). 
Perivascular intervention comprised leg amputation and peripheral arterial intervention during 
follow-up that had not been planned at the time of inclusion14,15. 
For this purpose, each patient received a yearly questionnaire informing if they experienced any 
vascular event or had been hospitalized in the past year and in the three years following surgery. 
If any of the questions were answered positively, further research was conducted to define 
outcome events. Following a standard scheme, discharge letters, and if needed, laboratory 
measurements and results of additional studies such as electrocardiograms or imaging studies 
were collected from the institution where the potential event occurred. If any patient did not 
respond to the follow-up, questionnaire, the general practitioner was contacted. Per potential 
event, two independent members of the outcome committee validated the information available. 
If the two members disagreed, a third outcome option was requested14,15. 

Statistical analysis
SPSS (version 20.0, SPSS Inc., USA) was used for all statistical analyses. To determine sample 
size, a power calculation was performed for number of events versus controls (secondary 
manifestation during follow-up versus no secondary manifestation) for both the CEA and AAA 
samples (power of 80%, alpha of 0.05). Samples were randomly selected from both biobank 
databases. Data were expressed as mean ± standard deviation (SD) or median with interquartile 
range [IQR]. Correlations between different parameters were analyzed using Pearson’s Bivariate 
or a Spearman’s Bivariate correlation test. Statistical differences were analyzed using Student’s 
T test or one-way ANOVA (parametric data) or Mann Whitney U test or Kruskal-Wallis test (non-
parametric data). Differences with p-values <0.05 were regarded as being significant.
 

RESULTS

Validation of LTB4 measurements using ELISA
For validation of LTB4 measurements in tissue homogenates, six randomly chosen AAA tissue 
samples were used for subset analysis using lipid extraction (SPE (C-18) column purification) and 
LTB4 spiking. In a set of six non-purified samples LTB4 levels were measured in three different 
dilutions (1:1, 1:5 and 1:10), diluted in EIA buffer. All measured LTB4 levels were consistent 
according to its dilution and fell in the linear range of the standard curve (except for sample 5 1:1) 
(Figure 1a). Next, a pooled sample and Tris buffer alone were spiked using a series of LTB4 to 
measure spike recovery (0, 50, 100 and 200 pg/ml LTB4). As seen in figure 1b and 1c, 
respectively, the spiked concentrations were consistently reflected in the LTB4 levels measured 
(LOG transformed). In addition, a set of 4 AAA samples were used for LTB4 spiking (50 pg/ml). 
LTB4 spike recovery was traced back in all samples (Figure 1d). 
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Next, sample purification was performed on the identical six randomly chosen AAA samples using 
the SPE (C-18) column purification method. As compared to figure 1a, observed LTB4 levels after 
column purification were lower in most samples and did not accurately reflect the dilutions (Figure 1e).

Figure 1. Validation of LTB4 measurements using ELISA
For validation of LTB4 measurements in tissue homogenates, six randomly chosen AAA tissue samples were used for subset 
analysis using LTB4 spiking and sample purification using lipid extraction (SPE (C-18) column). LTB4 levels were measured 
in six randomly chosen AAA samples in different dilutions (A). LTB4 spike recovery was performed in a pooled AAA sample 
(B) and Tris buffer only (control) (C) using different LTB4 concentrations. LTB4 spike recovery was also performed in individual 
AAA samples and compared to no spiking (D). Sample purification was performed on the same six randomly chosen AAA 
samples using the SPE (C-18) column purification method (E). LTB4 spike recovery was analyzed by adding a LTB4 spike 
(50 pg/ml) to the samples prior to column purification (n=2) (F). LTB4 levels are expressed in pg/ml.  
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Lastly, LTB4 spike recovery was analyzed by adding a LTB4 spike (50 pg/ml) to the samples prior 
to column purification (n=2). As shown in figure 1f, LTB4 spike recovery could not be traced back 
after column purification. 
LTB4 measurements in both CEA and AAA samples were performed in Tris isolated tissue samples 
without prior lipid extraction (SPE (C-18) column purification).               

Histology of ALOX5 pathway
BLT1 staining was broadly observed in different regions of the atherosclerotic plaque. 
Predominantly, the staining could be observed in regions with (foamy) macrophages. Both a 
membranous and a cytoplasmic staining were observed. In regions with SMC, only a weak BLT1 
staining was present (Figure 2a and b). In some cases, neutrophils in the thrombus of the plaque 
stained positive for BLT1. ALOX5 staining can be observed in the same areas as BLT1, mostly 
in areas with (foamy) macrophages and around cholesterol clefts (Figure 2c and d). Arrows indicate 
positive staining (brown color).

LTB4 levels in non-diseased arterial tissue
For comparison purposes, seven mammary artery specimens and twenty-six normal aortic 
specimens were used for LTB4 measurements. 
LTB4 levels in mammary artery tissue were significantly lower compared to carotid atherosclerotic 
plaque levels (mammary artery tissue vs plaque; mean ± SD; 121 ± 26 pg/mg vs 151 ± 96 pg/
mg; p=0.025). 
LTB4 levels in normal abdominal aortic tissue were also significantly lower compared to AAA levels 
(normal aortic tissue vs AAA; median [IQR]; 92 [27-381] pg/mg vs 246 [115-430] pg/mg; 
p=0.017). 

LTB4 levels in CEA and patient characteristics
Baseline patient characteristics of the 375 included CEA patients are provided in table 1. LTB4 
levels in plaque tissue did not differ for gender, current smoking, diabetic status, hypertension 
treatment or Body Mass Index (BMI). However, CEA patients who suffered from hypercholesterolemia 
had significantly higher LTB4 levels (p=0.037; see table 1). Furthermore, clinical presentation 
(asymptomatic versus symptomatic) or medication use did not influence LTB4 levels in CEA tissue. 
LTB4 levels were slightly higher in asymptomatic patients, however this difference did not reach 
statistical significance (p=0.408). 

LTB4 levels in AAA and patient characteristics
Baseline patient characteristics of the 241 included AAA patients are provided in table 2. LTB4 
levels in AAA tissue did not differ for gender, current smoking, diabetic status, hypertension 
treatment or BMI. However, AAA patients who suffered from hypercholesterolemia had significantly 
higher LTB4 levels (p=0.046; see table 2). Furthermore, clinical presentation or medication use 
did not influence LTB4 levels in AAA tissue. LTB4 levels were slightly higher in elective patients, 
however this difference did not reach statistical significance (p=0.108). 
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Table 1. Clinical characteristics of patients undergoing carotid endarterectomy in relation with LTB4 expression
Patient characteristics LTB4 conc. (pg/mg protein) mean ± SD P-value
Age (years) (mean ± SD) (range) 67 ± 9 (66-68)
Gender
Male 74.1% 145 ± 83
Female 25.9% 153 ± 98 0.480
Current smoker
No 62.4% 153 ± 97
Yes 37.6% 147 ± 91 0.581
Diabetic status
No 78.9% 150 ± 95
Yes 21.1% 153 ± 94 0.803
Hypertension
No 11.7% 158 ± 85
Yes 88.3%. 150 ± 96 0.594
Hypercholesterolemia
No 36.8% 137 ± 96
Yes 63.2% 159 ± 93 0.037*
Body Mass Index 
BMI <25 34.4% 149 ± 86
BMI >25 65.6% 155 ± 100 0.582
History peripheral intervention 
No 79.6% 151 ± 94
Yes 20.4% 153 ± 96 0.861
History myocardial infarction
No 79.5% 156 ± 94
Yes 20.5% 133 ± 94 0.055
Statin use
No 25.3% 140 ± 91
Yes 74.7% 155 ± 95 0.207
Aspirin use
No 14.2% 145 ± 97
Yes 85.8% 151 ± 94 0.647
Oral anti-coagulant use
No 90.1% 154 ± 92
Yes 9.9% 129 ± 103 0.063
ACE inhibitor use
No 66.4% 155 ± 94
Yes 33.6% 141 ± 95 0.199
Angiotensin-II antagonist use
No 79.5% 149 ± 92
Yes 20.5% 156 ± 105 0.533
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LTB4 levels in CEA and tissue characteristics
Histological examination of atherosclerotic plaques revealed no correlations between LTB4 levels 
and the quantitatively measured macrophage, SMC or neutrophil numbers (Figure 3).  
The additional semi-quantitative analyses of macrophage and SMC content supported these 
findings (Figure 4). No correlations were observed between LTB4 levels and other plaque 
characteristics defining plaque phenotype, such as plaque calcifications, collagen content, lipid 
core size and intraplaque hemorrhage (Figure 4). Plaque microvessel density quantified per hotspot 
was also not correlated to LTB4 levels (Figure 3). Proteins involved in the ALOX5 pathway were 
quantified using Western Blot in atherosclerotic plaques. Expression of these proteins, BLT1, PCK 
and ALOX5, did not significantly correlate with inflammatory cell numbers in the plaque (data not 
shown). Uncorrected LTB4 levels were positively associated with an atheromatous plaque 
phenotype (p=0.005), whereas after protein correction this association was not present (p=0.791) 
(Figure 5).

LTB4 levels in AAA and tissue characteristics
Histological analysis of AAA specimens only revealed a significant positive correlation between 
LTB4 levels and the presence of vascular SMCs (p=0.032) and the presence of calcifications 
(p=0.021). No other significant correlations were observed with other histological markers in AAA 
(Figure 6).

Table 1 continued
Patient characteristics LTB4 conc. (pg/mg protein) mean ± SD P-value
Serum levels
C-reactive protein (CRP) (mean ± SD) 7.23  ± 7.165 
HDL (mmol/L) (mean ± SD) 1.149 ± 

0.374 
LDL (mmol/L) (mean ± SD) 2.814 ± 

1.048
Clinical presentation
Asymptomatic 15.7% 154 ± 84
Amaurosis Fugax 11.7% 152 ± 94
TIA 41.6% 148 ± 91
(Minor) Stroke 23.7% 149 ± 95
Asymptomatic vs symptomatic
Asymptomatic 15.7% 154 ± 84
Symptomatic (TIA & (minor) Stroke) 65.3% 148 ± 93 0.408
LTB4 plaque expression levels are expressed as mean ± standard deviation.
Abbreviations: ACE: Angiotensin Converting Enzyme, HDL: high-density lipoprotein, LDL: low-density lipoprotein, LTB4: 
Leukotriene B4, SD: standard deviation. Patient characteristics have been correlated with continuous LTB4 expression 
plaque levels. P-values were calculated using Student’s T test. Differences with p-value <0.05 was regarded significant 
marked an with asterisk (*).  
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LTB4 levels in CEA and clinical follow-up
The Athero-Express study previously demonstrated that specific plaque proteins or histological 
characteristics measured in local atherosclerotic plaques can be predictive for events that originate 
from all vascular territories16,18. In the AE database, the mean follow-up time was 2.7 years (SD 
0.86, maximum= 5.74). During this period, 142 patients (37.9%) reached a clinical endpoint (table 
3). During follow-up, 38 patients suffered from a non-fatal stroke (10.1%), 46 patients suffered 
from non-fatal myocardial infarction (12.3%), and 69 patients suffered from peripheral vascular 
intervention (18.4%). No differences were found in LTB4 levels between patients who reached a 
clinical endpoint or not (event vs control; mean ± SD; 151 ± 101 pg/mg vs. 149 ± 91 pg/mg; 
p=0.549). In table 3, all primary clinical endpoints are described separately. Uncorrected LTB4 
levels were also not associated with secondary clinical outcome, similar to the corrected LTB4 
levels (Figure 7a and b).

Figure 2. Immunohistochemical staining of BLT1 and ALOX5 in human atherosclerotic plaques
BLT1 expression could mainly be observed in areas rich in (foamy) macrophages (A), in both a membranous and cytoplasmatic 
expression. A weaker expression of BLT1 could be observed in areas rich of SMCs (B). ALOX5 expression could predominantly 
be observed in areas rich in (foamy) macrophages (C), and around cholesterol clefts (D). Arrows indicate positive staining 
(brown color). Scale bar: 500 μm. The insert shows 5x extra magnification.   
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Table 2. Clinical characteristics of patients undergoing open AAA repair in relation with LTB4 expression
Patient characteristics  LTB4 conc. (pg/mg protein) median [IQR] P-value
Age (years) (mean ± SD) (range) 70 ± 7 (69-71)
Gender
Male 83.8% 254 [117-428]
Female 16.2% 166 [98-494] 0.305
Current smoker
No 51.8% 255 [117-463]
Yes 48.2% 246 [125-419] 0.486
Diabetic status
No 88.6% 256 [115-416]
Yes 11.4% 220 [113-520] 0.925
Hypertension
No 29.7% 200 [103-349]
Yes 70.3% 268 [104-511] 0.092
Hypercholesterolemia
No 38.6% 194 [113-360]
Yes 61.4% 280 [125-526] 0.046*
Body Mass Index 
BMI <25 38.5% 228 [127-378]
BMI >25 61.5% 337 [128-518] 0.062
History myocardial infarction
No 69.9% 230 [118-434]
Yes 30.1% 259 [114-451] 0.780
Statin use
No 35.7% 197 [96-357]
Yes 64.3% 276 [124-522] 0.057
Aspirin use
No 79.8% 225 [110-434]
Yes 21.2% 303 [110-434] 0.284
Oral anti-coagulant use
No 84.8% 267 [114-442]
Yes 15.2% 224 [123-399] 0.968
ACE inhibitor use
No 67.9% 227 [126-503]
Yes 32.1% 195 [100-391] 0.410
Angiotensin-II antagonist use
No 77.4% 249 [118-414]
Yes 22.6% 271 [79-518] 0.983

2014195 proefschrift Pleunie van den Borne.indd   119 21-05-14   09:21



CHAPTER 7

120

Table 2 continued
Patient characteristics  LTB4 conc. (pg/mg protein) median [IQR] P-value
Serum levels
C-reactive protein (CRP) (mean ± SD) 15.32  ± 37.97 (7.94 - 22.71)
HDL (mmol/L) (mean ± SD) 0.980 ± 0.350 (0.91 - 1.04) 
LDL (mmol/L) (mean ± SD) 2.770 ± 2.56 (2.56 - 2.97)
Clinical presentation
Elective 78.4% 267 [129-466]
Symptomatic 12.0% 191 [48-331]
Ruptured 9.6% 193 [67-559] 0.108
Asymptomatic vs symptomtic
Asymptomatic (elective) 78.4% 267 [129-466]
Symptomatic (symptomatic & ruptured) 21.6% 192 [67-349] 0.049*
LTB4 abdominal aortic aneurysm expression levels are expressed as median [IQR].
Abbreviations: AAA: Abdominal Aortic Aneurysm, ACE: Angiotensin Converting Enzyme, HDL: high-density lipoprotein, 
LDL: low-density lipoprotein, LTB4: Leukotriene B4, SD: standard deviation. Patient characteristics have been correlated 
with continuous LTB4 expression aneurysm levels. P-values were calculated using Kruskal-Wallis or Mann-Whitney U test. 
Differences with p-value <0.05 was regarded significant marked with an asterisk (*). 

Table 3. Characteristics with respect to follow-up and LTB4 tissue levels in CEA patients
Baseline characteristics
Mean follow-up (years) (SD, maximum) 2.7 (0.86, 5.74)
Primary outcome (3 years FU) 142/375 37.9%
Primary clinical outcome   
Non-fatal stroke (n; %) 38/375 10.1%
Non-fatal myocardial infarction (n; %) 46/375 12.3%
Peripheral vascular intervention (n; %) 69/375 18.4%
Primary clinical outcome and LTB4 levels  P-value
Control (mean ± SD) 149 ± 91
Event (mean ± SD) 155 ± 101 0.549
LTB4 plaque expression levels are expressed as mean ± standard deviation and as pg/mg protein. P-values were calculated 
using Student’s T test. Differences with p-value <0.05 was regarded as being significant. Abbreviations: CEA: carotid 
endarterectomy, FU: follow-up, LTB4: leukotriene B4, SD: standard deviation.
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LTB4 levels in AAA and clinical follow-up
For the AAA patients, the mean follow-up time was 2.0 years (SD 1.17, maximum=4.89). During this 
period, 36 patients (14.5%) reached a clinical endpoint (table 4). During follow-up, 12 patients died 
(5.0%), 9 patients suffered from a non–fatal stroke (3.7%), 14 patients suffered from non-fatal 
myocardial infarction (5.8%) and 1 patient suffered from peripheral vascular intervention (0.4%). No 
significant differences were found in LTB4 levels between patients reaching a clinical endpoint or not 
(control vs event; median [IQR]; 224 [115-414] pg/mg vs 302 [115-584] pg/mg; p=0.215). In table 
4, all primary clinical endpoints are described separately. Uncorrected LTB4 levels were also not 
associated with secondary clinical outcome, similar to the corrected LTB4 levels (Figure 7c and d).          

LTB4 plasma levels in CEA and patient characteristics and clinical follow-up
LTB4 plasma levels were measured in 35 randomly selected CEA blood samples (9.3%) from the 
AE database. LTB4 plasma levels did not correlate with plaque levels (R-0.093, p=0.60). No 
significant correlations were found between LTB4 plasma levels and baseline patient characteristics 
or clinical outcome after correcting for multiple testing. Validation experiments excluded ex vivo 
LTB4 formation after whole blood collection (Figure 8). 

Figure 3. Correlation between LTB4 plaque expression levels and quantitative analysis of different cell components
Dot plots of macrophage, smooth muscle cell, neutrophil and microvessel content, scored using computerized analysis in 
relation to LTB4 plaque expression levels. Macrophage and smooth muscle cell content were expressed as a percentage 
of total plaque area. Neutrophil content was expressed as total number of neutrophils of total plaque area. Microvessel 
numbers were scored and expressed per hotspot. Correlations were analyzed using Pearson’s Bivariate correlation test. 
Differences with a p-value <0.05 were regarded as being significant. LTB4 levels are expressed in pg/mg.        
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LTB4 plasma levels in CEA and tissue characteristics
Histological examination of atherosclerotic plaques revealed no correlations between LTB4 plasma 
levels and the quantitative macrophage, SMC or neutrophil analyses. The additional semi-
quantitative analyses of macrophage and SMC content supported these findings. No correlations 
were observed between LTB4 plasma levels and other plaque characteristics defining plaque 
phenotype, such as plaque calcifications, collagen content, lipid core size and intraplaque 
hemorrhage. Plaque microvessel density quantified per hotspot was also not correlated to LTB4 
plasma levels (data not shown).

Figure 4. Comparison of LTB4 plaque expression levels and histological plaque composition of atherosclerotic 
carotid plaques
Bar graphs of LTB4 plaque expression levels in relation with semi-quantative histological plaque characteristics. All 
characteristics have been correlated with continuous LTB4 expression levels and analyzed by Pearson Bivariate correlation 
test. Differences with p-value <0.05 were regarded as being significant. All data is expressed as mean ± standard deviation. 
LTB4 levels are expressed in pg/mg. Abbreviations: SMC: smooth muscle cell content.
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Table 4. Characteristics with respect to follow-up and LTB4 tissue levels in AAA patients
Baseline characteristics   
Mean follow-up (years) (SD, maximum) 2.0 (1.17; 4.89)
Primary outcome (3 years FU) 36/241 14.5%
Primary clinical outcome   
Cardiovascular death (n; %) 12/241 5.0%
Non-fatal stroke (n; %) 9/241 3.7%
Non-fatal myocardial infarction (n; %) 14/241 5.8%
Peripheral vascular intervention (n; %) 1/241 0.4%
Primary clinical outcome and LTB4 levels  P-value
Control (median [IQR]) 224 [115-414]
Event (median [IQR]) 302 [115-584] 0.215
LTB4 abdominal aortic aneurysm expression levels are expressed as median [IQR] and as pg/mg protein. P-values were 
calculated using Mann-Whitney U test. Differences with p-value <0.05 was regarded as being significant. Abbreviations: 
AAA: Abdominal Aortic Aneurysm, FU: follow-up, IQR: interquartile range, LTB4: leukotriene B4 SD: standard deviation. 

Figure 5. Uncorrected versus corrected LTB4 levels and plaque phenotype
LTB4 levels in atherosclerotic plaques were measured using ELISA and corrected for total protein content. Uncorrected and 
corrected levels were related to the three plaque phenotypes: fibrous (n=113), fibroatheromatous (n=131) and atheromatous 
(n=130). Uncorrected LTB4 levels were positively related with an atheromatous plaque phenotype (A, p=0.005). After 
correction, this association was not present (B, p=0.791). Data is presented as median with interquartile range [IQR] and in 
pg/ul for uncorrected data and mean ± standard deviation and in pg/mg for corrected data.
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DISCUSSION

In the present study, we performed a parallel analysis of LTB4 levels in two large independent 
databases consisting of either human advanced atherosclerotic plaques or human AAA tissue 
and studied its relation to tissue characteristics and clinical outcome. We hypothesized that LTB4 
levels were higher in vulnerable atherosclerotic plaques. Furthermore, we hypothesized that LTB4 
levels were higher in inflammatory AAA and that it was related to adverse clinical outcome. We 
found that LTB4 levels were measurable in both human atherosclerotic plaques and AAA tissue. 
LTB4 is a potent chemoattractant involved in inflammatory diseases and is known to play a major 
role in the initiation and progression of atherosclerosis. Animal studies have shown that combining 
ApoE or LDLR deficiency with BLT1 deficiency or antagonizing the BLT1 receptor all results in a 
marked decrease of the formation of atherosclerotic lesions19–21. In vitro, LTB4 induces monocyte 
chemoattractant protein (MCP) -1 production in isolated human monocytes22. Furthermore, LTB4 
can act on vascular SMCs by activation, migration and proliferation via the BLT1 receptors23.  LTB4 

Figure 6. Comparision of LTB4 Abdominal Aotic Aneurysm (AAA) expression levels and histological tissue composition 
of AAA
Box-plots of LTB4 abdominal aortic aneurysm expression levels in relation with semi-quantative histological AAA characteristics. 
All characteristics have been correlated with continuous LTB4 expression levels and analyzed by Spearman’s Bivariate 
correlation test. Differences with p-value <0.05 were regarded as being significant. All data is expressed as median with 
interquartile range [IQR] and in pg/mg. Abbreviations: SMC: smooth muscle cell content.
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may not only play a role in the initiation and progression of atherosclerosis, but also in the 
destabilization of atherosclerotic plaques over time. In human atherosclerotic plaques, constituents 
of the ALOX5 pathway are expressed at high levels in patients suffering from a stroke, compared 
to asymptomatic patients24. The expression of ALOX5 and its receptor BLT1 have also been 
described across the human AAA specimens as well. In both murine and human AAAs, expression 
of ALOX5 and BLT1 is found by macrophages, neutrophils and T-lymphocytes25,26. These data 
show that different components of the ALOX5 pathway are involved in the formation and 
progression of both atherosclerosis and AAA.
LTB4 may also be associated with plaque rupture in advanced human atherosclerotic plaques. A 
link has been suggested between LTB4 production and increased matrix metalloproteinase levels 
and its activity in both plaques23,27 and AAA25,26. In previous studies, elevated levels of different 
components of the ALOX5 pathway have been related to plaque and AAA instability. Consequently, 
this phenomenon has led to the development of antagonists for different components of the ALOX5 

Figure 7. Uncorrected versus corrected LTB4 levels and secondary clinical outcome
LTB4 levels in atherosclerotic plaques and AAA tissue were measured using ELISA and corrected for total protein content. 
For validation purposes, also uncorrected data are depicted in these graphs. Uncorrected and corrected LTB4 levels were 
related to control versus events (no secondary outcome versus secondary outcome during follow-up). Both corrected and 
uncorrected LTB4 levels were not significantly different between controls and events for both CEA (A and B) and AAA (C and 
D) patients. Data is presented as mean ± standard deviation or median with interquartile range [IQR] and in pg/ul for 
uncorrected data and in pg/mg for corrected data.   
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pathway28 for instance the BLT1 receptor29. However, clinical trials have not yet confirmed any 
effects on atherosclerosis or AAA development, mainly because consistent evidence on the role 
of LTB4 in advanced atherosclerosis and AAA in humans is lacking. 
In our study, we found no association between LTB4 levels in atherosclerotic plaques and markers 
for inflammatory plaque phenotype, such as macrophage, lipid, SMC or collagen content. As a 
consequence, LTB4 levels were not associated with a more atheromatous (vulnerable) plaque 
phenotype. However, LTB4 levels without correction for protein content were positively associated 
with this phenotype. Therefore, the association of LTB4 levels with tissue characteristics of 
atherosclerotic plaques must be carefully considered.  Next, we decided to investigate the 
expression of markers involved in the ALOX5 pathway in the plaques using immunohistochemistry. 
Previously, Cippolone et al.24 observed a wide expression of ALOX5 in human plaques, mostly 
expressed by (foamy) macrophages. We can confirm this in our selection of plaques, moreover 
we observed BLT1 staining in our plaques expressed by different cell types, such as (foamy) 
macrophages and SMCs. 
Earlier findings show that ALOX5 levels are related to markers of plaque instability27. We measured 
levels of not only ALOX5, but also PKC and BLT1 in a selection of CEA patients using Western 
Blot. However, we could not find any associations between these expression levels and markers 
related to the inflammatory plaque phenotype. Furthermore, Cippolone et al.24 and Zhou et al.27 
showed that levels of both ALOX5 and LTB4 were significantly higher in symptomatic patients 

Figure 8. Validation of LTB4 
measurements in plasma using 
ELISA
Validation of ex vivo LTB4 production 
after whole blood collection by EDTA 
(black bars, n=4, duplo) or Sodium 
Citrate (white bars, n=4, duplo) 
Vacutainers. Directly after collection, 
whole blood was incubated with a 
specific 5-LOX inhibitor Zileuton (100 
μM for 30 minutes) and plasma was 
stored. LTB4 was measured using 
ELISA and compared with levels of 
CEA patients (n=35). Data is 
expressed as mean ± standard 
deviation and in pg/ml.     
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compared to asymptomatic patients and were significantly higher in diabetic patients compared 
to non-diabetic patients in a small cohort of sixty atherosclerotic plaques. We measured LTB4 
plaque levels in a larger sample size. However, we were not able to confirm these findings in our 
patient cohort, nor did we find any relation to other cardiovascular risk factors. A discrepancy 
between distributions of different patient groups can be an explanation for the fact that we are 
not able to reproduce these data, although our study numbers should be sufficiently powered. 
Our cohort only comprises 15.7% asymptomatic and 21.1% diabetic patients, compared to 50% 
in the study of Cippolone et al. or Zhou et al. for symptomatic and diabetic status, respectively. 
Another explanation could be that in the last five years patients are being operated with a significant 
shorter delay following the event. Differences in the delay between primary events and surgery 
may explain alterations in plaque characteristics and hence differences in observations among 
these studies30.
In our AAA cohort, LTB4 levels have been related to the inflammatory status of the tissue.  
The first report on proteins of the ALOX5 pathway in human AAA specimens by Houard et al.25 
showed that components of this pathway are well distributed in the tissue. Furthermore, they 
showed significant relations between LTB4 levels and components related to neutrophil activity. 
Therefore, we related LTB4 levels to cell components of the AAA wall. We observed no significant 
associations between inflammatory markers and LTB4 after correcting for multiple testing. Also, 
no associations were found between LTB4 levels and baseline patient characteristics in our AAA 
patient cohort.
Atherosclerosis is a systemic disease. The Athero-Express study is a longitudinal study with the 
underlying hypothesis that local plaque characteristics hold information about the stability of 
plaques in the whole vascular system. In our analysis of the isolated carotid atherosclerotic plaque, 
we assumed that local biomarkers found in this plaque show similarities within the whole vascular 
system and can predict systemic clinical cardiovascular outcome16,18. In line with this concept 
that we previously applied successfully, we assessed the predictive value of local LTB4 expression 
for future adverse cardiovascular events. We report that LTB4 plaque levels were not related to 
clinical outcome during follow-up either with or without correction for protein content. Based on 
this observation we can only infer that there was no association between local plaque LTB4 levels 
and clinical outcome. No assumptions can be made regarding the effects of LTB4 during local 
plaque progression or destabilization. 
The study rationale of the Aneurysm-Express biobank is similar to that of the Athero-Express. In 
line with our findings in plaques, we could not observe any associations with LTB4 levels in AAA 
tissue and clinical outcome. Also, no associations were observed without correction for protein 
content. Again, no assumptions can be made regarding the effects of LTB4 during AAA 
progression. 
Within a subgroup of CEA patients, we also measured LTB4 blood plasma levels. These levels 
were not significantly associated with patient and plaque characteristics. This is in line with our 
findings from LTB4 plaque levels. In the past, Sánchez-Gálan et al.31 showed in a small cohort of 
patients and healthy controls that LTB4 plasma levels were significantly lower in healthy controls 
compared to atherosclerotic patients.
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For comparison purposes, we decided to measure LTB4 levels in a small set of appropriate control 
tissues for both plaque and AAA tissues. We compared LTB4 levels of mammary arteries to the 
LTB4 levels of the atherosclerotic plaques and the LTB4 levels of aortic specimens to the LTB4 
levels of the AAA tissue, independently. For both tissue types, we observed significantly lower 
levels in the control tissues compared to diseased tissues. As mentioned earlier, Sánchez-Gálan 
et al.31 showed that LTB4 plasma levels were significantly lower in healthy subjects compared to 
atherosclerotic patients. In addition to this finding, we can now show that this also holds true for 
LTB4 levels in the vessel tissue not only in atherosclerosis, but also in AAA.  

Study limitations
Our study comprises some limitations. As mentioned earlier, the study design of both the Athero-
Express and Aneurysm-Express are cross-sectional studies and therefore we cannot make strong 
inferences regarding causality. The current study is not supportive for a causal role of tissue LTB4 
in progression of human disease, but intervention studies are needed to provide a definite answer. 
Furthermore, in this study we mainly focused on LTB4 only and not all the components of the 
ALOX5 pathway that influence LTB4 production. We measured a selection of other components 
in this pathway in the atherosclerotic plaques, however this was done in a randomly selected 
subgroup within our patient group. In addition, expression levels of these other components were 
measured using Western Blot, a method not very suitable for quantification. Lastly, LTB4 plaque 
and AAA levels were measured without prior lipid extraction using column purification and levels 
were corrected for the total protein content. It merits careful consideration if these methods of 
measurement and expression are representative for LTB4, since this is known as a lipid mediator. 
However, we validated the performed methods in this study. We showed that lipid extraction using 
column purification resulted in potential loss of LTB4 when compared to non-purified samples. 
Taken this into account, we did not perform these lipid extractions. It should be emphasized that 
the conclusions drawn from the validation experiments are solely based on the results obtained 
in this study with the specific method and samples used. Therefore, these data cannot easily be 
extrapolated to other studies using different sample or tissue types. The measurements of LTB4 
without prior lipid extractions are a limitation of this study. Still, these results were not encouraging 
and failed to show even a trend towards an association with tissue or clinical characteristics.

Conclusions
From the current study, we may conclude that LTB4 levels within the advanced human carotid 
atherosclerotic plaque are not related to markers associated with plaque vulnerability. Furthermore, 
LTB4 plaque levels are not associated with baseline patient characteristics or adverse clinical 
outcome. In line with these findings, we could observe similar findings regarding LTB4 levels and 
AAA tissues. Therefore, LTB4 may play a role in the initiation and early progression of atherosclerotic 
disease and AAA in animal models; we could not provide supportive evidence for a detrimental 
role in advanced stages of human atherosclerosis or AAA. 
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The goal of this research was to better understand the process of arteriogenesis and discover 
new therapeutic targets involved. With this knowledge it is possible to develop new therapies for 
patients suffering from peripheral artery disease (PAD). PAD is a disease of the peripheral 
vasculature, most often in the lower extremities, resulting from significant development of 
atherosclerotic plaques in the middle and large arteries. Patients suffer from arterial occlusion in 
different parts of the lower extremities including the aorta, iliac, femoral and popliteal arteries. 
Around 10 to 20% of the patients suffer from intermittent claudication and up to 2% will suffer from 
critical limb ischemia with leg amputation as a consequence1,2. According to the latest studies, 
over 200 million patients suffer from PAD worldwide. Classical risk factors for developing PAD are 
similar to those of cardiovascular disease (CVD) in general and include smoking, diabetes, 
hypertension, unhealthy diet choices, lack of exercise et cetera3. Although most arterial occlusions 
are currently removed by surgery, such as percutaneous intervention or bypass surgery, this is 
not without risks. In addition, not all PAD patients are eligible for or benefit from currently available 
treatment options. New treatment options are being developed, but these mostly failed in clinical 
trials4. There is a great need for new therapeutic options for these patients.  A possible option is 
to stimulate collateral artery growth (arteriogenesis) in patients to recover hampered blood flow in 
their lower extremities. In order to develop new treatments, there is a need to better understand 
the process for arteriogenesis. The research described in this thesis focuses on different 
inflammatory components involved in arteriogenesis.     

The main goal of this thesis is to provide new insights into arteriogenesis and to discover new 
therapeutic targets involved in the process. In order to do so, we aimed to target different 
components involved in inflammation that may influence arteriogenesis. Chemokines play a crucial 
role during inflammatory processes and have been studied intensively in arteriogenesis5,6. In 
chapter 2 and 3 we studied chemokine (C-X-C motif) ligand 10 (CXCL10). CXCL10 gets 
upregulated in response to, for instance, interferon gamma production after Toll-like receptor (TLR) 
stimulation by inflammatory cells as well as endothelial cells and vascular smooth muscle cells 
(VSMCs) CXCL10 is a potent chemoattractant for inflammatory cells and is involved in recruitment 
and proliferation of VSMCs, cells expressing the receptor CXCR37–13. In chapter 2, the different 
functions of CXCL10 in CVD in both pre-clinical and clinical studies are highlighted and discussed. 
Atherosclerosis, aortic aneurysm formation, myocardial infarction (MI) and PAD share underlying 
inflammatory mechanisms and CXCL10 is involved in all diseases described. We show that data 
emerging from experimental studies are difficult to translate into a clinical setting, which might be 
related to differences in receptor expression. Moreover, there is no overall consensus about the 
exact function of CXCL10 in CVD and some studies showed contradictory results. Especially in 
PAD, the role of CXCL10 is not fully elucidated. Chapter 3 describes the role of CXCL10 during 
arteriogenesis in a murine hindlimb ischemia model. CXCL10 showed to be crucial during this 
process as observed by a reduced perfusion recovery in CXCL10-/- mice compared to wildtype 
mice. CXCL10 has previously been described to be involved in inflammatory cell influx after MI14. 
To our surprise, we did not observe differences in inflammatory cell influx during perfusion recovery 
between wildtype and CXCL10-/- mice. One explanation for this discrepancy could be the 
difference in initiation of the different processes, that is ischemia (during MI) versus shear stress 
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(during arteriogenesis). The role of CXCL10 on perfusion recovery is explained by influencing 
collateral vessel formation and growth, as shown by the increase in collateral vessel number and 
size, which were hampered in CXCL10-/- mice compared to wildtype mice. We sought for a 
mechanism for CXCL10 on collateral vessel formation and observed that CXCL10 was involved 
in VSMC migration. During arteriogenesis, both VSMC migration and proliferation are important 
aspects15, but also phenotypic VSMC differentiation occurs16. We have demostrated that  
CXCL10-/- mice hardly show VSMC differentiation in collateral arteries after hindlimb ischemia. In 
the future, it would be interesting to investigate if CXCL10 has the ability to directly influence 
phenotypic differentiation of VSMCs during collateral artery growth. Wallace and colleagues 
recently showed the importance of CXCL10 in SMC differentiation during spiral artery remodeling17. 
In the past, we have shown that the effect of different inflammatory components is mostly 
dependent on the expression of circulating cells and not on resident tissue cells, as shown by 
studies focusing on TLR signaling pathways18,19. However, in this study CXCL10 expression on 
circulating and resident cells is equally important during arteriogenesis. Just as CXCL10, the 
receptor CXCR3 is expressed by different cell types (both circulating and resident tissue cells). It 
is important to keep in mind that the expression of CXCR3 between mice and humans is critically 
different. In human, two isoforms are known, CXCR3-A and CXCR3-B, whereas in mice only one 
isoform is known, expressed similar to the CXCR3-A receptor in humans. CXCR3-B is expressed 
by human endothelial cells and it functions as an anti-angiogenic receptor20–22. These properties 
of CXCL10 only occur in humans and not in mice. This emphasizes that translating experimental 
data to a human setting is challenging and merits careful consideration.

TLRs are not only involved in pro-inflammatory responses, but are also important during inhibition 
of inflammation.  Different positive and negative regulators for TLR signaling have been described 
in the past23,24. The CD200-CD200R inhibitory pathway has earlier been described to inhibit TLR 
responses25–27 and is involved in downregulation of myeloid cell functions. The pathway gets 
activated after cell-cell interaction resulting in CD200 ligand-CD200 receptor (CD200R) binding. 
Activation of this pathway results in inhibition of cell function, for instance cytokine production28. 
The axis is able to control excessive inflammatory responses in case of bacterial or viral infection 
or tissue damage during autoimmune disease29–31 and is frequently studied in tumor growth32. 
Within cardiovascular disease, the role of this axis is not been studied extensively. In chapter 4, 
we studied the CD200-CD200R inhibitory axis in arteriogenesis. We observed that CD200-/- mice 
have a small, but significant increase in perfusion recovery after hindlimb ischemia compared to 
wildtype mice. Since the CD200-CD200R axis is involved in myeloid cell function, we did expect 
to see differences on macrophage influx, but only a clear difference was observed for T lymphocyte 
influx. We nicely confirm the involvement of CD200-CD200R axis in arteriogenesis by stimulating 
CD200R in vivo. Enhanced T lymphocyte responses were already observed in CD200-/- mice in 
a different disease model33, but the role of T lymphocytes in arteriogenesis is not as extensively 
described. Monocytes and macrophage functions are thought to have the largest contribution to 
this process34,35 and different subsets have shown to be differentially involved, both spatial and 
temporal36. However, the interplay of monocytes/macrophages and T lymphocytes (T helper cells) 
is critically important during arteriogenesis37, which might be the mechanism underlying the effect 
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of CD200-CD200R axis in in this study. It is already known that this axis is not involved in normal 
myelopoiesis38. It would be interesting to investigate the possible differences in tissue macrophages 
between wildtype and CD200-/-, regarding activation state or subset presence. In addition, 
identification of T lymphocyte subsets could also provide clues about the exact mechanism. As 
shown in the CXCL10-/- study, we also observed an effect on collateral vessel geometry, reflecting 
differences in perfusion recovery. Although expression of CD200 by SMCs is described earlier, 
there is no evidence on the role of CD200-CD200R axis for VSMC proliferation or migration.  
Future research needs to be conducted to elucidate a clear mechanism of CD200-CD200R axis 
in arteriogenesis.
As mentioned before, different parts of the TLR pathway, in particular TLR2 and 4, have been 
studied in arteriogenesis in the past. For other CVDs, such as atherosclerosis or MI, these 
receptors are more extensively described. In addition, specific inhibitors have been developed 
and tested for their ability to inhibit the disease progression and tissue damage39–41. In chapter 5, 
we speculated if a specific TLR4 inhibitor (TAK-242) could negatively influence arteriogenesis in 
a murine hindlimb ischemia model. TAK-242 was tested ex vivo on its ability to inhibit TLR4 
activation in isolated murine and human leukocytes. We observed that TAK-242 was able to inhibit 
TLR4 responses ex vivo, both on the level of cell activation and cytokine production, as measured 
by TNF-α production. TNF-α itself has been demonstrated to accelerate arteriogenesis in mice 
and rabbits42–44 and is therefore also suitable as read-out for stimulation of arteriogenesis. To test 
the in vivo effects of TLR4 inhibition by TAK-242, systemic and prolonged release via minipumps 
as well as local injection directly after surgery did not affect perfusion recovery after hindlimb 
ischemia. These results give important clues about the effects of medication that inhibit TLR4 
signaling. Although we speculated on the negative side effects of TLR4 inhibition on arteriogenesis, 
we did not observe any effect on perfusion recovery after hindlimb ischemia. A serious limitation 
of this study is the lack of information regarding dose-dependency and timing of TAK-242 
treatment on affecting arteriogenesis. We observed a systemic inhibition of TNF-α production 
after local injection, but this response occurred late after the onset of ischemia, which might 
explain the lack in reduced perfusion recovery. Since we aim to compare the effects in TLR4-/- 
mice to TLR4 inhibition in wildtype mice, the results obtained in this study could partly be explained 
by poor timing of TAK-242 treatment. 

Over the recent years, much interest has emerged from the therapeutic effects of mesenchymal 
stem cells (MSCs) for treating hindlimb ischemia45–47.  In the past, we have demonstrated the 
therapeutic effect of conditioned medium from human MSCs in treating ischemia/reperfusion 
injury after MI48 and have shown that exosomes are the therapeutic element of the conditioned 
medium49. Systemic exosome treatment resulted in reduced infarct size after ischemia/reperfusion 
injury accompanied by a reduced inflammatory response50. With this effect in mind, we 
hypothesized that exosome treatment could hamper perfusion recovery after hindlimb ischemia 
in mice by inhibiting the local inflammatory response. In chapter 6 we show that local injection of 
exosomes inhibited perfusion recovery accompanied by smaller collateral vessels in a murine 
hindlimb ischemia model. Further investigation showed that local inflammatory response was also 
significantly decreased after exosome treatment. These results are in line with the data found the 
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myocardial ischemia/reperfusion injury studies. We did not observe this after systemic exosome 
injection using a different batch of exosomes in our model. However, it is difficult to speculate on 
the exact mechanism of exosome treatment in this study. Since we do not have any data on 
inflammatory responses between baseline and an intermediate time point (e.g. day 4), it is 
uncertain whether exosome treatment directly influenced the inflammatory response resulting in 
hampered perfusion recovery. In the future, it is critical to validate the mechanism by which the 
exosomes have their effect in different disease models. At least, exosome treatment could result 
in negative side effects on perfusion recovery after tissue ischemia. Furthermore, the route and 
location of treatment seems to be critical and confirms the direct effect of exosomes on resident 
tissue cells50.

In the last study of this thesis, chapter 7, we focused on two different disease models in 
cardiovascular research, namely advanced human atherosclerosis and abdominal aortic 
aneurysms (AAA). In patients suffering from advanced atherosclerotic disease or AAA, we 
investigated if leukotriene B4 (LTB4) expression is associated with a vulnerable plaque phenotype 
or inflammatory AAA using histological features and if LTB4 expression levels could predict future 
cardiovascular events. Numerous studies have been performed in experimental and clinical 
settings for different components involved in the pathway of LTB4 formation in these diseases51–58 
and different modifiers for LTB4 production are currently being tested in clinical trials59. Even though 
the overall consensus was that LTB4 is involved in disease initiation and progression, this does 
not guarantee involvement in the advanced disease state. In this study, we could not provide 
evidence for this association or the predictive role of LTB4 expression for secondary clinical 
manifestations in patients that underwent carotid endarterectomy or AAA surgery. Clinical trials 
testing inhibitors for LTB4 formation to prevent disease progression need to be evaluated carefully.

Future perspectives
In the past years, collateral artery growth research has taken important steps towards clinical 
application. Although the main focus is still on the involvement of different inflammatory 
components, new technical approaches are developed simultaneously. However, there are still 
hurdles to take, since translation of pre-clinical data to clinical studies is not yet successful. Animal 
models used in this thesis and often used in cardiovascular research in general do not include 
co-morbidities that are present in patients, such as smoking or obesity. The obvious side effect 
of promoting arteriogenesis is the possible stimulation of plaque neovascularization. Especially 
systemic treatment could stimulate plaque growth and destabilization by promoting the 
inflammatory response and plaque neovascularization. Recently, research focuses on local delivery 
of compounds to prevent unwanted systemic side effects and ensure prolonged local delivery of 
compounds. In general, this concept is promising, but until now no delivery systems are found 
feasible to promote arteriogenesis and prevent tissue ischemia. Furthermore, the different models 
used to simulate clinical arterial occlusion do not fully resemble the clinical situation. Patients 
suffering from ischemic events often experience gradual narrowing of the arterial lumen taking 
years or even decades. In experimental models, ischemic disease is simulated by surgical 
intervention to enable acute arterial occlusion, which does not represent the clinical setting.  
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Within this thesis, the most suitable candidate for enhancing arteriogenesis would be CXCL10. 
Obviously, biological processes among different species can be critically different, for instance in 
CXCL10 signaling, which makes translation of research extremely challenging and should therefore 
be done with care. Although we observed a role for CD200/CD200R axis in arteriogenesis, its 
exact mechanism needs to be further elucidated. As a target, the therapeutic effect of this pathway 
seems small and would not be the ideal candidate for further investigations to stimulate collateral 
artery growth. In future research, possible therapeutic candidates need to be chosen carefully. 
Combining both the biological translation for animal to human together with development of 
technical approaches need to be the focus for future research.   
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Aderverkalking (atherosclerose) is een aandoening die ontstaat in slagaderen, waarbij de 
bloedvaten verstopt raken door verstoringen in de vaatwand. Atherosclerose is een belangrijke 
oorzaak van de ontwikkeling van hart- en vaatziekten en een groeiend gezondheidsprobleem in 
de Westerse wereld. Oorzaken van een stijgend aantal patiënten dat lijdt aan hart- en vaatziekten 
zijn veelal een ongezonde levensstijl en de hogere levensverwachting. Aderverkalking wordt 
beschreven als een ontstekingsproces, waarbij vetafzetting plaatsvindt in de vaatwand met een 
verstopping als gevolg. Dit proces kan zich op meerdere plekken tegelijkertijd in het lichaam 
ontwikkelen. Tijdens de ontwikkeling van aderverkalking kan de bloedtoevoer ernstig verstoord 
raken, wat leidt tot problemen in de toevoer van zuurstof en voedingstoffen met orgaanschade 
als gevolg. Afhankelijk van de plek waar de aderverkalking in het lichaam optreedt, kunnen 
patiënten problemen krijgen aan bijvoorbeeld het hart, de hersenen of ledematen. In het ernstigste 
geval kan de verstopping leiden tot de dood. Wanneer aderverkalking plaatsvindt in de slagaderen 
van de benen, heet dit perifeer vaatlijden. Het is essentieel om afsluiting van een bloedvat te 
voorkomen en vaak kan dat met een operatie verholpen worden. Helaas is een operatieve ingreep 
niet voor alle patiënten een geschikte optie. Een andere benadering om deze patiënten te helpen, 
is het stimuleren van nieuwe vaatgroei om de bloedtoevoer in het achterliggende weefsel te 
herstellen. In het lichaam treedt dit proces gematigd op, maar dit is bij de patiënten niet voldoende 
om de bloedtoevoer te herstellen. Stimulatie van dit proces is daarom essentieel. Tijdens collaterale 
vaatgroei (arteriogenese) kunnen reeds bestaande niet-functionele vaten uitrijpen tot grotere vaten 
die de bloedtoevoer van het afgesloten vat over kunnen nemen. Stimulatie van dit proces in 
patiënten met perifeer vaatlijden kan een goede methode zijn om zuurstoftekort en weefselschade 
in de benen te voorkomen. Om dit te bewerkstelligen, moet het proces van collaterale vaatgroei 
eerst beter in kaart gebracht worden. In dit onderzoek wordt vooral de betrokkenheid van 
verschillende onstekingsprocessen bij collaterale vaatgroei onderzocht.

Binnen dit onderzoek zijn verschillende onderdelen van de ontstekingsprocessen beschreven en 
onderzocht. Als eerste wordt beschreven hoe de stof CXCL10 betrokken is bij verschillende 
hart- en vaatziekten. CXCL10 is een chemokine, een stof die zorgt voor de aantrekking van 
verschillende ontstekingscellen aanwezig in het bloed (witte bloedcellen, zoals monocyten en 
lymfocyten), naar de plek waar ze nodig zijn. Deze witte bloedcellen worden aangetrokken om 
weefselschade te voorkomen, maar aan de andere kant kan een overmatige ontstekingsreactie 
juist ernstige weefselschade in de hand werken. In hoofdstuk 2 wordt de veelzijdige rol van 
CXCL10 in verschillende hart- en vaatziekten beschreven, zoals aderverkalking, hartinfarct, 
verwijding van de lichaamsslagader (aneurysmavorming in de aorta) en perifeer vaatlijden. 
Resultaten van dierexperimentele en patiëntstudies worden in kaart gebracht. Er wordt beschreven 
dat de rol van CXCL10 in de verschillende aandoeningen divers is en dat de vertaling van de 
resultaten van de dierexperimentele studies naar patiënten niet eenvoudig is, mede door 
biologische verschillen. Ook de resultaten in de studies per aandoening verschillen en kan een 
eenduidige rol voor CXCL10 niet beschreven worden. Daarnaast is de rol van CXCL10 in perifeer 
vaatlijden in patiënten nog onvoldoende beschreven. In hoofdstuk 3 is onderzocht wat de exacte 
rol is van CXCL10 in perifeer vaatlijden met behulp van een muismodel, waarbij de beenslagader 
wordt afgesloten om tekort aan bloedtoevoer in de benen na te bootsen. Muizen die door 
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genetische manipulatie het CXCL10 eiwit niet meer hebben, laten een slechter herstel van de 
bloedtoevoer zien en verminderde collaterale vaatgroei na beenslagaderafsluiting, dan de muizen 
die nog wel CXCL10 hebben (controle groep).  Ook zijn de collaterale vaten minder uitgerijpt en 
kleiner. Daarom is geconcludeerd dat CXCL10 duidelijk betrokken is bij collaterale vaatgroei en 
het herstel van de bloedtoevoer in muizen. Als laatste wijst dit hoofdstuk uit dat andere cellen in 
de vaatwand, gladde spiercellen, eveneens een belangrijke rol spelen in de groei van de vaten. 
CXCL10 blijkt namelijk ook direct op deze cellen te kunnen werken, wat belangrijke nieuwe 
informatie is voor het proces van collaterale vaatgroei.
Een ander eiwit dat betrokken is bij ontstekingsprocessen is CD200. Dit eiwit zit op de celwand 
van verschillende celtypes en kan binden aan de receptor (CD200R), met als gevolg dat het 
ontstekingsproces en betrokken cel activiteit juist geremd wordt. De betrokkenheid van de 
signaleringsroute CD200-CD200R bij collaterale vaatgroei is ook onderzocht in eenzelfde 
muismodel in hoofdstuk 4. Muizen waarbij deze signaleringsroute niet meer werkt door het missen 
van CD200 lieten een verbeterde bloedtoevoer zien in vergelijking met de controle groep. Naast 
de aanwezigheid van grotere collaterale vaten, was er meer aantrekking van T lymfocyten op de 
plek van de vaatgroei. Wanneer gezonde muizen een behandeling ondergingen met de CD200 
receptor om de signaleringsroute te stimuleren, werd juist het tegenovergestelde gezien. De 
effecten van de onderbreking en de stimulering van de CD200-CD200R route samen tonen een 
duidelijke betrokkenheid zien van deze route bij collaterale vaatgroei in muizen. 
Andere receptoren die betrokken zijn bij collaterale vaatgroei zijn Toll-like receptoren (TLR), wat 
uitgebreid beschreven is in de literatuur. Een van deze TLRs, TLR4, is zowel cruciaal bij de 
verergering van aderverkalking als de verbetering van collaterale vaatgroei. In het verleden zijn er 
verschillende TLR4 remmers ontwikkeld om het proces van aderverkalking te remmen, maar deze 
zouden een negatieve invloed (negatieve bijwerkingen) kunnen hebben op collaterale vaatgroei. 
In hoofdstuk 5 is het effect weergegeven van een TLR4 remmer op de herstel van bloedtoevoer 
en collaterale vaatgroei in hetzelfde muismodel. Als eerste is de werkzaamheid van de TLR4 
remmer aangetoond op bloedcellen van muizen en mensen. Zowel het inspuiten van de TLR4 
remmer in de bloedbaan als lokaal in de beenspier na operatie had geen effect op het herstel 
van de bloedtoevoer. Dit betekent dat eventuele therapie met de TLR4 remmer voor aderverkalking 
geen negatieve bijwerking zou kunnen hebben op collaterale vaatgroei. 

Stamcellen en celblaasjes (exosomen) die daaruit ontstaan worden veelal beschreven voor hart- 
en vaatziekten in de literatuur. Vooral de therapeutische werking van de exosomen is veel onder 
de aandacht geweest in de afgelopen jaren. Voor bijvoorbeeld het hartinfarct blijken exosomen 
ernstige weefselschade en functieafname te voorkomen in het hart in verschillende diermodellen. 
Dit is mede het gevolg van de remming van de ontstekingsreactie in het hart, wat in dit model 
juist weefselschade in de hand werkt. Ook hier is gekeken of exosomen therapie misschien een 
negatief effect heeft op de herstel van de bloedtoevoer bij muizen. In hoofdstuk 6 hebben muizen 
een lokale behandeling van exosomen gekregen in de beenspier na afsluiting van de beenslagader. 
In vergelijking met de controle behandeling, heeft de exosomen behandeling een negatieve 
uitwerking op het herstel van de bloedtoevoer. Zoals verwacht was er ook een verminderde 
ontstekingsreactie te zien. Het mechanisme achter de werking van exosomen is nog niet geheel 
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duidelijk. Dit heeft onder andere te maken met de onduidelijkheid over de inhoud van de exosomen 
met betrekking tot de verschillende eiwitten. 

In het laatste hoofdstuk (hoofdstuk 7) zijn twee patiëntgroepen onderzocht, patiënten die lijden 
aan aderverkalking en patiënten die lijden aan een verwijde aorta (aneurysmavorming). Beide 
patiëntgroepen hebben via een operatie het aangedane weefsel laten verwijderen (respectievelijk 
de atherosclerotische plaque en het aneurysma weefsel). De aanwezigheid en hoeveelheid van 
diverse eiwitten in dit weefsel kan een voorspellende waarde hebben voor de toekomstige hart- 
en vaatziekten van de patiënt. In deze studie is een relatie gelegd tussen de aanwezigheid van 
Leukotriene B4 (LTB4), een eiwit belangrijk bij de aantrekking van ontstekingscellen, in deze twee 
weefsels, en de gezondheidstoestand van de patiënt. Eerdere studies gaven aanwijzingen voor 
een belangrijke rol voor LTB4 en het ontstaan van deze aandoeningen. Binnen de farmaceutische 
industrie worden veel medicijnen ontwikkeld en getest die de aanmaak van LTB4 in patiënten met 
hart- en vaatziekten kunnen remmen. De rol van LTB4 in een vergevorderd stadium van beide 
aandoeningen is alleen nooit beschreven. Het is nog maar de vraag of zulke medicijnen werkelijk 
effectief genoeg zullen zijn in deze patiëntengroep. Deze studie laat zien dat er geen voorspellende 
waarde is voor de aanwezigheid en de hoeveelheid van LTB4 en het ontstaat van meerdere 
toekomstige hart- en vaataandoeningen in deze patiënten. LTB4 blijkt geen daarom geen rol te 
spelen in de verergering van vergevorderde stadia van beide aandoeningen. De effectiviteit van 
ontwikkelde medicijnen zal zeer waarschijnlijk ook gering zijn.

In de afgelopen jaren zijn er belangrijke stappen gezet in het onderzoeksveld van collateraalvorming 
voor nieuwe ontwikkelingen van therapieën in de kliniek. Naast de focus voor nieuwe factoren die 
betrokken zijn bij collateraalvorming worden tegelijkertijd ook nieuwe methodes ontwikkeld. De 
meeste studies waarin nieuwe factoren ontdekt worden, zijn gedaan in diermodellen die niet 
geheel overeenkomen met de situatie in patiënten, zoals de biologische processen. Daarnaast 
is het gevaar aanwezig dat systemisch toedienen van eventuele therapieën een negatieve 
uitwerking heeft op bijvoorbeeld de verdere ontwikkeling van aderverkalking door de overlapping 
van de biologische (ontstekings-)processen. Binnen dit onderzoek zijn een aantal kandidaten 
ontdekt die geschikt kunnen zijn voor toekomstige therapieën, waarvan CXCL10 het meest 
hoopgevend lijkt. Toch zal er in de toekomst nog uitgebreid onderzoek gedaan moeten worden 
naar de effecten van CXCL10 in de humane situatie, voordat dit de kliniek bereikt. Dit onderzoek 
heeft niet alleen uitgewezen dat ontstekingscellen een belangrijke rol spelen in collateraalvorming, 
maar ook andere cellen in de vaatwand, zoals gladde spiercellen. Stoffen die zowel op de 
aantrekking van ontstekingscellen als, bijvoorbeeld, op gladde spiercellen in de vaatwand een 
effect hebben, zouden in de toekomst een zeer gunstige werking kunnen hebben op het stimuleren 
van collaterale vaatgroei.    
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DANKWOORD 

Na ruim vijf en een half jaar te hebben rondgelopen op het lab is het heel gek om dit gedeelte 
van mijn proefschrift te schrijven. Gedurende de afgelopen jaren heb ik kunnen bouwen op de 
mensen om mij heen. Ik kijk terug op een hele leerzame en vooral gezellige periode die ik zonder 
enige twijfel over zou doen. Natuurlijk wil ik iedereen hierbij bedanken voor hun bijdrage.   

Prof. dr. Pasterkamp, beste Gerard, jouw constante positivisme heeft er tijdens mijn promotie 
voor gezorgd dat ik vol goede moed heb kunnen werken de afgelopen jaren. Jouw frisse blik op 
de data leidde ertoe dat de, in mijn ogen, soms onlogische data weer logisch werd. Op de 
momenten dat ik er niks in zag en de resultaten even liet liggen, zorgde jij ervoor dat ik er mee 
bezig bleef. Ik ben je hier heel dankbaar voor, want dit heeft wel tot een aantal onverwacht mooie 
publicaties geleid. Ook de plezierige en succesvolle samenwerkingen met verschillende 
onderzoeksgroepen heb ik aan jou te danken. Ik waardeer het enorm dat ik de afgelopen vier jaar 
nog steeds op wekelijkse basis met je kon sparren om me gefocust te houden. Bedankt voor 
het vertrouwen en alle kansen die je me geboden hebt.

Dr. Hoefer, beste Imo, pas gaandeweg mijn promotie ben je als co-promotor steeds meer 
betrokken geweest bij mijn onderzoek. Ik kreeg langzaam de gelegenheid om je advies te vragen 
en heb uiteindelijk de deur bij je plat gelopen. Door je kritische blik konden we af en toe flink 
discussiëren over mijn data, maar daardoor werden mijn stukken wel meteen opgehelderd. De 
informele sfeer die je hebt gecreëerd, heeft enorm bijgedragen aan onze plezierige samenwerking. 
Ook de (flauwe) humor die we samen konden delen, waren een welkome afwisseling van het 
schrijfwerk van de afgelopen tijd! Bedankt voor je input en gezelligheid.       

Prof. dr. Quax, beste Paul, de goede samenwerking met je groep heeft niet alleen mooi werk 
opgeleverd, maar ik heb er ook erg veel geleerd. Bedankt dat ik de gelegenheid kreeg om in 
Leiden experimenten kunnen te doen en voor je kritische blik op mijn werk. Dat waardeer ik enorm.  

Prof. dr. de Kleijn, beste Dominique, door het overnemen van de CXCL10 studie zat ik ook ineens 
geregeld bij jou aan tafel en uiteindelijk ook achter Skype om naar Singapore te bellen. Je directe 
manier van werken en realistische blik waren erg leerzaam voor mij en heeft ertoe geleid dat ik 
de hoofdzaken van de bijzaken leerde onderscheiden. Je bepaalde feilloos wat er nog miste en 
gaandeweg werd het stuk steeds volwassener. De mooie publicatie die volgde is de kers op de 
taart en was zonder jouw begeleiding niet gelukt. Bedankt voor deze leerzame samenwerking. 

Prof. dr. Meyaard, beste Linde, met open armen werd ik door jou ontvangen voor een mooie 
samenwerking tussen immunologie en cardiologie voor de CD200 studie. Doordat we allebei in 
een ander veld zaten, resulteerde dat in het enthousiast delen van onze kennis met elkaar. Hoewel 
de muizendata ons af en toe erg liet verbazen, is het uiteindelijk een mooi stuk geworden en net 
op het nippertje geaccepteerd voor publicatie. Bedankt voor de leerzame en plezierige 
samenwerking.      
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Geachte leden van de leescommissie: Prof. dr. Doevendans, Prof. dr. Verhaar, Prof. dr. van 
Solinge, Prof. dr. Goumans. Hartelijk dank voor uw rol in het beoordelen van mijn manuscript. 

Het mooiste van promoveren is de vele mede promovendi, analisten en postdocs waarmee ik, 
naast het werk en de leerzame discussies, ook veel gezellige borrels en feestjes heb mogen delen. 
Ellen en Sanne, iedereen dacht altijd dat we samen begonnen waren, maar jullie zijn al weer een 
jaar klaar! Ben ik langzaam of jullie snel? Ellen, veel momenten hebben we gezellig zitten kletsen 
over van alles en nog wat! Ik heb veel geleerd van je doorzettingsvermogen, in het hebben van 
vertrouwen in jezelf en in je werk. Dat heeft bij jou nu zijn vruchten afgeworpen met je fantastische 
opleidingsplek als klinisch chemicus. Bedankt voor de gezelligheid die we nog steeds hebben! 
Sanne, samen met Ellen hebben we veel plezier gehad, wat er toe leidde dat de kamer soms net 
een kippenhok was. Hoewel we aan hetzelfde project zijn begonnen, heeft dit toch twee heel 
verschillende proefschriften opgeleverd! Dat jij je eigen pad hebt gekozen, kan ik erg bewonderen.  
Bedankt voor je gezelligheid, zeker bij de beruchte BMM-feestjes! René, als leermeester van het 
arteriogenese onderzoek heb ik ontzettend veel van je geleerd. Ruim na jouw promotie kon ik altijd 
bij je terecht om te discussiëren en veel inspiratie op te doen. Je plekken als co-auteur bevestigen 
onze goede samenwerking, waar ik trots op ben. Naast het werk hebben we ook  lol kunnen maken. 
Zelfs voor de periode na mijn eigen promotie kan ik op je rekenen. Dat waardeer ik enorm! Daphne, 
aan het begin van mijn promotie heb je me een goede start gegeven en stond je klaar voor al mijn 
vragen. Dankjewel! Loes, bedankt voor al je hulp, betrokkenheid en vooral de gezelligheid op het 
lab (al die koffie om 8 uur), en ook daarbuiten. Veel succes met je nieuwe uitdaging en ik hoop dat 
er nog vele borrels zullen volgen! Sandra, samen hebben we veel lol gemaakt op het lab en tijdens 
het organiseren van het labuitje. Ik heb veel van je mogen leren in de eerste jaren van mijn promotie. 
Ik vind het ontzettend stoer dat je alweer ruim twee jaar in Londen werkt en het daar zo ontzettend 
naar je zin hebt! Vince en Sander, het organiseren van dat leukste labuitje ooit, resulteerde in een 
leuke band, met nog steeds af en toe een gezellig etentje of borrel. Vince, wie had kunnen denken 
dat jij zo’n labnerd zou worden! Leuk, hè? Het is inspirerend om te zien dat jij je volledig kan storten 
op nieuwe uitdagingen. En dat je alles zo weet te managen, dat je veel tijd kan vrij maken om altijd 
anderen te helpen. Hopelijk krijg je snel een mooie opleidingsplek, ik duim voor je! Dankjewel voor 
je gezelligheid en de mooie discussies. Succes met de laatste loodjes! S., het genetica wonder, ik 
begin het zowaar te snappen! Bedankt voor alle (werk)discussies, gezellige momenten en het 
uitbreiden van mijn muzieksmaak. Ik ben benieuwd wat de toekomst je zal brengen. Veel succes 
met het afronden van jouw promotie en natuurlijk veel geluk met Jasmijntje! Geert, wat heb jij een 
ontzettend goede drive! Bedankt voor de leuke tijd op de kamer. Heel veel succes met je promotie, 
maar dat gaat ongetwijfeld helemaal goed komen! Marten, van celkweek naar genetica, niemand 
heeft zulke verschillende onderwerpen opgepakt als jij! Bedankt voor de gezellige tijd op het lab en 
je skiles! Heel veel succes met het afronden van je promotie! Dennie, je was al berucht voordat je 
een plekje had veroverd op de kamer. Het was vanaf dag één al veel te gezellig! Ik wens je al het 
goeds in de toekomst. Erik, als stagiair blonk je al uit en als promovendus heb jij het echt een 
vliegende start gemaakt! Als dat geen prachtige promotie wordt, dan weet ik het niet meer. Bedankt 
voor de gezellige tijd en heel veel succes in de komende jaren.
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Natuurlijk ook Krijn, Paul, Marish, Joyce, Crystel, Saskia, Bas, Jonne, Amir, Judith, David, Claudia, 
Petra, Jelte, Dimitri, Hendrik, Eissa, Vincent, Rob, Guus, Dave, Wouter, Karlijn, Mihaela, Saskia, 
Hester, Leo, Mirjam, Jiong-Wei, Fatih, Astrid, Marjolein, Chaylendra, Elske. Collega’s van de 
stamcelgroep: Joost S, Joost F, Alain, Roberto, Hamid, Jia, Jan Willem, Sailay, Stefan, Frebus, 
Dries, Frederieke, Vera, Janine, Zhyjong, Corina en Esther. Bedankt voor de gezellige tijd door de 
jaren heen. Hopelijk ben ik niemand vergeten…

Arjan, met jouw enorme kennis en ervaring houdt je het lab draaiende. Bedankt voor alle hulp en 
alles wat ik van je heb mogen leren. Sander van de Weg, je vingers zijn er nog net niet afgevroren 
door het uitzoeken van de AE samples die ik geregeld nodig had. Bedankt voor je hulp en natuurlijk 
de gezelligheid bij de (vrijdagmiddag)borrels. Noortje en Julie, op het lab was het door jullie altijd 
gezellig en was er altijd even tijd om wat te kletsen. Bedankt voor jullie gezelligheid, ook bij de 
borrels! 

Het is duidelijk dat zonder alle hulp vanuit het GDL dit proefschrift er niet zou liggen. Beste Ben, 
Evelyn, Marcel, Marlijn, Joyce, Merel, Grace, Cees en Maike, bedankt voor jullie ondersteuning 
bij de experimenten en gezelligheid rondom de volle operatie dagen. Ook de medewerkers van 
het GDL, met name Tamara, Jan, Romy en Ron, bedankt voor jullie hulp. Uiteraard ook de 
proefdierdeskundige, Harry en Fred, bedankt voor de snelle en deskundige hulp bij mijn vele 
DEC aanvragen.  

De stille kracht achter de afdeling is natuurlijk het secretariaat. Beste Ineke, met zo’n AIO als ik, 
die zelden iets op tijd regelt, is het af en toe moeilijk werken. Bedankt voor alle (administratieve) 
ondersteuning de afgelopen jaren. Niet mijn sterkste kant, maar gelukkig wel die van jou. Ook de 
passie voor het reizen hebben we met veel plezier kunnen delen. Beste Marjolijn, ik heb de 
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bouwen als persoonlijke coach om het beste in mij naar boven te halen. Ik ben ontzettend blij dat 
je mij nu ook bij wilt staan als paranimf.   

Allerliefste Loes, hoe vaak hebben we dit al niet tegen elkaar gezegd: niemand zal ooit kunnen 
begrijpen hoe speciaal en bijzonder onze band is. Je bent het allerbelangrijkste in mijn leven; jij 
bent mij en ik ben jou. Je haalt het beste in me naar boven. Hoewel we natuurlijk even oud zijn, 
ben je echt mijn grote zus en ik ben zo ontzettend trots op je! Vanzelfsprekend sta je me bij als 
paranimf, want jou niet naast me is ondenkbaar.     

2014195 proefschrift Pleunie van den Borne.indd   155 21-05-14   09:21



CHAPTER 10

156

LIST OF PUBLICATIONS

The CD200-CD200 receptor inhibitory axis controls arteriogenesis and local T lymphocyte influx
Van den Borne P, Rygiel TP, Hoogendoorn A, Westerlaken GH, Boon L, Quax PH, Pasterkamp 
G, Hoefer IE, Meyaard L
Accepted for publication in PLoS One

The multifaceted functions of CXCL10 in cardiovascular disease
Van den Borne P, Quax PH, Hoefer IE, Pasterkamp G
BioMed Research International. Vascular Medicine 2014

Absence of chemokine (C-x-C motif) ligand 10 diminishes perfusion recovery after local arterial 
occlusion in mice 
Van den Borne P, Haverslag RT, Brandt MM, Cheng C, Duckers HJ, Quax PH, Hoefer IE, 
Pasterkamp G, de Kleijn DP
Arterioscler Thromb Vasc Biol. 2014 Mar;34(3):594-602

Leukotriene B4 levels in human atherosclerotic plaques and abdominal aortic aneurysms
Van den Borne P, van der Laan SW, Bovens SM, Koole D, Kowala MC, Michael LF, Schoneveld 
AH, van de Weg SM, Velema E, de Vries JP, de Borst GJ, Moll FL, de Kleijn DP, Quax PH, Hoefer 
IE, Pasterkamp G
PLoS One. 2014 Jan 27;9(1):e86522

Toll-like receptor 4 inhibitor TAK-242 treatment does not influence perfusion recovery in tissue 
ischemia
Van den Borne P, Bastiaansen AJ, de Vries MR, Quax PH, Hoefer IE, Pasterkamp G
J Cardiovasc Pharmacol. 2014 Jan;63(1):16-22

IN PREPARATION

Local delivery of human mesenchymal stem cell-derived exosomes inhibits perfusion recovery 
and local inflammatory response after hindlimb ischemia in mice
Van den Borne P, Haverslag RT, Quax PH, Lai RC, Lim SK, de Kleijn DP, Hoefer IE, Pasterkamp G
Submitted

OTHER PUBLICATIONS

Arterial occlusion induces systemic changes in leucocyte composition
Haverslag R, de Groot D, van den Borne P, Pasterkamp G, Hoefer IE.
Eur J Clin Invest. 2011 Sep;41(9):943-50

2014195 proefschrift Pleunie van den Borne.indd   156 21-05-14   09:21



157

List of Publications

High neutrophil numbers in human carotid atherosclerotic plaques are associated with 
characteristics of rupture-prone plaques 
Ionita MG, van den Borne P, Catanzariti LM, Moll FL, de Vries JP, Pasterkamp G, Vink A, de 
Kleijn DP
Arterioscler Thromb Vasc Biol. 2010 Sep;30(9):1842-8

Neonatal dexamethasone treatment in the rat leads to kidney damage in adulthood
De Vries WB*, van den Borne P*, Goldschmeding R, de Weger RA, Bal MP, van Bel F, van 
Oosterhout MF.
Pediatr Res. 2010 Jan;67(1):72-6.

* these authors contributed equally

2014195 proefschrift Pleunie van den Borne.indd   157 21-05-14   09:21



CHAPTER 10

158

CURRICULUM VITAE

De schrijfster van dit proefschrift werd geboren op 16 april 1985 te Eindhoven. Na het behalen 
van haar VWO diploma in 2003 aan het Pleincollege Sint Joris te Eindhoven, begon zij met de 
studie Biomedische Wetenschappen aan de Universiteit Utrecht. Tijdens de Master ‘Biology of 
Disease’ heeft ze 9 maanden stage gelopen bij de afdeling Pathologie aan het Universitair Medisch 
Centrum Utrecht onder begeleiding van dr. R.A. de Weger, dr. M.F.M. van Oosterhout en prof. 
dr. R. Goldschmeding. Hier heeft ze onderzoek gedaan naar de effecten van neonatale 
dexamethasonbehandeling bij ratten op de ontwikkeling van nierschade op vroege en late leeftijd 
wat heeft geleid tot een publicatie. Daarna heeft ze haar studie onderbroken om werkzaam te zijn 
op de afdeling Pathologie en is vervolgens een half jaar gaan reizen. Ze hervatte  haar Master met 
een stage van 6 maanden bij de afdeling Experimentele Cardiologie aan het Universitair Medisch 
Centrum Utrecht onder begeleiding van prof. dr. G. Pasterkamp en dr. M.G. Ionita. Hier heeft ze 
onderzoek gedaan naar neutrofielaantallen in de atherosclerotische plaque in relatie tot plaque 
morfologie en patiënt karakteristieken wat heeft geleid tot een publicatie. Van december 2009 tot 
maart 2014 was zij werkzaam als onderzoeker in opleiding bij de afdeling Experimentele Cardiologie 
aan het Universitair Medisch Centrum Utrecht. De resultaten verkregen tijdens dit onderzoek zijn 
beschreven in dit proefschrift.      
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