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General Introduction
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Introduction to atherosclerosis
Atherosclerosis is a chronic inflammatory disease which is typified by the
accumulation of lipids and inflammatory cells into the vessel wall, resulting in the
formation of an atherosclerotic plaque or lesion. Destabilization of an
atherosclerotic plaque can lead to severe acute clinical manifestations such as a
myocardial infarction, stroke or peripheral arterial occlusion, which are still the
leading cause of death in Western Society.1,2 Atherosclerosis is a progressive
disease starting at early adolescence and progressing with age.3,4 Initially, early
lesions develop, referred to as fatty streaks. At later stages, these lesions develop
into more advanced and unstable lesions, leading to blood flow restriction and
upon plaque rupture potentially to occlusive thrombus formation.
Middle‐ and large‐sized arteries are particularly prone to atherosclerotic
plaque formation, especially the coronary arteries, the carotid arteries at the
bifurcation site and all main branching points of the aorta.5,6 The high
susceptibility of these artery segments to atherosclerosis can be attributed to
hemodynamic flow factors, such as low shear stress, oscillatory flow and turbulent
flow.7 Despite genetic pre‐disposition, various behavioral features can influence
the progression of atherosclerosis, such as smoking,8 high fat diet,9 stress10,11 and
physical inactivity.12,13 In addition, also hypertension,8 diabetes14‐16 and obesity17,18
are associated with cardiovascular disease.

Atherosclerotic plaque development
Plaque initiation
The vessel wall consists of three layers. The inner layer, called intima, consists of a
single layer of endothelial cells and some residential leukocytes. The intima covers
the media, which consists of several layers of smooth muscle cells (SMC) and is
flanked by the internal and external lamina elastica. Finally, the adventitia borders
the outside of the vessel wall and consists of stromal tissue, leukocytes, blood
vessels (vasa vasorum) and lymphatic capillaries.
The trigger for atherosclerosis development is endothelial dysfunction caused
by low turbulent or oscillatory shear stress in combination with pro‐atherogenic
stimuli such as high levels of lipoproteins (very‐low‐density lipoprotein (VLDL), low
12
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density lipoprotein (LDL)).19,20 Lipoproteins can enter into and accumulate in the
subendothelial space at sites of endothelial injury and in response to such injury
endothelial cells will increase the expression of adhesion molecules, such as E‐
and P‐selectin, which will enable rolling of monocytes on top of the
endothelium.21,22 While rolling, monocytes adhere to the endothelium via vascular
cell adhesion molecule‐1 (VCAM‐1), intracellular adhesion molecule‐1 (ICAM‐1)
and dedicated CC‐Chemokine Receptors (CCRs), which are also upregulated by
endothelial cells.23,24 Finally, monocytes migrate through the endothelial layer into
the intima, a process called diapedesis, where they differentiate into
macrophages in response to pro‐inflammatory cytokines, such as Macrophage‐
Colony Stimulating Factor (M‐CSF), Tumor Necrosis Factor α (TNFα), Interferon γ
(IFNγ), Interleukin‐1 (IL1) and growth factors like Transforming Growth Factor β
(TGFβ) , Platelet Derived Growth Factor (PDGF) and Insulin‐like Growth Factor‐1
(IGF‐1).25,26
At this stage, the initial lesion is classified as intimal thickening (fatty streak
according to the previous American Heart Association (AHA) classification system
introduced in 1995),27,28 according to the new classification of Virmani et al..29
Macrophages take up modified lipids (mainly oxidized Low‐Density Lipoprotein
(oxLDL)) that have accumulated within the intima via scavenger receptors (CD36),
progressing into foam cells.30 Intimal thickening lesions progress into intimal
xanthomas, which are further enriched in foam cells and contain also granulocytes
and T cells. At this stage, vSMC start to migrate from the media into the intima
towards the endothelium in response to growth factors, such as Fibroblast
Growth Factor (FGF), Platelet‐Derived Growth Factor (PDGF) and Tumor Growth
Factor β (TGFβ).31,32

Plaque progression
Intimal xanthomas in turn develop into pathological intimal thickenings, which
contain small dispersed lipid depositions at the medial border and have a fibrous
cap rich in SMC and proteoglycans overlaying the lipid rich areas. Pathological
intimal thickening lesions can be regarded as the transition stage between early
and advanced lesions. The more advanced lesion, or fibrous cap atheroma,
harbors a true necrotic core, due to apoptosis/necrosis of foam cells or to
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retention of infiltrated lipoproteins, containing cholesterol esters, free
cholesterol, phospholipids and triglycerides. At this stage, the fibrous cap consists
of SMC in a proteoglycan‐collagen matrix and lesions possess small capillaries that
most likely originate from the vasa vasorum in the adventitia. These lesions are
prone to become clinically symptomatic. Fibrous cap atheromas can be divided in
three groups. Fibroatheromas with intraplaque hemorrhage, in literature referred
to as intraplaque hemorrhaged lesions, which contain red blood cells and fibrin in
the necrotic core, carry a matured fibrous cap and have areas of calcification deep
within the intima. Thin fibrous cap atheromas, have a large necrotic core
containing numerous cholesterol clefts. The overlaying fibrous cap has eroded due
to the release of proteases, making these lesions vulnerable for rupture.
Fibrocalcific lesions are referred to as stable advanced lesions. These lesions are
heavily calcified and are composed of dense collagen, and when present the
necrotic core is small. Ruptured lesions originate from thin fibrous cap atheromas
and have luminal thrombi. These lesions have an extensive necrotic core
containing cholesterol crystals. Lesions with luminal thrombi are being classified in
three groups. Ruptured lesions, which have a thin fibrous cap and of which the
luminal thrombus is in direct contact with the necrotic core. Eroded lesions have a
thick fibrous cap and a luminal thrombus but lack direct contact with the necrotic
core. Finally, calcified nodules are lesions with luminal thrombi showing calcified
nodules protruding into the lumen through a disrupted thin fibrous cap.

14
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Plaque initiation

Advanced plaque progression

Early plaque progression

Plaque rupture

Figure 1. Development and progression of atherosclerosis. (Adapted from
Weber et al. Nature Rev Immunol 2008).33

The unstable plaque
Thin fibrous cap atheromas, intraplaque hemorrhage lesions and ruptured lesions
are considered “unstable” and give rise to the majority of clinical manifestations
as stroke and myocardial infarction. Features that are associated with plaque
instability are enlargement of necrotic core, thinning of the fibrous cap and
increased leukocyte infiltration. Under normal conditions, there is a balance
between the size of necrotic core and the thickness of the fibrous cap. When the
necrotic core expands, the fibrous cap is under high tension and in combination
with the release of matrix metalloproteinases (MMPs) the fibrous cap can
rupture, leading to the release of the highly thrombogenic plaque content into
circulation and consequently thrombus formation.
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The role of the immune system in atherosclerosis
As mentioned in the introduction, the immune system plays an indispensable role
in the development of atherosclerosis. In the below paragraph, we will describe
the role of different leukocyte subsets in atherosclerosis based on innate and
adaptive immune responses. In addition, we will briefly describe the role of
chemokines in atherosclerosis, which will be further elaborated in Chapter 2.

Innate immunity in atherosclerosis
The innate immune response is the first line of defense against pathogens and is
characterized by the recruitment of phagocytes (macrophages, neutrophils and
dendritic cells) to the site of injury. Phagocytosis, the ingestion of particular
matter into cells via the release of radicals and anti‐bacterial agents resulting in
degradation, is a rapid defense mechanism against invading pathogens or
particles. Innate immune responses have also been shown to have major impact
on the initiation but also progression of atherosclerosis.36 In this chapter, we will
zoom in on the role of monocytes/macrophages, neutrophils, dendritic cells and
mast cells in atherosclerosis.

Figure 2. Immune cells involved in innate immune responses relevant to atherosclerosis.
(Adapted from Libby et al. JACC 2009).37
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Monocytes/Macrophages
Macrophages are the predominant leukocyte subset present in atherosclerotic
vessels and the first cell type to be associated with atherosclerosis38‐40 and since
then has continued to be subject of investigation in many atherosclerosis
studies.41‐45 During the pathogenesis of atherosclerosis, blood monocytes are the
first leukocytes being recruited to the vessel wall into the intima. Monocyte
recruitment to the vessel wall has been shown to be mainly mediated by
chemokines CCL2 (also known as monocyte chemotactic protein‐1 (MCP‐1))46 and
CCL5 (also known as RANTES),47 but also by adhesion molecules P/L selectin,48,49
ICAM/VCAM‐150 and PECAM‐1.51 Upon arrival in the intima, monocytes
differentiate into macrophages in order to take up modified lipids. The most
common modified lipids in atherosclerotic lesions are oxLDLs. OxLDL is formed
when LDL particles react with free radicals in circulation. When oxidized, LDL
enters the intima where it will be taken up by macrophages via scavenger
receptors (CD36, CD68, SRA‐1, SRA‐2, MARCO, SR‐B1, LOX‐1 and PSOX).52‐54 In
response, macrophages undergo activation and accumulate in the intima.
Excessive uptake of oxLDL by macrophages will lead to the formation of foam
cells, which will eventually become necrotic and release their lipid content into
the intima, thereby contributing to necrotic core formation and consequently
plaque progression and destabilization. In addition, macrophages secrete
cytokines and matrix‐degrading proteases causing the fibrous cap to thin.55
Monocytes are continuously being recruited to the lesion during
atherogenesis and this accumulation increases proportionally with lesion size.43
An adaptive transfer study examining mouse blood monocyte homing and
differentiation in vivo identified two functional subsets: the pro‐inflammatory
subset (CX3CR1lowCCR2+Gr1+/Ly6Chi) that is recruited to inflamed tissues and gives
rise to inflammatory macrophages and dendritic cells, and a resident subset
(CX3CR1hiCCR2‐Gr1‐/Ly6Clow) that is characterized by CX3CR1‐dependent patrolling
and homing to non‐inflamed tissues.56 In human, these subsets are represented
by CD14+CD16‐ and CD14lowCD16+ monocytes.57 The chemokine receptors CX3CR1
in combination with CCR2 and CCR5 are involved in Gr1+/Ly6Chi monocyte
recruitment in atherosclerosis.58,59 Surprisingly, CCR5 is critical for
CCR2+Ly6Clow/Gr1‐ monocyte recruitment but not CX3CR1 and CCR2 and the
number of circulating Gr1‐/Ly6Clow cells correlated with lesion size.44,60 Resident
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monocytes patrol healthy tissues by crawling on the endothelium, which allows
their rapid tissue invasion at sites of infection, where they will differentiate into
macrophages.61 Monocytes might enter lymphatic vessels and travel to draining
lymph nodes, or they might migrate across the endothelium into the lumen and
enter the circulation.62

Neutrophils
Not much attention has been paid to the role of neutrophils in the pathogenesis
of atherosclerosis. Despite their short half‐life, neutrophils have been identified
within human atherosclerotic lesions at sites of plaque rupture and erosion,63,64
suggesting that they might be involved in plaque destabilization. Moreover,
neutrophil counts in blood have been associated with coronary atherosclerosis.65
Conversely, depletion of circulating neutrophils in mice has been shown to
attenuate plaque formation,66 while disruption of the CXCR4/CXCL12 axis was
seen to aggravate atherosclerosis in mice by increasing neutrophil influx into the
plaque, possibly by disturbed granulopoiesis and increased release of neutrophils
from bone marrow into the circulation.

Dendritic cells
The presence of dendritic cells (DCs) in human atherosclerotic lesions was first
reported in 1995.67 There are two types of DCs: conventional DC (cDC), which are
the classical antigen‐presenting cells, and plasmacytoid DC (pDC), which are poor
T cell activators due to low expression of major histocompatibility complex class‐II
(MHC‐II) and co‐stimulatory molecules.

Conventional DCs (cDCs)
CDCs are antigen‐presenting cells derived from myeloid precursor cells in bone
marrow and are specialized in activation of T cells. They are constitutively present
at low numbers within the subendothelial space of healthy non‐diseased
arteries67 but their presence increases with severity of disease.68 Within the
18
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lesions, cDC are found to be organized in clusters with T cells, suggesting that they
play an important role in modulation of T cell adaptive immunity.69,70 Monocytes
that infiltrate into the intima may differentiate into DCs and contribute to an
increased DC population.71 In mice, DC accumulation in the intima of
atherosclerotic lesions has been shown to be mediated via VCAM1 and
CX3CR1.68,72 It is believed that within vascular lesions cDCs will encounter
atherosclerosis‐related antigens (oxLDL, heat‐shock proteins (HSP)), become
activated and mature to migrate back to lymph nodes via CCR7 in order to
activate naïve T cells.73 In addition, DCs have been shown to regulate regulatory T
cell homeostasis in mice in a CCL17 dependent manner.74 Several studies have
shown the usefulness of DCs as therapy against atherosclerosis.75,76 These
expanded Thelper (Th) cell clones will recognize oxLDL epitopes for instance via T
cell receptor (TCR), and become activated which will trigger plaque inflammation
and/or, depending on the Th cell subset augment the production of anti‐oxLDL
antibodies by B cells. DCs can be rendered tolerogenic by ex vivo pulsing with IL‐
10 and oxLDL or ApoB100. Injection of these DCs into atherosclerotic mice has
been shown to induce regulatory T cell and inhibit effector T cell responses.76

Plasmacytoid DCs (pDCs)
PDCs are the main type I interferon (IFN) producing cells and have a critical role
not only in detection of and host defense against bacterial and viral infection, but
also in sensing RNA/DNA and immune complexes. PDC are derived from both
myeloid and lymphoid precursors in bone marrow and constitute only 0.1‐0.5% of
total leukocytes in blood and peripheral lymphoid tissue. Upon stimulation, pDC
produce large amounts of type I interferons (IFN‐α, IFN‐β, IFN‐ω, IFN‐λ) in a toll‐
like receptor (TLR) 7 and 9 dependent manner.77 PDC have been shown to be
present in human atherosclerotic lesions where they are believed to regulate T
cell function.78 CpG induced IFN‐α release by pDC effected a 10‐fold up regulation
of tumor necrosis factor‐related apoptosis‐inducing ligand (TRAIL) expression on
CD4+ T cell surface, thereby promoting apoptosis of vSMC and endothelial cells in
vitro, processes that are generally deemed deleterious for plaque stability in vivo.
However, these in vitro data leave unaddressed whether pDC indeed are
instrumental in plaque instability.
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Mast cells
Mast cells are large granular cells which play an important role in allergy and
anaphylaxis by the rapid release of granules containing histamine and heparin. In
addition, mast cells also have been shown to be involved in wound healing and in
the defense against pathogens. Mast cells have been identified in the shoulder
region of human atherosclerotic lesions and their presence was found to be
associated with plaque progression and lipid accumulation, as they mediate
degradation of high‐density lipoprotein (HDL) and impair cholesterol efflux.79‐82 In
mouse lesions on the other hand, mast cells are mainly present in the adventitia.83
Mast cells have been associated with plaque progression and destabilization in
mice by releasing amongst others proteolytic enzymes, such as chymase and
tryptase, which induce SMC apoptosis and degrade matrix components, resulting
in thinning of the fibrous cap and consequently increased risk for plaque
rupture.84‐86 In addition, mast cells have been associated with plaque
neovascularization as they have the capacity to release angiogenic factors
Vascular Endothelial Growth Factor‐C/D (VEGF‐C, VEGF‐D).87,88 Moreover, mast
cells have been shown to promote atherosclerosis by the secretion of the pro‐
inflammatory cytokines Il‐6 and IFN‐γ.83,89

Adaptive immunity in atherosclerosis
Upon activation of the innate immune system to clear pathogens, the adaptive
immune system will be activated as well, which will induce an antigen‐specific
immune response. Adaptive immunity also includes a “memory” to facilitate
future responses against that same specific antigen. Components of adaptive
immunity are present in human atherosclerotic lesions and several studies have
indicated an important role for antigen‐specific adaptive immune responses in
atherogenesis.90 In this chapter, we will describe the role of lymphocytes, as
central mediator in adaptive immune responses, in atherosclerosis.
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Figure 3. Immune cells involved in adaptive immunity in atherosclerosis. (Libby et al. JACC
2009).37

T cells
Substantial numbers of T cells have been shown to be present in atherosclerotic
lesions at all stages of disease progression in mouse and man. Most of these T
cells are CD4+ helper T cells and have been found to be correlated with disease
severity.91,92 CD4+ helper T cells can be divided in two subsets based on their
cytokine profile. Type 1 helper (Th1) T cells are pro‐inflammatory T cells and
induce cellular immunity by the production of IFN‐γ, TNF‐α and IL‐2; whereas type
2 helper (Th2) T cells induce an anti‐inflammatory humoral response by the
production of IL‐4, IL‐5, IL‐6 and IL‐10 and the activation of B cells to produce
antibodies.93,94 Under normal conditions, there is a balance between Th1/Th2,
while during inflammation the response is skewed towards either Th1 or Th2. In
mice, Th1 cells predominate over Th2 cells in early lesion formation. It is believed
that CD4+ Th1 cells are activated in lymphoid tissue upon antigen presentation
(oxLDL) by plaque DCs and in response migrate towards the atherosclerotic vessel
wall. However, it cannot be excluded that CD4+ Th1 cells are activated within the
lesions by plaque DCs, although this process may be less efficient than in a
specialized environment offered by lymphoid tissue. CD4+ Th1 cells are attracted
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to the plaque via DC‐derived chemokines such as CCL19.95 Once inside the plaque,
CD4+ Th1 cells produce high levels of IFN‐γ and pro‐inflammatory cytokines in
response to mature DCs, leading to the activation of monocytes/macrophages and
DCs.96 In contrast to Th1 cells, CD4+ Th2 cells are barely detectable within
atherosclerotic lesions. However, severe hypercholesterolemia has been shown to
induce a Th1 to Th2 shift in T cells in mouse plaques which was accompanied with
a loss of IFN‐γ producing Th1 cells and with the formation of IgG1 autoantibodies
to oxLDL.97 Overall, Th2 cells are believed to exhibit anti‐atherogenic properties.98
However, the role of Th2 cells in the development of atherosclerosis remains
controversial depending on the stage of disease, site of the lesion and
experimental model being used. For instance, IL‐4 deficiency was shown to
decrease atherosclerotic lesion formation in a site‐specific manner in LDLr‐/‐
mice,99 while in another study deficiency of IL‐4 had no substantial effect on lesion
development.100
In addition to Th1 and Th2, a new lineage has been identified referred to as
Th17 cells (IL‐17 producing T cells). Besides IL‐17, Th17 cells also secrete IL‐21 and
IL‐22. The role of Th17 cells in atherosclerosis is poorly understood and findings
are contradictory. Hematopoietic deficiency of IL‐17R in LDLr‐/‐ mice was shown to
decrease plaque formation.101 However, IL‐17R is also expressed by non‐
hematopoietic cells such as SMC and endothelial cells, which makes the relevance
of these data difficult to assess. Moreover, the presence of various isoforms of IL‐
17 (IL‐17A, Il‐17B, IL‐17C, IL‐17D, Il‐17E and IL‐17F) and its receptor (IL‐17RA, IL‐
17RB and IL‐17RC) makes it difficult to interpret these findings.102
In another study, neutralization of IL‐17 activity in ApoE‐/‐ mice reduced
atherosclerosis.103,104 On the other hand, there are studies that point to a
protective role of IL‐17 in atherosclerosis. Administration of recombinant IL‐17 to
LDLr‐/‐ mice was found to reduce VCAM‐1 expression on endothelial cells and
plaque T cell infiltration, thereby limiting plaque development.105 In addition,
increased IL‐17 expression in human carotid atherosclerotic lesions was
associated with a stable plaque phenotype.
Regulatory T cells (Treg) are present at very low levels within atherosclerotic
lesions. There are two types of Treg cells, natural and induced Treg cells,
depending on their origin. Natural Treg (nTreg), characterized by the expression of
CD4, CD25 and the transcription factor forkhead box P3 (Foxp3), develop in the
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thymus and recognize specific self‐antigen. They home to peripheral tissues to
maintain self‐tolerance thereby preventing autoimmunity through the inhibition
of lymphocytes. Inducible Treg (iTreg), characterized by the expression of CD4 and
IL‐10, develop in the periphery during an active immune response. Inducible Treg
induced by IL‐10 are called Tr1 cells, whereas cells induced by TGF‐β are called
Th3 cells. Both nTreg and iTreg are important to protect against atherosclerosis
either by direct effects on T cells or through effects on antigen‐presenting cells.106‐
110
In addition, a protective role for Tr1 and Th3 cells in the development of
atherosclerosis has been reported in several studies.111‐115

B cells
B cells are antibody producing cells, linking innate with adaptive immunity. B cells
are present in the adventitia rather than in plaques.116 There is some controversy
about the role of B cells in atherosclerosis. So far, B cell activation has been
associated with protection against atherosclerosis by production of natural IgM
and adaptive IgG type anti‐oxLDL autoantibodies.117‐121 However, more recently
mature B cell depletion by CD20 mAb was seen to reduce development of
atherosclerosis in mice by attenuating T cell activation,122 challenging the current
paradigm that B cells act atheroprotective.

Leukocyte recruitment to the inflammatory plaque in atherosclerosis: role of
chemokines
Both the initiation and progression of an atherosclerotic plaque towards a
rupture‐prone unstable lesion is driven by the recruitment of specific leukocyte
subsets, a process which is at least in part mediated by chemokines (also known
as chemotactic cytokines). The chemokine family is organized into 2 major (CC and
CXC) and 2 minor (C and CX3C) families based on their N‐terminal residues. So far,
about 50 different chemokines have been identified of which about 30, together
with their receptors, have been reported to be present in atherosclerotic
lesions.123 Chemokines signal through G‐protein coupled chemokine receptors,
thereby governing a variety of cell responses including cell activation and
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chemotaxis. It is believed that different sets of chemokines come into play during
plaque initiation and progression, as each chemokine has its own specific function
(induction of cell adhesion, activation, migration, proliferation, etc.) and acts on
one or more specific cell types. Several studies have already extensively addressed
the role of certain chemokines in experimental models of atherosclerosis, e.g.
CCL2 (MCP‐1), CCL5 (RANTES), CXCL12 (SDF‐1α), CXCL10 (interferon‐γ inducible
protein‐10 (IP‐10)), etc., some of which are already being included in clinical trials
in relation to atherosclerosis.123,124 An extensive description of the chemokines
that have been associated with atherosclerosis and their exact role is given in
Chapter 2.

The role of extra‐ and perivascular inflammation in atherosclerosis
Thus far, much attention has been paid to events inside the plaque contributing to
the pathogenesis of atherosclerosis. However, most of the inflammatory
processes relevant to atherosclerosis may well take place outside the lesion, in
the adventitia and lymphoid organs. In this chapter we will summarize the most
important findings in relation to the role of extra‐ and perivascular inflammation
in atherosclerosis.

The role of the adventitia in atherosclerosis
The adventitia is defined as the perivascular tissue (peri=surrounding the vessel
wall) and consists of many inflammatory cells, blood vessels (vasa vasorum),
lymphatic capillaries, fibroblasts and sensory nerves.125‐127 In recent years, more
and more attention is being paid to the role and importance of the adventitia in
atherosclerosis development and progression. Evidence is mounting that the
adventitia is actively involved in disease progression. For instance, the size and
inflammatory content of the adventitia has been shown to expand with plaque
progression.128‐130 In addition, the expression of cytokines in the adventitia has
been associated with plaque progression.131 Moreover, an induction of adventitial
angiogenesis is accompanied by increased plaque development in mice.132
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The adventitia is a unique environment in that certain leukocytes are
expressed in the adventitia but are absent within the atherosclerotic lesions
themselves. For instance, Tregs are rarely expressed within mouse lesions, but are
expressed in the adventitia.133 The same holds for pDC (Chapter 6), B cells134 and
mast cells,135 suggesting that the adventitia plays a unique role in atherosclerosis.
Although compelling evidence for this notion is lacking so far, it is suggested that
leukocytes not only enter the intima via the luminal side, but in addition may
infiltrate into the intima from the adventitia, a process termed the “outside‐in”
hypothesis.130 It is not clear yet whether leukocyte migration from the adventitia
into the lesion takes place via the media or via blood vessels sprouting from vasa
vasorum into the lesion.
Not much is known about the role of lymphatic capillaries in the adventitia. It
is believed that lymphatic vessels in the adventitia drain local inflammatory cells,
most probably antigen‐presenting cells, to the draining lymph node where T cells
are sensitized and activated.136 A positive correlation has been shown between
the number of lymphatic capillaries in the adventitia and progression of
disease.137,138 Moreover, inflammatory cells within the adventitia such as
macrophages but also SMC are able to release lymphangiogenic factors (VEGF‐C
and PDGF‐B), thereby promoting adventitial lymphangiogenesis.139,140 In addition,
lymphatic capillaries could also directly guide inflammatory cells to efferent
lymphatic vessels in order to dampen inflammation (Chapter 7).

The role of lymphoid organs in atherosclerosis
During atherosclerosis, the immune system is activated by specific
atherosclerosis‐associated antigens. Most studies so far have addressed
inflammatory processes within the lesions, however lymphoid organs play an
important role in regulating immune responses. The spleen, the primary lymphoid
organ and a major reservoir for monocytes, plays an important role in immune
function by trapping and processing antigens and by activating lymphocytes.
Interestingly, splenectomy dramatically accelerates atherosclerosis development
in ApoE‐/‐ mice.141 In addition, transfer of B and T cells was shown to rescue the
effect on atherosclerosis in these mice. These results support previous findings in
which splenectomy in humans and rabbits led to enhanced lesion
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development.142,143 The increase in lesion development in splenectomized animals
might also be explained by changes in lipid metabolism in the absence of the
spleen.144 Altogether, these data point to an atheroprotective role of the spleen,
although the underlying mechanism remains elusive.
Lymph nodes, the secondary lymphoid organs, are the major site for antigen‐
presentation and T cell activation, but also for antibody production by B cells. As
has been mentioned previously, plaque dendritic cells that have encountered
atherosclerosis‐specific antigens (oxLDL, HSP) are believed to migrate to the
draining lymph node where they will present antigens to T cells. T cells are
activated and in response migrate to the plaque to regulate inflammation. In
addition, lymph nodes can also drain cytokines from the atherosclerotic vessel
wall in order to dampen inflammation.

The role of systemic infection in atherosclerosis
Acute systemic infections may affect atherosclerotic disease progression. A
relationship between these two phenomena was first proposed in the beginning
of the 20th century.145 Several infectious agents have already been linked to
atherosclerosis, including Chlamydia pneumonia, Phorphyromonas gingivalis,
enterovirus, and, more recently, influenza virus.146‐148 It is hypothesized that acute
infections may trigger destabilization and possibly rupture of vulnerable lesions by
acutely increasing inflammation through release of inflammatory cytokines and
MMPs, antigenic‐cross‐reactivity, etc..149 Interestingly, atherosclerotic patients
diagnosed with acute systemic infection, were shown to have increased plaque
macrophage and dendritic cell content. In addition, T cell content in the adventitia
was increased as well. Moreover, bacteria and their release of lipopolysaccharide
(LPS), peptidoglycans or exotoxins, can induce vascular endothelial dysfunction
and monocyte infiltration into the vessel wall, resulting in increased plaque
development and/or progression.150 In addition to acute infections, also chronic
infections, such as cytomegalovirus and Helicobacter pylori, may contribute to
atherogenesis, as the presence of chronic infections in humans has been shown to
increase the risk for atherosclerosis development.151
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Study aims
It is increasingly appreciated that peripheral inflammation can impact local
processes in the plaque. A better understanding of extra‐ and perivascular events
during atherosclerosis development and progression will enable us to develop
more effective and personalized therapy. The aim of this study was to explore the
impact of peripheral inflammation on local processes within the plaque. To this
end, we investigated effects of chemokine deficiency or leukocyte depletion on
inflammatory processes in the adventitia, peripheral lymph nodes and bone
marrow in relation to atherosclerosis.

Thesis outline and hypothesis
Part I: Chemokines and extravascular immunity in the context of atherosclerosis
In Chapter 2, the potential of chemokines as biomarker and/or therapeutic target
in atherosclerotic plaque destabilization and rupture and outcome of current
chemokine targeted clinical trials is reviewed.
Chapter 3, addresses the role of one of these chemokines, CXCL12, and its
receptor CXCR4, in neutrophil senescence in the context of atherosclerosis. CXCR4
blockage has been shown to aggravate atherosclerosis in part by releasing
neutrophils from the bone marrow.66 As CXCR4 is also important for guiding
senescent neutrophils back towards bone marrow, we hypothesized that blockage
of the CXCL12/CXCR4 axis might also lead to accumulation of activated senescent
neutrophils in the circulation, which may have consequences for lesion
progression. Via functional inhibition of CXCR4 in vivo, either via a lentiviral
construct encoding a CXCR4 degrakine or via pharmacological intervention, we
were able to study the effects of neutrophil senescence on atherosclerosis
progression.
In Chapter 4, the role of another homeostatic chemokine, CXCL13, and its
receptor, CXCR5, in cardiovascular disease has been addressed in patients. CXCL13
is constitutively expressed in stromal tissue, including the plaque adventitia and is
implicated in guidance of B and T cells in the lymphoid compartment. We were
able to demonstrate that patients with angina pectoris and carotid artery
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atherosclerosis had increased CXCL13 plasma levels, making this chemokine a
potential biomarker for disease progression. To study whether CXCL13 and CXCR5
expression correlates with plaque progression, we have mapped CXCL13 and
CXCR5 expression in human atherosclerotic lesions at several stages of disease
progression. Surprisingly, CXCL13 was seen to be expressed by plaque
macrophages, both in early and advanced atherosclerotic lesions. We addressed
the role of CXCL13 expression by plaque macrophages in relation to
atherosclerosis in vitro. This study was conducted in close collaboration with Prof.
Aukrust’s lab.
While CXCL13 being expressed in the adventitia and also by plaque
macrophages, we set out in Chapter 5 to investigate the causal involvement of
CXCL13 expression in atherosclerosis. Hereto, we reconstituted irradiated LDLr‐/‐
mice with bone marrow deficient in CXCL13 or CXCR5 and analyzed effects of
hematopoietic CXCL13 and CXCR5 deficiency on atherosclerosis development as
well as on perivascular immunity.

Part II: Peri‐ and extravascular immunity and atherosclerosis
The second part of this thesis will focus more on peri‐ and extravascular
inflammation.
In Chapter 6 we have addressed the role of plasmacytoid dendritic cells (pDC)
in atherosclerosis. PDC were found to be expressed in human atherosclerotic
lesions78 but their role in atherosclerosis remains unknown. We were able to
study effects of pDC depletion using a specific depletion antibody, 120G8, on
atherosclerosis development and progression in LDLr‐/‐ mice. This study is the first
to identify protective activity of pDC in atherosclerosis and we were able to
attribute this effect to their T cell suppressive effect.
In Chapter 7 we have explored the impact of lymphatic capillaries in the
adventitia on plaque development and inflammation. We mapped the expression
of lymphatic capillaries in the adventitia at several stages of disease progression in
mouse atherosclerotic vessels, showing progressive expansion of perivascular
lymph vessels during atherosclerosis, corresponding with findings in humans. In
order to investigate local fluxes of inflammatory cells between the adventitia and
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draining lymph nodes, we performed a lymph node dissection study. Moreover,
we examined CXCR3 dependent T cell migration towards the adventitia.
Finally, Chapter 8 provides a summary and discussion of the most relevant
results of this thesis and discusses future perspectives.
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Abstract
Chemokines are instrumental in the initiation and progression of atherosclerosis.
Recent advances in genomic technologies and the recognition of atherosclerosis
as an inflammatory disease have given great impetus to studies addressing the
relevance of chemokines for the clinically manifest stages of atherosclerosis and
acute cardiovascular syndromes. In this paper we will review the current status of
these studies, highlighting those chemokines that already have been associated
with plaque destabilisation and rupture. We will recapitulate recent
epidemiologic, genomic, histopathological and experimental support for the
prominent role of particular chemokines in acute cardiovascular syndromes.
Collectively these data underpin the potential of chemokines as biomarker and/or
therapeutic target but also expose the lacunae in our understanding of the precise
function of chemokines in the atherosclerosis related disorders and in the efficacy
of chemokine targeted clinical trials.
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Introduction
Atherosclerosis is currently viewed as a chronic inflammatory disease.1,2 Despite
the efficacy of drug therapy (e.g. statins and blood pressure lowering drugs) in the
treatment and prevention of cardiovascular disease, clinical manifestations of
atherosclerosis (f.e. myocardial infarction (MI) or stroke) continue to be the most
prominent cause of death in Western societies. Both the initiation and
progression of atherosclerotic plaques towards a rupture‐prone, unstable plaque
is driven by the influx of specific leukocyte subsets, a process orchestrated by
chemokines (chemotactic cytokines). They are categorized into 2 major (CC and
CXC) and 2 minor (C and CX3C) classes based on their N‐terminal residues. So far,
about 50 different chemokines have been identified, 20 of which have been
reported to be present in atherosclerotic lesions. It is believed that different sets
of chemokines come into play during plaque initiation and progression. Extensive
study has led to the identification of chemokines that are involved in plaque
destabilisation and plaque rupture. In this review, we will highlight current
knowledge on chemokine homeostasis in atherosclerosis (and cardiovascular
disease) and discuss their perspective/use as therapeutic targets in plaque
rupture.

From a stable towards an unstable rupture‐prone plaque
A stable atherosclerotic lesion is characterized by a lipid core, a thick fibrous cap
and the presence of inflammatory cells. Atherosclerosis remains asymptomatic
during the initial stages of disease. The advanced stages of disease development
are characterized by destabilisation and rupture of an atherosclerotic plaque,
often a sudden and acute event which may cause major ischemic syndromes such
as MI or stroke.
These rupture‐prone lesions are typified by a large lipid core rich in
cholesterol, lipids and cellular debris. In fact, autopsy of human aortas showed
that ruptured lesions have larger lipid cores than their stable counterparts.3,4 The
lipid core is rich in highly thrombogenic and pro‐inflammatory lipids, such as
platelet activating factor and lysophosphatidic acid. Moreover, it contains
microparticles (MP), which are small membrane vesicles that originate from
apoptotic leukocytes. MP express phosphatidylserine and activated tissue factor,
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which both are highly thrombogenic factors that can promote atherothrombosis
upon plaque rupture.5 A second feature of unstable plaques is thinning of the
stabilising fibrous cap overlying the lipid core. Cap erosion is mainly attributable
to macrophage and mast cell derived matrix metalloproteinases (MMPs),
cathepsins and proteases which in turn can degrade matrix components (collagen,
elastin and proteoglycans) of the fibrous cap. Furthermore, cap smooth muscle
cells (SMC) are particularly prone to apoptosis leading to a decreased vascular
SMC (vSMC) content of the cap and consequently increased plaque vulnerability.6‐
8
Since vSMCs are the most prominent producers of matrix components in the
plaque, their loss will result in a decrease in cap matrix synthesis. In addition,
rupture‐prone lesions are characterized by the abundant infiltration of
inflammatory leukocyte subsets into the plaque which release a plethora of
proteases, cytokines and growth factors but also induce migration of even more
inflammatory cells, culminating in fulminant inflammation and progressive
degradation of the fibrous cap. These inflammatory cells may enter the plaque
from the luminal site or through neovessels projecting from adventitial vasa
vasora into the plaque.9 Neovessels in the plaque are dysfunctional and will
readily rupture, leading to intraplaque haemorrhage and plaque destabilisation.10
Therefore, intimal neovascularization is a major hallmark for plaque
destabilisation and rupture.
Plaque rupture is defined as the physical disruption of an atherosclerotic
lesion, generally, due to disruption of the fibrous cap. Cap disruption will expose
the highly thrombogenic content of the plaque to the circulation, activating the
coagulation cascade and platelets and inducing thrombus formation. A second
type of plaque rupture is caused by disruption of microvessels within the plaque,
also known as intraplaque haemorrhage. These microvessels express high levels of
adhesion molecules (VCAM‐1, ICAM‐1, CD40 and E‐selectin) through which
inflammatory cells, mainly macrophages, can migrate into the plaque resulting in
more inflammation and plaque destabilisation.11 These vessels are thought to be
dysfunctional, fragile and prone to rupture and thereby induce an unstable plaque
phenotype. Finally, plaque rupture can be caused by erosion of endothelial cells
that overlie the intima shielding the plaque content from the blood. Plaque
erosion is a frequent event in highly fibrotic non‐inflammatory lesions. Erosion will
result in platelet activation and adhesion to the subendothelial collagen and vSMC
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and induction of von Willebrand factor, which may serve as template for
thrombus formation.12

Chemokines in plaque destabilisation and rupture: lessons from epidemiology
Patients with coronary artery disease (CAD) have been shown to express
increased serum levels of specific chemokines. Several studies have focused on
whether serum markers can be indicative of plaque instability and therefore could
be useful as predictor for plaque rupture.
In humans, CC chemokine ligand‐2 (CCL2/ monocyte chemoattractant protein‐
1 (MCP‐1)) serum levels were increased in patients at risk for CAD.13 Further,
MCP‐1 serum levels were increased in patients with ischemic stroke and MI.14
These data are concordant with a large cohort study of 2270 patients with acute
coronary syndromes (i.e. OPUS‐TIMI 16 trial), in which MCP‐1 plasma levels were
significantly increased compared with healthy volunteers. Elevated MCP‐1 levels
were associated with traditional risk factors for atherosclerosis (dyslipidemia,
hypertension, diabetes, obesity and older age) and an increased risk for MI and
death.15 However, more recently the MONICA/KORA case‐cohort study showed
that increased MCP‐1 serum levels precede CAD but do not represent
independent risk factors.16 This last finding raised the question whether increases
in MCP‐1 serum levels are secondary to rather than directly correlated with
atherosclerosis and can be considered as a causal marker for plaque
destabilisation. Patients with unstable angina pectoris (UAP), a clinical
manifestation of atherosclerosis, show a strong increase in CC chemokine ligand‐5
(CCL5/RANTES) and CC chemokine ligand‐18 (CCL18/ pulmonary and activation‐
regulated chemokine (PARC)) serum levels during cardiac ischemia.17
Furthermore, natural deficiency of RANTES receptor, CCR5, in human individuals
has been shown to protect against premature MI in that carriers of this CCR5
allele were underrepresented in the group of patients that had suffered a MI.18
Plasma levels of CC chemokine ligand‐3 (CCL3/monocyte chemoattractant
protein‐1 (MIP‐1)) were seen to be increased both in patients with acute MI19
and in UAP patients compared with controls.
Plasma levels of CXC chemokine ligand‐12 (CXCL12/stromal cell‐derived factor
1‐ (SDF‐1)) were significantly lower in patients with stable AP and UAP
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compared with healthy controls, despite that SDF‐1/CXCR4 both are
hypoxia/ischemia sensitive.20 These findings support the hypothesis that SDF‐1
protects against plaque instability, despite the fact that SDF‐1 also was shown to
activate platelets pointing to an adverse role in atherothrombosis.21 Moreover,
CX3C chemokine ligand‐1 (CX3CL1/fractalkine) serum levels were markedly
enhanced in UAP patients.22 Mutation of the fractalkine receptor was shown to be
associated with a lower risk of cardiovascular disease (CVD) by impairing
fractalkine binding and consequently reducing leukocyte migration.23

Figure 1. The role of chemokines in plaque progression and destabilisation. Monocytes
are recruited to the vessel wall through MCP‐1/CCR2 or rantes/CCR5 interaction. T
lymphocyte entry is mainly mediated through the IP‐10/CXCR3 pathway. After up‐take of
oxLDL, monocytes differentiate into macrophages which eventually die by apoptosis and
form the necrotic core. Monocytes release IP‐10, leading to continuous T cell migration
towards the plaque. In addition, IP‐10 has been shown to induce plaque destabilisation by
decreasing the SMC content through a mechanism which is unknown. In addition,
monocytes release MCP‐1 which also has been shown to decrease the SMC content in the
plaque. SDF‐1 helps maintaining plaque stability by maintaining the number of SMCs in
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the plaque and thereby stabilizing the fibrous cap. T lymphocytes release IFN‐, which
stimulates differentiation of macrophages towards a M1 phenotype and consequently
induces a Th1 immune response and subsequent plaque progression. Moreover, they
stimulate IP‐10 release by macrophages. Mast cells migrate towards the plaque via
RANTES/CCR5 interaction and release MMP‐9. By degrading collagen and the fibrous cap
structure, MMP‐9 induces plaque destabilisation, which can eventually result in plaque
rupture. Platelets release PF4, which increases endothelial expression of E‐selectin and
promotes leukocyte adhesion and entry. In addition, fractalkine also contributes to
leukocyte entry. MCP‐1: monocyte‐chemoattractant protein‐1, IP‐10: interferon‐gamma‐
inducible protein‐10, oxLDL: oxidized low density lipoprotein, SMC: smooth muscle cell,
Th1: T helper 1, MMP‐9: matrix metalloproteinase‐9, SDF‐1: stromal cell‐derived factor‐
1, PF4: platelet factor 4.

Genomic studies and histopathology
Gene expression and immunohistochemistry analyses of chemokine patterns
during the different stages of disease progression have provided detailed insight
into the chemokines that might be involved in plaque destabilisation and rupture.
Moreover, immunohistochemistry allows to precisely pinpoint differences in
protein expression to specific compartments within the atherosclerotic plaque.
From genomic analysis a few chemokines were found to be strongly upregulated
or downregulated in unstable compared with stable atherosclerotic lesions (Table
1).
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Table 1. Overview of chemokines that might be involved in plaque rupture.

MCP‐1 expression has been shown to be upregulated in human unstable lesions
obtained from carotid endarterectomy.24 However, previously MCP‐1 and ‐2 gene
expression was shown to be decreased in atherosclerotic lesions from patients
with unstable angina obtained from coronary atherectomy.25 These seemingly
contradictory findings suggest that regulation of MCP‐1 expression in human
lesions might be site‐specific. Also in mice MCP‐1 gene expression was shown to
be increased. In ApoE‐/‐ mice, micro‐array analysis showed an increased MCP‐1
expression in advanced atherosclerotic lesions.26 MCP‐1 is a member of the small
inducible gene (SIG) family and mediates its effects through interaction with
CCR2. MCP‐1 mainly induces migration of monocytes to sites of inflammation but
can also recruit memory T cells, dendritic cells (DC), basophils and eosinophils.27‐29
In human atherosclerotic lesions, MCP‐1 is highly expressed in macrophage‐rich
regions30 and to a lesser extent in vSMC31 and endothelial cells (EC).32 A recent
publication showed that MCP‐1 and CCR2 are highly expressed in the endothelial
as well as intimal cells in advanced atherosclerotic lesions in human carotid
arteries.33 MCP‐1 secretion by ECs is also believed to be induced by activated
platelets.34
RANTES induces chemotaxis of leukocytes through interaction with its
receptors CCR5, CCR1 and CCR3.35 It is chemotactic for T cells, monocytes, mast
cells, eosinophils and basophils and induces endothelial arrest of these leukocyte
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subsets. RANTES expression has been demonstrated in aortic lesions in ApoE‐/‐
mice.36 Surprisingly, micro‐array analysis showed that RANTES expression was
decreased in advanced atherosclerotic lesions in ApoE‐/‐ mice on Western‐type
diet.26 In fact, it has been detected in human atherosclerotic lesions, both during
the plaque initiation and the plaque progression and destabilisation stage,37
indicating that RANTES contributes to atherogenesis at all stages of disease
progression. Also one of its receptors, CCR3, was found to be highly expressed in
human atherosclerotic lesions. Its overexpression was related to inflammatory cell
recruitment, suggesting that CCR3 overexpression may contribute to plaque
instability.38 Nevertheless, CCR3 expression has only been investigated in human
stable atheromas, and its expression pattern in human unstable lesions remains
to be addressed.
Moreover, PARC gene expression was also upregulated in human unstable
lesions obtained from carotid endarterectomy.24 PARC, a small cytokine expressed
in lung and lymphoid tissue of humans only, is mainly chemotactic for naive
lymphocytes (B and T cells). PARC has been shown to be highly expressed in
human carotid plaques, both in stable and unstable lesions, and PARC protein
expression is most pronounced in macrophage‐rich regions.39 There was no
difference in PARC expression between lipid‐loaded and naive macrophages,
implying that PARC expression in macrophages is not dependent on lipid
accumulation.
CXC chemokine ligand‐10 (CXCL10/interferon‐γ inducible protein‐10 (IP‐10))
has been implicated as a critical proinflammatory chemokine in atherosclerosis
and acts by interacting with its receptor CXCR3.40 IP‐10 gene expression was found
to be increased in the early phase of low shear stress (LSS) induced plaque
formation.41 Moreover, its major inducer, IFN‐γ, has been associated with the
formation of unstable lesions, suggesting that IP‐10 could be of importance in the
induction of plaque destabilisation.42 IP‐10 could, by inducing interferon‐γ (IFN‐γ)
secretion, indirectly promote skewing towards a M1 macrophage phenotype and
a Th1 proinflammatory immune response, thereby aggravating plaque
progression.43 In human atherosclerotic lesions IP‐10 is expressed by
macrophages, vSMCs and ECs and is the main chemoattractant for CD4+Th1 and
CD8+ T cells.44 However, immunohistochemistry data about IP‐10 protein
expression in human unstable atherosclerotic lesions are still lacking and
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therefore it remains unclear whether IP‐10 is involved in plaque destabilisation
and rupture.
SDF‐1 is a chemoattractant for lymphocytes, neutrophils, monocytes and
(endothelial) progenitor cells, which all express its cognate receptor, CXCR4.
Recently, SDF‐1 has been reported to interact with CXCR7.45 SDF‐1 was found
to have plaque stabilizing effects by inhibiting neutrophil entry and MMP‐9
expression.46 However, information is lacking about SDF‐1 and CXCR4 expression
in human unstable – ruptured and intraplaque haemorrhaged – lesions.
Comparison in protein expression between different stages of disease progression
will provide more information about plaque stabilizing effects of SDF‐1.
CXC chemokine ligand‐4 (CXCL4/platelet factor 4 (PF4)) is primarily released by
activated platelets. It is expressed in the cytoplasm of luminal and neovascular
endothelium, in macrophages and in regions of plaque calcification.47 Moreover,
PF4 has been shown to upregulate E‐selectin expression by ECs.48 Collectively,
these findings suggest that PF4 contributes to leukocyte infiltration into the
plaque and consequently plaque progression.
Fractalkine is a member of the CX3C chemokine family and has chemotactic
activity for monocytes and T cells. It functions not only as a chemokine but also as
an adhesion molecule on ECs.49 Fractalkine is expressed by macrophages in
human advanced atherosclerotic lesions, especially at sites of
neovascularisation.50 Its receptor, CX3CR1, is highly expressed by vSMCs, which
undergo migration in response to fractalkine.51 Whether fractalkine in fact is
involved in plaque destabilisation still has to be investigated.

Experimental studies in mice
A key role of chemokines in atherogenesis and plaque destabilisation has been
established in several mouse models; although it should be noted that
considerable debate exists on whether mouse models for vulnerable plaque
formation are in every aspect reflective of the human pathophysiology. Generally,
surrogate parameters of plaque stability and rupture were used to infer the role
of chemokines in human advanced atherosclerosis and plaque rupture. Of the
many chemokines that play a role in atherosclerosis, only a few have been
described to play a role in plaque destabilisation and rupture. In this section we
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will summarize those chemokines (MCP‐1, RANTES, MIP‐1, IP‐10, SDF‐1, PF4
and fractalkine) which have been studied so far in experimental mouse studies for
plaque (de)stabilising activity (Table 2). For other chemokines, such as CXCL11,
CCL19, CCL20, CCL21 and CXCL16, a role has so far been demonstrated, in plaque
initiation, but not plaque stability.

Table 2. Experimental studies: role of chemokines in plaque destabilisation.
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Deletion of CCR2 in ApoE‐/‐CCR2‐/‐ mice strongly reduced lesion formation by
significantly impairing monocyte migration towards the plaque.52 Atherosclerosis
was also reduced in the aorta of MCP‐1‐/‐LDLr‐/‐ mice.53 Anti‐MCP‐1 gene therapy
has been shown to reduce lesion progression and destabilisation in ApoE‐/‐ mice.
Blockage of the MCP‐1/CCR2 signalling pathway with a MCP‐1 mutant (7ND‐MCP‐
1) strongly reduced macrophage and lymphocyte plaque content, while increasing
vSMC and collagen content in established atherosclerotic lesions, thus promoting
a stable plaque phenotype.54 Expression of CD40 and CD40 ligand (CD40L) was
decreased and chemokine expression of RANTES and MCP‐1 was decreased as
well as cytokine expression (tumor necrosis factor  (TNF), interleukin‐6 (IL‐6),
IL‐1 and transforming growth factor beta 1 (TGF1)). In addition, blockage of
MCP‐1 with 7ND‐MCP‐1 was shown to suppress angiotensin‐II induced
progression and destabilisation of established atherosclerotic lesions.55 These
data indicate that MCP‐1 is mainly involved in development of atherosclerosis but
also could potentially play a role in plaque progression and destabilisation as well.
CCR5 deficiency in ApoE/CCR5 double knockout mice did not affect
atherosclerotic plaque formation. Although ApoE‐/‐CCR5‐/‐ mice displayed defects
in macrophage trafficking, lesion area did not differ between ApoE‐/‐ and ApoE‐/‐
CCR5‐/‐ mice.56 However, the RANTES antagonist Met‐RANTES and more recently
44‐AANA47‐RANTES both were able to reduce the progression of (established)
atherosclerotic lesions in LDLr‐/‐ mice.57,58 AANA‐RANTES was reported to prevent
plaque progression and destabilisation in the thoraco‐abdominal aortas and aortic
roots of LDLr‐/‐ mice after intraperitoneal administration. AANA‐RANTES treatment
resulted in a more stable plaque phenotype, which was characterized by a
reduction in leukocyte content and MMP‐9 expression and increased vSMC and
collagen content. In addition, more recently a bone marrow transplantation study
in LDLr‐/‐ mice showed that bone marrow‐derived CCR5 favours the development
of atherosclerotic lesions by reducing macrophage IL‐10 production and
increasing T cell‐derived TNF‐.59 A more recent study showed that CCR5
deficiency in ApoE‐/‐ mice does influence late but not early stages of
atherosclerosis. ApoE‐/‐CCR5‐/‐ mice fed a normal chow or a high‐fat diet were
protected against advanced atherosclerosis.60 All together, these data indicate
that RANTES could be a suitable candidate for therapeutical intervention in
atherosclerosis and more specifically plaque rupture.
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Information on a possible role of MIP‐1 in plaque destabilisation and plaque
rupture is lacking at the moment. In a mouse model of MI, MIP‐1 plasma levels
were seen to be increased after MI.19 These data coincide with human data of MI
and UAP patients in which MIP‐1 plasma levels were also seen to be increased
and suggest that this increase in MIP‐1 plasma levels may be of ischemic rather
than atherogenic origin.19 MIP‐1 functions by interacting with three different
chemokine receptors, CCR1, CCR3 and CCR5. CCR1 deficiency has been shown to
enhance atherosclerotic plaque development in LDLr‐/‐ mice,61,62 suggestive of a
protective or regulatory role of this receptor.
Complete deletion of IP‐10 in ApoE‐/‐mice was earlier seen to attenuate
atherosclerosis by diminishing the influx of effector T cells, thereby correcting the
local balance with regulatory T cells.63 Similar results were obtained by blocking
IP‐10 receptor function in LDLr‐/‐ mice with a CXCR3 antagonist,64 albeit effects of
this CXCR3 antagonist on other chemokines and chemokine receptors cannot be
excluded. Moreover, complete deletion of CXCR3 in an ApoE CXCR3 double
knockout mouse strongly reduced atherosclerosis in the thoraco‐abdominal aorta.
However, lesion size in the aortic root of the same mice did not differ, implying
that the contribution of CXCR3 to lesion formation might be site‐specific.65
Recently, IP‐10 was shown to act protective against aneurysm formation and
rupture,66 which emphasizes once again that we should consider the application
of chemokine based therapies for the treatment of atherosclerosis related
disorders with caution as it might adversely influence the outcome of other
vascular diseases.
Plaque formation in LDLr‐/‐ mice with haematopoietic deficiency of CXCR4 or
with pharmacologically blocked CXCR4 function (AMD3465) was sharply
increased. In keeping, ApoE‐/‐ mice treated with AMD3465 showed a more
vulnerable plaque phenotype with increased necrotic core area and neutrophil
content.46 These data indicate that the SDF‐1/CXCR4 axis protects against plaque
rupture.
Elimination of PF4 from platelets reduced atherosclerosis development in the
aortic root of C57Bl/6 and ApoE‐/‐mice fed a Western‐type diet.67 These data show
that PF4 contributes to plaque formation. Whether PF4 is also involved in plaque
destabilisation still has to be investigated.
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Deletion of CX3CR1 in ApoE‐/‐ mice strongly reduced atherosclerotic lesion
formation but had no effect on plaque stability, as the number of vSMCs and
collagen was unaffected [68]. Fractalkine has been found to be expressed in low
shear stress (LSS) induced atherosclerotic lesions in ApoE‐/‐ mice. Inhibition of
fractalkine function by a neutralizing anti‐mouse fractalkine antibody stabilized
atherosclerotic lesions. Mice showed a decrease in plaque area and leukocyte
content and an increase in collagen content. Moreover, cap thickness was
increased and necrotic core size decreased.41 These findings suggest that
fractalkine may have plaque destabilizing effects.

Therapeutic potential of chemokine intervention in plaque destabilisation and
rupture
Several chemokine ligand and chemokine receptor antagonists are currently being
developed to be used for the treatment of several inflammatory disorders and
viral infection. Some of these antagonists already have entered clinical trial phase
II or III studies and some are even approved for clinical use (f.e. Maraviroc). Given
the key role of various chemokines in plaque rupture and ensuing acute
cardiovascular syndromes, it is conceivable that chemokine receptor antagonists
will have potential for the treatment of these indications. In this paragraph we will
present the current status of the clinical trial studies on chemokine receptor
antagonists as well as future options for chemokine receptor targeted therapy.
CCR2 antagonists have been developed for the treatment of diseases in which
MCP‐1 and CCR2 have been shown to play a prominent role. To date phase IIa
clinical trial studies have been performed for a human CCR2 blocking antibody
(MLN1202) in patients with active rheumatoid arthritis (RA).69 Blockage of the
MCP‐1 receptor significantly reduced CCR2 expression on monocytes, but did not
ameliorate the disease status. This was tentatively attributed to incomplete CCR2
blockage which may not have sufficed to improve clinical manifestations of RA. A
synthetic CCR2 antagonist, the imidazole JNJ‐27141491, was shown to display
overt anti‐inflammatory activity, and potently blocked MCP‐1 binding to
monocytes. It is a non‐competitive and orally active functional antagonist,70 and
as such may be a good candidate for the treatment of other acute inflammatory
disorders such as atherosclerosis.
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RANTES antagonism may even hold greater promise for plaque stabilising
therapy as discussed before. For instance, treatment of LDLr‐/‐ mice with TAK‐779,
a moderately specific CCR5 antagonist, was shown to reduce atherosclerotic
lesion formation in the aortic root and carotid artery. TAK‐779 was initially
developed as therapeutic modality to inhibit HIV cell entry through CCR5. It may
be particularly effective in the treatment of atherosclerosis as it also intervenes in
CXCR3 activity.71 A synthetic RANTES analogue, AANA‐RANTES was developed,
which contains mutations in the RANTES/glycosaminoglycan binding site and as a
result impairs with heparin binding and chemokine oligomerization and displays
potent antagonistic activity.72 AANA‐RANTES was reported to prevent plaque
progression and destabilisation in mice.58 RANTES is also believed to be involved
in the pathogenesis of psoriasis. A randomized placebo‐controlled clinical trial in
32 psoriasis patients was performed with the CCR5 antagonist SCH351125.
Administration of this inhibitor did not significantly improve the disease status
however. These results point to a lack of clinical efficacy of SCH351125 in humans
despite promising results in animal models for psoriasis.73
In between, a whole series of new synthetic CCR5 antagonists, which are
being tested in clinical trials in disorders such as HIV infection and type 1 diabetes,
have been developed. One of these inhibitors, maraviroc has recently been
approved for clinical use, while vicriviroc has progressed to phase III trials and
several others are at earlier stages of clinical trials.74
Intervention in CXCR4 function has been subject of many clinical trial studies.
Many CXCR4 antagonists have been developed since the identification of the key
role of CXCR4 in many diseases such as human immunodeficiency virus (HIV)
infection, cancer and in haematopoietic stem cell mobilisation. The most
commonly used CXCR4 antagonist is AMD3100 (plerixafor), which was shown to
be very effective in the treatment of HIV patients by inhibiting the CXCR4
dependent re‐entry of HIV‐1 into CD4+ T cells.75 Since the SDF‐1/CXCR4 axis is
regarded atheroprotective, the use of antagonists such as AMD3100 in the
treatment of atherosclerosis related disorders is not likely to be beneficial. Rather,
we propose that patients on CXCR4 targeted therapy should be scrutinously
screened for their cardiovascular risk profile.
PF4 is a platelet‐derived chemokine which has been shown to interact with
CXCL8 and CCL5. Blockage of PF4‐CCL5 interaction by peptide inhibitors was
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recently seen to reduce atherosclerosis and monocyte migration in hyperlipidemic
mice,76 thereby preventing plaque destabilisation. However, these studies leave
unaddressed to what extent PF4 antagonism in itself will be beneficial for plaque
stability in humans.
Therapeutic effects of fractalkine inhibition have been studied in animal
models of RA. Treatment of mice with an anti‐fractalkine monoclonal antibody
strongly reduced clinical manifestations of RA.77 Also for the treatment of cancer,
anti‐fractalkine therapy has been proven to be very effective. Anti‐fractalkine
gene therapy in neuroblastomic mice strongly reduced the immune response.78
However, the efficacy of fractalkine antagonism in humans still remains to be
studied.

Conclusions
Rupture of an atherosclerotic plaque underlies severe acute clinical
manifestations of atherosclerosis such as MI and stroke and often results in death.
Although extensive efforts have been made to unravel the mechanisms of plaque
rupture in recent years, many details remain unknown. Chemokines are believed
to be instrumental in plaque destabilisation and plaque rupture. Indeed,
epidemiology studies have helped to identify various chemokines (e.g. MCP‐1,
RANTES, CCL3, CCL18 and fractalkine), of which plasma levels were significantly
increased in CAD patients compared to controls. These and other chemokines are
expressed in atherosclerotic lesions and in addition, a few of them, including
RANTES and PARC, described to be more abundantly expressed in advanced and
unstable atherosclerotic lesions. The expression pattern of the remaining
chemokines in unstable lesions still remains to be investigated. A second issue
hampering the advance in our understanding of the role of these chemokines in
later stages of plaque development is the lack of a commonly accepted mouse
model of plaque rupture.79‐81 Until more representative animal models have been
developed and in anticipation of new biomarkers that are indicative of plaque
destabilisation and rupture, a set of generally accepted surrogate parameters in
available mouse models should be defined to assess plaque vulnerability already
at this stage. As demonstrated by Virmani and co‐workers, intraplaque
haemorrhage may represent a reliable feature of plaque vulnerability in humans
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and a similar role in mice could be surmised. The jury is still out on the value of
cap thickness, cap/core ratio, collagen content and leukocyte density (in particular
in the shoulder zone) and for each of these parameters, critical thresholds are
awaited that represent mouse analogues of earlier defined human values.
Moreover, chemokine knockout mouse models that are generally used for
studying the role of chemokines in atherosclerosis may have intrinsic pitfalls. For
instance life‐long chemokine (receptor) deficiency may be accompanied by
compensatory mechanisms or affect leukocyte differentiation in and
extravasation from stromal tissue into the circulation, influencing both number
and activity of leukocytes and thus plaque progression.
Now the clinically manifest stages of atherosclerosis are receiving increased
attention, studies addressing the effects of chemokines on plaque rupture are
beginning to emerge. In this review, we highlighted those chemokines which have
been associated with plaque destabilisation and rupture. Obviously, while initial
data from epidemiology, histopathology and experimental studies hold promise
much research has yet to be done to pinpoint those chemokines that come into
play in advanced rupture prone plaques and post‐rupture injury repair in order to
identify chemokine based targets for future intervention. Several chemokine and
chemokine receptor antagonists have been developed as therapeutic tool to treat
a variety of inflammatory and infection diseases. A few of these antagonists, such
as AMD3100, which is currently being used for HIV treatment, proved to be very
effective and well tolerated/safe, which illustrates the high potential of
chemokine targeted therapy. Still, it should be noted that chemokines not only
are involved in atherosclerosis but also may be vital to immune defence against
exogenous pathogens and in immune surveillance. Many of these chemokines
display a high degree of redundancy and serve to tune the activity of others. It is
not unlikely that the effects of interference with a given chemokine receptor will
be counteracted by increased activity of other chemokine(s) or will result in
altered activity of non‐targeted chemokines. Therapy should preferably be non‐
invasive, specific (minimal side‐effects), safe and targeted (given the broad
systemic mode of action of most chemokines). Such targeted therapy offers the
advantage of a selective interference of the chemokine antagonist with processes
in the vessel wall, preventing interference with other processes in the human
body and systemic immune responses to be compromised. However, systemic
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chemokine therapy is being implemented as well at the moment and appears to
be effective.82,83 Moreover, the use of chemokine levels in plasma as a marker for
CAD implies that chemokines should have a high stability (long half‐life) in blood.
Finally, the process of plaque rupture may vary from patient to patient, and
depend on location within the arterial tree and a specific artery (e.g. branching
points). Therefore, it is important to monitor lesion formation and stability at
several arteries in experimental efficacy studies on chemokines first and, if
feasible, develop site‐specific chemokine therapy.
In conclusion, the use of chemokines as therapeutic target in plaque rupture is
a very promising tool to treat plaque destabilisation. However, further research
has yet to be done to define the role of chemokines in plaque rupture and to
identify which chemokines exactly play a crucial role in this process.
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Abstract
The SDF‐1α/CXCR4 dyad was previously shown by us and others to be
instrumental in intimal hyperplasia as well as early stage atherosclerosis. We here
sought to investigate its impact on clinically relevant stages of atherosclerosis in
mouse and man. Immunohistochemical analysis of SDF‐1α and CXCR4 expression
in human atherosclerotic lesions revealed a progressive reduction in SDF‐1α and a
concomitant increase in CXCR4 expression during plaque progression. We next
studied effects of perturbed SDF‐1α/CXCR4 signalling on advanced atherosclerosis
in chimeric LDLr‐/‐ mice reconstituted with autologous bone marrow infected with
virus encoding SDF‐1α antagonist or CXCR4 degrakine, which targets CXCR4 to the
proteasome. Functional CXCR4 blockade led to progressive plaque expansion with
disease progression, while also promoting intraplaque haemorrhage. Moreover,
CXCR4 knockdown was seen to augment endothelial adhesion of neutrophils.
Concordant with this finding, inhibition of CXCR4 function increased the adhesive
capacity of neutrophils, and importantly, led to reduced neutrophil apoptosis with
a concomitant hyperactivation of circulating neutrophils. The finding that CXCR4
expression by circulating neutrophils was almost ablated in patients with acute
cardiovascular syndromes further substantiates the key role of neutrophil SDF‐
1α/CXCR4 axis in end‐stage atherosclerosis. In conclusion, altered CXCR4 function
profoundly impacts advanced atherosclerosis by perturbing neutrophil function.
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Introduction
Leukocyte recruitment to the plaque is a crucial step in the progression of
atherosclerosis.1‐3 Chemokines are chemotactic cytokines involved in the
recruitment of leukocytes to the plaque4‐6 and several members of the CC‐ and
CXC‐chemokine family and their receptors have been implicated in the
progression of cardiovascular disease. One of these CXC chemokines, CXCL12
(SDF‐1α), was demonstrated to be expressed by vascular smooth muscle cells
(vSMCs), endothelial cells, and macrophages in atherosclerotic but not healthy
arteries.7,8 Although these findings may suggest a potential role in atherosclerosis,
the exact role of the SDF‐1α/CXCR4 axis in atherosclerosis has long been unclear.
A number of reports pointed to a pro‐atherosclerotic role for SDF‐1α due to its
participation in platelet activation and leukocyte chemotaxis,7,9 while blockade of
the SDF‐1α/CXCR4 axis was demonstrated to inhibit neointima formation.10
Conversely, Damås and colleagues demonstrated reduced SDF‐1α levels in
patients with unstable angina pectoris, and a causal role in this disease was
inferred from the anti‐inflammatory and matrix‐stabilizing effects of SDF‐1α.8 This
notion was corroborated by recent study by us showing that systemic blockade of
CXCR4 by the SDF‐1α antagonist AMD3465 enhanced plaque initiation due to
increased neutrophil recruitment.11
In this study, we mapped the actual expression level of SDF‐1α and its
receptor CXCR4 at different stages of human atherosclerosis. The observed
progressive deregulation of SDF‐1α/CXCR4 expression in human atherosclerosis
led us to investigate effects of CXCR4 blockade at different stages of plaque
formation in mice by a loss‐of‐function approach using lentivirus encoding SDF‐1α
antagonist P2G12 (LV.SDF‐1α(P2G)) or CXCR4 degrakine (LV.CXCR4deg), which
effects proteasomal CXCR4 degradation.13 We here provide evidence for a clear‐
cut adverse effect of CXCR4 blockade on advanced atherosclerosis in mice and
man, by impairing the elimination of senescent neutrophils, and an associated
increase in activation and adhesive capacity.
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Materials and methods
Human artery samples
Tissue sampling: Carotid artery samples were obtained from patients undergoing
carotid endarterectomy (Academic Hospital Maastricht or Maasland Hospital,
Sittard, The Netherlands) or at autopsy (Department of Pathology, Academic
Hospital Maastricht, The Netherlands). Tissue was obtained from the Maastricht
Pathology Tissue Collection (MPTC), and collection, storage and use of tissue and
patient data were performed in accordance with the “Code for Proper Secondary
Use of Human Tissue”. Samples were classified according to Virmani et al14
Healthy arteries were classified as non‐diseased (ND), intimal thickening (IT) as
early, thick fibrous cap atheroma (TfcA) as advanced and intraplaque
haemorrhaged lesions (IPH) as ruptured lesions.
Immunohistochemistry: Paraffin sections (4 μm in thickness) from human
autopsy carotid arteries were stained with a mouse anti‐human SDF‐1α MAb
(clone 79018; R&D Systems; 25 μg/mL). For CXCR4 staining, sections were stained
with a mouse anti‐human CXCR4 MAb (clone 44716; R&D Systems; 1 μg/mL). An
IgG2b MAb (clone 73009; R&D Systems; 1 μg/mL) was used as isotype control.
RNA isolation: Total RNA was extracted from human carotid arteries obtained
from surgery and autopsy. RNA was isolated by using the Guanidine Thiocyanate
(GTC)/CsCl gradient method15 and a NucleoSpin RNA II kit.
Micro‐array analysis: RNA was isolated from early (n=9) and advanced (n=8)
stable carotid arteries collected at autopsy16 and stable (n=3) and ruptured (n=12)
lesions from surgery (unpublished data). Plaque stage was determined by
histological analysis of aligning slides. Samples were individually hybridized to
HGU133 2.0 Plus arrays (Affymetrix, Santa Clara, California) according to the
manufacturer’s instructions. To determine fold changes between the groups, the
error model of Rosetta Resolver (Rosetta Biosoftware, Seattle, Washington) was
used.

Lentivirus vector construction and production
The SDF‐1α antagonist expression vector (pRRl‐cPPt‐CMV.SDF‐1α(P2G): LV.SDF‐
1α(P2G)) was constructed by inserting the SDF‐1α(P2G)17 construct in the
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expression vector pRRl‐cPPt‐CMV‐PreSIN18,19 (LV.Empty) using SmaI digestion.
PRRl‐cPPT‐CMV.CXCR4degrakine (LV.CXCR4deg) was constructed by inserting the
CXCR4degrakine construct by digestion from pHSPG‐SDF‐1α‐HA‐VpuC.20 A
lentivirus vector containing a shRNA sequence targeting murine and human
CXCR4 (shX4HM) was constructed as a positive control. Virus was produced as
described6 and virus titers were determined essentially as described by Sastry et
al.21 Viral integrates were determined by qPCR analysis (forward primer:
GTGCAGCAGCAGAACAATTTG, reverse primer: CCCCAGACTGTGAGTTGCAA).

Chemokinesis assay
FDCP‐MixA4 cells were cultured at 1*106 cells/mL in RPMI supplemented with
20% Horse Serum (Invitrogen) and 5% IL3‐conditioned medium and were infected
with LV.Empty, LV.SDF‐1α(P2G) or LV.CXCR4deg (m.o.i. = 15, + 10 μg/mL DEAE‐
dextran). After two days, a chemokinesis assay was performed essentially as
described previously.22 In short, 5000 FDCP‐MixA4 cells were plated on fibronectin
(5 μg/mL, Roche Diagnostics) coated plates at an angle of 70°. After attachment,
cells were exposed to 100 ng/mL recombinant SDF‐1α (Peprotech, Halle‐Zoersel,
Belgium) and placed at an angle of 20°. After overnight incubation at 37°C,
migrated cells were counted.

Animals
All animal work was approved by the regulatory authority of Leiden and
Maastricht University and performed in compliance with the Dutch government
guidelines. LDLr‐/‐ mice were obtained from the local animal breeding facility
(Leiden/Maastricht, the Netherlands). C57Bl6 mice were obtained from Charles
River Laboratories, Maastricht, The Netherlands. Bone marrow transplanted mice
were housed in sterile filter‐top cages and fed a chow diet (Special Diet Services,
Witham, Essex, UK). Drinking water was infused with antibiotics (83 mg/L
ciprofloxacin and 67 mg/L polymyxin B sulfate) and 6.5 g/L sugar and was
provided ad libitum. To induce bone marrow aplasia, female LDLr‐/‐ mice (14
weeks of age) were exposed to a single dose of 9 Gy (0.19 Gy/min, 200 kV, 4 mA)
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total body irradiation, using an Andrex Smart 225 Röntgen source (YXLON
International, Copenhagen, Denmark) with a 6 mm aluminium filter, one day
before transplantation. Subsequently, bone marrow cell suspensions were
prepared from male LDLr‐/‐ mice and 107 cells/well were plated in a 12 well plate.
Viral transductions were performed by incubating the cells with either LV.Empty,
LV.SDF‐1α(P2G) or LV.CXCR4deg (m.o.i. = 15).23 After 24 hours, cells were injected
into the tail vein of the recipients. After 6 weeks of recovery, the mice were
placed on a Western type diet, containing 0.25% cholesterol and 15% cacao butter
(Special Diet Services, Witham, Essex, UK) for another 6 (n=8 per group) and 10
weeks (n=8‐11 per group). During the experiment, antibody levels (IgG1, IgG2a
and IgM levels) were determined using a mouse immunoglobulin isotype ELISA
(BD Biosciences), as CXCR4 may indirectly influence atherogenesis by regulation of
B and T cell responses. However, we did not observe any differences in
immunoglobulin levels between the three groups (data not shown), suggesting
that knockdown of leukocyte CXCR4 did not induce major systemic shifts in B cell
activity or T cell polarization. At 12 and 16 weeks after transplantation, the mice
were anaesthetized by a subcutaneous injection of ketamine (60 mg/kg, Eurovet
Animal Health, Bladel, the Netherlands), fentanyl citrate and fluanisone (1.26
mg/kg and 2 mg/kg respectively, Janssen Animal Health, Sauderton, UK) and in
situ fixation through the left cardiac ventricle was performed. Lesions in the aortic
root were analyzed for lesion quantification. Also, bone marrow was isolated from
each individual mouse and viral copy number in the bone marrow was
determined by PCR as described above.

Flow cytometry analysis
After erythrocyte lysis, blood and peritoneal leukocyte suspensions were
incubated with 1% mouse serum in PBS and stained for surface markers (0.25
μg/200,000 cells, Immunosource, Halle‐Zoersel, Belgium), after which surface
marker expression was analyzed by FACS (FACScalibur, BD Biosciences). To
differentiate cell populations, T cells were stained with αCD3, B cells with αCD19
and monocytes/macrophages with αF4/80, while CXCR4 expression was detected
with αCXCR4. Neutrophils were distinguished as the CD11b+Gr1highCD71‐ cell
population.
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Morphometry
The atherosclerotic lesion areas in Oil‐Red‐O stained 10 μm thick cryostat sections
of the aortic root were quantified using the Leica image analysis system (Leica Ltd,
Cambridge, UK). Mean lesion area (in µm2) was calculated from 10 Oil‐Red‐O
stained sections. Iron staining was performed according to Perl’s method.
Macrophage content of the lesions was assessed from the MOMA‐2 stained
plaque area (Serotec, Kidlington, Oxford, UK). Collagen was stained using a
Masson’s Trichrome staining kit (Sigma‐Aldrich). Neutrophils were stained with a
Naphtol‐AS‐D chloroacetate esterase staining kit (Sigma‐Aldrich). All
morphometric analyses were performed in a blinded manner by an independent
operator.

In vivo migration
To monitor in vivo migration of leukocytes and in particular neutrophils, LDLr‐/‐
mice that were transplanted with either LV.Empty or LV. CXCR4deg infected bone
marrow received intraperitoneal injections of KC (200 ng/mL), SDF‐1α (200 ng/mL,
both from Peprotech) or PBS (control) at 6 weeks after transplantation. After 2
hours, blood was collected and peritoneal leukocytes were isolated. Blood (1:1
dilution), peritoneal leukocyte numbers and cellular differentiation were
determined on a Sysmex differential cell counter (Goffin Meyvis, Etten‐Leur,
Nederland).

In vivo neutrophil recruitment in thioglycollate elicited peritonitis
Female C57Bl6 mice were injected intraperitoneally with the CXCR4 receptor
antagonist AMD3100 (2 μg/mouse, Sigma‐Aldrich, Zwijndrecht, The Netherlands)
or PBS and 4 hours later, the mice received an intraperitoneal injection of 3%
Brewer’s thioglycollate (1 mL). After 16 hours, peritoneal leukocytes were
collected and cellular differentiation was analyzed on a Sysmex as described
above.
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Assessment of leukocyte turnover
Female LDLr‐/‐ mice, either treated with the CXCR4 antagonist AMD3100 (2
μg/mouse/day) or PBS (control) from 1 day prior to and during the experiment,
received an intraperitoneal injection of cyclophosphamide (6 mg/mouse) to
deplete blood neutrophils as described previously.24,25 Blood samples were taken
via the tail vein regularly and blood cell differentiation was performed as
described above.

Neutrophil differentiation in vitro
HL60 myeloblast cells were grown in IMDM, supplemented with 10% FCS, L‐
glutamine, penicillin and streptomycin, and maintained at 0.2*106 cells/mL. To
differentiate HL60 cells into neutrophils, HL60 cells were incubated for 5‐7 days in
medium containing 2.5 μM Retinoic Acid (RA) either in the presence or absence of
AMD3100 (500 ng/mL).25,26 Differentiation was monitored microscopically and by
FACS analysis (CD11b+Gr1+CD71‐). Cell adhesion was monitored by manual scoring
of the number of adhered cells (10 microscopic fields/sample) to either uncoated
wells or wells coated with 5 μg/mL fibronectin (Roche Diagnostics) or 1% (w/v) of
bovine skin gelatin (Sigma‐Aldrich). To measure HL60 cell proliferation, the
differentiated cells were incubated with 0.5 μCi [3H]thymidine (Amersham,
Uppsala, Sweden), after which the cells were incubated at 37ºC overnight. After
cell lysis, [3H]thymidine incorporation was quantified in a liquid scintillation
counter (Packard 1500 Tricarb, USA). To measure cell survival, HL60 cells,
differentiated as described above, were stained with Annexin V and propidium
iodide according to the manufacturer’s protocol (Sigma‐Aldrich); cell survival rate
(defined by non‐apoptotic, non‐necrotic cells) was determined using FACS
analysis. To determine MPO activity in the differentiated HL60 cells (± AMD3100),
106 cells were lysed in 150 μL 5% Triton X‐100 (Fluka, Zwijndrecht, the
Netherlands). 50 μL cell lysate was diluted with 50 μL 10 mM citrate (pH 5) after
which 50 μL substrate (100 μg/mL TMB, 0.003% H2O2, 13 μg/mL recorsinol in 10
mM citrate (pH5)) was added. After 10 minutes, the reaction was stopped with
100 μL 2 M H2SO4 and absorbance was read at 450 nm. Total RNA was extracted
from the differentiated HL60 cells, reverse transcribed using M‐MuLV reverse
transcriptase (RevertAid, MBI Fermentas, Leon‐Roth, Germany) and expression of
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target genes (Table 1) was measured by qPCR on an ABI PRISM 7500 Taqman
apparatus (Applied Biosystems, Foster City, CA) as described previously.27

Table 1. Primer sequences used for RT‐PCR analysis (m=murine, h=human)
Gene

Forward (5’‐3’)

Reverse (5’‐3’)

mFAK

GAGAATCCAGCTTTGGCTGTT

GGCTTCTTGAAGGAACTTCT

mAKT

GGTATTTTGATGAGGAGTTCACG

ACACACTCCATGCTGTCATCTT

mCXCR4

GCCTTATCCTGCCTGGTATTGTC

GCGAAGAAAGCCAGGATGAGGA

hCXCR4

CTGCTGACTATTCCCGACTT

TGAAACTGGAACACAACCAC

hSDF‐1α

GATTCTTCGAAAGCCATGTT

CACTTTAGCTTCGGGTCAAT

Neutrophil senescence
LDLr‐/‐ mice fed a Western type diet for 3 weeks received daily an intraperitoneal
injection of AMD3100 (2μg/mouse) or PBS. Neutrophil senescence was assessed
by flow cytometry analysis (Ly6GhighCD11bhighRhodamine 123+) on blood
leukocytes, after incubation at 37°C with 1µM dihydrorhodamine 123 (DHR123)
and subsequent stimulation for 30 min with 20µg/ml phorbol myristate acetate
(PMA) to allow generation of intracellular H2O2.

CXCR4 protein expression on human circulating granulocytes
Granulocytes were isolated from healthy controls (n=13), carotid endarterectomy
(n=5) and unstable angina pectoris patients (n=19). Granulocytes were isolated
from whole blood samples (LymphoprepTM Isolation). Granulocyte preps were
lysed in lysate buffer (200 mM NaCl, 5 mM EDTA, 10 mM Tris, 10% glycine, 1 mM
phenylmethanesulphonylfluoride, 1 µg/ml leupeptine and 28 µg/ml aprotinin) and
used for detection of CXCR4 protein expression by western‐blotting. In brief,
samples (25 µl) were separated by SDS‐PAGE (12%) and transferred to
nitrocellulose with the iBlot dry blotting system (Invitrogen, Karlsruhe, Germany).
Blots were reacted with 1 µg/ml αCXCR4 (Abcam, Cambridge, USA). As control,
the same blots were reacted to αActin (Millipore, Billerica, USA). Blots were

Chapter 3

evolved with the Luminescent image analyzer LAS 3000 (Fujifilm, Düsseldorf,
Germany) and quantification was performed with MultiGauge (Fujifilm). Patients
for this study were recruited at the Department of Cardiology, University Hospital
Oslo, Oslo, Norway. The study included 5 patients (4 male, 1 female, average age
of 67) with high‐grade internal carotid stenosis (≥70%), diagnosed and classified
by precerebral color duplex and CT angiography according to consensus criteria,
and 19 patients with unstable angina pectoris (14 male, 5 female, average age of
63). All patients with unstable angina had experienced ischemic chest pain at rest
within the preceding 48 hours (ie, Braunwald’s class IIIB), but with no evidence of
myocardial necrosis by enzymatic criteria. Transient ST‐T segment depression
and/or T‐wave inversion were present in all cases. For comparison, blood was
collected from 13 healthy controls, comparable to the patients group for age, sex
and smoking habits. The controls were health care workers, consecutively
recruited from the same area of Norway as the patients. All human work was
approved by the Ethical Committee of the University Hospital Oslo. Signed
informed consent for participation in the study was obtained from all individuals.

Statistical analysis
Data are expressed as mean ± SEM. A 2‐tailed Student’s t‐test was used to
compare individual groups. To determine the significance of the relative mRNA
expression levels, statistical analysis was performed on Ct values. Non‐parametric
data were analyzed using a Mann‐Whitney U test. Frequency data analysis was
performed by means of the Fisher’s exact test. Data were considered statistically
significant when P<0.05.
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Results
Deregulated expression of the SDF‐1α/CXCR4 dyad in human atherosclerotic
lesions
First we have mapped SDF‐1α and CXCR4 expression in diseased human
endarterectomy specimen. Plaques were staged according to Virmani et al.14
Micro‐array (Figure 1A) showed a trend towards increased SDF‐1α expression in
advanced versus early atherosclerotic lesions, whereas SDF‐1α expression was
significantly reduced in ruptured versus advanced lesions. CXCR4 expression was
up‐regulated during plaque progression in a stage dependent manner, being
significantly higher in advanced versus early and most pronounced in ruptured
lesions. SDF‐1α and CXCR4 mRNA expression data were verified at protein
level by immunohistochemistry. Both proteins could be detected in normal
arteries (Figure 1B). SDF‐1α expression was primarily localized in intimal
leukocytes and medial vSMCs, and decreased during plaque progression (Figure
1B and C). CXCR4 expression by intimal leukocytes and vSMCs was increased in
advanced and ruptured lesions (Figure 1B and C), reflective of the increased
plaque leukocyte content. A mouse IgG2b isotype control did not show any
staining (Figure 1D).
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Figure 1. Human plaque analysis of SDF‐1α and CXCR4 expression. A, Microarray analysis
of SDF‐1α and CXCR4 expression in early (intimal thickening (IT); n=9) versus advanced
(thick fibrous cap atheroma (TfcA); n=8) and advanced (thick fibrous cap atheroma (TfcA);
n=3) versus ruptured (intraplaque hemorrhage (IPH); n=12) atherosclerotic lesions. B, SDF‐
1α is highly expressed in non‐diseased (ND) arteries and early stable lesions, but
expression decreases during plaque progression into advanced and ruptured lesions
(upper panels), while in contrast, CXCR4 is only moderately expressed in non‐diseased
arteries and early lesions but expression increases in advanced and ruptured plaques
(lower panels, magnification: 100x). C, SDF‐1α (left panel) and CXCR4 (right panel)
expression by intimal cells (magnification: 400x). D, Mouse isotype IgG2b control
(magnification: 100x).
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Effective impairment of CXCR4 function by SDF‐1α antagonist and CXCR4
degrakine lentivirus in mice
The deregulation of SDF‐1α/CXCR4 expression in human atherosclerosis led us to
investigate effects of CXCR4 blockade at different stages of plaque formation by a
lentivirus loss‐of‐function approach. Lentivirus was developed encoding CXCR4 degrakine
(LV.CXCR4deg) or SDF‐1α antagonist (LV.SDF1α(P2G)) under the CMV promotor. An empty
lentivector (LV.Empty) was used as control. To establish functionality of the lentivector,
basal and SDF‐1α induced motility of FDCP‐MixA4 cells in the absence or presence of
LV.SDF1α(P2G) was measured in a slope‐well assay (Figure 2A‐C). SDF‐1α induced cell
migration was completely blocked upon LV.SDF1α(P2G) or LV.CXCR4deg (m.o.i.=15)
infection (Figure 2D), comparable to infection with a lentivirus containing a shRNA
sequence targeting CXCR4 (shX4HM), while SDF‐1α was able to induce LV.Empty infected
cell migration. Of note, even basal cell migration was inhibited by blockade of CXCR4,
which can probably be ascribed to endogenous SDF‐1α content in the bovine serum
containing medium. Next, we tested LV.CXCR4deg functionality in vivo by reconstituting
irradiated LDLr‐/‐ mice with LV.CXCR4deg infected bone marrow. The number of circulating
CXCR4+ neutrophils was significantly reduced compared to that in control mice (Figure 2E).
CXCR4 expression on CD3+ T cells was reduced (‐38%, mean fluorescence intensity (MFI):
74.2 ± 12.8 in controls versus 45.5 ± 5.8 in LV.CXCR4deg mice), as well as on CD19+ B cells
(‐30%, MFI: 65.5 ± 9.0 versus 46.3 ± 5.6) and F4/80+ monocytes (‐30%, MFI: 55.9 ± 11.7
versus 31.8 ± 1.6) in LV.CXCR4deg bone marrow transplanted mice compared to LV.Empty
controls at 16 weeks after bone marrow transplantation, demonstrating that LV.CXCR4deg
is an efficient tool to reduce CXCR4 protein levels on leukocytes.
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Figure 2. In vitro and in vivo analysis of functionality of lentiviral CXCR4 degrakine and
SDF‐1α antagonist. FDCP‐MixA4 cells were cultured in vitro and used to study migration in
a slope well assay. A, Light microscopy image of non‐stimulated FDCP‐MixA4 cells, B,
FDCP‐MixA4 cells treated with recombinant SDF‐1α (100ng/mL) and C, FDCP‐MixA4 cells
expressing the SDF1‐α(P2G) antagonist and treated with recombinant SDF‐1α (100ng/mL).
D, Quantification of migrated FDCP‐MixA4 cells infected with LV.Empty, LV.SDF1‐α(P2G),
LV.CXCR4deg or a shRNA targeting CXCR4 (shX4HM) without stimulation (black bars) or in
response to SDF‐1α (white bars). (##P<0.01, *P<0.05, **P<0.01). E, Flow cytometry analysis
of relative circulating CXCR4+ neutrophils in LV.CXCR4deg versus LV.Empty chimeras.
(***P<0.005)

Hematopoietic CXCR4 deficiency aggravates atherosclerotic lesion progression
and induces intraplaque hemorrhages in LDLr‐/‐ mice
To address the role of CXCR4 blockade on atherosclerosis, we examined lesion
development and progression in LDLr‐/‐ mice reconstituted with LV.CXCR4deg and
LV.SDF‐1α(P2G) infected bone marrow and fed a Western type diet. For plaque
initiation and progression, aortic root lesions were examined after 6 and 10 weeks
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of Western type diet feeding, respectively. During the experiments, no differences
in total body weight and plasma total cholesterol levels were observed between
the groups. CXCR4 blockade increased plaque progression in LV.CXCR4deg treated
mice compared to control mice (10 weeks after Western type diet; Figure 3A, left
panel). A similar aggravation of lesion progression was observed in LV.SDF‐
1α(P2G) bone marrow reconstituted mice. Atherosclerotic lesion development
was not notably affected in the plaque initiation study (6 weeks of Western type
diet feeding, right panel). Interestingly, more lesions (5/8) of LV.CXCR4deg
chimeras in the plaque initiation study displayed intraplaque hemorrhages (IPH)
compared to LV.Empty controls (1/8) (Figure 3B), and on average the area of
extravasated intraplaque erythrocytes was larger in these lesions (Figure 3C).
There was no difference in plaque collagen and vSMC content (data not shown),
while plaque macrophage content was unaltered as well (Figure 3D).

Figure 3. CXCR4 and SDF‐1α lentiviral blockade deteriorates atherosclerotic plaque
progression. LDLr‐/‐ mice were transplanted with LV.empty, LV.CXCR4deg or LV.SDF1(P2G)
bone marrow and placed on Western type diet for 6 (plaque initiation study, n=8 per
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group) and 10 weeks (plaque progression study, n=8‐11 per group). A, Oil‐Red‐O staining
of the aortic root. Blockade of CXCR4 by LV.CXCR4deg aggravated lesion progression in
LDLr‐/‐ mice (**P=0.002, left graph). Similarly, hematopoietic overexpression of the SDF‐
1α(P2G) antagonist induced lesion progression after 10 weeks of diet feeding (P=0.06, left
graph). Right panel: representative lesions of each group (50x magnification). Plaque
development was not affected by CXCR4 blockade (P=0.25, right graph). B, Intraplaque
hemorrhage in a LV.CXCR4deg plaque indicated by the arrow (upper left: 50x
magnification, lower right: 200x magnification). C, Increased intraplaque hemorrhage was
observed as measured by the relative erythrocyte surface area in plaques of CXCR4
degrakine chimeras (*P=0.01). Data are represented for the 6 weeks group. D, Plaque
macrophage (MOMA‐2) content, represented as the percentage of MOMA‐2+ cells per
plaque area. Data are represented for the 10 weeks group.

Neutrophils show increased plaque adherence in the absence of CXCR4
As the SDF‐1/CXCR4 dyad is important for neutrophil homeostasis, we analyzed
effects on neutrophils. The total number of CD11b+Gr1highCD71‐ blood neutrophils
remained unaffected in LV.CXCR4deg versus LV.Empty transplanted chimeras
(Figure 4A). The number of intraplaque neutrophils was somewhat increased in
the plaque initiation study (32 ± 10 neutrophils versus 21 ± 6 in controls), while
neutrophil numbers decreased during plaque progression in both groups (data not
shown). Interestingly, neutrophil adhesion to the plaque was highly increased in
the LV.CXCR4deg transplanted mice compared to LV.Empty control mice both at 6
and 10 weeks of Western type diet feeding (Figure 4B). Next, we addressed
effects of CXCR4 blockage on neutrophil adherence in vitro. HL60 cells were
differentiated into neutrophils with Retinoic Acid (RA) (Figure 4C).25,26 Flow
cytometry analysis confirmed that RA induced neutrophil differentiation as
demonstrated by increased Gr1+CD71‐ neutrophil numbers (data not shown). The
adhesive capacity of HL60 cells differentiated in the presence of AMD3100 and RA
was increased compared to HL60 cells differentiated only in the presence of RA
(26 ± 2 versus 18 ± 2 cells/microscopic field, Figure 4D). HL60 cell adherence to
fibronectin coated wells was increased by 55%, however that of HL60 cells
differentiated in the presence of AMD3100 was even 2‐fold higher (202%)
compared to uncoated wells. Adherence of differentiated HL60 cells to gelatin
remained unaltered by AMD3100 treatment. The augmented adhesive capacity is
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linked to altered integrin signaling as the relative focal adhesion kinase (FAK)
mRNA expression was 3‐fold increased in HL60 derived neutrophils treated with
AMD3100 (Figure 4E).

Figure 4. CXCR4 blockage induces neutrophil adhesion. A, Flow cytometry analysis of the
percentage of Gr1+CD11b+(CD71‐) neutrophils in blood from LV.Empty (n=4) versus
LV.CXCR4deg (n=4) bone marrow transplanted mice. Data are represented for the 6 weeks
group. B, Napthol CAE staining showing adhering neutrophils to the plaque endothelium
(left panel, upper picture: 400x magnification, lower picture: 1000x magnification).
Represented in the graphs are the number of adhering neutrophils in LV.Empty versus
LV.CXCR4deg transplanted LDLr‐/‐ bone marrow chimeras 6 and 10 weeks after Western
type diet feeding (*P<0.05). C, HL60 cells were treated with retinoic acid to induce
neutrophil development. D, Adhesion of non‐treated versus AMD3100 treated neutrophils
in control, fibronectin (FN) and gelatin coated wells. *P<0.05 compared to HL60 + RA,
##
P<0.01 compared to uncoated controls, **P<0.01 compared to HL60 + RA (FN). E,
Relative gene expression of FAK in neutrophils differentiated in the presence or absence
of AMD3100 (*P<0.05).
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Impaired in vivo homing of neutrophils in response to SDF‐1α but not KC and
thioglycollate in LV.CXCR4deg transplanted mice
The increased adherent plaque neutrophils in LV.CXCR4deg mice led us to
investigate effects of CXCR4 blockade on neutrophil migration in vivo. Leukocyte
recruitment towards the peritoneum was measured in LDLr‐/‐ mice, transplanted
with either bone marrow infected with LV.Empty or LV.CXCR4deg, in response to
either PBS (control), KC or SDF‐1α. Peritoneal homing of CD11b+Gr1high neutrophils
in response to KC, which induces CXCR2 dependent neutrophil chemotaxis, did
not differ between LV.Empty and LV.CXCR4deg chimeras (Figure 5A). In sharp
contrast, neutrophil migratory response to SDF‐1α was strongly attenuated
(Figure 5B). Importantly, CXCR4 blockade on leukocytes did not affect
thioglycollate elicited peritoneal neutrophil recruitment in LDLr‐/‐ mice treated
with the CXCR4 antagonist AMD3100 (Figure 5C), demonstrating that decreased
CXCR4 expression on leukocytes does not affect neutrophil migration in vivo.
Apparently, while SDF‐1α induced neutrophil migration is impaired in LV.CXCR4
transplanted chimeras, the general migratory capacity of neutrophils is not
affected.

Figure 5. CXCR4 blockage does not alter neutrophil recruitment. In vivo chemokinesis
assay in LDLr‐/‐ mice, transplanted with either bone marrow infected with LV.Empty (n=4)
or LV.CXCR4deg (n=4). A, Percentage of peritoneal Gr1+CD11b+(CD71‐) neutrophils at 2
hours after KC injection. B, Percentage of recruited neutrophils in response to SDF‐1α. C,
Percentage of peritoneal neutrophils in response to 3% Brewer’s Thioglycollate in control
(n=6) versus AMD3100 treated (n=6) mice.
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CXCR4 regulates neutrophil homeostasis and elimination of senescent
neutrophils
FAK expression could be linked to cell survival, therefore, we next studied the
impact of CXCR4 dysfunction on neutrophil homeostasis. AMD3100 treatment
throughout RA induced neutrophil differentiation was seen to inhibit the
formation of Gr1+CXCR4+ and GR1+CXCR2+ neutrophil subsets (Figure 6A).
Moreover, AMD3100 reduced HL60 cell proliferation during RA differentiation
(Figure 6B), while augmenting neutrophil myeloperoxidase (MPO) activity (Figure
6C), illustrative of enhanced neutrophil activation. Furthermore, AMD3100
treated HL60 cells at 7 days after start of RA induced neutrophil differentiation
showed increased cell survival (Figure 6D). In line, expression of cell survival factor
AKT was enhanced (Figure 6E).

Figure 6. Neutrophils lacking functional CXCR4 expression show increased cell survival.
A, Treatment of HL60 cells with AMD3100 inhibits differentiation of HL60 cells into
neutrophils as demonstrated by a reduction in the percentage of GR1+CXCR4+ (left panel)
and GR1+CXCR4+ cells (right panel) (**P<0.01 compared to control HL60 cells, ##P<0.01
compared to RA differentiated HL60 cells). B, AMD3100 reduced neutrophil precursor
proliferation during differentiation (**P<0.01). C, Myeloperoxidase activity (**P<0.01). D,
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Percentage of cell survival (***P<0.001). E, Relative gene expression of Akt in neutrophils
differentiated in the presence or absence of AMD3100 (*P<0.05).

The CXCR4 blockade associated increase in cell survival could well have impacted
neutrophil senescence in vivo. Aged neutrophils upregulate CXCR4 expression and
home back to bone marrow, where they undergo apoptosis in a TNF‐related
apoptosis‐inducing ligand (TRAIL) dependent manner.28 To investigate whether
defective CXCR4 expression leads to neutrophil retention in circulation, LDLr‐/‐
mice were placed on Western type diet for 3 weeks and treated with AMD3100.
AMD3100 treated mice showed higher Ly6GhighCD11bhigh granulocyte counts in
blood than control mice (Figure 7A). Flow cytometry of blood granulocytes for
DHR123, an established H2O2 sensor, revealed that AMD3100 treatment resulted
in higher intracellular H2O2 levels, an indicator of reactive oxygen species (ROS)
production and senescent neutrophils (Figure 7B). Thus, CXCR4 dysfunction leads
to an increase of neutrophil half‐life, senescence and activation, which apparently
promotes neutrophil adhesion to vascular endothelium, and in this way an
aggravation of disease. Damås et al. have shown that coronary artery disease
(CAD) patients have lowered plasma levels of SDF‐1α.8 In a final experiment we
sought to investigate the relevance of our findings for human disease.
Interestingly, CXCR4 protein expression on circulating neutrophils isolated from
carotid endarterectomy and unstable angina patients was significantly lowered
than compared to neutrophils from healthy controls (Figure 7C), suggesting that
cardiovascular disease (CVD) patients have dysfunctional CXCR4 expression and
consequently have higher blood counts of senescent neutrophils and thus
increased neutrophil activity within lesions. Of note, these data also coincide with
previous findings showing delayed neutrophil apoptosis in patients with unstable
angina.29
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Figure 7. Increased numbers of senescent neutrophils in the absence of CXCR4. LDLr‐/‐
mice on western type diet were treated with AMD3100 (n=5) for 3 weeks. Control mice
(n=4) received PBS injections. A, Circulating Ly6GhighCD11bhigh granulocyte numbers. B,
Mean fluorescence intensity for DHR123 (*P=0.05). C, Normalized CXCR4 protein
expression on circulating granulocytes isolated from healthy (control) persons (n=13)
versus carotid endarterectomy (n=5) (**P=0.002) and unstable angina pectoris patients
(n=19) (***P=0.0009).

Discussion
Previously we demonstrated that the SDF‐1α/CXCR4 axis is instrumental in early
stage atherosclerosis by controlling circulating neutrophil counts.11 In this study
we have extended this notion, focusing on later, clinically relevant stages of
plaque development in mice and man. We show that plaque SDF‐1α/CXCR4
expression is progressively deregulated during disease progression. CXCR4
blockade considerably exacerbated advanced plaque formation and stability as
judged by an increased frequency of intraplaque hemorrhages. Interestingly,
endothelial adhesion of neutrophils increased after CXCR4 blockade, possibly by
enhanced focal adhesion. The latter features may well be associated with
increased survival and senescence, and subsequent hyperactivation of this subset.
Our histological data largely confirm previous findings of Abi‐Younes et al.7
showing strong expression of SDF‐1α and to a lesser extent also CXCR4 by
endothelium, vSMCs and macrophages in the atherosclerotic plaque but not in
healthy vessels. In an extension of this study, we now clearly show that normal
arteries do express SDF‐1α, and that SDF‐1α expression gradually decreases
during plaque progression, reflective of the progressively reduced plasma levels of
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this chemokine in patients with stable and even more so with unstable angina
pectoris shown by Damås et al.8 In contrast, CXCR4 expression was increased in
advanced and ruptured lesions. In particular plaque leukocytes displayed high
CXCR4 expression, possibly due to the prevailing hypoxia.30,31
To delineate the contribution of leukocyte‐derived SDF‐1α/CXCR4 to plaque
development and progression, we generated lentivirus vectors encoding a SDF‐1α
antagonist12 and CXCR4 degrakine, respectively.13 LDLr‐/‐ mice reconstituted with
LV.CXCR4deg lentivirus transduced bone marrow indeed displayed partially
reduced CXCR4 protein expression by leukocytes compared to LV.Empty mice.
Early plaque development was not affected by the reduced hematopoietic CXCR4
expression, however we did observe an increase in intraplaque erythrocyte
accumulation, which was described to be involved in plaque destabilization.32,33
The latter was confirmed by increased hemosiderin deposition in advanced
plaques in both the LV.SDF‐1α(P2G) and the LV.CXCR4degrakine group.
Interestingly, at this stage lesion progression was severely increased in mice in
which SDF‐1α/CXCR4 signaling was inhibited, which may be explained by the
increased accumulation of intraplaque erythrocytes with subsequent cholesterol
deposition.34
Blockage of CXCR4 has been shown to result in increased neutrophil release
from bone marrow into circulation.35,36 In ApoE‐/‐ mice, complete and chronic
blockage of CXCR4 with AMD3465, a CXCR4 antagonist, has been shown to
increase blood neutrophil numbers, resulting in an increased accumulation of
neutrophils within the atherosclerotic vessel wall and subsequently promoting
plaque progression.11 Our data show that partial blockage of CXCR4 in
LV.CXCR4deg transfected bone marrow chimeras does not induce an increase in
neutrophil release into circulation, possibly due to compensatory effects such as
reduced neutrophil production. However, plaque progression was induced as well,
likely the resultant of increased neutrophil adherence to plaque endothelium. In
addition, neutrophils with impaired CXCR4 function showed increased ROS
activity. Activated neutrophils elaborate a range of enzymes such as neutrophil
elastase and cathepsin G, which degrade extracellular matrix and antibacterial
proteins, MPO and radicals, and chemokines and cytokines to attract other
leukocyte subsets. Many of these products have been linked to acute
cardiovascular syndromes.37 These data suggest that neutrophil adherence to the
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early atherosclerotic plaque may be a potent initiator of plaque progression by
releasing several deleterious neutrophil products, promoting extracellular matrix
degradation and smooth muscle cell death.
In addition to increased activity, neutrophils lacking functional CXCR4
expression showed increased cell survival, as witness the impaired apoptosis and
increased expression of the cell survival factor Akt. Together with increased
neutrophil activity, these data suggest a role for neutrophil senescence in
atherosclerosis. As neutrophils age, they upregulate the expression of CXCR4 and
acquire the ability to migrate back to bone marrow where they undergo
apoptosis.30 If mature neutrophils fail to upregulate functional CXCR4 expression,
they are retained in circulation to migrate towards inflamed tissue, such as the
atherosclerotic vessel wall, where they can further promote inflammation. Finally,
we show that patients with acute cardiovascular disease show impaired CXCR4
expression on circulating neutrophils, further substantiating the role of senescent
neutrophils in atherosclerosis.
In conclusion, we provide evidence for perturbed vascular homeostasis of
SDF‐1α and CXCR4 at later stages of atherogenesis in humans. Furthermore, we
show that blockade of the SDF‐1α/CXCR4 axis on leukocytes induces
atherosclerotic plaque progression. Interestingly, neutrophils lacking functional
CXCR4 expression show increased adherence to plaque endothelium and
increased activity. In addition, these neutrophils also show increased cell survival,
suggesting an important role for neutrophil senescence in atherosclerosis.
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Abstract
Based on the newly recognized role of homeostatic chemokines in inflammation,
as well as recent reports of a potential role of CCL19 and CCL21 in atherosclerosis,
we hypothesized that CXCL13, another homeostatic chemokine, could be involved
in atherogenesis. The study included in vivo analyses in patients with carotid and
coronary atherosclerosis as well as in vitro experiments in cells involved in
atherogenesis (ie, monocytes/macrophages, vascular smooth muscle cells (vSMC),
and platelets). Our main findings were: (i) Patients with carotid (n=130) and
coronary (n=80) atherosclerosis had increased plasma levels of CXCL13 with
particularly high levels in unstable disease. (ii) CXCL13 showed increased
expression within atherosclerotic carotid plaques, and high CXCL13 expression
tended to be associated with increased plaque echogenicity. (iii) Within the
atherosclerotic lesions, CXCR5 and CXCL13 were expressed by macrophages and
vSMC in all stages of plaque progression. (iv) Releasate from activated platelets
enhanced the expression of CXCL13 in THP‐1 monocytes and primary monocytes.
(v) In vitro, CXCL13 exerted anti‐apoptotic effects in primary monocytes, THP‐1
macrophages, and vascular SMC. (vi) CXCL13 increased arginase‐1, transforming
growth factor‐β, and interleukin‐10 expression in THP‐1 cells and samples from
freshly isolated carotid plaques, and counteracted the interleukin‐1β‐mediated
decrease in collagen synthesis in SMC suggesting beneficial effects on tissue
repair. In conclusion, levels of CXCL13 are increased in carotid and coronary
atherosclerosis, with high CXCL13 expression associated with a fibrous plaque
phenotype. Together with our in vitro findings, these data may suggest a plaque
stabilizing effect of CXCL13‐CXCR5 interaction.
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Introduction
Several lines of evidence suggest that chemokines are important mediators in the
inflammatory arm of atherogenesis, leading to progression of atherosclerosis and
plaque destabilization.1‐4 A number of studies have reported raised chemokine
levels in atherosclerotic disorders, both systemically and within the
atherosclerotic lesion. Moreover, targeted disruption of the genes for monocyte
chemoattractant protein‐1 (MCP‐1)/CCL2, CCR2 (ie, MCP‐1 receptor), CXCR2 (ie,
the interleukin‐8 (IL‐8)/CXCL8 receptor), CXCR6 (ie, CXCL16 receptor), and CX3CR1
(ie, fractalkine/CX3CL1 receptor) significantly decreases atherosclerotic lesion
formation in mice prone to develop atherosclerotic‐like lesions.5‐9 However, the
role of chemokines in atherogenesis is far from being completely understood.
Studies in gene‐modified mice indicate anti‐ rather than pro‐atherogenic effects
of some of these mediators (eg, deficiency in CXCL16, CXCR4, or CCR1 accelerates
atherosclerosis),10‐12 suggesting that chemokines also may possess
atheroprotective properties.
Most chemokines have been linked to inflammatory processes in peripheral
tissue, whereas the homeostatic chemokines (ie, CCL19, CCL21, and CXCL13) and
their corresponding receptors (ie, CCR7 (CCL19 and CCL21) and CXCR5 (CXCL13))
have been associated with the entry of lymphocytes and dendritic cells to
secondary lymphoid organs.13,14 Recently, reports have pointed to a broader role
for these homeostatic chemokines, including modulation of inflammatory and
anti‐inflammatory responses in lymphoid and non‐lymphoid tissue.15,16 Thus, an
imbalanced regulation of CCL19 and CCL21 seems to be involved in the
pathogenesis of various inflammatory disorders including rheumatoid arthritis,
inflammatory bowel disease and more recently, also in atherosclerosis.17‐20
CXCL13 is crucial for B cell trafficking, but has also been linked to T cell and
monocyte activation as well as apoptosis.21‐23 More recently, it has been
suggested to play a pathogenic role in inflammatory disorders such as rheumatoid
arthritis and inflammatory bowel disease.24,25 However, the regulatory
determinants and the effects of CXCL13 in inflammation are poorly characterized.
Based on the newly recognized role of the homeostatic chemokines in
inflammation, as well as recent reports of a potential role of CCR7 in
atherosclerosis,18,20 we hypothesized that CXCL13 could be involved in
atherogenesis. Here, we investigated this hypothesis by differential experimental
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approaches including in vivo studies in patients with carotid and coronary
atherosclerosis as well as in vitro studies in cells involved in atherogenesis (ie,
monocytes/macrophages, vSMC, and platelets), particularly focusing on the
regulation of the CXCL13/CXCR5 axis by inflammatory stimuli and its effect on cell
survival.

Materials and methods
Patients and controls
In the plasma carotid stenosis study, 130 consecutive patients, with high‐grade
internal carotid stenoses (≥70%), were recruited at the Department of Neurology,
Oslo University Hospital Rikshospitalet (Table 1). Patients were classified into two
groups depending on whether (symptomatic, n=81) or not (asymptomatic, n=49)
the patients had experienced ipsilateral stroke, transient ischemic attack (TIA), or
amaurosis fugax in the six months before inclusion. Asymptomatic carotid stenosis
was detected during clinical examinations of patients with coronary artery disease
(CAD), peripheral artery disease or stroke/TIA more than 6 months ago. The
carotid stenoses was diagnosed and classified by precerebral color duplex and CT
angiography according to consensus criteria. As for ultrasound examination, the
total extracranial part of the carotid artery was examined with B‐mode and
doppler analyses. Ultrasound plaque appearance in terms of echogenisity was
classified according to consensus criteria.26
In the plasma angina study, 80 CAD patients undergoing clinically indicated
coronary angiography at the Department of Cardiology, Oslo University Hospital
Rikshospitalet were consecutively recruited for the study (Table 2). All patients
with unstable angina (n=40) had experienced ischemic chest pain at rest within
the preceding 48 hours (ie, Braunwald’s class IIIB), but with no evidence of
myocardial necrosis by enzymatic criteria. Transient ST‐T segment depression
and/or T‐wave inversion were present in all cases. All patients with stable angina
(n=40) had stable effort angina of >6 months duration and a positive exercise test.
The diagnosis of CAD was confirmed in all patients by coronary angiography
showing at least 1‐vessel disease (>50% narrowing of luminal diameter).
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Table 1. Baseline variables in patients according to symptomatic# (n=81) and
asymptomatic carotid plaques (n=49)
Symptomatic plaques
(n=81)

Asymptomatic plaques
(n=49)

P

Age, year

67±1

66±1

.298

Sex, females/males

27/54

15/34

.749

58

55.1

.720

66.7

61.2

.438

21

16.3

.416

Aspirin

87.7

87.8

.958

Statins

90.1

89.8

.952

Warfarin

12.3

14.3

.758

CRP, mg/l

5.4±0.8

7.1±1.4

.242

Total cholesterol, mmol/l

4.4±0.1

4.2±0.1

.500

LDL cholesterol, mmol/l

2.6±0.13

2.5±0.11

.517

HDL cholesterol, mmol/l

1.3±0.5

1.3±0.1

.670

Triglycerides, mmol/l

1.6±0.1

1.5±0.1

.820

Smokers, %
Hypertension, %
Diabetes, %
Medication, %

# Clinical symptoms include stroke, TIA or amaurosis fugax ipsilateral to the stenotic
internal carotid artery within the last 6 months. Data are mean±SEM. Statins,
hydroxymethylglutaryl coenzyme A reductase inhibitors. Characteristics of healthy controls
are shown in Table 2.

Exclusion criteria in both sub‐studies were myocardial infarction or
thrombolytic treatment within the previous six weeks, severe concomitant
disease (eg, infections, connective tissue disease, or malignancies), heart failure,
and liver or kidney disease. The controls (n=20) were healthy health care workers,
consecutively recruited from the same area of Norway as the patients
(southeastern part), and comparable to the patients with regard to age, sex,
smoking habits, and lipid profile. None of the controls used any medications and
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had no history of cardiovascular or other chronic disease. The storage time for
plasma samples were similar in patients and controls.

Table 2. Characteristics of the angina patients.
Controls
(n=20)

Stable angina
(n=40)

Unstable angina
(n=40)

P

Age, years

59±6

66±8

61±11

.340

Sex, females/males

3/17

5/35

13/27

.032

Smokers, %

10

20

16

.346

Hypertension, %

0

10

28

.094

Diabetes, %

0

5

10

.396

1.01±0.3

2.2±0.5

3.4±0.7

.041

β‐blockers

0

83

100

.006

Aspirin

0

75

92

.034

Statins

0

80

86

.556

Warfarin

0

20

8

.104

CRP, mg/l

1.01±0.3

2.2±0.5

3.4±0.7

.041

Total cholesterol, mmol/l

4.3±0.6

4.8±0.7

4.9±0.8

.656

LDL cholesterol, mmol/l

2.6±0.6

3.3.±0.6

3.4±0.6

.833

HDL cholesterol, mmol/l

1.4±0.3

1.2±0.5

1.2±0.6

.798

Triglycerides, mmol/l

1.5±0.4

1.6±0.5

1.7±0.6

.654

C‐reactive protein, mg/l
Medication, %

Data are mean±SEM. Statins, hydroxymethylglutaryl coenzyme A reductase inhibitors. P,
differences between stable and unstable angina patients.

Blood sampling protocol
Peripheral venous blood was drawn into pyrogen‐free EDTA tubes that were
immediately immersed in melting ice, and centrifuged within 20 minutes (2,500g
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for 25 minutes) to obtain platelet‐poor plasma. All samples were stored at ‐80C
and thawed only once.

Culturing of atherosclerotic carotid plaques
Biopsies from atherosclerotic carotid plaques (n=7), obtained from patients that
had been suffering from symptoms within 1 month, were placed in Dubach’s
modified Eagle’s medium ([D‐MEM]/F12; Gibco, Grand Island, NY) enriched with
30 mg/ml endotoxin free and fatty acid free bovine serum albumin (Sigma, St
Louis, MO), and incubated with or without recombinant human (rh)CXCL13 (500
ng/ml, Peprotech) as described.27 Before collection, the atherosclerotic area was
carefully evaluated, and a large part of the samples was used in the experiments
to further minimize the problem with sampling error. After 6 hours the plaque
pellets and plaque supernatants were snap‐frozen in liquid nitrogen before being
stored at ‐80C.

Tissue sampling from carotid plaques
For immunohistochemistry, carotid artery was obtained from patients undergoing
carotid endarterectomy (Maasland Hospital, Sittard, The Netherlands) or at
autopsy (Department of Pathology, Academic Hospital Maastricht, Maastricht,
The Netherlands) as previously described.28 Plaque progression stage was scored
according to the criteria of Virmani and coworkers.29 Intimal thickening was
classified as early, thick fibrous cap atheroma as advanced, and thin cap
fibroatheroma with features of cap break, mural thrombi, plaque dissection
and/or intraplaque haemorrhage were regarded ruptured lesions. For the Gene
Array analysis, human plaque tissue was obtained from the Biobank of Karolinska
Endarterectomies (BIKE) study (Stockholm, Sweden).30 Atherosclerotic tissue
specimen, collected from patients with overt carotid stenosis (n=106) by carotid
endarterectomy, were washed in phosphate‐buffered saline (PBS), and
immediately frozen and stored at ‐80°C until RNA extraction. Control tissue was
obtained from iliac arteries of organ donors (n=10).
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Immunohistochemistry
Paraffin tissue sections from human carotid arteries were deparaffinized and
rehydrated. After pre‐treatment with pepsin for 30 minutes (1% pepsin in 0.1%
HCl) for antigen retrieval and blocking with 5% normal rabbit serum, sections
were incubated overnight at 4°C with primary goat anti‐human CXCL13 (clone
AF801; R&D Systems), diluted in Tris‐buffered saline (TBS) containing 1% bovine
serum albumin (BSA) and 0.1% Tween‐20. To detect CXCR5, sections were first
pre‐incubated with 0.3% H2O2 in methanol. After pretreatment with antigen
retrieval solution (DakoCytomation, Glostrup, Denmark) and blocking with a
mixture of 6% normal sheep serum and 10% BSA, sections were incubated at
room temperature with mouse anti‐human CXCR5 monoclonal antibodies (clone
51505; R&D Systems). Sections were washed in TBS, and incubated with a rabbit
anti‐goat (DakoCytomation) or a sheep anti‐mouse (Amersham Pharmacia
Biotech, Uppsala, Sweden) biotinylated secondary antibody for CXCL13 and
CXCR5, respectively. Thereafter, the sections were incubated with streptavidin‐
ABC‐alkaline phosphatase (Vector Laboratories, Burlingame, CA), and color was
developed with a Vector red staining kit (Vector Laboratories) followed by
haematoxylin counterstaining. Negative controls received no primary antibody. In
addition, a goat IgG antibody (R&D Systems) and mouse IgG2b monoclonal
antibody (clone 73009, R&D Systems) served as isotype control for CXCL13 and
CXCR5, respectively. For the co‐localization stainings, a CD68 (Dako‐KP1,
DakoCytomation) or aSMA (Dako‐1a4, DakoCytomation) antibody was included.
For the co‐localization with SMC, CXCL13 and CXCR5 were counterstained with
vector red and aSMA with vector blue. For co‐localization with macrophages,
CXCL13 and CXCR5 were counterstained with vector blue and CD68 with vector
red.

Caspase measurements
Total caspase activation was assessed by staining of PMA differentiated THP‐1
macrophages, that had been incubated with or without rhCXCL13 (200 ng/ml), 7‐
ketocholesterol (40 μg/ml), or a combination thereof for 24 hours, with the
fluorescently labeled irreversible lipid soluble caspase inhibitor FITC‐VAD‐FMK
(Promega, Maddison, WI).31 Caspase‐3 and ‐7 activities were assessed by staining
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of SMC with a luminogenic caspase‐3/‐7 substrate containing the tetrapeptide
sequence DEVD (Promega) according to the manufacturer's instructions.

Western blotting
Frozen carotid plaques were homogenized and proteins were extracted using PBS
with 1% TritonX‐100 with protease inhibitor cocktail (Roche Applied Science) as
described elsewhere.32 Western blotting was performed as previously described,32
separating equal amounts of protein (20 mg) from each carotid plaque sample by
SDS‐PAGE (10%) before transferring it onto polyvinyl difluoride membranes (NEN
Life Science, Boston, MA). Plaque content of arginase‐1 was detected by using
mouse anti‐arginase ‐1 IgG (Sigma). The immune complex was visualized by using
the Supersignal West Pico Western blot detection system (Pierce), exposure to
Hyperfilm ECL (Amersham Biosciences, Buckinghamshire, UK), and detected with
the use of the Kodak 440 CF imaging station (Boston, MA). The software Total
Laboratory v.1 10 (Phoretix, Newcastle, UK) was used for quantification.

Cell culture experiments
The human monocytic cell line THP‐1 (American Type Culture Collection, Rockville,
MD) or primary human monocytes, isolated from peripheral blood mononuclear
cells of healthy controls by monodisperse immunomagnetic beads (Dynal, Oslo,
Norway) as previously described,31 were cultured for 4 days (2 days for primary
monocytes) in RPMI 1640 (PAA laboratories, Pasching, Austria), supplemented
with 2.5% fetal bovine serum (Gibco), with and without recombinant human
tumor necrosis factor α (rhTNFα 5ng/ml; R&D Systems, Minneapolis, MN), before
further incubation with or without different concentrations of rhCXCL13 (R&D
Systems), lipopolysaccharide (LPS) from E. coli 026:B6 (5 ng/ml; Sigma), a toll‐like
receptor (TLR)2 agonist (Pam3Cys, 1 μg/ml; Sigma), isoproterenol (20 μM, Sigma),
rh‐interleukin (IL)‐1β (1 ng/ml, R&D Systems), and platelet releasate (see below).
In studies on apoptosis related markers, the THP‐1 cells were differentiated into
macrophages by incubation for 24 hours with phorbol myristate acetate (PMA,
100 nM; Sigma) before resting for additional 48 hours, and further incubated with
7‐ketocholesterol (40 μg/ml, Sigma), and in some experiments also with
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camptothecin (10 μM, Sigma), for 24 hours, with and without co‐incubation with
rhCXCL13 (200 ng/ml). Human aortic vSMC were obtained from PromoCell GmbH
(Heidelberg, Germany) and grown in SMC Growth Medium 2 with complete
supplement mix (PromoCell). At 90% confluence, the culture was trypsinized and
replated. At experimental start, the cells were cultured in Optimem with
Glutamax (Gibco‐Invitrogen, Carlsbad, CA) with or without rhCXCL13 (200 ng/ml),
7‐ketocholesterol (40 μg/ml), camptothecin (10 μM), rhIL‐1β (0.1 ng/ml), or a
combination thereof. In all experiments, camptothecin and 7‐ketocholesterol
were dissolved in dimethyl sulfoxide, stored at ‐20°C, and further diluted in
medium prior to each experiment. At different time points, cell‐free supernatants
and cell pellets from THP‐1 cells, primary monocytes, and SMC were harvested
and stored at ‐80°C. The endotoxin levels of all stimulants, except for LPS, and
culture media were <10 pg/ml (Limulus Amebocyte Assay; BioWhittaker,
Walkersville, MD). In all experiments, the vehicle of the stimulus was added as
control. The toxicity in cell cultures was examined routinely for lactate
dehydrogenase leakage using a cytotoxicity detection kit (Roche Applied Science,
Indianapolis, IN), and we found no significant toxicity in the experiments that are
included in the present study.

Preparation of platelet releasate
Platelet rich plasma (PRP) was prepared from citrated blood by centrifugation at
270g for 10 minutes at 22˚C. Preparation of releasates from platelets was
performed as previously described.33 Briefly, one fourth volume of acid‐citrate‐
dextrose was added to PRP prior to centrifugation at 1,500g for 7 minutes at 22C.
Thereafter, the platelets were re‐suspended in RPMI 1640 media (PAA
laboratories) to 10x108 platelets/ml before being stimulated with 0.1 U/ml
thrombin (Sigma) for 90 minutes to induce release of platelet components to the
media. The platelets were then removed by centrifugation at 10,000g for 5
minutes at 12°C, and the supernatant, representing platelet releasate from
activated platelets, was added to THP‐1 cells and primary monocytes (see above).
Hirudin (0.4 U/ml, Sigma) was added to neutralize thrombin before platelet
releasates were co‐cultured with THP‐1 cells and primary monocytes. Platelet‐free
supernatants of un‐stimulated PRP that had been incubated for 90 minutes were
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also added to the cells, representing platelet releasate from un‐stimulated
platelets. In some experiments, a LIGHT neutralizing, a RANTES/CCL5 neutralizing,
a CD40 ligand (CD40L) neutralizing, a Dickkopf‐1 (DKK‐1) neutralizing, and an
irrelevant isotype‐matched antibody (10 μg/ml for all antibodies, R&D Systems)
were added to the platelet releasate before being exposed to THP‐1 cells.

Detection of apoptosis
The degree of apoptosis in THP‐1 cells was analyzed on a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA) by using an Annexin V‐fluorescein
isothiocyanate (FITC) apoptosis detection kit (BD Biosciences) according to the
manufacturer's instructions. The externalization of phosphatidylserine, as a
marker of early‐stage apoptosis, was detected by Annexin V‐FITC, whereas
membrane damage due to late‐stage apoptosis or necrosis was detected by the
binding of propidium iodide to nuclear DNA. Early‐stage apoptosis was expressed
as percentage of Annexin V positive cells. Apoptosis in vascular SMC and primary
monocytes was quantified by enzyme immunoassay (EIA) measuring histone‐
associated DNA fragments (mono‐ and oligonucleosomes) (Roche Diagnostics,
Mannheim, Germany), normalized to cell protein content as assessed by the
bicinchoninic acid protein assay kit (Pierce Biotechnology, Rockford, IL).

Collagen synthesis
At 80% confluence, the vSMCs were reefed with 1 μCi/ml [2,3,4,5‐3H]‐L‐proline
(NEN Radiochemical, Perkin Elmer, Waltham, MA) in regular growth medium in
the presence of either rhCXCL13 (200 ng/ml), rhIL‐1β (0.5 ng/ml) or a combination
thereof. Control cells were given vehicle. After 48 hours, the cell media were
harvested and analyzed for Trichloroacetic acid (TCA) precipitated protein‐
associated radioactivity measured by a TRI‐CARB 2300 TR Scintillation Counter
(Packard, Meriden, CT). Data are presented as percentage secreted TCA
precipitated radioactivity.
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Gene array hybridization and analysis of samples from carotid plaques and control
arteries
For the analyses of carotid plaques and control arteries, biotinylated RNA was
generated using 10 µg of total RNA. The cRNA targets were then fragmented
according to the Affymetrix® protocol (Santa Clara, CA).34 The fragmented biotin‐
labeled cRNA was hybridized to Affymetrix HG‐U133 plus 2 Genechip® arrays,
stained, washed, and scanned according to the standard Affymetrix protocol
(www.affymetrix.com). The computer data files (*.cel), subsequently to be used in
data analysis, were generated with Affymetrix software. The cel‐files were
normalized, background corrected and log‐scaled using the Robust Microarray
Analysis (RMA) as implemented in the Affymetrix Power Tools 1.12.0 package apt‐
probeset‐summarize.

Real‐time quantitative RT‐PCR
Total RNA was extracted from THP‐1 cells, primary monocytes, samples from
carotid plaques, and vascular SMC using MagNa Pure LC RNA isolation kit III
(Roche Applied Science, Oslo, Norway) and stored at ‐80°C. Primers for CXCL13,
arginase‐1, IL‐10, and transforming growth factor (TGF)‐β were designed by the
Primer Express software, version 2.0 (Applied Biosystems, Foster City, CA). Primer
sequences could be provided by request. Quantification of mRNA was performed
by the ABI Prism 7500 (Applied Biosystems). Low density array (TaqMan Human
Apoptosis Array, Applied Biosystem) was used to screen for apoptosis‐related
genes according to the manufacturer’s description. Gene expression of the
housekeeping gene β‐actin was used for normalization.

Enzyme immunoassays (EIAs)
Plasma levels of CXCL13, IL‐8 and transforming growth factor (TGF)‐β in plaque
supernatants were measured by EIAs obtained from R&D Systems (Minneapolis,
MN). The intra‐ and inter‐assay coefficient of variation were <10%.
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Ethics
All the protocols were approved by the Regional Committee for Medical and
Health Research Ethics in South‐Eastern Norway Regional Health Authority (REK
no.2769 and S‐06172). Signed informed consent for participation in the study was
obtained from all individuals. The investigation conforms to the principles
outlined in the Declaration of Helsinki.

Statistical analysis
For comparisons of 2 groups of individuals, the Mann‐Whitney U test was used.
When comparing 3 groups of individuals, the nonparametric Kruskal‐Wallis test
was used. If a significant difference was found, Mann‐Whitney U test was used to
calculate the difference between each pair of groups. In the in vitro studies,
Student’s t test (THP‐1 cells and SMC) or Mann‐Whitney U test (primary
monocytes and plaque samples) was used. In the dose‐response experiments, the
Bonferroni's multiple comparison test was used. The Chi‐square test was used for
analyzing contingency data. Coefficients of correlation were calculated by the
Spearman rank test. Probability values (2‐sided) were considered significant at
p<0.05.

Results
Plasma levels of CXCL13 in atherosclerotic disorders
Both patients with asymptomatic (n=49) and symptomatic (n=81) carotid stenosis
had significantly raised CXCL13 levels in plasma as compared with healthy controls
(n=20) with a trend for higher levels in those with symptomatic disease (Figure
1A). A similar pattern was found in CAD patients with significantly raised CXCL13
levels in both stable (n=40) and unstable (n=40) disease, with particularly high
concentrations in those with unstable angina (Figure 1B). Some of the patients
had additional risk factors that could interfere with inflammation (e.g., diabetes
and hypertension), but importantly, the same pattern of CXCL13 levels was
observed even if these patients were excluded from the study (data not shown).
Also, the percentage of smokers was higher in angina patients and particularly in
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patients with carotid atherosclerosis as compared with controls, but we found no
relation of CXCL13 to smoking status in either patients or controls (data not
shown).
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Figure 1. Plasma levels of CXCL13 in patients with atherosclerotic disease. A, Plasma
levels of CXCL13 in patients with symptomatic (ie, symptoms within the latest 6 months)
(n=89) and asymptomatic (n=41) carotid plaques. B, plasma levels of CXCL13 in patients
with stable (SAP, n=40) and unstable (UAP, n=40) angina pectoris. The levels of CXCL13 in
the patient groups were compared to CXCL13 levels in 20 sex‐ and aged‐matched healthy
controls. Data are given as medians, interquartile range and outliers (Tukey box and
whiskers). **P<0.01, and ***P<0.001 versus controls. †P<0.05 versus SAP. Symptomatic
versus asymptomatic carotid plaques, P=0.17.

Expression of CXCL13 and CXCR5 mRNA in atherosclerotic carotid plaques
The mRNA levels of CXCL13, but not mRNA levels of CXCR5, were markedly up‐
regulated within the atherosclerotic carotid plaques (n=106) as compared with
non‐atherosclerotic arteries (n=10) obtained from iliac arteries of organ donors
(Figure 2A). The mRNA levels of CXCL13 were positively correlated with time
between latest symptom and surgery, and patients with echogenic plaques, often
characterized by a higher content of fibrous tissue and calcification, tended to
have higher levels of CXCL13 than those with echolucent plaques (P=0.06),
suggesting a relationship between high CXCL13 levels and stable carotid lesions
(Figure 2B‐C). In contrast, there were no associations between CXCL13 expression
and traditional risk factors such as age, gender, C‐reactive protein, diabetes,
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lipoprotein levels, smoking status, family history for cardiovascular disease,
diabetes, and medicine use including statins (data not shown). Moreover,
adjusting for statin use and other relevant confounders had no impact on the
findings presented in Figure 1B‐C (data not shown).
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Figure 2. CXCL13 and CXCR5 mRNA in atherosclerotic tissue. A, mRNA levels of CXCL13
and CXCR5 in atherosclerotic carotid plaques (n=106) and in control tissue, obtained from
iliac arteries of organ donors (n=10). B and C, CXCL13 mRNA levels in relation to time
between latest symptom and surgery (mo, month) (B) and in relation to plaque
echogenicity (C). mRNA was quantified by means of Affymetrix Gene Array analysis and
are given in arbitrary units. Data are given as medians, interquartile range and outliers
(Tukey box and whiskers).

Localization of CXCL13 and CXCR5 protein in atherosclerotic carotid plaques
Immunostaining of carotid plaques (n=15) showed that CXCL13 and CXCR5 were
expressed at all stages of atherosclerosis development ranging from intimal
thickening, via thick fibrous cap atheroma, to hemorrhaged and ruptured lesions
(data not shown). Co‐staining with markers of SMC and macrophages in advanced
lesions showed that CXCL13 and CXCR5 were both highly expressed by medial
SMC and macrophages inside the lesions (Figure 3). A similar localization to SMC
and macrophages was also seen in plaque with intimal thickening and in thick
fibrous cap atheroma (data not shown).
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Figure 3. CXCL13 and CXCR5 co‐expression with vascular SMC and macrophages in
advanced human atherosclerotic lesions. CXCL13 and CXCR5 are both highly expressed by
medial SMC: CXCL13(red)/aSMA(blue) A (20x, scale bar 100µm) and B (40x, scale bar
50µm) and CXCR5(red)/aSMA(blue) C (20x, scale bar 100µm) and D (40x, scale bar 50µm).
Macrophages inside the lesions are strongly positive for CXCL13 and CXCR5:
CXCL13(blue)/CD68(red) E (10x, scale bar 100µm) and F (40x, scale bar 50µm) and
CXCR5(blue)/CD68(red) G (10x, scale bar 100µm) and H (40x, scale bar 50µm). CXCL13 is
expressed by macrophages in intraplaque haemorrhage lesions as well: I (5x, scale bar
500µm) and J (40x, scale bar 50µm).
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Regulation of CXCL13 expression in THP‐1 cells
Our findings so far suggest enhanced expression of CXCL13 within the
atherosclerotic lesion, at least partly localized to macrophages. We therefore next
examined the expression of CXCL13 in THP‐1 monocytes that had been activated
by different stimuli with relevance to atherogenesis (e.g. inflammatory cytokines,
TLR agonists, neurohormones, and platelets). In an attempt to mimic the in vivo
situation within an inflammatory atherosclerotic lesion, the cells were pre‐
activated with rhTNFα (5 ng/ml) for 96 hours before experimental start. 33 Both
TLR2 (Pam3Cys) and TLR4 (LPS) agonists as well as releasate from thrombin‐
activated platelets and the β‐adrenergic receptor agonist isoproterenol, but not
IL‐1β, enhanced CXCL13 levels at both the mRNA (6 hours) and protein levels (24
hours), although the rather modest effect of isoproterenol was only seen at the
protein level (Figure 4A‐B).
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Figure 4. Regulation of CXCL13 in TNFα pre‐activated THP‐1 monocytes. A‐B, the effect of
LPS (5 ng/ml), Pam3Cys (1 µg/ml), relaseate from un‐stimulated (uPRL) and thrombin‐
activated (sPRL) platelets, IL‐1β (1 ng/ml), and isoproterenol (Isoprot, 20 μM) on the
mRNA (A) and protein (B) levels of CXCL13 after culturing for 6 and 24 hours, respectively.
C, the effect of releasate from thrombin‐activated platelets (sPRL) on the mRNA levels of
CXCL13 in THP‐1 monocytes with or without co‐culturing with neutralizing antibodies (Ab)
against RANTES or isotype‐matched control antibodies after culturing for 6 hours. In all
experiments, THP‐1 cells were pre‐activated with TNFα (5 ng/ml) for 96 hours prior to
experimental start. mRNA levels were assessed by real‐time RT‐PCR in relation to the
control gene β‐actin, and CXCL13 protein levels in cell supernatants were measured by
EIA. Data are mean±SEM (n=4‐8). *P<0.05, **P<0.01, and ***P<0.001 versus controls
(vehicle). †P<0.05 versus sPRL without neutralizing antibodies against RANTES.

The platelet‐mediated increase in CXCL13 expression in THP‐1 monocytes
involves RANTES
Upon activation, platelets release the content of their secretory granules, and this
platelet releasate comprises a multitude of inflammatory and vasoactive
substances, which can activate adjacent cells such as monocytes/macrophages.35
As shown in Figure 4C, a neutralizing antibody against RANTES, but not against
other platelet derived cytokines (e.g. LIGHT, CD40L, and DKK‐1 (data not shown),
significantly attenuated the induction of CXCL13 in TNF‐α (5 ng/ml) pre‐activated
THP‐1 cells that had been exposed to releasate from activated platelets for 6
hours, suggesting that platelet‐derived RANTES could contribute to the platelet‐
mediated induction of CXCL13 in these cells.

Anti‐apoptotic effects of CXCL13 in THP‐1 macrophages
Activation of CXCR5 has been shown to exert anti‐apoptotic effects in B cell
malignancies.23 In order to elucidate any consequences of the raised CXCL13
expression in atherosclerotic disorders, we examined the ability of CXCL13 to
modulate lipid‐induced apoptosis in PMA‐differentiated macrophages. By using
VAD‐FMK‐FITC as a marker of caspase activity, we observed that CXCL13 almost
completely abolished the 7‐ketocholesterol‐mediated increase in total caspase
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activity (Figure 5A). Moreover, we found attenuating effects of CXCL13 on the 7‐
ketocholesterol‐mediated up‐regulation of both initiator (e.g. caspase‐8) and
executioner (e.g. caspase‐3 and ‐7) caspases as assessed by RT‐PCR (Figure 5B‐D).
Finally, by using Annexin V binding as a marker of apoptosis, we showed that the
pro‐apoptotic effect of 7‐ketocholesterol was significantly attenuated by CXCL13
(Figure 6A‐B). A significant anti‐apoptotic effect of CXCL13 was also seen when
CXCL13 was added to cell cultures together with the DNA damaging agent
camptothecin.
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Figure 5. CXCL13 down‐regulates caspase activity in THP‐1 macrophages. PMA
differentiated THP‐1 macrophages were stimulated for 24 hours with or without 7‐
ketocholesterol (7‐keto, 40 μg/ml), rhCXCL13 (200 ng/ml), or a combination thereof. A,
total caspase activity as assessed by staining with the fluorescently labeled irreversible
lipid soluble caspase inhibitor FITC‐VAD‐FMK. B‐D, mRNA levels of different caspases in
relation to the control gene β‐actin. Control cells were receiving vehicle. Data are
expressed as mean±SEM (n=4‐6). *P<0.05 versus 7‐ketocholesterol without rhCXCL13. rfu,
relative fluorescence units.
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Anti‐apoptotic effects of CXCL13 in vascular SMC
As described above, CXCL13 and CXCR5 were expressed in vascular SMC, and the
association of CXCL13 expression to plaque echogenicity may suggest that CXCL13
also could influence SMC apoptosis. Indeed, CXCL13 significantly attenuated
caspase‐3 and ‐7 activity in SMC that had been exposed to 7‐ketocholesterol for
12 hours (Figure 6C). The anti‐apoptotic effect of CXCL13 was even more
pronounced when analyzing histone‐associated DNA fragments by EIA, a method
for direct assessment of apoptosis, in SMC (Figure 6D).
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Figure 6. CXCL13 exerts anti‐apoptotic effect in THP‐1 macrophages and SMC. PMA
differentiated THP‐1 macrophages were stimulated for 24 hours with or without 7‐
ketocholesterol (7‐keto, 40 μg/ml), camptothecin (Campto, 10 mM), rhCXCL13 (200
ng/ml), or a combination thereof. A‐B, the degree of early apoptosis assessed by flow
cytometric detection of Annexin V‐FITC expressed as percentage of Annexin V positive
cells (n=7). Panel A shows flow cytometry data from one representative experiment. The
presence of apoptotic cells is demonstrated by increased fluorescence intensity (gate). C,
the effect of 7‐ketocholesterol (40 μg/ml) with and without rhCXCL13 (200 ng/ml) on
caspase‐3 and ‐7 activity in SMC after culturing for 12 hours (n=8). D, the degree of
apoptosis, as assessed by EIA measurements of histone‐associated DNA fragments, in SMC
there were exposed to 7‐ketocholesterol (40 μg/ml) and camptothecin (10 μM) for 12
hours with and without rhCXCL13 (200 ng/ml) (n=3‐4). Data are expressed as mean±SEM.
*P<0.05 and **P<0.01 versus 7‐ketocholesterol without rhCXCL13; †P<0.05 and
†††P<0.001 versus camptothecin without CXCL13. rlu, relative luminescence units.

CXCL13 increases arginase‐1, TGF‐β, and IL‐10 levels in THP‐1 monocytes and
influences collagen synthesis in SMC
The ability of monocytes/macrophages to produce arginase‐1, an enzyme
involved in the production of the collagen residues proline and hydroxyproline,
and the anti‐inflammatory cytokines TGF‐β and IL‐10, markedly contributes to
their capacity to resolve inflammation.10, 36 As shown in Figure 7A, CXCL13
significantly increased the expression of arginase‐1, TGF‐β, and IL‐10 in TNF‐α (5
ng/ml) pre‐activated THP‐1 cells after culturing for 6 hours. Finally, although
CXCL13 had no effect on its own, it totally abolished the suppressive effect of IL‐
1β (0.1 ng/ml) on total collagen synthesis in SMC that had been cultured for 48
hours (Figure 7B).
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Figure 7. CXCL13 up‐regulates arginase‐1, TGF‐β, and IL‐10 in THP‐1 monocytes and
modulates collagen synthesis in SMC. A, the effect of rhCXCL13 (200 ng/ml) on mRNA
levels of arginase‐1, TGF‐b, and IL‐10 in THP‐1 monocytes after culturing for 6 hours. Prior
to experiment start, THP‐1 cells were pre‐activated with TNFα (5 ng/ml) for 96 hours.
mRNA levels were measured by real‐time RT‐PCR in relation to the control gene β‐actin. B,
the effect of rhCXCL13 (200 ng/ml), IL‐1β (0.5 ng/ml), or a combination thereof on total
collagen synthesis in SMC after culturing for 48 hours. [3H]‐Proline incorporation was used
as a marker for collagen synthesis. Data are expressed as mean±SEM (n=3‐6). *P<0.05
versus controls (vehicle). †P<0.05 versus IL‐1b without rhCXCL13.

Regulation and effects of CXCL13 in primary monocytes
To validate our experiments in THP‐1 cells, we examined the regulation of CXCL13
in primary monocytes from healthy controls (n=7). Basically, we found similar
pattern of regulation of CXCL13 in primary monocytes as in THP‐1 cells, but with
some interesting differences. First, while both TLR2 and TLR4 activation increased
CXCL13 expression in THP‐1 monocytes, only LPS enhanced CXCL13 expression in
primary monocytes (Figure 8A). Second, while the enhancing effect of LPS was
seen in control cells and in cells that were pre‐activated with TNF‐α (5 ng/ml)
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(data not shown), the enhancing effect of releasate from thrombin‐activated
platelets on CXCL13 expression in primary monocytes was restricted to pre‐
activated cells (Figure 8B). This latter finding may be relevant to the situation
during plaque rupture where platelets interact with monocytes/macrophages
within an inflamed microenvironment. Finally, as in THP‐1 cells, CXCL13
attenuated the pro‐apoptotic effect of 7‐ketocholesterol and camptothecin in
primary monocytes as assessed by EIA measurements of histone‐associated DNA
fragments (Figure 8C).

B
12

4

***

10
8
6
4

**

2

Histone associated
DNA fragments
(vs. control)

C

**

3

**
2
1

2

Control

uPRL

sPRL

PG
E

IL
1

0

LP
S
Pa
m
3C
ys

C
on
tro
l

0

CXCL13:-actin mRNA
(vs. control)

CXCL13:-actin mRNA
(vs. control)

A

2.5
2.0
1.5

†††
†

1.0
0.5

C
7XC
ke
L1
to
3
+
7ke
to
C
C
XC
am
L1
pt
o
3
+
C
am
pt
o

C
on
tro
l
C
XC
L1
3

0.0

Figure 8. Regulation and effects of CXCL13 in primary monocytes. A, the effect of LPS (5
ng/ml), Pam3Cys (1 µg/ml), and IL‐1β (1 ng/ml) on the mRNA levels of CXCL13 in primary
monocytes after culturing for 6 hours. B, the effect of relaseate from un‐stimulated (uPRL)
and thrombin‐activated (sPRL) platelets on mRNA levels of CXCL13 in primary monocytes
after culturing for 6 hours. C, the degree of apoptosis, as assessed by EIA measurements
of histone‐associated DNA fragments, in primary monocytes that were exposed to 7‐
ketocholesterol (7‐keto, 40 μg/ml) and camptothecin (Campto, 10 μM) for 18 hours with
and without rhCXCL13 (200 ng/ml). Note, while the monocytes in panel A were cultured
for 48 hours without any stimulants before experimental start, the cells in panel B were
pre‐activated with TNFa (5 ng/ml) for 48 hours. mRNA levels were assessed by real‐time
RT‐PCR in relation to the control gene β‐actin. Data are expressed as mean±SEM (n=3‐8).
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**P<0.01 and ***P<0.001 versus control (vehicle). †P<0.05 and †††P<0.001 versus
camptothecin or 7‐ketocholesterol without rhCXCL13.

Effects of CXCL13 in carotid plaques
To further evaluate the in vivo relevance of our findings, we examined the effect
of rhCXCL13 on freshly isolated carotid plaque samples, obtained from patients
that had been suffering from symptoms within 1 month and that were undergoing
carotid endarterectomy (n=7). Comparable to the effects in THP‐1 monocytes,
CXCL13 enhanced the expression of arginase‐1, IL‐10 and TGF‐β in carotid plaque
after culturing for 6 hours as assessed by real‐time RT PCR, although the effect on
TGF‐β did not reach statistical significance (Figure 9A). The significant increase in
arginase‐1 and IL‐10 mRNA levels within CXCL13 stimulated plaques was
confirmed at the protein level in plaque lysates as assessed by western blotting
(Figure 9B, arginase‐1) and EIA (Figure 9C, IL‐10). Interesting, however, while
mRNA levels of TGF‐β tended to increase in the plaque lysates, protein levels of
TGF‐β tended to decrease in the plaque lysates and to increase in plaque
supernatants (Figure 9D). This may suggest that while the IL‐10 protein is plaque
associated, TGF‐β seems to be released upon CXCL13 activation.
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Figure 9. The effect of CXCL13 in atherosclerotic carotid plaques after culturing for 6
hours. The figure shows the effect of rhCXCL13 (500 ng/ml) on mRNA (A) and protein (B‐
D) levels of arginase‐1 (Arg‐1), IL‐10 and TGF‐β in freshly isolated carotid plaque samples
obtained from patients that had been suffering from symptoms within 1 month and that
were undergoing carotid endarterectomy (n=7). A, mRNA levels of these mediators as
assessed by real‐time RT‐PCR in relation to the control gene β‐actin. B, protein levels of
arginase‐1 in plaque lysates as assessed by western blotting. The upper part shows blots
from two representative carotid plaques. The lower panels show protein levels of IL‐10 (C)
and TGF‐β (D) as assessed by EIA in plaque lysates (plaque associated) and plaque
supernatants (released). Data are expressed as mean±SEM. *P≤0.05 and **P<0.01 versus
control (vehicle).
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Discussion
The CXCL13/CXCR5 dyad has not previously been linked to atherosclerosis, and in
the present study we show (i) increased expression of CXCL13 in both carotid and
coronary atherosclerosis. (ii) Within the atherosclerotic lesion, high CXCL13
expression was correlated with time since latest symptoms tended to correlate
with increased plaque echogenicity, suggesting an association between CXCL13
and a stable plaque phenotype. Our in vitro and ex vivo findings showing that
CXCL13 (iii) is up‐regulated in monocytes upon TLR (TLR2 and TLR4) and platelet
activation, (iv) exerts anti‐apoptotic effects in primary monocytes, THP‐1
macrophages and SMC, (v) increases arginase‐1, TGF‐β, and IL‐10 expression in
THP‐1 monocytes and samples from carotid plaques, and (vi) counteracts the IL‐
1β‐mediated decrease in collagen synthesis in SMC, further suggesting a plaque
stabilizing role for CXCL13, potentially representing a counteracting mechanism to
inflammation.
While CXCR5 was originally shown to promote B cell activation, more recent
studies have shown that this receptor is also expressed on activated T cells,
macrophages, and dendritic cells.14,19 Recently, Gräbner et al. reported increased
expression of CXCL13 in SMC of the aortic adventitia of aged ApoE−/− mice,
secondary to increased lymphotoxin β receptor signaling.37 In the present study
we extend these finding by showing strong immunostaining of CXCR5 and CXCL13
in SMC of human atherosclerotic lesions. We also demonstrate that CXCL13
exerted anti‐apoptotic effects and counteracted the IL‐1β‐mediated decrease in
collagen synthesis in SMC. The strong expression of CXCR5 within normal human
arteries could suggest a role for CXCR5 also in normal vascular physiology that
involves modulation of SMC phenotype. Our findings further underscore that
chemokines, including homeostatic chemokines such as CXCL13, may have effects
beyond that of chemotaxis and leukocyte activation.
A major finding in the present study was that CXCL13 down‐regulated
apoptosis in primary monocytes, THP‐1 macrophages and SMC secondary to
exposure of modified cholesterol and a DNA damaging agent. The pathological
and clinical significance of apoptosis in atherosclerosis remains controversial. On
the one hand, anti‐apoptotic effects could increase cell build‐up in the intimal
compartment, leading to narrowing of the lumen and enhanced atherogenesis,
particularly in the early stage of this disorder.38 On the other hand, apoptosis of
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SMC could lead to weakening of the fibrous cap, and macrophage apoptosis could
induce a pro‐coagulant phenotype within the lesion, contributing to plaque
destabilization and thrombus formation.39,40 Moreover, removal of apoptotic and
necrotic cells by macrophages is of major importance to resolve inflammation,41
and macrophage apoptosis could therefore be detrimental in particular in relation
to plaque stability.
In addition to apoptosis, matrix regulation and inflammation is of major
importance for plaque stability. Herein we found that CXCL13 induced the
expression of arginase‐1, TGF‐β, and IL‐10 in monocytes/macrophages, suggesting
that CXCL13 may turn these cells into a phenotype that could contribute to tissue
repair and resolution of inflammation.36 In support of a CXCL13‐induced increase
in tissue repair, CXCL13 seemed to counteract the down‐regulation of collagen
synthesis in SMC that were exposed to inflammatory mediators. The ability of
CXCL13 to enhance the expression of arginase‐1, TGF‐β and IL‐10 in freshly
isolated carotid plaques further support plaque stabilizing properties of CXCL13.
Based on the present study, we suggest the following hypothesis (Figure 10):
(i) CXCR5 is constitutively expressed at a relatively high level in normal and
atherosclerotic vessels. (ii) Activation of TLRs and platelets promote enhanced
expression of CXCL13 within an unstable atherosclerotic lesion. (iii) This up‐
regulation of CXCL13 may result in anti‐inflammatory and anti‐apoptotic effects as
well as enhancing effect on collagen synthesis, potentially representing a
counteracting mechanism during plaque destabilization.
The present study has some limitations. The ex vivo experiments in human
carotid plaques included few patients and sampling errors and carotid plaque
heterogeneity are potential methodological bias. The low number of controls in
the plaque analyses (e.g. non‐atherosclerotic arteries) is another limitation.
Nonetheless, our findings may suggest that the CXCL13/CXCR5 dyad could
represent a protective and resolving response to plaque inflammation, promoting
an anti‐inflammatory phenotype in macrophages and a stabilizing phenotype in
SMC. However, further studies, including studies in experimental atherosclerosis,
will have to be performed to make any firm conclusion on the role of
CXCL13/CXCR5 in atherogenesis.
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Figure 10. The figure summarizes our hypothesis. (i) CXCR5 is constitutively expressed at
a relatively high level in normal and atherosclerotic vessels. (ii) Activation of TLRs and
platelets promote enhanced expression of CXCL13 within an unstable atherosclerotic
lesion. (iii) This up‐regulation of CXCL13 may result in anti‐inflammatory and anti‐
apoptotic effects as well as enhancing effect on collagen synthesis, potentially
representing a counteracting mechanism during plaque destabilization.
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Abstract
CXCL13 is a homeostatic chemokine instrumental in guided lymphocyte and
dendritic cell trafficking towards lymphoid organs and stromal tissue. Evidence is
culminating that in various chronic immune disorders extranodal CXCL13
expression at the site of inflammation contributes to the disease. Here we
addressed the role of CXCL13 and its receptor CXCR5 in atherosclerosis
development in LDLr‐/‐ mice. Hematopoietic deficiency of both CXCR5 and CXCL13
attenuated atherosclerosis but did not impair lymphocyte homing towards the
vessel wall. Deficiency of CXCR5 and CXCL13, both in hyper‐ and normolipidemic
mice, resulted in impaired monocyte/granulocyte homeostasis, featured by
reduced M‐CSF and G‐CSF plasma levels and decreased monocyte/granulocyte
levels in circulation and spleen. Moreover, Ly6Chigh/Ly6Clow ratio was impaired as
well. Our data reveal a new role for CXCL13 and CXCR5 in monocyte/granulocyte
homeostasis, not only under conditions of hyperlipidemia but also in
normolipidemic mice.
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Introduction
Atherosclerosis is a chronic inflammatory disease typified by the subendothelial
accumulation of lipid material and inflammatory cells in large and middle‐sized
arteries.1,2 Atherosclerosis becomes clinically manifest only at a late stage, when
initial lesions have developed into complex fibroatheromatous lesions with a thin
fibrous cap and a large lipid core that is vulnerable to rupture and thrombosis, the
actual cause of acute cardiovascular complications such as a myocardial infarction
or stroke. Both the initiation and progression of the atherosclerotic plaque
towards a rupture‐prone, unstable plaque are driven by the recruitment of
specific leukocyte subsets.3 This process was shown to be guided by chemokines,
small cytokines with chemotactic activity, such as CCL2, CCL3, CXCL10, CX3CL1,
CCL5, CXCL16 and more recently CCL19/21.3,4 While most of these chemokines are
upregulated in response to inflammatory stimuli in order to control immune
responses, homeostatic chemokines are constitutively expressed by tissue to
regulate leukocyte trafficking to and compartmentalization in lymphoid organs.5
Recently, these homeostatic chemokines has been attributed a broader function
in immune response modulation in lymphoid and non‐lymphoid tissue6,7 and in
the induction of cell survival and angiogenesis.8‐10
One of these homeostatic chemokines, CXCL13, formally known as B‐
lymphocyte chemoattractant (BLC) in mice and B‐cell‐attracting chemokine 1
(BCA‐1) in human, is highly expressed by stromal tissue and follicular dendritic
cells and is important for guidance of lymphocytes and dendritic cells (DCs) in
secondary lymphoid organs.6,11‐13 CXCL13 functions through its only receptor
CXCR5 (also referred to as Burkitt Lymphoma Receptor 1 (BLR1)). Impaired CXCR5
function has been shown to result in dystargeted lymphocyte homing and
aberrant germinal centre organisation.11,14 CXCL13 has been found to be
upregulated in the central nervous system (CNS) during experimental
autoimmune encephalomyelitis (EAE) and to be involved in the induction of white
matter inflammation.15 In tuberculosis, CXCL13 has been shown to regulate
granulocyte formation and phagocytosis.16 In addition, CXCL13 and CXCR5 have
both been shown to play a role in B cell chronic lymphocytic leukemia by
regulating cell positioning.12 Although at present not much is known on the role of
CXCL13/CXCR5 in atherosclerosis, a role in disease development can be inferred
from its prominent expression in atherosclerotic lesions and in particular the
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lesion adventitia (Smedbakken et al., unpublished data). Moreover, CXCL13 has
been shown to be expressed by macrophages, the main leukocyte represented
within atherosclerotic lesions.17 In addition, the CXCR5/CXCL13 axis has been
shown to be dysregulated in unstable coronary and carotid atherosclerotic lesions
and in unstable angina pectoris patients, who displayed increased plasma CXCL13
levels and decreased circulating T cell expression of CXCR5 (Smedbakken et al.,
unpublished data). Collectively, these findings may point to a causal role of
CXCL13 in the pathophysiology of atherosclerosis.
In the present study, we investigated the role of the CXCR5/CXCL13 axis in
hematopoietic cells on atherosclerotic lesion formation in mice. Hereto, we
generated LDLr‐/‐ mice with hematopoietic deficiency of CXCR5 as well as of
CXCL13 by bone marrow transplantation and addressed effects on plaque
formation, composition and stability but also lymphocyte trafficking and leukocyte
homeostasis.

Materials and Methods
Animals
C57Bl/6J, CXCL13‐/‐ 18 and CXCR5‐/‐ mice,11 the latter two backcrossed more than
10 times to C57Bl/6J background, were obtained from the breeding facility at the
Max‐Delbrück‐Center for Molecular Medicine in Berlin. LDLr‐/‐ mice were bred at
the animal facility from the University of Maastricht. All animal work was
approved by the regulatory authority of Maastricht University and performed in
compliance with the Dutch government guidelines.

Bone marrow transplantation
Female LDLr‐/‐ mice of 12 weeks old (n=35) were housed under filtertop cages and
given antibiotics supplemented water (Neomycin (100mg/L; Gibco) and Polymyxin
B sulfate (60.000 U/L; Gibco)), starting 2 weeks before until 6 weeks after bone
marrow transplantation. Mice were irradiated (9 Gy) and received 107 bone
marrow cells isolated by tibia/femur lavage from C57Bl/6J (n=11), CXCL13‐/‐ (n=11)
or CXCR5‐/‐ (n=13) mice. Six weeks after bone marrow transplantation, mice were
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The role of CXCL13 and CXCR5 in mouse atherosclerosis

placed on western type diet (0.25% cholesterol, Special Diets Services). Four
weeks later, a collar was placed around the left and right carotid artery to induce
atherosclerosis development19 and mice were fed a western type diet for eight
more weeks.

Atherosclerosis experiments
Mice were euthanized by an overdose pentobarbital (115 mg/kg) and perfused
through the left cardiac ventricle with PBS (NaCl/Na2HPO4/KH2PO4; pH 7.4)
containing sodium nitroprusside (0.1mg/ml; Sigma) and 1% paraformaldehyde
(PFA). The right common carotid artery was removed, fixed overnight in 1% PFA
and paraffin‐embedded sections (4µm) were cut. To determine plaque area (µm2),
cross sections at 100 µm intervals throughout the common carotid artery were
stained for hematoxylin and eosin (HE). Plaque collagen content was assessed by
Sirius Red staining and expressed as a percentage of plaque area. For plaque
composition analysis, immunohistochemistry was performed for T cells (CD3,
Dako), macrophages (mac‐3, BD‐Pharmingen) and granulocytes (Ly6G, BD‐
Pharmingen). Slides were analyzed in a blinded manner using a Leica DM3000
light microscope (Leica Microsystems) coupled to a computerized morphometric
system (Leica Qwin 3.5.1). Total plasma cholesterol levels were measured in
duplicate using a colorimetric assay (CHOD‐PAP, Roche).

Flow cytometry
Blood, spleen and peripheral lymph nodes (a mixture of mesenteric, mandibular
and axillary lymph nodes) (n= 10/group) were isolated, processed and stained for
total T cells (CD3e+, Miltenyi), T helper cells (CD4+, BD), effector T cells (CD8a+,
BD), regulatory T cells (CD4+CD25+Foxp3+, eBioscience), activated T cells (CD44high,
eBioscience), B cells (B220+, BD), monocytes (CD11bhighLy6Glow, BD) and
granulocytes (CD11bhighLy6Ghigh, BD). Tibia and femur (n=8/group) were isolated,
processed and stained for hematopoietic stem cells (HSC) (Lin‐Sca‐1+c‐kit+,
eBioscience), common myeloid precursor cells (CMP) (Lin‐Sca‐1‐c‐kit+CD16‐CD34+,
eBioscience), myeloid/dendritic cell precursor cells (MDP) (c‐kitintCD135‐
CD115+CD11b+, eBioscience), monocytes and granulocytes. Surface exposed
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CXCR5 expression on monocytes was analyzed after staining with a CXCR5
antibody (BD).

Analysis of plasma cytokine and antibody profile
Plasma cytokine expression of M‐CSF, G‐CSF, GM‐CSF, IFN‐γ, IL‐10, IL‐17, MCP‐1
and TNF‐α was determined with a multiplex assay (Bio‐Rad). Levels of CXCL13
(R&D Systems) expression were determined by (sandwich) ELISA. Plasma
autoantibody titers were determined by chemiluminescent ELISA as previously
described.20,21

CFU assay
Unfractioned bone marrow cells were isolated from wild‐type, CXCL13‐/‐ and
CXCR5‐/‐ mice. 1x104 bone marrow cells were cultured in 2mL semi‐solid
methylcellulose medium supplemented with growth factors (MethoCult, Stem Cell
Technologies, Grenoble, France) at 37°C, 98% humidity, and 5% CO2 for 7 days.
Total colonies, CFU‐GEMM, CFU‐GM, CFU‐M, and CFU‐G colonies were blindly
scored after 7 days using an inverted microscope.

Statistical analysis
Data are expressed as mean ± SEM and Mann‐Whitney U test was used to
compare individual groups of animals. Data were considered statistically
significant at P<0.05.

Results
Hematopoietic deficiency of CXCR5 retards atherosclerosis development
CXCL13 was seen to be highly expressed in the adventitia of the atherosclerotic
vessel wall (Figure 1A). Given its function in T/B cell homing, we hypothesized that
CXCL13 might be responsible for T/B cell accumulation in the vessel wall and thus
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in atherosclerosis. To investigate the role of the CXCL13/CXCR5 axis in
atherosclerosis, LDLr‐/‐ mice were irradiated and transplanted with wild‐type or
CXCR5‐/‐ bone marrow. After recovery, mice were placed on western type diet and
carotid artery lesions were induced by semi‐constrictive collar placement. Body
weight as well as plasma cholesterol levels were equal between wild‐type (body
weight (g): 20.4 ± 0.9 and plasma cholesterol levels (pg/ml):1085 ± 89.6) and
CXCR5 (body weight (g): 20.0 ± 0.4 and plasma cholesterol levels (pg/ml):1067 ±
67.8) deficient transplanted mice. Hematopoietic deficiency of CXCR5 reduced
plaque development in the carotid artery (Figure 1B) and induced a more stable
plaque phenotype characterized by reduced necrotic core size (Figure 1C) and
collagen deposition (Figure 1D). As CXCR5 is mainly involved in lymphocyte
trafficking, we analyzed plaque and adventitial CD3+ T and B cell content.
Surprisingly, CXCR5 deficiency did not result in impaired CD3+ T cell recruitment to
the plaque and adventitia (Figure 1E). The number of B cells present in the
adventitia in both groups was very low, probably due to the early stage of lesion
progression (data not shown).22 Collectively, these data demonstrate that CXCR5
deficiency attenuates atherosclerosis, but does not alter lymphocyte recruitment
to lesion and adventitia.
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Figure 1. Hematopoietic deficiency of CXCR5 results in a decrease in atherosclerotic
plaque development in mice. A, Immunohistochemistry for CXCL13 in a mouse
atherosclerotic carotid lesion. To study effects of hematopoietic CXCR5 on atherosclerosis
development, we performed a bone marrow transplantation in LDLr‐/‐ mice (n=24). Mice
received either wild‐type (n=11) or CXCR5‐/‐ (n=13) bone marrow. Six weeks later mice
were placed on a western‐type diet (0.25% cholesterol) for 12 weeks. B, Right carotid
artery was stained with haematoxylin and eosin (HE) to analyze the extent of
atherosclerosis (plaque volume, µm3). C, Necrotic core area is presented as the percentage
of lipid core area over plaque area. D, Plaque collagen content is expressed as the
percentage of collagen over plaque area. E, CD3+ T cell infiltration in the plaque and
adventitia (percentage of CD3+ T cells over total cells per plaque and adventitia). *P<0.05,
**P<0.005, ***P<0.0005.

CXCR5 deficiency impairs lymphocyte homing towards peripheral lymph nodes
and does not affect plasma IgM/G titers
To investigate whether lymphocyte homing towards lymphoid tissue was impaired
in CXCR5 deficient mice, we analyzed peripheral lymph node T/B cell content. B
cell (Figure 2A) and CD4+ regulatory T cell (Figure 2B) content of peripheral lymph
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nodes was lowered in CXCR5 deficient mice, which coincides with previous
findings.6,12 In line, B (Figure 2C) and CD4+ T (Figure 2D) cell numbers in circulation
were increased. There was no difference in T cell activation status between
control and CXCR5 deficient mice (Figure 2E). Thus, CXCR5 deficient mice show
attenuated lymphocyte homing towards lymphoid tissue, which is in concordance
with previous findings.11

Figure 2. Deficiency of CXCR5 leads to impaired lymphocyte homing to peripheral lymph
nodes. Depicted are the results of FACS analysis on peripheral lymph nodes and blood
from LDLr‐/‐ mice transplanted with wild‐type (n=11) and CXCR5‐/‐ (n=13) bone marrow. A,
B cell (B220+) and B, regulatory T cell (CD4+CD25+Foxp3+) content in peripheral lymph
nodes. C, Percentage of B cells and D, CD4+ T cells in circulation. E, Percentage of
CD44highCD62Llow CD4+ T cells in spleen. *P<0.05, ***P<0.0005.

Next, we investigated whether CXCR5 deficiency affected B cell responses. Total
natural immunoglobulin (Ig)M antibody titers were unaltered in CXCR5 deficient
mice (Figure 3A). While CuOx‐LDL specific IgM production was slightly decreased,
αMDA‐LDL, αT15id+ and αPC‐BSA IgM titers were unchanged (Figure 3B).
Likewise, total IgG (Figure 3C) and IgG1/IgG2b (Figure 3D) plasma levels were
unchanged. CXCR5 deficiency did not seem to affect the general inflammation
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status either as plasma levels of IFN‐γ, TNF‐α and IL‐10 were unaltered (Figure
3E).

Figure 3. Hematopoietic deficiency of CXCR5 does not interfere with B cell responses and
general inflammation status. Depicted are the results of circulating plasma
immunoglobulin levels from LDLr‐/‐ mice transplanted with wild‐type (n=11) versus CXCR5
deficient (n=13) bone marrow. A, Total IgM plasma levels. B, Plasma IgM titers of αMDA‐
LDL, αCuOx‐LDL, αT15id+ and αPC‐BSA. C, Plasma IgG titers of αMDA‐LDL and αCuOx‐LDL.
D, CuOx‐LDL specific IgG1 and IgG2b plasma levels. E, Plasma cytokine levels of IFN‐γ, TNF‐
α and IL‐10. *P<0.05.

Hematopoietic deficiency of CXCL13 attenuates atherosclerosis development
As CXCL13 is a homeostatic chemokine constitutively expressed by lymphatic
endothelial cells and fibroblasts in the adventitia and CXCL13 was seen to be
expressed by adventitial leukocytes as well, we addressed whether the reduced
atherogenic response in CXCR5 deficient mice was driven by and attributable to
hematopoietic or non‐hematopoietic CXCL13. Mice were irradiated, transplanted
with CXCL13 deficient bone marrow, placed on western type diet and equipped
with perivascular carotid collars to induce lesions. CXCL13 deficient chimeras had
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equal body weight and plasma cholesterol levels as wild‐type controls (data not
shown). CXCL13 plasma levels were decreased in the CXCL13 deficient chimeras
(Figure 4A). Similar to CXCR5 deficient mice, hematopoietic deficiency of CXCL13
retarded plaque development (Figure 4B) and reduced necrotic core size (Figure
4C). Collagen content was unchanged (data not shown). Moreover, CXCL13
deficiency did not affect CD3+ T cell recruitment to plaque and adventitia (Figure
4D). Plaques of CXCL13‐/‐ chimeras had albeit diminished expression of CXCL13
(Figure 4E).
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Figure 4. Hematopoietic deficiency of CXCL13 attenuates atherosclerosis development.
To study effects of hematopoietic CXCL13 on atherosclerosis, we performed a bone
marrow transplantation in LDLr‐/‐ mice (n=22). Mice received wild‐type (n=11) or CXCL13‐/‐
(n=11) bone marrow. Six weeks later mice were placed on a western type diet for 12
weeks. A, CXCL13 plasma levels. B, Right carotid artery was stained with haematoxylin and
eosin (HE) to analyze the extent of atherosclerosis (plaque volume, µm3). C, Necrotic core
area is represented as the percentage of lipid core area over plaque area. D, CD3+ T cell
infiltration is represented as the percentage of CD3+ T cells over total cells per plaque and
adventitia. E, CXCL13 immunohistochemistry in atherosclerotic lesions from wild‐type and
CXCL13 deficient bone marrow chimeras. *P<0.05, ***P<0.0005.

CXCL13 deficiency does not affect lymphocyte homing towards lymphoid tissue
In contrast to the striking effects observed for CXCR5 deficiency, hematopoietic
deficiency of CXCL13 did not result in impaired homing of B cells towards
peripheral lymph nodes (Figure 5A), while compartmentalization of CD4+ T cells
(Figure 5B), CD8+ T cells (Figure 5C) and CD4+ regulatory T cells was unchanged as
well (Figure 5D). This suggests that also under conditions of hyperlipidemia as
associated systemic low grade inflammation, T/B cell trafficking is largely
dependent on CXCL13 of non‐hematopoietic origin, such as stromal cells and
lymphatic endothelial cells, as previously suggested for normolipidemic mice.6,11,12

Figure 5. Deficiency of CXCL13 does not alter peripheral lymph node B and T cell
contents. Depicted are the results of flow cytometry analysis on peripheral lymph nodes
from LDLr‐/‐ mice transplanted with wild‐type (n=11) and CXCL13‐/‐ (n=11) bone marrow. A,
B cell (B220+) and B, CD4+, C, CD8+ and D, regulatory T cell (CD4+CD25+Foxp3+) content in
peripheral lymph nodes.
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CXCL13 and CXCR5 deficiency results in decreased circulating and splenic
monocyte and granulocyte numbers
As CXCL13 and CXCR5 deficiency both resulted in a decrease in atherosclerosis
without influencing plaque lymphocyte accumulation, we sought to investigate
whether lack of CXCL13/CXCR5 attenuated atherogenesis by interfering with
function or activity of other leukocyte subsets than lymphocytes. We did not
observe differences in macrophage plaque content between wild‐type versus
CXCL13 and CXCR5 deficient mice despite the delayed plaque progression (Figure
6A). Strikingly, hematopoietic deficiency of both CXCL13 and CXCR5 resulted in a
significant reduction in circulating pro‐inflammatory Ly6Chigh monocyte numbers
(Figure 6B), translating in lower Ly6Chigh/Ly6Clow ratio (Figure 6C). In addition, the
number of circulating granulocytes was significantly decreased in the CXCL13
deficient mice (Figure 6D), which is compatible with the observed decrease in
plaque granulocyte content of these mice, albeit that numbers were low (Figure
6E). This suggests that blood monocytes may express functional CXCR5 receptor, a
notion that was confirmed at protein level (Figure 6F). Of note, the number of
CXCR5+ Ly6Chigh monocytes was depleted in CXCR5 deficient mice.
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Figure 6. Hematopoietic deficiency of CXCR5 and CXCL13 in atherosclerotic LDLr‐/‐ mice
results in a decrease in circulating inflammatory monocytes and granulocytes. A, MAC‐3+
cell content in atherosclerotic lesions from wild‐type (n=11) versus CXCR5 (n=13) and
CXCL13 (n=11) deficient mice. Data are represented as the percentage of MAC‐3+ cells
over total plaque cells. B, Percentage of Ly6Chigh monocytes in blood. C, Ly6Chigh/Ly6Clow
ratio in blood. D, Percentage of circulating CD11bhighLy6Ghigh granulocytes. E, Ly6G+ cell
content is represented as the percentage of Ly6G+ cells over total plaque cells. F, Flow
cytometry analysis of CXCR5 expression on circulating CD11b+Ly6Chigh monocytes in wild‐
type and CXCR5 deficient chimeras. *P<0.05, ***P<0.0005.

The reduction in Ly6Chigh monocytes (Figure 7A) and concomitant decrease in
Ly6Chigh/Ly6Clow ratio (Figure 7B) manifested not only in hyperlipidemic, but also in
normolipidemic CXCL13 and CXCR5 knock‐out mice. Granulocyte levels were
decreased as well (Figure 7C). At an absolute level, the number of Ly6Chigh
monocytes (Figure 7D) and granulocytes (Figure 7F) was decreased as well in
spleen, although this effect reached significance only in the CXCR5 knock‐out
mice. In addition, the absolute Ly6Chigh/Ly6Clow ratio in spleen was decreased, both
in CXCL13 and in CXCR5 knock‐out mice (Figure 7E).
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Figure 7. Deficiency of CXCL13 and CXCR5 in normolipidemic mice results in impaired
monocyte and granulocyte levels in circulation and spleen. To investigate whether the
effects on myelopoiesis were restricted to atherosclerotic conditions, FACS analysis was
performed on blood from wild‐type (n=8), CXCL13‐/‐ (n=6) and CXCR5‐/‐ (n=6) mice on chow
diet. A, Percentage of circulating Ly6Chigh monocytes. B, Ly6Chigh/Ly6Clow ratio in blood. C,
Percentage of Ly6Ghigh granulocytes in blood. D, Absolute numbers of Ly6Chigh monocytes
in spleen. E, Absolute Ly6Chigh/Ly6Clow ratio in spleen. F, Absolute numbers of Ly6Ghigh
granulocytes in spleen. *P<0.05, **P<0.005, ***P<0.0005.

CXCL13/CXCR5 deficiency perturbs monocyte/granulocyte homeostasis
The decrease in monocyte/granulocyte numbers in CXCR5 and CXCL13 deficient
mice points to a role for the CXCR5/CXCL13 axis in monocyte/granulocyte
homeostasis. Therefore, we investigated whether the CXCR5/CXCL13 axis is
involved in the myelopoiesis regulation. Indeed, plasma levels of macrophage
colony‐stimulating factor (M‐CSF) and granulocyte colony‐stimulating factor (G‐
CSF) were diminished in CXCL13 and CXCR5 deficient mice (Figure 8A), in support
of the above hypothesis, although plasma levels of relevant cytokines such as Il‐
17, IL‐6, (data not shown), IL‐10, TNF‐α and IFN‐γ were unchanged (Figure 3E).
Flow cytometry analysis of bone marrow cells from normolipidemic CXCL13 and
CXCR5 knock‐out mice revealed a similar decrease in the Ly6Chigh/Ly6Clow ratio
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(Figure 8B), but absolute Ly6Chigh monocyte (Figure 8C) and granulocyte numbers
(Figure 8D) were not significantly altered. No differences were observed in
common myeloid precursor (CMP) (Figure 8E) and monocyte dendritic cell
precursor (MDP) cell numbers (Figure 8F) in bone marrow. In keeping with the
latter, colony forming unit (CFU) assay analysis revealed no effect of disruption of
the CXCL13/CXCR5 axis on monocyte development in vitro (Figure 8G).
Altogether, these data suggest that the CXCL13/CXCR5 axis is not critically
involved in myelopoiesis. Moreover, given the fact that absolute monocyte and
granulocyte numbers in bone marrow were not increased, the decreased
monocyte/granulocyte levels seen in circulation and spleen could not be assigned
to impaired monocyte/granulocyte mobilization either.

Figure 8. Myeloid cell development is unaltered in CXCR5 and CXCL13 deficient mice. A,
Plasma levels of M‐CSF and G‐CSF. Depicted are the results of FACS analysis on bone
marrow from wild‐type, CXCR5KO and CXCL13KO (n=5/group) mice. B, Absolute
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Ly6Chigh/Ly6Clow ratio in bone marrow. C, Absolute Ly6Chigh monocyte numbers in bone
marrow. D, Absolute CD11bhighLy6Ghigh granulocytes in bone marrow. E, Percentage of
common myeloid precursor cells (CMP) (Lin‐Sca‐1‐c‐kit+CD16‐CD34+). F, Percentage of
myeloid/dendritic cell precursor cells (MDP) (c‐kitintCD135‐CD115+CD11b+). G, CFU assay
(Percentage of average colonies in response to G‐CSF, M‐CSF and GM‐CSF). *P<0.05,
**P<0.005, ***P<0.0005.

Discussion
In the present study we have uncovered a hitherto unknown role for the
CXCL13/CXCR5 axis in monocyte/granulocyte homeostasis. In a mouse model of
atherosclerosis, we show that hematopoietic deficiency of CXCL13 and CXCR5
results in impaired monocyte/granulocyte homeostasis, characterized by
decreased circulating monocyte and granulocyte levels and decreased M‐CSF and
G‐CSF plasma levels, conducing to attenuated atherosclerotic plaque
development.
Hematopoietic deficiency of CXCR5 disrupted lymphocyte accumulation in
lymphoid tissue, also under conditions of hyperlipidemia, which is in line with
previous findings in normolipidemic mice.6,11,18 In contrast, CXCL13 deficient mice
did not show any impairment in lymphocyte accumulation, indicating that in the
latter mice non‐hematopoietic CXCL13 produced by (lymphatic) endothelial cells
can be held accountable for the lymphocyte compartmentalization. CXCL13 is a
homeostatic chemokine, the expression of which can be induced by certain
inflammatory stimuli in other cell types such as present in the vessel wall
(Smedbakken et al., unpublished data). Therefore, we hypothesized that
disruption of chemokine signaling through CXCR5 might cause an impairment of
lymphocyte recruitment to the vessel wall, and in this manner alter the
atherogenic response. Our studies however show that while plaque size was
diminished, CXCR5‐/‐ deficiency did not interfere with lymphocyte content of the
atherosclerotic vessel wall, suggesting that the CXCL13/CXCR5 axis is not crucial
for lymphocyte recruitment into the vessel wall.
While a lack in receptor and ligand both inhibited plaque development, and
both genotypes led to altered monocyte presence and skewing in circulation, it is
conceivable that the anti‐atherogenic effect of blunted CXCL13/CXCR5 function is
in part attributable to effects exerted on this subset, and that hematopoietic
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CXCL13 acts in an autocrine manner to alter monocyte skewing. We show that
CXCR5 is expressed on mouse monocytes, which is surprising given that
expression of CXCR5 was believed to be restricted to B cells and helper T cells in
lymphoid tissue.11 However, this observation was made under steady‐state
conditions and not under hyperlipidemic and chronic low grade inflammatory
processes such as atherosclerosis. Indeed, recent studies have already alluded to
functional CXCR5 expression on circulating monocytes from rheumatoid arthritis
(RA) patients.23 Furthermore, CXCL13 has been shown to induce chemotaxis of
peripheral blood monocytes in vitro, which was inhibited by addition of anti‐
CXCR5 antibody.24 Interestingly, only a minor subset of circulating Ly6Chigh
monocytes (± 4%) were seen to express CXCR5, pointing to the presence of a
specific monocyte subset that could be accountable for the Ly6Chigh/Ly6Clow shift.
Our data suggest that the CXCL13/CXCR5 axis is involved in the regulation of
monocyte/granulocyte homeostasis, under normo‐ and hyperlipidemic conditions.
CXCL13 and CXCR5 deficient mice both showed a decrease in circulating pro‐
inflammatory Ly6Chigh monocytes and granulocytes associated with a dysbalanced
Ly6Chigh/Ly6Clow ratio. Moreover, plasma levels of major growth factors in myeloid
development, M‐CSF, which was shown to stimulate monocytosis,25 and G‐CSF,
were decreased, another indication that the CXCL13/CXCR5 axis is involved in
myelopoiesis regulation. However, the fact that absolute monocyte and
granulocyte numbers in bone marrow and blood were unchanged, the lack of
effect of CXCL13/CXCR5 deficiency on common myeloid precursor and monocyte‐
dendritic cell precursor cell populations, and on G‐, GM‐ and M‐CFU all
weaken/disqualify this notion.
Ly6Chigh monocytes, a pro‐inflammatory monocyte subset that is implicated in
first line defense against pathogens, are released upon inflammatory stimuli and
are documented to be efficiently recruited to the atherosclerotic plaque.
Increased Ly6Chigh/Ly6Clow ratio therefore is deemed pro‐atherogenic.26 The
reduced ratio in CXCL13 and CXCR5 deficient chimeras could therefore well have
contributed to the diminished atherosclerotic burden in these mice. The major
question stands how CXCL13/CXCR5 is impacting monocyte skewing. Conceivably,
this axis might be involved in cell survival/turnover of LyC6high and Ly6Clow
monocytes, in analogy to the chemokine receptor, CX3CR1, which was reported to
be required for monocyte homeostasis by regulating cell survival.27 Relevant in
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this light, CXCL13 has been shown to induce B cell survival through inactivation of
the pro‐apoptotic transcription factor FOXO3a in B‐chronic lymphocytic
leukemia.28,29 Moreover, CXCR5 can activate the PI3K/AKT pathway, a key
regulator of cell survival.30 Finally, M‐CSF has been shown to promote monocyte
survival,31 suggesting that the decreased M‐CSF plasma levels in CXCR5 and
CXCL13 deficient mice could well induce apoptosis. These effects may conspire to
a diminished survival of monocyte subsets in CXCL13/CXCR5 deficient chimeras.
Further study will have to elucidate whether and how exactly the CXCL13/CXCR5
axis is involved in monocyte and granulocyte survival in the context of
atherosclerosis.
In conclusion, we are the first to describe a pro‐atherogenic role of the
CXCL13/CXCR5 dyad in atherosclerosis, an effect that is likely attributable to its
impact on monocyte/granulocyte homeostasis, rather than to effects on the
mobilization of leukocyte subsets that are regularly associated with
CXCL13/CXCR5 function. Our data identify the CXCL13/CXCR5 axis as an important
regulator of this process in inflammatory conditions and thus as a new target for
studying the role of monocyte homeostasis in atherosclerosis.
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Abstract
Unlike conventional dendritic cells (cDC), plasmacytoid DCs (pDC) are poor in
antigen presentation and critical for type I interferon response. While proposed to
be present in human atherosclerotic lesions, their role in atherosclerosis remains
elusive.We show that pDC are scarcely present in human atherosclerotic lesions,
and almost absent in mouse plaques. Surprisingly, pDC depletion by 120G8 mAb
administration was seen to promote plaque T cell accumulation and exacerbate
lesion development and progression in LDLr‐/‐ mice. PDC depletion was
accompanied by increased CD4+ T cell proliferation, IFN‐γ expression by splenic T
cells and plasma IFN‐γ levels. Lymphoid tissue pDC from atherosclerotic mice
showed increased indoleamine 2,3‐dioxygenase (IDO) expression and IDO
blockage abrogated the pDC suppressive effect on T cell proliferation. In
conclusion, our data reveal a protective role for pDC in atherosclerosis, possibly
by dampening T cell proliferation and activity in peripheral lymphoid tissue,
rendering pDC an interesting target for future therapeutic interventions.
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Introduction
Plasmacytoid dendritic cells (pDC) are a subset of dendritic cells derived from both
myeloid and lymphoid precursors in bone marrow, and constitute only 0.1‐0.5% of
the total leukocyte pool in blood and peripheral lymphoid tissue. As the main type
I interferon (IFN) producing cells, pDC have a critical role in detection of and host
defense against bacterial and viral infection, but also in sensing RNA/DNA and
immune complexes. Upon stimulation, pDC produce large amounts of type I
interferons (IFN‐α, IFN‐β, IFN‐ω and IFN‐λ) in a toll‐like receptor (TLR) 7 and 9
dependent manner, thereby inducing effector T and natural killer (NK) cell
activation and linking innate and adaptive immunity.1 PDC differ from
conventional dendritic cells (cDC) in that they are poor T cell activators due to low
expression of major histocompatibility complex class‐II (MHC‐II) and co‐
stimulatory molecules.2,3
The presence of pDC in human atherosclerotic lesions has been documented
in 19954 and was subsequently confirmed by C. Weyand and co‐workers.5 PDC
(CD4+CD45RA+IL‐3α(CD123)+ILT3+ILT1‐CD11‐) were reported to be expressed in the
shoulder region of human plaques where they are believed to regulate T cell
function, even in the absence of antigen recognition. CpG induced IFN‐α release
by pDC effected a 10‐fold up regulation of tumor necrosis factor‐related
apoptosis‐inducing ligand (TRAIL) expression on CD4+ T cell surface, thereby
promoting vascular smooth muscle cell (vSMC) and endothelial cell (EC) apoptosis,
processes that are generally deemed deleterious for plaque stability. However,
these in vitro data leave unaddressed whether pDC are instrumental in plaque
destabilization in vivo.
While viral infection associated acute pDC activation results in massive type I
IFN release, chronic activation of pDC in the absence of infection was reported to
cause severe autoimmune diseases. For instance, in experimental autoimmune
encephalomyelitis pDC were shown to exert overt pathogenic activity, mainly by
enhancing T helper 17 (Th17) dependent immune responses.6 In patients with
systemic lupus erythematosus, pDC activity and IFN‐α/β release correlated with
disease activity and severity.7,8 Conversely, evidence is culminating that immature
and alternatively activated pDC have the capacity to dampen chronic low grade
inflammation and autoimmune diseases, including diabetes type I, asthma and
transplant rejection, possibly by suppressing CD8+ effector T cell and inducing
CD4+CD25+ regulatory T cell (Treg) function by the release of tolerogenic
molecules such as indoleamine 2,3‐dioxygenase (IDO) or programmed death‐
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ligand 1 (PD‐L1).9‐13 Altogether, these observations show that pDC are very plastic
cells with the capacity to produce high levels of type I IFN and activate the
adaptive immune system in infection on one hand and to regulate inflammation
by inhibiting effector T cell and inducing regulatory T cell responses on the other
hand.
In this study, we addressed the actual role of pDC in atherosclerosis by a loss‐
of‐function approach, providing evidence for an IDO‐dependent T cell suppressive
activity of pDC in human and mouse atherosclerosis.

Materials and methods
Atherosclerosis induction and pDC depletion in mice
Female LDLr‐/‐ mice, obtained from The Jackson Laboratoy and backcrossed at
least 11 times to C57Bl/6, were placed on high fat diet containing 0.25%
cholesterol (Special Diets Services, Witham, Essex, UK). Two weeks later,
atherosclerotic lesions were induced in the carotid artery by bilateral placement
of semi‐constrictive collars.14 To study effects of pDC depletion on atherosclerosis
development, a pDC depleting antibody, 120G8 (250µg/mouse/injection,
Bioceros, Utrecht, the Netherlands), was administered 4 times per week i.p. for
3,5 weeks starting at the time of collar placement (n=19) after which mice were
sacrificed. From these mice, also the aortic root was analyzed to study effects of
pDC depletion on natural atherosclerosis development. To study effects of pDC
depletion on progression of atherosclerosis, 120G8 (250µg/mouse/injection,
Bioceros, Utrecht, the Netherlands) was administered 4 times per week i.p for 3
weeks starting at 4 weeks after collar placement, once initial lesions had formed
(n=17). As control antibody, an isotype control (GL113) was used. All animal work
was approved by the regulatory authority of Maastricht University and performed
in compliance with the Dutch government guidelines.

Histology of mouse atherosclerotic lesions
Mice were euthanized by an overdose pentobarbital (115mg/kg) and perfused
through the left cardiac ventricle with PBS (NaCl/Na2HPO4/KH2PO4, pH 7.4)
containing sodium nitroprusside (0.1mg/ml, Sigma) and 1% paraformaldehyde
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(PFA). The right common carotid artery and the heart were removed, fixed
overnight in 1% PFA and paraffin‐embedded sections (4 µm) were cut. To
determine plaque volume in the carotid artery, plaque area was measured for
consecutive cross sections at 100 µm intervals over a carotid artery segment that
covered the entire plaque. To measure plaque volume in the aortic root, plaque
area was measured for each valve for consecutive sections at 20 µm intervals that
covered the entire lesion. Collagen content was detected by sirius red staining and
expressed as a percentage of plaque area.15 Slides were analyzed in a blinded
manner using a Leica DM3000 light microscope (Leica Microsystems) coupled to a
computerized morphometric system (Leica Qwin 3.5.1).

Immunohistochemistry
Immunohistochemical stainings were performed on paraffin carotid artery
sections for CD3 (DAKO), Siglec‐H/440c (Hycult Biotechnology) and α‐smooth
muscle actin (ASMA) (DAKO). Slides were analyzed blindly using Leica Qwin
program. The number of positive cells was measured and expressed as a
percentage of total number of cells in the plaque. For ASMA, the number of
positive cells was expressed as a percentage of plaque area.

Flow cytometry
Blood, spleen and peripheral LN were removed before perfussion and used for
FACS analysis of pDC (CCR9high PDCA‐1high, eBioscience), cDC (CD11chigh,
eBioscience), T cells (CD3e+, Miltenyi), T helper cells (CD4+, BD), effector T cells
(CD8a+, BD), activated T cells (CD44high, eBioscience), regulatory T cells
(CD4+CD25+Foxp3+, eBioscience), B cells (B220+, BD), monocytes (CD11bhigh Ly6G‐,
BD), granulocytes (Ly6Ghigh CD11bhigh) and NK cells (NK1.1+ CD3‐). For pDC and cDC
analysis, spleen and peripheral LN were enzyme treated (liberase (0.2 mg/ml,
Gibco) and DNAse (0.2 mg/ml, Roche)) for 30 minutes in RPMI medium, before
antibody incubation to release DC from the tissue. FACS analysis was performed
with FACS Canto II (BD).

Plasma cytokine and lipid analysis

Chapter 6

Plasma cholesterol levels were measured in duplicate using a colorimetric assay
(CHOD‐PAP, Roche). Mouse and human plasma levels of IFN‐α were measured by
sandwich ELISA (PBL Interferon Source). Cytokine analysis of mouse IFN‐γ was
performed using the Bio‐Plex Pro assay (Bio‐Rad). To verify functional ablation of
pDC after 120G8 treatment, control and 120G8 treated mice (n=5 per group)
received subcutaneous injection with CpG (CpG‐ODN 1585, type A, 40 µg/mouse,
Invivogen) and were sacrificed 6 hours later to measure IFN‐α plasma levels. ELISA
plates were used from Greiner Bio‐One (Alphen a/d Rijn, the Netherlands).

Mouse pDC and T cell isolation by Fluorescence Activated Cell Sorting (FACS)
Splenic pDC (PDCA‐1high CCR9high) and T cells (CD3+) were isolated from LDLr‐/‐ mice,
either on high fat diet (0,25% cholesterol) (group of atherosclerotic mice, n=8)
either on normal diet (group of non‐atherosclerotic mice, n=8), by FACSAria. The
purity of the sorted pDC (PDCA‐1high CCR9high) was 98.3%, for the CD3+ T cells 95%.

RNA isolation and Quantitative real‐time PCR
RNA from sorted cells was isolated using the ®Trizol (Invitrogen) method. Isolated
pDC were analyzed for gene expression of mouse PD‐L1 (5’‐ccatcctgttgttcctcattg‐
3’ and 3’‐gttcactcttacgatctacacct‐5’), mouse IDO (5'‐actgtgtcctggcaaactggaag‐3’
and 3'‐gagataaccacctttagcgtcgaa‐5') and mouse IFN‐α (5’‐cattctgcaatgacctccac‐3’
and 3’‐cacgtccttaaaggggact‐5’). Isolated CD3+ T cells were analyzed for expression
of mouse IFN‐γ (5'‐tggctgtttctggctgttactg‐3' and 3'‐actgtacttttaggacgtctcg‐5').
Isolated human pDC from blood were analyzed for gene expression of human IFN‐
α (5’‐aatggccttgacctttgctt‐3’ and 3’‐cgttcagttcgacgagacac‐5’).

BrdU labeling and cell analysis
LDLr‐/‐ mice on high fat diet treated either with 120G8 (n=4) or GL113 (n=4)
received BrdU i.p. injections (0.8mg/day) for 5 consecutive days. BrdU
incorporation in CD4+ and CD8+ T cells was assessed using a FITC BrdU flow kit
(BD) according to manufacturer’s instructions. Cells were analyzed using FACS
CANTO II.
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OT‐1 and OT‐2 antigen specific T cell proliferation experiment
LDLr‐/‐ recipient mice (n=4 120G8 versus n=4 GL113 treated mice) on high fat diet
received i.v. 1x106 CFSE‐labeled purified OVA‐specific OT‐1/CD45.1 or OT‐
2/CD90.1 cells together with 2x106 non‐transgenic purified CD8+/CD90.1 or
CD4+/CD45.1 T cells that served as an internal control. The next day, mice received
i.v. 106 irradiated (1500 rad) Kb‐/‐‐actmOVA or C3H‐actmOVA cells. Three days
later, OT‐1/CD90.1 and OT‐2/CD45.1 proliferation and expansion were
determined based on CFSE dilution and the ratio of OT‐1/CD45.1 to CD90.1
control CD8+ T cells and OT‐2/CD90.1 to CD45.1 control CD4+ T cells. In parallel,
5x106 splenocytes were restimulated with OVA 257‐264 or OVA 323‐339 peptide
(A&A labs, San Diego, CA) in the presence of Brefeldin A for 5 hours. Surface
staining for CD8/CD4 (BD) and CD45.1/CD90.1 (eBioscience) was performed.

PDC‐T cell co‐culture
PDC were isolated from spleen from a Bl6 FLt3L (3x106) treated LDLr‐/‐ mouse on
high fat diet using PDCA‐1 microbeads (Miltenyi). CD3+ T cells were isolated from
spleen of a pDC depleted LDLr‐/‐ mouse on high fat diet by staining T cells with a
biotinylated CD4 (Biolegend) and CD8 (Biolegend) antibody and using a biotin
isolation kit (Miltenyi). PDC and CD3+ T cells were co‐cultured in a 96 well plate
coated with anti‐CD3/CD28 (0.1µg/ml) in a 1:6 ratio (1x105 pDC and 6x105 T cells,
respectively) for 3 days in iDMEM medium supplemented with either 1‐MT (Sigma
Aldrich, 100µM) or anti‐PD‐L1 (20µg/ml, Bioceros). Seventy‐two hours later, CD3+
T cell proliferation was assessed by 3[H]‐thymidine incorporation and plotted as
relative proliferation index, being the ratio of T cell proliferation in the presence
and absence of pDC. In parallel cultures, purified CD4+ T cells were CFSE labeled
prior to stimulation and proliferation was determined by flow cytometry 72 hours
later upon.

Human plaque analysis
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For micro‐array analysis, total RNA was extracted from carotid artery sections
obtained from autopsy (Department of Pathology, University Hospital Maastricht,
Maastricht, the Netherlands) (early (n=13) and advanced stable (n=16) lesions)
and surgery (Department of Surgery, Maasland Hospital Sittard, Sittard, the
Netherlands) (advanced stable (n=21) and advanced unstable (n=23) lesions). For
real‐time PCR analysis, RNA was isolated from carotid artery sections obtained
from surgery (Department of Surgery, Maasland Hospital Sittard, Sittard, the
Netherlands) (advanced stable (n=12) and advanced unstable (n=12) lesions).
Plaques were staged by histological analysis of adjacent slides according to
Virmani et al. at which intimal thickening (IT) were characterized as early, thick
fibrous cap atheroma (TkfcA) as advanced stable, and intraplaque hemorrhaged
lesions (IPH) as advanced unstable lesions, respectively.16 Immunohistochemical
stainings were performed on paraffin carotid artery sections from advanced
stable (n=22) and ruptured lesions (n=22) from surgery for CD123 (Sigma
Prestige), BDCA‐4 (R&D Systems), ASMA (Dako) and CD68 (Dako). The purity of
the BDCA‐4 antibody was checked by flow cytometry by comparing mean
fluorescence intensity (MFI) of BDCA‐4 expression on pDC versus B cells, T cells
and monocytes. Double staining slides were analyzed with the Nuance spectral
imaging system (Caliper Life Science / Cambridge Research Instrumentation,
Woburn, MA, USA). Spectral imaging data sets were taken from 420‐720 nm at 20
nm intervals using a DM‐5000 Leica microscope system at 20x (plan apo). Spectral
libraries of single‐red (Vector Red), single‐blue (Vector Blue), and natural
occurring iron pigments were obtained from the control slides. The resulting
library was applied to the double stained slides to spectrally dissect/unmix them
into individual component images using the Nuance™ 3.0 software.17 Pseudo‐
color images showing co‐localization, as well as an exclusive image of co‐
localization, were generated with the Nuance 3.0 software. Quantitative
assessment of co‐localization and pixel‐based measurement of the individual
markers per microscopic field was done with the same software.

Micro‐array analysis of human atherosclerotic lesions
RNA was isolated using the Guanidine Thiocyanate (GTC)/CsCl gradient method
and a NucleoSpin RNA II kit (Macherey‐Nagel GmbH & Co. KG).18 RNA
concentration was determined using the Nanodrop ND‐1000 and the RNA quality
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obtained using the RNA 6000 Nano/Pico LabChip (Agilent 2100 Bioanalyzer) where
the RIN (RNA integration number) was determined. Samples where the RIN
number was lower than 5.6 were excluded from the study. The mean RIN was
7.2±0.49. Samples from autopsy were individually hybridized to HGU133 2.0 Plus
arrays (Affymetrix, Santa Clara, California, USA) and samples from surgery to
Illumina Human Sentrix‐8 V2.0 BeadChip® (Illumina Inc., San Diego, California,
USA). Analysis has been performed in R.19 For autopsy samples, preprocessing was
performed with affy using the Robust MultiArray (RMA) normalization.20 For
surgery samples, preprocessing was performed by lumi using the Variance
Stabilizing Transform (VST) normalization.21 Differential expression has been
assessed separately for the two sets of data by fitting each gene against a linear
model across the given arrays with limma.22 Empirical Bayesian shrinkage of the
standard errors have been used to moderate t‐statistics, F‐statistics, and log‐odds
of differential expression. The resulting ordered dataset has been queried for the
set of genes of interest and their results are hereby presented. The adjusted p‐
values presented in the results are corrected according to the Benjamini and
Hochberg False Detection Rate method.23

PDC isolation from human blood
PDC were collected from healthy controls (n=15) and patients with carotid
endarterectomy (n=14). PDC were isolated from blood (LymphoprepTM Isolation).
From this, the B220 positive fraction was depleted with magnetic beads (Miltenyi
Biotec) after which pDC were isolated from the negative fraction using a BDCA‐4
isolation kit (Miltenyi Biotec). The purity for BDCA‐4+ pDC, as assessed by flow
cytometry (CD123high BDCA‐2high) was 96%. RNA was isolated using the Trizol
method. Gene expression profile was analyzed by real‐time PCR. Patients for this
study were recruited at the Department of Cardiology, University Hospital Oslo,
Oslo, Norway. The study included 14 patients (7 male, 7 female, average age of
67) with high‐grade internal carotid stenosis (≥70%), diagnosed and classified by
precerebral color duplex and CT angiography according to consensus criteria. For
comparison, blood was collected from 15 healthy controls, comparable to the
patient group for age, sex and smoking habits. The controls were health care
workers, consecutively recruited from the same area of Norway as the patients.
All human work was approved by the Ethical Committee of the University Hospital
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Oslo. Signed informed consent for participation in the study was obtained from all
individuals.

Statistical analysis
Data are expressed as mean ± SEM and Mann‐Whitney U test was used to
compare individual groups of animals. Data are considered statistically significant
at P<0.05.

Results
PDC are scarce in human and mouse atherosclerotic lesions
Concordant with previous observations,5 CD123+ pDC were seen to be present in
human atherosclerotic lesions and their presence increases with plaque
progression (P<0.05) (Figure 1A). Of note, CD123 stained cells were found to show
considerable co‐localization with macrophages (Figure 1B) and vSMC (Figure 1C),
supporting earlier findings from van Vré et al. showing that CD123 is not a specific
marker for human pDC.24 Next, we considered BDCA‐4 as a more selective human
pDC marker.25 Flow cytometry on human whole blood samples confirmed the high
specificity of this marker for human pDC, as it was virtually absent on circulating
monocyte, B cell, T cell and granulocyte subsets (data not shown). Surprisingly,
BDCA‐4+ staining revealed the scanty presence of pDC in human plaques;
moreover BDCA‐4+ cell expression did not differ between stable and unstable
advanced atherosclerotic lesions (Figure 1D). In agreement, micro‐array (Figure
1E) and real‐time PCR analysis (data not shown) failed to demonstrate differential
expression of established pDC markers during plaque progression. Likewise, pDC
were almost absent in mouse carotid and aortic artery lesions of LDLr‐/‐ and ApoE‐
/‐
mice as well (data not shown), although we did observe few scattered pDCs in
the adventitia (Figure 1F).
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Figure 1. PDC are scarce in human and mouse atherosclerotic lesions. Microscopic
analysis of human atherosclerotic lesions. A, Immunohistochemistry for CD123 and
quantitative measurement of CD123+ pDC in early (intimal thickening, n=12), stable
advanced (thick fibrous cap atheroma, n=13) and unstable advanced (intraplaque
hemorrhage, n=10) human carotid artery atherosclerotic lesions. B, Co‐localization for
CD123 (blue) and CD68+ macrophages (red). Slides were analyzed with MultiSpectral
Imaging and each set of two pictures on the right side represents a composite fluorescent‐
like image in pseudo‐colors of the left picture and was obtained after unmixing the
individual colors red and blue with spectral imaging. Co‐localization of fluorescent red and
green is represented in yellow. Spectral imaging analysis of this double‐stained series
clearly shows co‐localization of CD123+ cells and macrophages. C, Co‐localization for
CD123 (red) and aSMA+ smooth muscle cells (blue). D, Immunohistochemistry for BDCA‐4
and quantitative measurement of BDCA‐4+ cells in advanced stable (n=16) and unstable
(n=19) human carotid artery lesions. E, Micro‐array analysis on human carotid artery
lesions (early (n=13) vs advanced stable (n=16) and advanced stable (n=21) vs vulnerable
(n=23)) F, Immunohistochemistry for Siglec‐H (440c) in mouse carotid lesions. PDC were
detected in the adventitia where they were present in small clusters near to vasa vasora,
showing a typical plasmacytoid morphology.
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Effective and selective depletion of pDC in mice by 120G8 antibody treatment
Next, we addressed the specificity of pDC depletion by 120G8 mAb, which
recognizes PDCA‐1 (also referred to as bone marrow stromal cell antigen 2
(BST2)), a marker specifically expressed on mouse pDC. 120G8 significantly
depleted (>90%) pDC numbers in blood and spleen (P<0.05) (Figure 2A). PDC
repopulation started already 24 hours after a single 120G8 administration and full
recovery was obtained after 72 hours (Figure 3A), necessitating an every two daily
120G8 dose regimen for effective and persistent pDC depletion. It has been
reported that in vitro PDCA‐1 expression is upregulated at mRNA level in other
cell types in response to viral infection or exposure to inflammatory stimuli, which
theoretically could thwart the depletion specificity.26 In our study, 120G8
treatment did neither affect cDC (Figure 2B), nor B cell numbers (Figure 2C). Also
monocyte and granulocyte levels were unchanged (Figure 3B‐C). Moreover,
assessment of PDCA‐1 expression by flow cytometry showed that in high fat diet
fed LDLr‐/‐ mice PDCA‐1 expression is completely restricted to pDC (Figure 2D).
These data demonstrate that in our mouse model of atherosclerosis pDC
depletion by 120G8 mAb was effective and specific. To investigate whether
prolonged antibody administration by itself could modulate immune responses,
we compared the T cell activation status between GL113 and PBS treated mice
and did not find a difference in the number of CD44high T cells (Figure 3D). At a
functional level 120G8 treatment almost abrogated CpG induced pDC activation in
vivo, as judged by the 6‐fold attenuated induction in plasma IFN‐α release upon
CpG injection in 120G8 treated versus control mice (P<0.05; Figure 2E). While pDC
activity and TLR 7/9 function appear to be intact, under conditions of
hyperlipidemia, baseline plasma IFN‐α levels remained unchanged after pDC
depletion, both in the plaque initiation and progression study. This suggests that
an atherogenic stimulus per se does not increase IFN‐α release by peripheral pDCs
and/or that pDC are under these conditions not the major source of circulating
IFN‐α.
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Figure 2. Effective and selective depletion of pDC in LDLr‐/‐ mice by 120G8
administration. Depicted are the results of flow cytometry from LDLr‐/‐ mice on high fat
diet treated with GL113 (n=6) or 120G8 (n=6) for 3 weeks. A, PDC (PDCA‐1+CCR9+)
numbers in blood and spleen. B, CDC (CD11chigh) and C, B cell (B220+) numbers in spleen
and peripheral lymph nodes. D, PDCA‐1 expression on pDC, T cells (CD3+), B cells (B220+),
monocytes (CD11bhighLy6G‐), granulocytes (CD11bhighLy6Ghigh), cDC (CD11chigh) and NK cells
(NK1.1highCD3‐) from spleen. E, CpG stimulation in GL113 (n=5) versus 120G8 (n=5) treated
mice.
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Figure 3. Efficiency and specificity of pDC depletion by 120G8 mAb. A, Time‐span of pDC
depletion by 120G8 mAb. LDlr‐/‐ mice on high fat diet received one single dose of 120G8
(250μg/mouse) via i.p. injection and pDC recovery was analyzed 24, 48 and 72 hours later
in blood (n=3 per group). B, Flow cytometry analysis of circulating monocytes
(CD11bhighLy6G‐), C, granulocytes (CD11bhighLy6Ghigh) and D, activated (CD44high) CD4+ and
CD8+ T cells from LDLr‐/‐ mice on high fat diet treated with GL113 (n=6) versus 120G8 (n=6)
for 3 weeks.

Depletion of pDC accelerates atherosclerosis in LDLr‐/‐ mice
To address the role of pDC in atherosclerosis, we examined lesion development
and progression in LDLr‐/‐ mice fed a high fat diet. For plaque initiation, 120G8
treatment was started at time of collar placement, whereas for plaque
progression, it was started at week 4 after collar placement, once initial lesions
had formed. 120G8 treatment did not affect body weight, nor did it lead to overt
pathogenic responses. 120G8 treatment tended to decrease plasma cholesterol
levels initially (1384 ± 78.53 vs 1126 ± 46.28 pg/ml in control and 120G8 treated
mice, respectively), but this effect was blunted at later stages of plaque
development (1097 ± 44.83 vs 1231 ± 72.31 pg/ml in control and 120G8 treated
mice, respectively) (Table 1).
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Table 1. Body weight and plasma cholesterol levels

Body weight initiation study (g)
Body weight progression study (g)
Plasma cholesterol levels initiation study (pg/ml)
Plasma cholesterol levels progression study (pg/ml)

Control Ab

120G8 mAb

21.10  0.23
21.90  0.43
1384  78.53
1097 44.83

20.11  0.42
22.75  0.31
1126  46.2*
1231  72.31

(* P<0.05)

To our surprise, atherosclerosis considerably deteriorated after pDC depletion.
Plaque volume was 2‐fold increased in the plaque initiation study (1.4x107 ±
2.6x106 vs 2.7x107 ± 4.7x106 µm3 in control and 120G8 treated mice, respectively)
(P<0.05) (Figure 4A), while we observed a 3‐fold increase in plaque progression
compared to plaques at baseline (1.4x107 ± 2.5x106 vs 5.4x107 ± 7.2x106 µm3 in
control baseline and 120G8 treated mice, respectively) (P<0.0005) versus only 2‐
fold for the GL113 Ab treated mice (1.4x107 ± 2.5x106 vs 3.3x107 ± 7.5x106 µm3 in
control baseline and GL113 treated mice, respectively) (P<0.05) (Figure 4B).
Likewise, pDC depletion induced a more unstable plaque phenotype in the
progression study, characterized by necrotic core expansion (Figure 4C) and
diminished cap vSMC content (Figure 4D). There was no difference in plaque
collagen content (data not shown). In addition to the carotid artery, we also
examined atherosclerosis development in the aortic root, showing an essentially
similar aggravation of lesion formation after pDC depletion (P<0.05; Figure 4E).
Thus our data point to an unexpected protective role of pDC in atherosclerosis,
which is in contrast to the prevailing notion that pDC might promote
atherosclerosis by activating T cells in a type‐I IFN dependent manner.5,27
Moreover, given the fact that atherosclerotic lesions are virtually devoid of pDC,
they most likely exert their atheroprotective effect by modulating immune
responses in the periphery and/or adventitia.
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Figure 4. PDC depletion significantly deteriorates atherosclerotic plaque development
and progression in LDLr‐/‐ mice. A, Effects of pDC depletion on atherosclerosis
development (collar model) (GL113 (n=9) vs 120G8 (n=10) treated mice). Right carotid
artery was stained with hematoxylin and eosin (HE) to analyze the extent of
atherosclerosis (plaque volume, μm3). B, Effects of pDC depletion on atherosclerosis
progression (collar model) (GL113 baseline (n=9), GL113 (n=8) and 120G8 (n=9) treated
mice). GL113 baseline group represents plaque formation at start of antibody treatment.
Right carotid artery was stained with HE and atherosclerotic lesion burden was analyzed
(plaque volume, μm3). C, Necrotic core area is represented as the percentage of lipid core
area over plaque area. Data are represented for the plaque progression study. D, ASMA
content is presented as the percentage of aSMA+ positive cells per plaque area. Data are
represented for the plaque progression study. E, Effects of pDC depletion on
atherosclerosis development in the aortic root (GL113 (n=9) vs 120G8 (n=10) treated
mice). The aortic root was stained with HE to analyze the extent of atherosclerosis (plaque
area, µm2).
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PDC exert their atheroprotective effect by regulating CD4+ T cell proliferation
and function in lymphoid tissue
As a next step, we examined effects of pDC depletion on plaque composition to
address the potential mechanisms responsible for the protective effects of pDC in
atherosclerosis. We found that pDC depletion led to an increase in lesional T cell
accumulation (P<0.05; Figure 5A and Figure 6A). The scarce presence of pDC in
mouse atherosclerotic lesions suggests that the increased T cell infiltration into
the lesions most likely reflects peripheral modulation of T cell function. Indeed,
blood and spleen T cell content was increased in pDC depleted mice (P<0.05;
Figure 5B), suggesting that pDC interfere with T cell homeostasis.

Figure 5. pDC depletion results in increased CD4+ T cell proliferation. A, CD3+ T cell
content in mouse atherosclerotic lesions (collar model) (GL113 (n=9) vs 120G8 (n=10)
treated mice). Data are represented for the plaque initiation study. B, Flow cytometry
analysis for CD3+ T cells in blood and spleen. C, BrdU staining of CD4+ T cells in spleen from
GL113 (n=4) vs 120G8 (n=4) treated LDLr‐/‐ mice on high fat diet. D, OT‐2 CD4+ T cell
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proliferation in spleen in response to ovalbumin challenge (OVA323‐339) in GL113 (n=4)
versus 120G8 (n=4) treated LDLr‐/‐ mice on high fat diet. E, IFN‐γ plasma levels (n=8 GL113
vs n=8 120G8). F, IFN‐γ gene expression by splenic CD3+ T cells isolated from GL113 (n=8)
versus 120G8 (n=8) treated mice.

As pDC have been reported to induce regulatory T cell expansion,11,28 we
investigated whether the increase in plaque CD3+ T cell content is owing to
decreased Treg numbers or function and an associated failure to control T cell
responses. However, we did not observe a difference in blood and spleen Treg
numbers between 120G8 and GL113 treated LDLr‐/‐ mice (Figure 6B). In keeping,
IL‐10 plasma levels did not differ as well (Figure 6C). To address whether the
increase in T cells resulted from increased proliferation or survival, we examined T
cell proliferation in vivo. Spleens of pDC depleted mice were enriched in BrdU+
CD4+ (P<0.05; Figure 5C) but not CD8+ T cells (Figure 6D). Moreover, T cell
proliferation appeared to be antigen‐dependent in that ovalbumin (OVA)
challenge led to augmented proliferation of OT‐2 CD4+ T cells (P<0.05; Figure 5D)
but not OT‐1 CD8+ T cells (Figure 6E) in pDC depleted versus non‐depleted mice. In
addition, these findings also show that the increased proliferation is not due to
intrinsic T cell effects, as both innate and administered T cell proliferation was
increased, but to changes in the environment in pDC depleted mice. In parallel to
increased T cell proliferation, IFN‐γ (P<0.0005; Figure 5E) as well as IL‐6 and MCP‐
1 plasma levels (Figure 6F) were seen to be increased after pDC depletion. FACS
sorted CD3+ T cells (purity 95%) from spleens of pDC depleted LDLr‐/‐ mice tended
to have increased IFN‐γ expression (P=0.07; Figure 5F). In addition, CD3+ T cells
isolated from atherosclerotic (high fat diet fed) LDLr‐/‐ mice expressed higher
levels of GATA‐3 (Th2 marker) as well as of t‐bet (Th1 marker) compared to T cells
isolated from non‐atherosclerotic mice (chow diet fed) mice (Figure 6G). PDC
depletion abrogated this effect for GATA‐3 but not t‐bet, suggesting that pDC
might help to dampen the high fat diet induced Th1 shift in LDLr‐/‐ mice. Overall,
these data further substantiate a tolerogenic activity of pDC under atherogenic
conditions, probably by suppressing T cell proliferation and function.
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Figure 6. T cell analysis of atherosclerotic mice treated with GL113 versus 120G8. A, CD3+
T cell content in mouse atherosclerotic lesions (aortic root) (GL113 (n=9) vs 120G8 (n=10)
treated mice, P=0.08). Data are represented for the plaque initiation study. B, Depicted
are the results of flow cytometry analysis for regulatory T cell numbers in blood and
spleen from LDLr‐/‐ mice on high fat diet treated with GL113 (n=9) and 120G8 (n=10). C, IL‐
10 plasma levels. D, BrdU staining of CD8+ T cells in spleen from LDLr‐/‐ mice on high fat
diet treated with GL113 (n=4) versus 120G8 (n=4). E, OT‐1 CD8+ T cell proliferation in
spleen in response to ovalbumin challenge (n=4/group). F, IL‐6 and MCP‐1 plasma levels
(n=8 GL113 vs n=8 120G8). G, Real‐time PCR analysis of CD3+ T cells sorted from spleen
from LDLr‐/‐ mice on chow diet (n=5) and high fat diet treated with GL113 (n=5) and 120G8
(n=5).

PDC suppress CD4+ T cell proliferation in an IDO‐dependent manner
To address the underlying mechanism for the T cell suppressive capacity of pDC in
atherosclerosis, we compared the expression of known key regulators of pDC
tolerogenicity, such as indoleamine 2,3‐dioxygenase (IDO), IL‐10, programmed
death ligand‐1 (PD‐L1) and inducible costimulator‐ligand (ICOS‐L), by pDC isolated
from chow (non‐atherosclerotic mice) versus high fat diet (atherosclerotic mice)
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fed LDLr‐/‐ mice (purity 98.3%). Expression of PD‐L1 and IDO (P<0.05; Figure 7A),
but not IL‐10 and ICOS‐L (data not shown), was significantly elevated in pDC from
high fat diet versus chow fed mice. Importantly, CD3+ T cells isolated from spleen
of pDC depleted atherosclerotic mice, co‐cultured with pDC in the presence of 1‐
methyl‐trypthophan (1‐MT), an IDO blocker, but not anti‐PD‐L1, displayed
markedly induced T cell proliferation (P<0.05; Figure 7B), suggesting that pDC
suppress T cell proliferation in an IDO dependent manner. The 1‐MT induced CD4+
T cell mitogenic response was confirmed by flow cytometry (Figure 7C), showing a
similar increment in CD4+ T cell proliferation after co‐culture with pDC in the
presence of 1‐MT. Baseline levels of IFN‐α in plasma of high fat diet versus chow
fed LDLr‐/‐ mice were unaltered (Figure 7D), as well as IFN‐α expression by pDC
(Figure 7E), firmly establishing that in mice pro‐atherogenic conditions per se do
not promote IFN‐α release and immunogenic activity. Moreover, we extend these
findings to the human context, as like in LDLr‐/‐ mice, IFN‐α plasma levels were
also seen to be unchanged (Figure 7F) and IFN‐α expression by pDC even
significantly lowered in atherosclerotic patients versus healthy controls (P<0.05;
Figure 7G). Altogether, our data indicate that both in mice and man, conditions of
chronic atherosclerosis do not trigger pDC immunogenic activity, IFN‐α release
and ensuing T cell activation and proliferation. Rather, this milieu may even
consolidate pDC’s innate tolerogenic capacity to suppress T cell proliferation.29
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Figure 7. PDC suppress CD4+ T cell proliferation in an IDO‐dependent manner. A, PD‐L1
and IDO gene expression by pDC isolated from spleen from atherosclerotic (high fat diet,
n=8) and non‐atherosclerotic mice (chow diet, n=8). B, In vitro co‐culture of pDC and CD3+
T cells (in quatro) isolated from spleen from LDLr‐/‐ mice on high fat diet in the presence or
absence of 1‐MT (100µM) or anti‐PD‐L1 (20µg/ml). T cell proliferation was assessed by
3[H]‐thymidine incorporation and plotted as relative proliferation index, being the ratio of
T cell proliferation in the presence and absence of pDC. This experiment was reproduced
twice and gave similar results. C, In vitro co‐culture of pDC and CFSE labeled CD4+ T cells
(in duplo) isolated from spleen from LDLr‐/‐ mice on high fat diet in the presence or
absence of 1‐MT (100µM). D, IFN‐α plasma levels and E, IFN‐α pDC gene expression in
atherosclerotic (high fat diet, n=8) versus non‐atherosclerotic (chow diet, n=8) LDLr‐/‐
mice. F, IFN‐α plasma levels and G, IFN‐α pDC gene expression in atherosclerotic patients
(carotid endarterectomy (CEA), n=14) versus healthy controls (n=15).
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Discussion
In this study, we are the first to demonstrate a contributory role for pDC in
atherosclerosis. Despite the scarce presence of pDC in mouse atherosclerotic
lesions, depletion of pDC in LDLr‐/‐ mice by 120G8mAb aggravated atherosclerosis
development and progression. Lesions of pDC depleted mice were characterized
by increased T cell accumulation and a more unstable plaque phenotype, which,
as we show, is likely linked to a deficiency in pDC associated epitope specific
dampening of T cell response.
We demonstrate selective and almost complete pDC depletion by the use of
120G8 mAb in LDLr‐/‐ mice. PDCA‐1 expression was exclusively restricted to the
pDC population and no other leukocyte subsets other than pDC were depleted.
These findings confirm previous reports which highlight the specificity of the
120G8 mAb, all showing selective depletion of pDC in blood, bone marrow, LN,
thymus and non‐lymphoid organs of C57Bl6 mice but not of CD4/CD8 T cells, DX5+
NK en CD19+ B cells.30‐33 Alternative pDC ablation or depletion models currently
available such as IKAROS and IRF8 (mutant) all suffer from major effects on non‐
pDC subsets, while the CD11c.CRExE22f/‐ and the BDCA‐2.hDTR mice are
interesting new models for future ablation studies.
Our data point to an unexpected atheroprotective activity of pDC, which is in
contrast to previous findings pointing towards a pro‐atherogenic function.5 This
notion was largely based on guilt by association, in that 1) plaques were seen to
express CD123+ and IFN‐α+ cells, in particular when progressed to an unstable
phenotype, 2) CpG induced pDC activation in vitro led to type I IFN release, and 3)
type I IFN were recently reported to contribute to atherosclerosis in ApoE‐/‐ and
LDLr‐/‐ mice by stimulating macrophage recruitment.27 The data presented in this
study justify a minor adjustment of this assumption. First, unlike BDCA‐4, CD123
staining may not be entirely reflective of the plaque’s pDC content as
macrophages and vSMCs appear to express this marker as well and as CD123+
cells often lack characteristic plasmacytoid morphology. This observation concurs
with recent findings by van Vré et al., showing that CD123 is not a specific pDC
marker staining also for endothelial cells in human atherosclerotic lesions.24 As a
result, the actual plaque pDC content may not only be lower than originally
envisioned, but also does not markedly increase with progression of disease. This
also implies that pDC effects may be precipitated primarily in the periphery rather
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than within the plaque itself. Second, we show here that pDC are not the prime
source of plasma IFN‐α at baseline, and that IFN‐α release by pDC into the
circulation is boosted by CpG treatment, however not by atherogenic conditions.
Apparently, atherogenic stimuli per se do not induce pDC activation. Moreover, in
atherosclerotic mice, circulating IFN‐α originates from other cell types than pDC
but may be derived from macrophages. Third, we failed to demonstrate
progressively increased expression of IFN‐α (by micro‐array or real‐time PCR
analysis) by circulating pDC from atherosclerotic mice and by human pDC from
patients with stable versus unstable disease and by unstable versus stable
endarterectomy lesions, confirming that in chronic inflammatory processes such
as atherosclerosis TLR7/9 activation of pDC is not very prominent. Collectively, our
data indicate that pDC exert their atheroprotective effect primarily by modulating
extravascular immune responses.
Our studies also provide a plausible mechanism by which pDC suppress CD4+ T
cell proliferation under conditions of atherosclerosis. PDC isolated from spleens
from atherosclerotic mice had a 2‐fold increase in expression of tolerogenic
molecules IDO and PD‐L1 compared to pDC isolated from non‐atherosclerotic
mice. IDO is an intracellular tryptophan catabolizing enzyme which has been
attributed suppressive activity on cDCs and stimulatory activity on Tregs.34 PD‐L1
is an inhibitory co‐stimulatory molecule which interacts with programmed death‐
1 (PD‐1) on CD8+ T cells to suppress their viability and activity.35
Moreover, co‐culture of pDC with T cells in the presence of 1‐MT, an IDO
blocker, but not anti‐PD‐L1, showed increased T cell proliferation, suggesting that
pDC suppress T cell proliferation in an IDO dependent manner. These
observations correspond with previous reports in which pDC were shown to
induce tolerance in other low grade chronic inflammatory and autoimmune
diseases.9,10,34‐36 The tolerogenic function of pDC was seen to depend on
cytokine/ligand activation. For instance, B7‐1 (CD80) engagement by Cytotoxic T‐
lymphocyte Antigen‐4 (CTLA‐4Ig), that of CD200R1 by CD200Ig and B7‐1/B7‐2
(CD80/CD86) by CD28Ig all have been shown to be able to induce the release of
IDO by pDC, leading to the suppression of T cells.37 It remains to be established
which activation pathway is involved in atherosclerosis. Thus, in analogy, during
atherosclerosis pDC not only maintain their immature tolerogenic state, but even
invigorate their inborn dampening activity so that they can control T cell activity.

Chapter 6

If the same also holds for brief episodes of fulminant plaque inflammation (acute
myocardial infarction), remains to be established.
In conclusion, this manuscript is the first to unveil a protective role for pDC in
an established mouse model of atherosclerosis, throughout disease progression.
Given the virtual absence of pDC in the plaque itself, pDC most likely exert their
activity extravascularly, by dampening T cell proliferation and function in an IDO
dependent manner. While these findings identify pDC as an interesting new target
for therapeutic intervention studies, they warrant further study to elucidate the
actual pathways underlying the augmented tolerogenic activity of pDC under
conditions of atherosclerosis.
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Abstract
Lymphatic capillaries play an important role in lymphocyte and dendritic cell
trafficking as well as analyte communication between inflammatory sites and
draining lymph nodes. The finding that the adventitia of human atherosclerotic
vessels is enriched not only in T cells but also in lymphatic capillaries has inspired
us to address the role of these lymphatic capillaries in regulating T cell influx into
the adventitia in ApoE‐/‐ mice. Intravenous administration of CD3+ T cells resulted
in CXCR3 dependent accumulation of CD3+ T cells in the adventitia of the
atherosclerotic vessel wall, at which T cell presence displayed an overt gradient
from adventitia (high) to intima (scarce). Second, we show that, as in human, in
mice the lymphatic capillary density in adventitia expands during plaque
development. Removal of the draining lymph node and its efferent lymphatic
vessel resulted in an increase in plaque volume, accompanied by increased CD3+
plaque and adventitial T cell numbers. Local inhibition of CXCR3 led to a significant
expansion of the lymphatic capillary bed in the adventitia, with a concomitant
decrease in plaque CD3+ and CXCR3+ T cell numbers. These data demonstrate that
lymphatic capillaries in the adventitia are able to modulate atherosclerosis
development, in part by regulating T cell influx to and T cell efflux from the
adventitia.
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Introduction
The response to injury paradigm in atherosclerosis attributes vascular
inflammation to leukocytes that have extravasated from the luminal endothelium
into the intima. Upon injury, luminal endothelial cells upregulate a range of
adhesion molecules and selectins and release chemokines such as CCL2 in order
to attract monocyte subsets to the vessel wall.1‐3 In addition, T cells and dendritic
cells are being attracted to the vessel wall in a similar manner in order to regulate
inflammation.4,5 Therefore, most studies thus far have focused on luminal
endothelium as major entry port for leukocyte infiltration to the intima. However,
the adventitia could function as an entry port as well given its high leukocyte
content.
The adventitia is the outer layer of the vessel wall and is a highly organized
tissue characterized by stromal tissue, vasculature and the presence of several
leukocyte subsets. The contribution of the adventitia to the development and
progression of atherosclerosis has been largely overlooked in the past decades.
However, there is growing evidence for a crucial role of the adventitia in vascular
inflammation.6‐9 In contrast to the intima, the adventitia is enriched in B cells,
which were shown to exert both pro‐ and anti‐atherogenic effects.10‐14 Moreover,
adventitial tissue is a major site of T cell accumulation in mouse atherosclerotic
vessels.15,16 Regulatory T cells are scarcely present in the intima, but more
abundant in the adventitia.17 The same holds for mast cells which are virtually
absent in the intima but present in the adventitia.18 Moreover, dendritic cells are
recruited to the intima and adventitia, where they are located in clusters near T
cells, suggesting a role for antigen presentation in the adventitia.10 In addition, the
adventitia is a highly vascularized tissue, and the vasa vasora have been shown to
expand with atherosclerosis progression.19,20
The presence of lymphatic capillaries has been demonstrated in the adventitia
of human atherosclerotic vessels.21 The number of adventitial lymphatic
capillaries has been shown to increase with severity of atherosclerosis,22
suggesting a link between lymphatic capillaries and disease progression. Although
a role of adventitial lymphatic capillaries in atherosclerosis has not yet been
documented, lymphatic capillaries conceivably are involved in the regulation of
inflammation, by draining antigen‐presenting cells from the site of inflammation,
here the adventitia, to the draining lymph node, where lymphocytes will be
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sensitized and activated to migrate via efferent lymphatic vessels into the
bloodstream towards the adventitia, probably via the vasa vasorum.
In this study, we addressed the actual role of adventitial lymphatic capillaries
in atherosclerosis, providing evidence for a protective role of lymphatic capillaries
partly by drainage of T cells. In addition, we show that Interferon‐γ‐inducible
Protein‐10 (IP‐10) is one of the driving factors in adventitial lymphangiogenesis
and T cell trafficking to the plaque.

Materials and Methods
Analysis of lymphatic capillaries and CD3+ T cells in the adventitia of non‐
atherosclerotic versus atherosclerotic mice
Male ApoE‐/‐ mice (n=21), obtained from The Jackson Laboratory and backcrossed
at least 11 times to C57Bl/6, were placed on western type diet containing 0.25%
cholesterol (Special Diets Services, Witham, Essex, UK). Atherosclerotic lesions
were induced in the carotid artery by bilateral placement of semi‐constrictive
collars.23 To study the expression of lymphatic capillaries and CD3+ T cells in the
adventitia of early lesions, mice (n=9) were sacrificed 4 weeks after collar
placement. The expression of lymphatic capillaries and CD3+ T cells in the
adventitia of advanced lesions was studied in mice (n=6), sacrificed 8 weeks after
collar placement. ApoE‐/‐ mice without collar placement (n=6) served as control.

In vivo T cell trafficking experiments
To investigate whether T cells enter the atherosclerotic vessel wall via the
adventitia, CD3+ T cells were isolated from spleen of wild‐type and CXCR3‐/‐24 mice
using a CD3 isolation kit (BD Biosciences) and were pre‐stimulated with 1 ng/mL
IL‐2 (Sigma‐Aldrich). ApoE‐/‐ mice (n=7) were placed on western type diet and
received 4 weeks after collar placement i.v. a 1:1 mixture of CMFDA‐labeled WT
(107 cells) and CMTPX‐labeled CXCR3‐/‐ (107 cells) T cells. Twenty‐four hours later,
mice were sacrificed and perfused with phosphate buffered saline (PBS). Right
carotid artery was removed, embedded in Tissue Tek (Miles Inc) and snap‐frozen
at ‐160°C. Frozen sections (5µm) were cut over a segment covering the entire
190
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plaque and nuclei were counterstained with DAPI (Sigma‐Aldrich). Overlay images
were acquired using a Leica DM5000B fluorescence microscope. Analysis was
performed in a blinded manner. The number of T cells present in the adventitia
was expressed per 10 µm segment plaque. All animal work was approved by the
regulatory authority of Maastricht University and performed in compliance with
the Dutch government guidelines.

Lymph node and vessel dissection in mice
Male ApoE‐/‐ mice (n=27) were placed on western type diet and perivascular
collars were placed around the carotid arteries to induce atherosclerosis
development as described previously.23 To investigate whether there is local
transport of cells between the lymph node next to the bifurcation of the carotid
artery (cervical lymph node) and the adventitia, the lymph node together with its
efferent vessel were removed at point of collar placement (n=14). As control,
mice (n=13) only received collar placement. At sacrifice mice from the lymph node
dissection group did not show any signs of edema in the neck region. To
investigate whether lymph node and vessel dissection per se could induce
inflammation, a control study was performed in which normolipidemic wild‐type
mice received collar placement (n=6) or a combination of collar placement and
lymph node and lymph vessel dissection (n=5). Mice were sacrificed 4 weeks after
collar placement.

Local IP‐10 inhibition in mice
Male ApoE‐/‐ mice (n=20) were placed on western type diet and atherosclerotic
lesions in the carotid artery were induced by perivascular collar placement. To
inhibit the local IP‐10 gradient in the adventitia, lentivirus encoding IP‐10
antagonist (IP‐10 AT, 108 virus particles per mouse)25 or Green Fluorescent Protein
(GFP) control entrapped in F127 pluronic gel was administered perivascularly
proximal to the collar at the time of collar placement (n=10 IP‐10 AT versus n=10
control). Mice were sacrificed 4 weeks later. Briefly, lentivirus was produced in
HEK 239T cells cultured in RPMI containing 4,5 g/L glucose, 10% Fetal Calf Serum
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(FCS), 2 mmol/L L‐glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin (all
from PAA, Cölbe, Germany). The IP‐10 antagonist expression vector (pRRl‐cPPt‐
CMV.SDF‐1á(P2G): LV.IP‐10 AT)25 was constructed by inserting IP‐10 AT sequence
into the pRRl‐cPPt‐CMV‐PreSIN lentivector (LV.Empty) using SmaI digestion. Virus
was produced as described and virus titers were determined essentially as
described by Sastry et al.26 Viral integrants were determined by qPCR analysis
(forward
primer:
GTGCAGCAGCAGAACAATTTG,
reverse
primer:
CCCCAGACTGTGAGTTGCAA). For the culturing of lenti‐viruses, petridishes from
Greiner Bio‐One were used (639161, Alphen a/d Rijn, the Netherlands).

Histology of mouse atherosclerotic lesions
Mice were euthanized by an overdose pentobarbital (115mg/kg) and perfused
through the left cardiac ventricle with PBS (NaCl/Na2HPO4/KH2PO4, pH 7.4)
containing sodium nitroprusside (0.1mg/ml, Sigma) and 1% paraformaldehyde
(PFA). The right common carotid artery was removed, fixed overnight in 1% PFA
and paraffin‐embedded sections (4µm) were cut. To determine plaque volume in
the carotid artery, sections were stained for haematoxylin/eosin (HE) and plaque
area was measured for consecutive cross sections at 100 µm intervals over a
carotid artery segment that covered the entire plaque. Slides were analyzed in a
blinded manner using a Leica DM3000 light microscope (Leica Microsystems)
coupled to a computerized morphometric system (Leica Qwin 3.5.1).27

Immunohistochemistry
Immunohistochemical staining on mouse paraffin carotid artery sections was
performed for lyve‐1 (Abcam), CD3 (DAKO), Mac‐3 (BD), CXCR3 (Sanbio/MBL) and
IP‐10 (R&D). The number of lyve‐1+ lymphatic capillaries was expressed as
percentage of adventitial area. The number of CD3+, CXCR3+ and mac3+ cells was
expressed as percentage of total plaque or adventitial cells. Slides were analyzed
blindly using Leica Qwin software.
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Flow cytometry and plasma total cholesterol measurement
Blood, spleen and peripheral lymph nodes were removed before perfusion
(n=10/group) and used for FACS analysis of monocytes (CD11bhigh Ly6G‐, BD),
granulocytes (CD11bhigh Ly6Ghigh, BD), T helper cells (CD4+, BD), effector T cells
(CD8a+,BD) and activated T cells (CD44high, eBioscience). FACS analysis was
performed with FACS CANTO II (BD).

Real‐time PCR analysis of human atherosclerotic lesions
RNA was isolated from carotid artery sections obtained from surgery (Department
of Surgery, Maasland Hospital Sittard, Sittard, the Netherlands) (advanced stable
(n=9) and advanced unstable (n=13) lesions). Plaques were staged by histological
analysis of adjacent slides according to Virmani et al.28 at which thick fibrous cap
atheromas were categorized as advanced stable and intraplaque hemorrhaged
lesions as advanced unstable lesions. Lesions were analyzed for gene expression
of
human
IP‐10
(5’‐TATTCCTGCAAGCCAATTTT‐3’
and
3’‐
ACTTTCGTCAATCGTTCCTT‐5’).

Statistical analysis
Data are expressed as mean ± SEM and Mann‐Whitney U test was used to
compare individual groups of animals. Data are considered statistically significant
at P<0.05.

Results
Lymphatic capillaries are present in the adventitia of mouse atherosclerotic
lesions and their presence increases with plaque development
First, we investigated the presence of lymphatic capillaries in the adventitia of
mouse atherosclerotic lesions. The adventitia appears to be, not only rich in vasa
vasorum, but also in lymphatic capillaries, making both a possible entrance for T
cells (Figure 1A). Concordant with observations in human atherosclerotic
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lesions,22 we observed that the adventitial lymphatic capillary density increases
with disease development. Of note, lymphatic capillary numbers in the adventitia
were already significantly increased early on in plaque development (Figure 1B).
However, we did not observe any further expansion of the adventitial lymphatic
vessel bed at later stages of plaque development, suggesting that lymphatic
expansion occurs already early on in plaque development.

Figure 1. The presence of lymphatic capillaries in the adventitia of atherosclerotic
lesions. A, Immunohistochemistry for Lyve‐1+ lymphatic capillaries (purple) and CD31+
vasa vasorum (blue) in mouse carotid atherosclerotic lesions. B, The percentage of lyve‐1+
lymphatic capillaries per adventitia area of healthy (n=6) versus early (n=9) and advanced
(n=6) mouse carotid atherosclerotic lesions. **P<0.005.

CD3+ T cells are highly expressed in the adventitia of mouse atherosclerotic
lesions and enter the vessel wall via the adventitia in a CXCR3 dependent
manner
Concordant with previous observations,9,15 we observed that the adventitia of
mouse atherosclerotic lesions expresses high numbers of CD3+ T cells (Figure 2A).
In fact, the adventitia contains much more T cells than the intima.10 T cell
accumulation starts already early on in plaque initiation, while adventitial T cell
levels tend to decrease with plaque progression (Figure 2B). This observation
fueled the hypothesis that rather than entering the plaque via the luminal
endothelium, CD3+ T cells may well invade the atherosclerotic vessel wall via the
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adventitia to contribute to atherosclerosis initiation from that location. To address
this question, CMFDA labeled CD3+ T cells were administered via i.v. injection in
ApoE‐/‐ mice on western type diet 4 weeks after collar placement. We observed a
clear‐cut gradient in CD3+ T cell density from the adventitia (high numbers) via the
media (intermediate numbers) to the intima (low numbers), in support of the
above hypothesis (Figure 2C). In search of chemokines that are driving adventitial
T cell accumulation, we zoomed in on IP‐10, which was seen to be highly
expressed in the adventitia (Figure 2D) and by interacting with CXCR3 is a major
mediator of T cell chemotaxis.29 To investigate whether T cell migration towards
the adventitia occurred in a CXCR3 dependent manner, we administered a
mixture of CMFDA‐labeled wild‐type and CMTPX–labeled CXCR3‐/‐ CD3+ T cells via
i.v. injection into ApoE‐/‐ mice on western type diet 4 weeks after collar placement.
In contrast to wild‐type T cells, CXCR3‐/‐ T cell migration towards the adventitia
was impaired (Figure 2E), showing that T cell migration into the adventitia is
largely CXCR3 dependent.

Figure 2. Expression and migration of CD3+ T cells in the adventitia. A,
Immunohistochemistry for CD3 in mouse carotid atherosclerotic lesions. Arrows indicate
the presence of CD3+ T cells in the adventitia. B, The percentage of CD3+ T cells per
adventitia area of healthy vessels (n=6) versus early (n=9) and advanced (n=6) mouse
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carotid atherosclerotic lesions. C, ApoE‐/‐ mice (n=7) were placed on western type diet and
received 4 weeks after collar placement 107 CMFDA labeled WT CD3+ T cells via i.v.
injection. Represented is the number of CMFDA labeled T cells that have migrated 24
hours later into the adventitia, media and plaque. D, Immunohistochemistry for IP‐10 in
the adventitia of mouse carotid atherosclerotic lesions. Arrows indicate the expression of
IP‐10 in the adventitia. E, ApoE‐/‐ mice (n=6) were placed on western type diet and
received 4 weeks after collar placement a 1:1 mixture of 107 CMFDA labeled WT and 107
CMTPX labeled CXCR3‐/‐ CD3+ T cells via i.v. injection. Represented is the percentage of WT
and CXCR3‐/‐ T cells that have migrated into the adventitia 24 hours later. *P<0.05.

Lymph node and lymph vessel dissection deteriorates atherosclerosis
development in ApoE‐/‐ mice by promoting T cell accumulation inside the lesion
and adventitia
One of the lymph nodes most proximal to the carotid artery plaque is located at
the carotid artery bifurcation, the cervical lymph node. An efferent lymphatic
vessel is originating from this lymph node, running parallel to the carotid artery.
To address whether lymphatic capillaries in the adventitia are in direct contact
with this lymph node, the cervical lymph node and its efferent vessel were
removed at point of collar placement in ApoE‐/‐ mice on western type diet (Figure
3A). First, we investigated whether lymph node dissection by itself induced local
inflammation in the adventitia. The number of CD45+ leukocytes was equal
between control mice and mice with lymph node dissection (Figure 3B). In
addition, it did not affect circulating monocyte numbers (Figure 3C) and spleen
and peripheral lymph node CD3+ T cell content (Figure 3D) were unchanged.
Lymph node dissection did not affect body weight either (29.23 ± 0.48 g and 27.64
± 0.52 g in control versus lymph node dissected mice, respectively). To our
surprise, lymph node dissection aggravated atherosclerotic plaque development
(Figure 3E). Lymph node dissected mice displayed increased adventitial (Figure 3F)
and intimal CD3+ T cell content (Figure 3G) Plaque macrophage content remained
unaltered (Figure 3H). Removal of the draining lymph node did not affect the
number of lymphatic capillaries in the adventitia (Figure 3I). Altogether, these
data point to a protective role of adventitial lymphatic capillaries in
atherosclerosis development, possibly by draining T cells and/or T cell activating
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cytokines from the plaque and thereby dampening inflammation in the vessel
wall.

Figure 3. Lymph node dissection results in an aggravation of plaque development in
mice, characterized by an accumulation of CD3+ T cells within the vessel wall. A, Draining
lymph node and efferent vessel were excised in the lymph node dissection group. B,
Lymph node dissection by itself did not induce inflammation in the vessel wall.
Represented is the percentage of CD45+ leukocytes in the adventitia of control (n=6) and
lymph node dissected (n=5) WT mice. C, Flow cytometry analysis for CD11bhigh monocytes
in blood. D. Flow cytometry analysis for CD3+ T cells in spleen and peripheral lymph nodes.
E, ApoE‐/‐ mice were placed on western type diet. At point of collar placement the draining
lymph node was dissected (n=13 control versus n=14 lymph node dissection). Mice were
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sacrificed 4 weeks later. Right carotid artery was stained with haematoxylin/eosin to
analyze the extent of atherosclerosis (plaque volume, µm3). F, Effects of lymph node
dissection on the percentage of CD3+ T cells in the adventitia and G, plaque. H, The
relative plaque Mac‐3+ macrophage abundance. I, Percentage of lyve‐1+ lymphatic
capillaries per adventitia area. *P<0.05.

Adventitial lymphangiogenesis is regulated by IP‐10
As previously described, IP‐10, a major T cell chemoattractant, is highly expressed
in mouse and human atherosclerotic lesions and its expression increases with
plaque progression in humans (Figure 4A). Interestingly, IP‐10 has also been
attributed anti‐angiogenic activity.30,31 This dual function prompted us to study
whether the progressively increasing plaque IP‐10 expression not only affects T
cell influx, but also can be held accountable for the halted (lymph)angiogenic
response at later stages of plaque development. To this end we have focally
overexpressed IP‐10 antagonist (IP‐10AT) by perivascular administration of a
pluronic gel containing lentiviral IP‐10AT. Adventitial cells were transfected
efficiently (Figure 4B). Compatible with its anti‐(lymph)angiogenic activity, local
IP‐10 inhibition let to a significant increase in the number of lymphatic capillaries
in the adventitia (Figure 4C) but did not affect the arterial capillary bed, the vasa
vasorum (Figure 4D). As expected, IP‐10AT overexpression almost ablated plaque
CD3+ (Figure 4E), as well as CXCR3+ T cell numbers (Figure 4F). However, CD3+ T
cell numbers in adventitia, the actual site of overexpression, were unchanged
(Figure 4G).
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Figure 4. The development of adventitial lymphatic capillaries is regulated by IP‐10. A.
Real‐time PCR analysis of human stable (n=9) and unstable (n=13) advanced carotid
atherosclerotic lesions. B. ApoE‐/‐ mice were placed on western type diet and were
administered perivascularly an IP‐10 antagonist (IP‐10AT) at the same time of collar
placement via a pluronic gel (n=10/group). Mice were sacrificed 4 weeks later.
Represented is the number of Green Fluorescent Protein (GFP)+ cells per adventitia area in
control versus IP‐10AT/GFP mice. C. Percentage of lyve‐1+ lymphatic capillaries per
adventitia area. D. Percentage of CD31+ arterial capillaries (=vasa vasorum) per adventitia
area. E. Percentage of CD3+ cells per total plaque cells. F. Percentage of CXCR3+ cells per
total plaque cells. G. Percentage of CD3+ T cells per adventitia area. *P<0.05, **P<0.005.
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Discussion
In this study, we are the first to describe a role for adventitial lymphatic capillaries
in plaque inflammation and atherosclerosis in mice. We show that the adventitial
lymphatic capillary bed is expanded early on in the atherogenic process,
concomitantly with the increase in plaque CD3+ T cell content. Combined
dissection of the plaque draining lymph node and its efferent lymphatic vessel
prior to the atherogenic stimulus resulted in an aggravation of atherosclerosis
development, at which lesions were characterized by increased T cell
accumulation in plaque and adventitia. CD3+ T cells were found to enter the
atherosclerotic vessel wall in a CXCR3 dependent manner, mainly via the
adventitia. Adventitial blockage of CXCR3 signaling with an IP‐10 antagonist
resulted in expansion of adventitial lymphatic capillaries and to decreased plaque
T cell content.
A first intriguing finding was that during atherosclerosis in ApoE‐/‐ mice the
adventitial lymphatic capillary bed is massively expanded, already at very early
stages of disease development. These data correspond with previous findings in
humans in which the lymphatic capillary content of carotid artery plaques was
seen to increase with severity of atherosclerosis.22 Although the exact trigger for
adventitial lymphangiogenesis during atherosclerosis remains to be established, it
is conceivable that it is related to the augmented production of growth factors
such as, Vascular Endothelial Growth Factors (VEGFs), and pro‐lymphangiogenic
cytokines/chemokines in the inflamed plaque and adventitia.32 VEGF expression in
the atherosclerotic vessel wall has been documented in several studies and their
overexpression was shown to accelerate atherosclerosis by inducing monocyte
activation, adhesion and migration and by enhancing vascular permeability.33‐35 In
a rabbit model of atherosclerosis, adventitial delivery of adenoviruses encoding
VEGF‐A, VEGF‐D and VEGF‐DΔNΔC resulted in increased atherosclerosis
development.36 Moreover, adventitial gene transfer via an adenovirus encoding
VEGF‐E resulted in an increase in neointimal formation in rabbits.37 VEGF‐E
chimera transduced arteries were characterized by an increase in proliferating
cells and adventitial angiogenesis, suggestive of a role of the VEGFR‐2/VEGF‐E
pathway in intimal hyperplasia. In addition to VEGFs, various chemokines have
been shown to regulate lymphangiogenesis. CCL21, which is expressed in the
adventitia, and its receptor CCR7 were both reported to be involved in the
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induction of lymphangiogenesis.38 A similar regulatory role in lymphangiogenesis
was proposed for the CXCL13/CXCR5 axis.39 Altogether, these data suggest that
adventitial lymphangiogenesis is induced in response to inflammation.
As a next question, we sought to explore the role of adventitial lymphatic
capillaries in atherosclerosis. Given the role of lymphatic vessels in dendritic cell
trafficking to the draining lymph node to activate T cells, we hypothesized that
removal of the draining lymph node might result in impaired T cell activation and
consequently reduced plaque inflammation. Surprisingly, removal of the putative
plaque draining lymph node located proximal to the carotid artery bifurcation,
resulted in an aggravation, not diminishment, of atherosclerosis, featured by CD3+
T cell accumulation in plaque and adventitia. These data suggest that the
lymphatic capillaries in the adventitia are in contact with this lymph node, are
involved in drainage of T cells, and thus play a role in the regulation of
inflammation in the vessel wall. In addition to T cells, adventitial lymphatic
capillaries could also help to prevent edema, inflicted by the leaky plaque, drain
plaque cytokines and in this way regulate inflammatory responses, and mediate
efflux of lipid particles, be it leukocyte ingested or in lymph from the plaque in
analogy to its role in chylomicron transport.40
The adventitia has previously been proposed to constitute an important
gateway for leukocytes to the plaque, a notion referred to as the “outside‐in”
hypothesis.9 This hypothesis was supported by findings by Ley and co‐workers that
T cells can enter atherosclerotic lesions via the adventitia in a L‐selectin
dependent manner.16 In addition, Eriksson and co‐workers further substantiate
this finding by demonstrating that leukocytes enter the plaque in a L‐ and P‐
selectin dependent manner via microvessels sprouting from the adventitia.41 Our
data show that a sizable portion of T cells enter the atherosclerotic vessel wall via
the adventitia. In fact, T cells migrate primarily to the adventitia, then the media
and to a lesser extent to the intima. Moreover, we show that T cell influx into the
adventitia is CXCR3 dependent. The CXCR3 pathway has been implicated in T cell
chemotaxis and atherosclerosis before. The main chemokine to activate CXCR3
and attract activated T cells, Interferon Inducible Protein‐10 (IP‐10), is secreted by
activated T cells, fibroblasts and endothelial cells.42‐44 We show that IP‐10 is highly
expressed in the adventitia of atherosclerotic vessels. Next to its role in T cell
chemotaxis, IP‐10 was also attributed potent anti‐angiogenic activity.30,45 Our
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study shows that adventitial blockage of IP‐10 results in augmented lymphatic
capillary density in the adventitia which was accompanied by decreased plaque
CD3+CXCR3+ T cell presence, further supporting our previous findings that
lymphatic capillary density is correlated with T cell drainage to and from the
plaque. The number of vasa vasora in the adventitia was unaffected, suggesting
that IP‐10 specifically inhibits lymphangiogenesis in the adventitia. Interestingly,
the increase in adventitial lymphatic capillaries only affected T cell numbers in the
plaque as T cell numbers in the adventitia were unaltered. In addition, the extent
of atherosclerosis was unaffected as well (data not shown). This could be
explained by the fact that in these mice the IP‐10 chemotaxis gradient is impaired
resulting in decreased migration of T cells from the adventitia to the plaque, and
as a consequent accumulation of T cells in the adventitia.
In conclusion, this study shows that adventitial lymphangiogenesis increases
with plaque development. Draining lymph node dissection resulted in an
unexpected aggravation of atherosclerosis, accompanied by increased plaque and
adventitial T cell content, probably due to disturbed drainage of T cells.
Lymphangiogenesis in the adventitia was shown to be regulated by IP‐10 and be
involved in T cell drainage. Further studies will have to give more insight into the
role of adventitial lymphatic capillaries in atherosclerosis.
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General Discussion and Future Perspectives
Much attention has been paid so far to processes in the plaque that contribute to
the pathogenesis of atherosclerosis. However, evidence is mounting that local
processes may be not completely self‐contained but rather reflective of or
modulated by peripheral phenomena. Lymphoid organs have been shown to play
a key role in the development of atherosclerosis by representing the site of T cell
activation and antibody production.1‐3 Even stromal processes have been shown
to affect immune responses in the plaque.4‐7 The main goal of the studies
presented in this thesis was to explore the impact of peripheral and extravascular
events on local processes within the plaque. In the first part of this thesis we
interrogated two homeostatic chemokines for their impact on peripheral
immunity and how the latter will affect local immune responses in the plaque,
CXCR4 and CXCR5. In one study we investigated how neutrophil CXCR4 expression
controls their activity and half‐life in the periphery and stromal tissue and how
this affects atherosclerosis. In a second study we addressed the role of CXCL13
and its receptor, CXCR5, in T/B cell trafficking in the lymphoid compartment and
the implications hereof for atherosclerosis. In the second part of this thesis, we
sought to investigate how extravascular tissue can control local immune
responses in the plaque. One target that caught our attention were plasmacytoid
dendritic cells (pDCs), which are almost completely absent in atherosclerotic
lesions. We have studied their role in atherosclerosis development and
progression. In addition, we addressed the role of adventitial lymphatic capillaries
on T cell trafficking to the atherosclerotic lesion and on plaque inflammation.

Part I: Chemokines and extravascular immunity in atherosclerosis
CXCR4 blockage aggravates atherosclerosis by increasing neutrophil activity and
survival
Neutrophils are present in atherosclerotic lesions and have been associated with
atherosclerosis development and destabilization.7‐9 Under homeostatic
conditions, neutrophils are retained within bone marrow via the expression of
CXCR4 which interacts with its ligand, CXCL12, which is highly expressed in bone
marrow.10,11 During inflammation associated maturation, neutrophils down
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regulate CXCR4 expression, are released from bone marrow into circulation, and
migrate towards inflamed tissue mainly via CXCR2. Neutrophils are very short‐
lived, with a half‐life of only 6,5h. Neutrophils that have not migrated towards
inflamed tissue will up regulate CXCR4 expression and regress to the bone marrow
where they will undergo apoptosis. These regressing cells are called senescent or
aged neutrophils.12 In collaboration with Prof. Weber’s group we have shown that
inhibition of CXCR4 resulted in increased mobilization of neutrophils from bone
marrow into circulation, resulting in increased neutrophil infiltration into
atherosclerotic lesions.7 In Chapter 3, we extend these findings demonstrating
that neutrophils which lack functional CXCR4 show increased cell survival as
shown by reduced apoptosis and elevated expression of cell survival factor Akt.
Moreover, activity of these neutrophils was increased as shown by elevated
production of Reactive Oxygen Species and increased adhesive capacity. Our new
data demonstrate that CXCR4 dysfunction leads to an increase of neutrophil half‐
life, senescence and activation, which promotes neutrophil adhesion to plaque
endothelium, and in this way aggravates atherosclerosis in mice. In an attempt to
extrapolate these findings to the human situation, we found that patients with
acute cardiovascular disease showed decreased expression of CXCR4 on
circulating neutrophils, suggesting that neutrophils in atherosclerotic patients
have an increased adhesive activity and half‐life.
Altogether, these findings illustrate the importance of functional CXCR4
expression by neutrophils to avoid uncontrolled inflammation and raise a note of
caution regarding the use of pharmaceutical CXCR4 inhibitors like Plerixafor
(AMD3100, MozobilTM) and AMD3465 in patients with HIV13,14 and cancer15‐17, as it
may be accompanied by undesired effects on atherosclerosis. In addition, our
findings suggest that decreased CXCR4 expression levels on neutrophils might
have value as prognostic biomarker to identify patients at risk for plaque
destabilization or rupture. Increasing CXCR4 expression in vivo would not be
beneficial as neutrophil release from bone marrow would be hampered.
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The CXCL13/CXCR5 axis is implicated in atherogenesis by controlling
monocyte/granulocyte homeostasis
Next, we investigated the role of another chemokine, CXCL13, in atherosclerosis.
CXCL13 is a homeostatic chemokine constitutively expressed by lymphoid tissue
and is involved in T/B cell trafficking.18 In Chapter 4, we show that patients with
atherosclerosis have increased plasma levels of CXCL13. In addition, CXCL13 was
found to be highly expressed in human atherosclerotic lesions by plaque
macrophages and vascular smooth muscle cells. This observation led us to
investigate first the local effects of CXCL13 in atherosclerosis. In vitro analysis
revealed that CXCL13 exerts anti‐apoptotic effects on monocytes and vascular
smooth muscle cells, suggesting a plaque stabilizing effect for CXCL13.
Next, we investigated extravascular effects of CXCL13. As we observed that
CXCL13 is highly expressed in the adventitia of atherosclerotic lesions, we
hypothesized that the CXCL13/CXCR5 dyad might be involved in regulating T/B cell
homing to the atherosclerotic vessel wall. In Chapter 5 we show that
hematopoietic deficiency of CXCR5 and CXCL13 in mice attenuates atherosclerosis
development. However, homing of lymphocytes towards the vessel wall was not
affected, neither were B cell responses. Instead, effects seen on plaque
development were found to be elicited by changes in monocyte/granulocyte
homeostasis. Both hypercholesterolemic and normolipidemic mice lacking CXCL13
or CXCR5 expression showed decreased levels of circulating and splenic pro‐
inflammatory Ly6Chigh monocytes and granulocytes. Although plasma levels of M‐
CSF and G‐CSF were decreased, there was no effect on myeloid development,
neither on monocyte/granulocyte mobilization from bone marrow into
circulation, suggesting that the effects seen on monocyte/granulocyte
homeostasis were attributable to effects on monocyte/granulocyte survival. This
finding is in support with our previous findings in Chapter 4 in which CXCL13 was
shown to exert anti‐apoptotic effects on human primary monocytes.
Our findings thus suggest that the CXCL13/CXCR5 dyad is involved in
monocyte/granulocyte survival. CXCL13 has been shown to induce B cell survival
through inactivation of the pro‐apoptotic transcription factor FOXO3a in B cell
chronic lymphocytic leukemia.19 CXCL13 has also been shown to induce T cell
survival.20 Moreover, CXCR5 signaling leads to activation of the PI3K/AKT
pathway, which is a key regulator of cell survival.21 In addition, the decreased M‐
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CSF plasma levels that we observed in the CXCL13 and CXCR5 deficient mice could
also point to a role for cell survival as M‐CSF has been shown to promote
monocyte survival.22 Our findings thus implicate that the CXCL13/CXCR5 dyad has
a broader role than just regulating T/B cell trafficking to secondary lymphoid
tissue and that the local plaque stabilizing effects of CXCL13 and CXCR5 seem to
be overruled by their peripheral effects which promote atherosclerosis. There is
increasing interest for the development of CXCL13 and CXCR5 antagonists in the
treatment of patients with asthma,23 rheumatoid arthritis,24 and systemic lupus
erythematosus25 in which CXCL13 and CXCR5 have been shown to play a key role.
Our findings implicate that these antagonists should be used with caution as they
might disturb monocyte/granulocyte homeostasis. Further study will have to
confirm whether the CXCL13/CXCR5 dyad indeed is involved in myeloid survival. A
closer assessment of the apoptosis rate with wild‐type and CXCR5 deficient
monocytes, in the presence and absence of CXCL13, and measurement of the
expression level of apoptotic genes and cell survival factors will be revealing.

Part II: The impact of leukocyte subsets in extravascular tissue on
atherosclerosis
Plasmacytoid dendritic cells protect against atherosclerosis by peripheral
suppression of T cell responses
In the second part of this thesis we investigated how leukocytes can regulate
immune responses in the plaque from extravascular tissue. In Chapter 6 we
demonstrated that pDCs protect against atherosclerosis in mice. Depletion of
pDCs resulted in increased T cell proliferation and activity, leading to T cell
infiltration into atherosclerotic lesions. Moreover, we provided evidence for a
mechanism by which pDC suppress T cell responses. We found that pDC suppress
T cell proliferation in an indoleamine 2,3‐dioxygenase (IDO) dependent manner.
Given the almost complete absence of pDCs in human and especially mouse
atherosclerotic lesions, we propose that pDC most likely exert their
atheroprotective effect extravascularly, in lymphoid tissue given their effect on T
cell regulation. PDCs could also exert their function from the thymus as they have
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been shown to be present in the thymus.26 Moreover, the thymus is the major site
for T cell maturation and proliferation.
Our observations challenge previous findings of Weyand et al. suggesting that
pDCs induce plaque destabilization via the release of interferon‐α (IFN‐α),
resulting in an up regulation of tumor necrosis factor‐related apoptosis‐inducing
ligand (TRAIL) expression on CD4+ T cells, thereby promoting vascular smooth
muscle cell and endothelial cell apoptosis and consequently thinning of the
fibrous cap.27 PDCs indeed have been shown to release high levels of IFN‐α but
mainly in response to viral and bacterial antigens.28 In addition, pDCs release IFN‐
α in response to neutrophil extracellular traps (NETs)29 and DNA/LL‐37
complexes.30 Hence, it is conceivable that advanced plaque constituents, such as
cellular debris associated DNA released by necrotic cells, and possibly complexed
by anti‐bacteriocide proteins and pro‐oxidant milieu, has the capacity to activate
pDCs in a toll‐like receptor dependent fashion.31 However, as we have shown,
pDCs are almost completely absent in human and especially in mouse
atherosclerotic lesions, rendering it very unlikely that they are responsible for IFN‐
α release in the plaque. Moreover, no co‐localization of pDCs with IFN‐α in human
atherosclerotic lesions has been demonstrated so far. Thus, pDCs probably
regulate immune responses from the periphery.
By nature, (immature) pDCs are regulatory or tolerogenic DCs32,33 and are
induced to act immunogenic (mature pDCs) upon toll‐like receptor (TLR) 7 and 9
stimulation, resulting in the release of high levels of IFN‐α. Lymphoid pDCs
isolated from non‐atherosclerotic and atherosclerotic mice did not find any
difference in IFN‐α expression. Also in humans, there was no difference in IFN‐α
expression by pDC isolated from healthy controls and carotid endarterectomy
patients, excluding that peripheral pDCs have been triggered to release high levels
of potentially pro‐atherogenic IFN‐α. Instead, we found that pDCs isolated from
atherosclerotic mice expressed higher levels of tolerogenic molecules indoleamine
2,3‐dioxygenase and programmed death‐ligand 1 compared to pDCs isolated from
non‐atherosclerotic mice. These observations are in line with previous findings in
chronic inflammatory diseases in which pDCs were shown to induce immune
tolerance via the release of tolerogenic molecules.34‐36 During chronic low‐grade
inflammation and autoimmunity, co‐stimulatory molecules such as CD200, CTLA‐4
and B7‐1 were suggested to induce the release of tolerogenic molecules by

214

Discussion

pDCs.37,38 The exact trigger for increased tolerogenic pDC activity during
atherosclerosis remains to be established. Therefore, it would be interesting to
compare protein expression profile of thymus and lymph nodes from
atherosclerotic and non‐atherosclerotic mice and test the ability of differentially
expressed proteins to induce pDC tolerogenicity.
Importantly, it should be noted that our findings apply to conditions of stable
disease and/or low‐grade inflammation. During acute events such as intraplaque
hemorrhage or plaque rupture, it may well be that pDCs act immunogenic in
response to changes in their environment as pDCs are very plastic cells. Given the
almost complete absence of pDCs in ruptured and intraplaque hemorrhaged
human atherosclerotic lesions, they most likely will exert their immunogenic
function from extravascular tissue as well, like tolerogenic pDCs. The exact trigger
for pDC immunogenicity in extravascular tissue remains to be established.
Whether or not pDCs exert their tolerogenic and immunogenic activity in an
epitope specific fashion, also during atherosclerosis, remains elusive at this point.
In conclusion, our studies have identified pDCs as an interesting new
therapeutic target for clinical studies related to atherosclerosis and have opened
the search for strategies to enhance the number of immature tolerogenic pDCs in
vivo. In addition, the function of pDCs in human atherosclerosis would need to be
further investigated as humans encounter viruses and bacteria throughout life,
which could induce immunogenic pDC activity.

Adventitial lymphatic capillaries are involved in atherosclerosis by regulating T
cell drainage
Next, we investigated the role of adventitial lymphatic capillaries and T cells in
atherosclerosis development. Although the presence of lymphatic capillaries in
the adventitia has been recognized already since several decades,39 their clinical
relevance remains poorly understood. In Chapter 7 we explored the role of
adventitial lymphatic capillaries in atherosclerosis. We found that the number of
lymphatic capillaries increases during plaque development. These data
correspond with previous findings in which the number of lymphatic capillaries
was found to be increased during atherosclerosis development.40 We
hypothesized that these adventitial lymphatic capillaries will help to drain
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cytokines and leukocytes from plaque and adventitia to the draining lymph node
and that removal of the draining lymph node may impair the regulation of
inflammation in the adventitia and consequently in the plaque. Removal of the
draining lymph node resulted in an accumulation of T cells not only in the
adventitia but also in the plaque and consequently in a deterioration of plaque
development. In addition, we show that T cells mainly enter the atherosclerotic
vessel wall via the adventitia. As removal of the draining lymph node did not
decrease T cell influx into the adventitia, naïve and activated T cells probably
enter the adventitia via the vasa vasora, as has been suggested already before.41
Adventitial lymphangiogenesis is believed to be triggered by growth factors, such
as Vascular Endothelial Growth Factor (VEGF) C and D42 and
cytokines/chemokines, such as CXCL13 and CCL21,43,44 released by leukocytes in
the adventitia and plaque. Indeed, VEGF‐C has been found to be expressed in the
adventitia of atherosclerotic lesions,45 while VEGF‐D is expressed by
atherosclerotic lesions as well.46 In addition, we show that adventitial
lymphangiogenesis is inhibited by Interferon‐γ Inducible Protein‐10 (IP‐10) as local
inhibition of IP‐10 resulted in an increase in adventitial lymphangiogenesis and a
decrease in plaque T cell content. Altogether, these data suggest that T cells enter
the plaque via the adventitia in a CXCR3 dependent manner and that adventitial
lymphatic capillaries drain T cells from the atherosclerotic vessel wall to the lymph
node, where they will be drained away via the efferent lymphatic vessel, in order
to regulate inflammation. Regardless of this issue, the increased T cell response in
the vessel wall might be due to a decreased infiltration of induced regulatory T
cells into the adventitia, which normally would be activated in the draining lymph
node. This still remains to be investigated. In addition, to better understand the
role of adventitial lymphatic capillaries in atherosclerosis, an additional loss‐of‐
function study should be performed in which adventitial lymphangiogenesis is
inhibited in order to investigate whether interrupted lymphangiogenesis will
impact atherosclerosis and effect an inverse pattern on T cell influx. Moreover, in
vivo imaging of cell trafficking through adventitial lymphatic capillaries would be
of major asset to better understand their function. It would be interesting to find
out whether T cells indeed travel through these lymphatic capillaries towards the
draining lymph node.
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One of the open questions remains how modulation of adventitial
inflammation will affect immune responses in the intima. So far, there has been
no real evidence that inflammatory cells can traverse the media to communicate
between the adventitia and intima. Moreover, the media is even thought to be
one of the few immunoprivileged sites where inflammatory cells are absent.47
Nevertheless, studies in aged ApoE‐/‐ mice have demonstrated that the adventitia
and intima communicate through lymph node like conduits that connect tertiary
lymphoid organs in the adventitia with smooth muscle cells in the media.43 Of
note, the formation of vessel associated tertiary lymphoid tissue (VALT) was seen
to be restricted to the abdominal aorta of aged mice. We here show that
adventitial lymphangiogenesis already takes place early on in atherosclerosis, and
even in young mice, clearly indicating that lymphangiogenesis plays a role in early
plaque development. Interestingly, we did not observe the presence of intimal
lymphatic vessels in early and advanced atherosclerosis, implying that leukocyte
transfer from adventitia to the intima and vice versa does not proceed via lymph
vessels in our mouse model. However, the presence of lymphatic vessels in
atherosclerotic lesions has been demonstrated in humans.48,49 An explanation for
the absence of lymphatic capillaries in mouse as opposed to human lesions could
be that in mice the arterial media is much thinner and less organized, facilitating T
cells to migrate directly through the media instead of via lymphatic vessels, as we
have demonstrated in Chapter 7. In addition, mouse atherosclerotic lesions are
more fibrotic and less calcified than human atherosclerotic lesions, which makes it
possible for T cells to migrate through the lesion to the media, which makes the
presence of lymphatic vessels in the mouse lesion redundant. Moreover,
distances are much longer in human vessels. Another interesting feature in
human atherosclerotic lesions is edema, as has been demonstrated recently by
Falk and co‐workers.50 Angiogenesis has been demonstrated to be associated with
edema, and the presence of lymphatic vessels in human atherosclerotic lesions
may be regarded a countermeasure to minimize the extent of edema. Though
lymphatic vessels seem to be absent in mouse atherosclerotic lesions, we believe
that the mouse model is quite representative of human atherosclerosis and above
all a powerful tool as it gives us the possibility to intervene in inflammatory
processes in a controlled manner and gain more insight into the mechanisms in
human atherosclerosis.
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Further study will have to provide more insight into the mechanisms by which
adventitial lymphatic capillaries regulate inflammation in the atherosclerotic
vessel wall. In addition, our findings question studies in which blocking of
lymphangiogenesis was proposed to be useful in progressive atherosclerosis.48

Concluding remarks
The findings presented in this thesis demonstrate that local processes in the
plaque are mediated by peripheral and extravascular immune responses, which
are controlled by chemokines and leukocytes. This novel concept provides new
insights into the pathogenesis of atherosclerosis and is the basis for further
research.
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Summary
Atherosclerosis is a chronic inflammatory disease of middle‐sized and large
arteries that is characterized by the accumulation of lipids and inflammatory cells
in the vessel wall, resulting in the formation of an atherosclerotic lesion. The
attraction of these vascular inflammatory cells is orchestrated by chemokines.
Chapter 2 provides an overview of the chemokines that have been implicated in
atherosclerosis, and discusses their potential as biomarker of and therapeutic
target for plaque destabilization and rupture.
While most chemokines are upregulated in response to inflammatory stimuli
to control immune responses, homeostatic chemokines are constitutively
expressed to regulate leukocyte trafficking to and compartmentalization in
lymphoid organs. Recently, these homeostatic chemokines has been attributed a
broader function in immune response modulation not only in lymphoid but also in
non‐lymphoid tissue and in the induction of cell survival and angiogenesis. In
Chapter 3, we addressed, by a loss‐of‐function approach, the role of one of these
homeostatic chemokines, CXCL12, and its receptor, CXCR4, in neutrophil
senescence and implications thereof for murine atherosclerosis. Neutrophils
lacking functional CXCR4 expression showed increased reactive oxygen species
accumulation and increased adhesion to plaque endothelium, thereby aggravating
atherosclerosis. These neutrophils displayed an enhanced circulation half‐life.
Importantly, patients with acute cardiovascular disease had decreased expression
of CXCR4 on circulating neutrophils, substantiating the importance of neutrophil
CXCR4 expression for disease development.
In Chapter 4, we investigated the role of another homeostatic chemokine,
CXCL13, and its receptor, CXCR5, in atherosclerosis. Patients with angina pectoris
and carotid artery atherosclerosis had increased CXCL13 plasma levels. Moreover,
CXCL13 was expressed in human carotid atherosclerotic lesions, both in early as
advanced (un)stable lesions, by adventitial cells but also by plaque macrophages
and vascular smooth muscle cells. CXCL13 was seen to exert anti‐apoptotic
activity on monocytes and vascular smooth muscle cells, suggestive of a plaque
stabilizing effect of CXCL13.
As the CXCL13/CXCR5 dyad is instrumental in T/B cell trafficking, and as both
cell types have been attributed a major role in atherogenesis, we hypothesized
that the CXCL13/CXCR5 axis might be involved in regulating T/B cell homing to
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and/or function in the atherosclerotic vessel wall. Given that CXCL13 is
constitutively expressed in the adventitia where it co‐localizes amongst others
with plaque macrophages and fibroblasts, we sought to demonstrate in Chapter 5
the causal involvement of CXCL13 in atherosclerosis in mice. Hematopoietic
deficiency of CXCL13 as well as of CXCR5 attenuated atherosclerosis development
but did not affect lymphocyte homing towards the vessel wall. Instead, it
appeared to alter monocyte/granulocyte function, and more in particular,
interfered with survival of specific monocyte subsets, not only lowering monocyte
levels but also skewing it towards the Ly6C(low) subsets. Lack of CXCL13/CXCR5
did not influence myeloid development and monocyte/granulocyte mobilization
from bone marrow into circulation. These findings reveal a so far unknown role
for CXCL13 and CXCR5 in monocyte/granulocyte homeostasis which is
independent of the lipidemic status of the mice. We further show that, while our
studies in Chapter 4 pointed to a plaque stabilizing activity of CXCL13, its
peripheral effects seem to support a pro‐atherogenic activity.
Our findings in Chapter 3 and 5 clearly illustrate that peripheral and
perivascular immunity can affect atherosclerosis. In the second part of this thesis,
we further explored how peripheral and extravascular immunity can modulate
local processes in the plaque. In Chapter 6, we showed that plasmacytoid
dendritic cells (pDCs) suppress T cell responses in the periphery, resulting in an
attenuation of atherosclerosis development and progression. Moreover, we found
that pDC suppress T cell proliferation in an indoleamine 2,3‐dioxygenase
dependent manner. Given the almost complete absence of pDCs in human and
especially mouse atherosclerotic lesions, we propose that pDC most likely exert
their atheroprotective effect from the outside of the vessel wall, from lymphoid
tissue or thymus given their effect on T cell regulation.
In Chapter 7, we explored the impact of lymphatic capillaries in the adventitia
on plaque development and inflammation. We showed that adventitial lymphatic
capillaries expand early on in plaque development. Therefore, we hypothesized
that adventitial lymphatic capillaries could contribute to atherogenesis by draining
cytokines and leukocytes from the adventitia to draining lymph nodes. Along that
line, draining lymph node excision is expected to dampen adventitial and plaque
inflammation. However, removal of the draining lymph node resulted in T cell
accumulation not only in the adventitia but also in the plaque, and deteriorated
plaque development. In addition, we showed that T cells mainly enter the
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atherosclerotic vessel wall via the adventitia in a CXCR3 dependent manner.
Adventitial lymphangiogenesis was promoted by focal CXCR3 blockage and
resulted in decreased plaque T cell content. Our findings thus suggest a protective
effect of adventitial lymphatic capillaries in atherosclerosis. However, additional
studies will be required to exclusively establish this hypothesis.
In Chapter 8 the major findings in Chapters 3 to 7 are discussed. We conclude
that peripheral and extravascular immunity profoundly impact local processes in
the plaque. The novel findings presented in this thesis thus provide new insights in
the pathogenesis of atherosclerosis.
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Atherosclerose, of aderverkalking, is een chronische ontstekingsziekte van de
middelgrote en grote bloedvaten en wordt gekenmerkt door de ophoping van
vetten en ontstekingscellen (inflammatoire cellen) in de vaatwand, resulterende
in de vorming van een zogenaamde plaque. De plaque ontstaat wanneer het
endotheel lokaal beschadigd raakt en ontstekingscellen aangetrokken worden om
de schade te herstellen. Wanneer de plaque een zekere omvang bereikt, zal zich
een kapsel van bindweefsel en gladde spiercellen vormen rondom de
ontstekingshaard om de stabiliteit van de plaque te waarborgen. Dit kapsel kan
echter afgebroken worden door een teveel aan ontstekingscellen. Als gevolg
hiervan zal het fibreuze kapsel langzamerhand eroderen en de plaque instabiel
worden (plaque destabilisatie), wat het risico vergroot dat zij onder stress zal
openscheuren (plaque ruptuur). In dat geval komt het bloed in direct contact met
de inhoud van de plaque en kan een bloedstolsel ontstaan. Dit stolsel kan het
bloedvat afsluiten en daarmee de bloedtoevoer naar stroomafwaarts gelegen
weefsel blokkeren, een proces dat, wanneer dit zich voordoet in de kransslagader,
kan leiden tot een hartinfarct.
De aantrekking van ontstekingscellen naar de plaque is daarmee een
bepalende factor niet alleen in de ontwikkeling van de plaque maar ook voor de
ernst van de ziekte. Dit proces wordt gereguleerd door chemokines, kleine
eiwitten die verantwoordelijk zijn voor de aantrekking (chemotaxis) van
ontstekingscellen naar de ontstekingshaard. In Hoofdstuk 2 wordt een overzicht
gegeven van alle chemokines die betrokken zijn bij atherosclerose. Bovendien
worden de perspectieven van chemokines en remmers daarvan voor
diagnostische respectievelijk therapeutische doeleinden bij atherosclerose
gerelateerde aandoeningen besproken.
In het eerste deel van deze thesis werd de rol van chemokines in
atherosclerose bestudeerd. We hebben onderzocht hoe chemokines
ontstekingsprocessen buiten de vaatwand (“extravasculair” of “perifeer”)
beïnvloeden en wat het effect hiervan is op lokale ontstekingsprocessen in de
plaque.
Het merendeel van de chemokines, de zogenaamde inflammatoire
chemokines, worden verhoogd geproduceerd tijdens ontstekingsprocessen om op
die manier de afweerreactie in gang te zetten dan wel te onderhouden.
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Homeostatische chemokines daarentegen zijn chemokines die continu
aangemaakt worden om het transport van ontstekingscellen naar en hun
lokalisatie in de lymfeorganen te regelen. Uit recent onderzoek blijken de
homeostatische chemokines ook een bredere functie te vervullen, in die zin dat ze
betrokken zijn in de regulatie van afweerreacties in lymfe‐ en overige organen, in
de cel‐overleving alsook in de vorming van bloedvaten (angiogenese). In
Hoofdstuk 3 hebben we de rol van één van deze homeostatische chemokines,
CXCL12, en haar receptor, CXCR4, in neutrofiel veroudering onderzocht in een
muizenmodel van atherosclerose. Neutrofielen zijn witte bloedcellen die een
cruciale rol spelen bij het elimineren van bacteriën, virussen maar ook van andere
schadelijke factoren. Neutrofielen uit muizen met een verminderde werking van
CXCR4 vertoonden een verhoogde activiteit, gekenmerkt door een verhoogde
aanmaak van reactieve zuurstofradicalen (oxidanten), die cel‐ en weefselschade
kunnen veroorzaken. Daarnaast hechten deze neutrofielen ook beter aan de
plaque, wat het proces van atherosclerose bevordert. Verrassend was dat deze
neutrofielen een verlengde levensduur kenden en bij veroudering minder efficiënt
uit de bloedsomloop verwijderd werden, hetgeen suggereert dat verouderde
neutrofielen betrokken zijn bij atherosclerose. Dat deze bevinding mogelijk ook
voor de mens geldt hebben we tenslotte weten aan te tonen in patiënten die
lijden aan atherosclerose, aangezien hun neutrofielen een verlaagde CXCR4
productie bleken te vertonen.
In hoofdstuk 4 hebben we de rol van een ander homeostatisch chemokine,
CXCL13, en zijn receptor, CXCR5, in atherosclerose onderzocht. De bloedwaarden
van CXCL13 bleken sterk verhoogd in patiënten die lijden aan angina pectoris (een
bepaalde hartkwaal en meestal de voorganger van atherosclerose, letterlijk “pijn
aan de borst”) of atherosclerose. Daarenboven was CXCL13 aanwezig in de
vaatwand van deze patiënten. Dit CXCL13 werd vooral aangemaakt door
macrofagen (een type ontstekingscel die veel voorkomt in de plaque) en gladde
spiercellen, maar werd ook aangetroffen in het weefsel rondom de vaatwand, de
zogenaamde adventitia. CXCL13 oefende een anti‐apoptotische (verhinderen van
celdood) werking uit op monocyten en gladde spiercellen, wat suggereert dat
CXCL13 een plaque stabiliserende werking heeft.
Daar CXCL13 en CXCR5 normaal gesproken het transport van T en B cellen
(twee andere typen ontstekingscellen) door het lichaam regelt, en deze celtypen
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een belangrijke rol spelen in atherosclerose, veronderstelden wij dat CXCL13 en
CXCR5 vooral betrokken zijn bij T en B cel rekrutering naar en/of hun functie in de
atherosclerotische vaatwand. Aangezien CXCL13 constant aangemaakt wordt door
ontstekingscellen (bv. macrofagen) en bindweefselcellen in de adventitia, wilden
we in Hoofdstuk 5 niet alleen nagaan wat de bijdrage is van CXCL13 aan
atherosclerose, maar ook welk celtype hier met name voor verantwoordelijk was.
Uitschakeling van CXCL13 of CXCR5 in witte bloedcellen leidde tot een vertraagde
ontwikkeling van atherosclerose maar had geen effect op de rekrutering van T en
B cellen naar de vaatwand. Opmerkelijk was dat de functie van monocyten en
granulocyten in deze muizen verstoord bleek, meer bepaald was er een verlaging
in het aantal monocyten en granulocyten en een verschuiving van pro‐
inflammatoire Ly6Chigh naar minder inflammatoire Ly6Clow monocyten. De
monocyt/granulocyt ontwikkeling, of hun mobilisatie vanuit het beenmerg naar
het bloed bleek onaangetast, wat suggereert dat de afname in monocyten en
granulocyten te wijten is aan een effect op de overleving van deze cellen in de
bloedsomloop. Deze bevindingen onthullen een tot nu toe onbekende rol van
CXCL13 en CXCR5 in monocyt/granulocyt functie en levensduur, die onafhankelijk
is van het dieet van de muizen. Bovendien tonen we aan dat CXCL13 en CXCR5, in
tegenstelling tot de in Hoofdstuk 4 geopperde hypothese (een plaque
stabiliserend effect), de ontwikkeling van atherosclerose juist bevorderen door
beïnvloeding van processen in de periferie.
De bevindingen in Hoofdstuk 3 en 5 tonen aan dat perifere en extravasculaire
ontstekingsprocessen de ontwikkeling van atherosclerose sterk kan beïnvloeden.
In het tweede deel van dit proefschrift zijn we hier dieper op ingegaan. In
Hoofdstuk 6 tonen we aan dat plasmacytoïd dendritische cellen (pDCs) T cel
reactie in de periferie onderdrukken, en daarmee de vorming van een
atherosclerotische plaque afremt. Bovendien hebben we het enzyme weten te
identificeren dat verantwoordelijk is voor de dempende werking van pDCs op de
activatie van T cellen, indoleamine 2,3‐dioxygenase. Daar pDCs bijna totaal
ontbreken in atherosclerotische plaques, zowel in de muis als de mens, kunnen
we concluderen dat zij hun beschermende werking uitoefenen in de periferie,
hoogstwaarschijnlijk in lymfeorganen en/of de thymus.
In Hoofdstuk 7 hebben we de rol van lymfevaten in de adventitia op plaque
ontwikkeling onderzocht. Onze studies tonen aan dat het aantal lymfevaten in de

Samenvatting

adventitia toeneemt tijdens plaque ontwikkeling. Op basis hiervan is de
hypothese opgesteld dat de lymfevaten door drainage/afvoer van
ontstekingsmediatoren en ‐cellen uit de vaatwand, een belangrijke rol spelen in
atherosclerose, en dat verwijdering van de lokale lymfeklier de ontsteking in de
adventitia en plaque zou moeten verminderen. In tegenstelling tot onze
verwachting bleek dit laatste echter te resulteren in een verhoogde opstapeling
van T cellen in de adventitia en de plaque, en de plaque ontwikkeling te
verergeren. Bovendien tonen we aan dat T cellen de atherosclerotische vaatwand
voornamelijk via de achterdeur, de adventitia, infiltreren en dat dit transport
gestuurd wordt door de CXCR3 receptor. Lokale remming van CXCR3 verhoogde
het aantal lymfevaten in de adventitia en verminderde de aanwezigheid van T
cellen in de plaque. Onze data wijzen er dus op dat adventitiale lymfevaatjes een
beschermend effect hebben op atherosclerose. Nader onderzoek zal deze
hypothese moeten bevestigen.
De bevindingen beschreven in Hoofdstuk 3 tot en met 7 worden in Hoofdstuk
8 tot slot bediscussieerd en in een breder kader geplaatst. We concluderen dat
diverse perifere en extravasculaire immuunreacties lokale processen in de plaque
sterk kunnen beïnvloeden. Dit proefschrift biedt in die zin dan ook een nieuw
inzicht in het ontstaan van atherosclerose en vormt de basis voor verder
onderzoek.
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