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Plague microvascularization and increased endothelial permeability are key players in
the development of atherosclerosis, from the initial stages of plaque formation to the
occurrence of acute cardiovascular events. First, endothelial dysfunction and increased
permeability facilitate the entry of diverse inflammation-triggering molecules and particles
such as low-density lipoproteins into the artery wall from the arterial lumen and vasa
vasorum (VV). Recognition of entering particles by resident phagocytes in the vessel wall
triggers a maladaptive inflammatory response that initiates the process of local plaque
formation. The recruitment and accumulation of inflammatory cells and the subsequent
release of several cytokines, especially from resident macrophages, stimulate the expan-
sion of existing VV and the formation of new highly permeable microvessels. This, in turn,
exacerbates the deposition of pro-inflammatory particles and results in the recruitment of
even more inflammatory cells. The progressive accumulation of leukocytes in the intima,
which trigger proliferation of smooth muscle cells in the media, results in vessel wall
thickening and hypoxia, which further stimulates neoangiogenesis of V. Ultimately, this
highly inflammatory environment damages the fragile plague microvasculature leading to
intraplaque hemorrhage, plaque instability, and eventually, acute cardiovascular events.
This review will focus on the pivotal roles of endothelial permeability, neocangiogenesis,
and plague microvascularization by VV during plaque initiation, progression, and rupture.
Special emphasis will be given to the underlying molecular mechanisms and potential
therapeutic strategies to selectively target these processes.
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Abbreviations: ApoE, apolipoprotein E; BET, bromodomain and extra terminal domain; BRD4, bromodomain-containing
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HIF, hypoxia-inducible transcription factors; ICAM, intercellular adhesion molecule; LDL, low-density lipoprotein; LDLR,
low-density lipoprotein receptor; PFEKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; PIGF, placental growth
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tor inhibitor-1; TGE, transforming growth factor; TNFa, tumor necrosis factor a; VCAM, vascular cell adhesion molecule;
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INTRODUCTION

As atherosclerotic lesions progress, they can become unstable,
and plaque rupture or erosion followed by luminal thrombosis
is the primary cause of clinical complications such as myocardial
infarction, stroke, and sudden death (1-4). Despite sophisticated
interventional and surgical treatment options, the morbidity and
mortality from acute cardiovascular events remain unaccept-
ably high. While cholesterol-lowering (5), anti-inflammatory
(6), and anti-platelet therapies offer benefits in survival when
used in primary or secondary prevention, the benefits of such
treatments are still limited and not sufficient in the prevention
of acute complications in all treated patients. Specifically, 61% of
primary major cardiovascular adverse events are not prevented
with current statin treatment regimens in patients as recently
shown in the WOSCOPS trial (5). Thus, there is a clear need
for novel strategies to both prevent atherosclerotic plaque devel-
opment as well as to stabilize existing atherosclerotic plaques.
Flow-limiting lesions have long been the focus of therapeutic
approaches; however, attention has now shifted to the impor-
tance of cellular plaque composition rather than the stenotic
features alone. Indeed, the cellular features and composition of
atherosclerotic plaques have emerged as the most robust predic-
tors of future cardiovascular events (7). Microvessel expansion
within the arterial wall and their impact on plaque progression is
an area of increasing interest, albeit the precise mechanisms still
remain to be determined (8-13). Therefore, the present review
will focus on the role of vasa vasorum (VV) neovascularization
in atherosclerotic plaque progression and its impact on plaque
stability. Furthermore, resulting treatment options focusing on
VV neovascularization are discussed.

PHYSIOLOGICAL ADAPTION OF VV TO
THE GROWTH OF THE ARTERIAL WALL

It was recognized in the early twentieth century that the ves-
sel wall architecture is structurally dynamic and changes with
growth and aging (14). At birth, the innermost layer of the vessels
is comprised solely of endothelial cells attached to an underlying
matrix and surrounded by an internal elastic lamina, while the
medial layer has lamellar units consisting of vascular smooth
muscle cells (VSMCs), connective tissue, and elastic fibers.
The collagen-rich adventitia comprises fibroblasts, perivascular
nerves, pericytes, adipocytes, as well as resident leukocyte popu-
lations. Due to a pressure gradient, the diffusion of solutes through
a permeable medium like the vessel wall is facilitated by the
high intra-arterial pressure and is dependent on the perme-
ability of the endothelial layer. With growth, the thickness of
the intimal layer increases and the intimal layer gains a higher
level of cellular complexity. This process is referred to as diffuse
intimal thickening and is now considered a developmental
process associated with the growth of the arteries rather than
being linked to atherosclerosis itself (15).

While diffusion is responsible for the exchange of nutrients
of thin-walled blood vessels, at a critical thickness of more than
0.5 mm, diffusion alone is insufficient (16-18). Hypoxic condi-
tions that arise in the vessel wall of larger blood vessels give rise

to VYV, defined as arterial microvessels that supply nutrients and
oxygen to the adventitia and outer media of the parent vessel.

CORRELATION BETWEEN ARTERIAL
WALL NEOVASCULARIZATION AND
ATHEROSCLEROSIS PROGRESSION

While the thickness of the blood vessel wall is an important
parameter governing the neovascularization of VYV, other
stimuli such as inflammation can trigger neovascularization.
For example, even though the murine arterial wall does not
exceed the 0.5 mm diffusion limit, VV are seen in atheroscle-
rotic mouse arteries (19-21). In atherosclerotic pigs, vessel wall
thickening and plaque development follow the growth of VV in
atherosclerotic models (22, 23). The structure of VV is different
in non-diseased versus diseased arteries. Early low-resolution
X-ray images failed to detect VV in non-diseased human coro-
nary arteries, but in diseased vessels, the presence of a dense
microvascular plexus was observed (24). This pattern was also
seen in coronary arteries from hypercholesterolemic pigs,
where the longitudinal VV externa (defined as first-order VV)
originate from the coronary artery as seen in healthy pigs
or human arteries. These longitudinal VV further branch to
form circumferential arches around the vessel wall, which are
defined as second-order VV. Non-diseased porcine coronary
arteries display a significantly higher density of first-order VV
than the second-order VV. By contrast, the second-order vessel
density is twofold greater than the first-order vessel density in
hypercholesterolemic pigs (22). Interestingly, the branching
patterns of VV reflect the dichotomous tree structure with a
hierarchical branching pattern, as seen in the physiological
systemic circulation structure. In further findings, Gossl et al.
demonstrated that VV are not connected by a plexus but rather
are end arteries (25). Using ex vivo micro-CT scans, we could
demonstrate that this pathological sprouting pattern can also
be observed in VV of small animal models of atherosclerosis,
namely, apolipoprotein E”~ (ApoE)/LDLR™"~ mice, and can be
prevented by an antiangiogenic therapeutic approach (26, 27).
Moreover, structural hierarchy in adventitial VV was also later
demonstrated in vivo in diseased LDLR”~ApoB 100/100 mice
by using high-resolution confocal microscopy (28). During
VV neoangiogenesis, the branched vessels further branch,
occupying the space between two larger vessels. However, in the
presence of angiogenesis inhibitors, the newly formed neovessels
collapse whereas the larger vessels remain intact. Taken together,
data from different animal models demonstrate the presence
of some rare, stable, larger VV in healthy vessels. By contrast,
under pathological conditions, before and during atherosclerotic
plaque progression, neovessels branch out, significantly expand,
and exert a disarrayed structure (28).

Thus, microvessels are rarely present in the healthy intima of
the vessel wall but are usually observed in pathological conditions
such as atherosclerosis. Indeed, a link between atherosclerosis
and intraplaque neovascularization was first observed by Koester
(29) and Winternitz et al. (30) while the first insights into the
mechanism behind the association between atherosclerosis and
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intraplaque neovascularization was presented by Paterson (31),
who was able to identify the rupture of capillaries accompanied
by erythrocyte and platelet leakage into the plaque as the cause
of plaque progression, rupture, and coronary thrombosis (intra-
plaque hemorrhage). Further research in the past three decades
has largely focused on the role of intraplaque neovascularization
in plaque progression and rupture (3, 32-34), confirming the
presence of an expansive network of intraplaque neovessels in
human stenotic lesions in close proximity to inflammatory infil-
tration and the necrotic core. Intraplaque hemorrhages are an
important trigger for plaque progression, instability, and rupture
(3, 35). However, intraplaque neovascularization is also associ-
ated with plaque vulnerability and plaque erosion, even in the
absence of intraplaque hemorrhage. Moreover, microvessels in
the plaque express high levels of cell adhesion molecules (CAM)
like intercellular adhesion molecule (ICAM), vascular cell adhe-
sion molecule (VCAM), E-selectin, and cluster of differentiation
40, which facilitate the further recruitment of inflammatory cells
into the plaque (36, 37).

One practical example of the importance of VV for vessel
integrity and patency can be seen in saphenous veins used for
coronary artery bypass graft surgery (38, 39). During the process
of saphenous vein harvesting, the connective tissue containing
VV is stripped from the vein (38, 40, 41). This often manifests in
venospasm (42), which can progress into vein-graft disease and
even vein-graft failure, a process analogous to atherosclerosis
(40, 43). In addition, venous VV play an important role in vein
relaxation, and any damage to the venous VV during saphenous
vein harvesting severely impairs flow-induced vasodilation of the
graft (43-45).

VV EXPANSION AND PLAQUE
ANGIOGENESIS

It has been proposed that VV formation occurs as response to
the nutritional needs of the artery’s outer medial layer, as the
metabolic needs exceed the diffusion levels of oxygen from the
luminal blood (17, 18). Under hypoxic conditions, hypoxia-
inducible transcription factors (HIF)-1 and HIF-2 induce the
transcription of proangiogenic genes like vascular endothelial
growth factor (VEGF) (46, 47). Hypoxic conditions in the blood
vessel wall also upregulate the expression of important enzymes
required for the synthesis of heparan sulfate in microvascular
endothelial cells, providing binding sites for fibroblast growth
factor-2 (FGF2) (48), which is a known potent stabilizing agent
for VV and a promoter of endothelial cell growth (28). In hyper-
cholesterolemic LDLR™~ ApoB100/100 mice, FGF2 is the pri-
mary angiogenic growth factor expressed in the adventitial V'V,
and quantitative polymerase chain reaction measurements have
shown an eightfold increase in FGF2 mRNA in hypercholester-
olemic mice compared with age- and sex-matched chow-fed mice
(21). In hypercholesterolemic mice, FGF2 stimulates the forma-
tion of complex VV networks not seen in healthy mice. Tanaka
and colleagues delivered FGF2 to the adventitia of ApoE~'~ mice
demonstrating its role in the expansion of VV and acceleration
of plaque progression (49). Other studies investigating the
role of placental growth factor (PIGF), a member of the VEGF

family of proteins, have shown that the delivery of PIGF into the
periadventitial space of the carotid artery significantly increases
adventitial neovascularization and macrophage accumulation
in hypercholesterolemic rabbits (50). In ApoE~"PIGF~~ mice,
the absence of PIGF significantly reduces macrophage accumula-
tion and plaque size (51).

However, and in contrast to the above described “nutritional
demand” theory, observations in hypercholesterolemic pigs
revealed that VV begin to sprout even before aortic wall thicken-
ing and this sprouting is in turn preceded by the infiltration of
inflammatory cells into the adventitia (22, 23). Several factors
could contribute to the above phenomena, including the secre-
tion of angiogenic growth factors by inflammatory cells infiltrat-
ing from the adventitia or by periadventitial fat cells (52, 53).
Taken together, it remains to be determined whether hypoxia and
nutritional needs, or rather inflammatory stimuli and angiogenic
growth factors, induced by the accumulation of pathological par-
ticles in the subintimal space, are the initial triggers responsible
for VV expansion.

While we have gained tremendous insight from the above
studies regarding the sequence of pathophysiological events
(Figure 1), there are only limited and correlative studies in
humans available, suggesting that the infiltration of inflamma-
tory cells into the plaque can be limited by the inhibition of VV
angiogenesis and vice versa, resulting in a plaque stabilizing effect
(54). Studies in cancer patients revealed a regression of angiogenic
blood vessels upon antiangiogenic therapy and, importantly,
their reversal to a normal, stable and mature phenotype (55).
This normalization of the tumor vasculature is accompanied by
a decrease in microvessel density and blood vessel diameter, and
at the same time, by an increase in the perivascular cell coverage.
As a result, vascular permeability and the interstitial fluid pres-
sure are decreased, resulting in an improved oxygenation of the
tumor cells. Hypoxia is a hallmark of solid tumors and drives the
production of angiogenic factors. Therefore, by improving tumor
oxygenation, normalization of the tumor microvasculature
inhibits tumor growth (56). This concept is also valid for VV,
where a truncated mutant of plasminogen activator inhibitor-1
(rPAI-12), a potent antiangiogenic protein, has been shown to
limit plaque area and plaque volume, and decrease inflammatory
cell accumulation and necrotic area, resulting in a reduction in
blood vessel stenosis (21, 56). Interestingly, the treatment with
rPAI-1,; only affects the microvasculature, leaving the larger VV
unaffected (28).

EFFECTS OF CARDIOVASCULAR RISK
FACTORS ON VV EXPANSION

Studies in experimental animal models on the role of cardio-
vascular risk factors on VV formation and adventitial remod-
eling processes are scarce and have yielded varying results
(57-59). High cholesterol levels have been associated with an
increase in the density of the VV while increased adventitial
matrix deposition was observed in hypertensive animals (59).
Interestingly, animal models of diabetes mellitus show attenu-
ated growth of VV (60), whereas patients with diabetes mellitus
display increased microvessel density, an increased number of
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inflammatory cells, and more intraplaque hemorrhage (61).
Intraplaque hemorrhage, in turn, aggravates atherosclerosis
progression due to the increased hemoglobin-haptoglobin
complex deposition, which results in oxidative stress-mediated
endothelial dysfunction (62). Thus, taken together, there are
only limited and partially contradictory data regarding the
direct impact of classical cardiovascular risk factors on the
development of VV.

By contrast, there is good evidence that chronic inflammation
drives angiogenesis, plaque progression, and the occurrence of
cardiovascular events. Elevated levels of inflammatory markers
are associated with an increased cardiovascular risk (4), and
reduced inflammatory levels were shown to yield an equivalent
benefit to cardiovascular outcome as the reduction of lipid levels,
the classical therapeutic target (63). In humans, a clear correla-
tion between adventitial inflammation, chronic infiltration of
CD68* macrophages, and VV expansion was demonstrated
(64). Furthermore, perivascular inflammation in autoimmune
rheumatoid arthritis, which is associated with an increase in car-
diovascular risk, goes along with enhanced VV formation (65).

As a proof of principle, the randomized placebo-controlled
multicenter CANTOS trial clinically showed that targeting
inflammation potently reduces cardiovascular events. Patients
with previous myocardial infarction receiving canakinumab, a
monoclonal neutralizing antibody targeting IL-1f, had a signifi-
cantly lower rate of recurrent cardiovascular events (66). These
effects were particularly pronounced in patients with effective
reduction of inflammation as evidenced by low C-reactive pro-
tein levels during treatment (66). As inflammation is a key trigger
of VV expansion, one consequence of dampening inflammation
would be to reduce VV neoangiogenesis. Thus, targeting inflam-
mation is a promising strategy to prevent VV growth, plaque
progression, and subsequent cardiovascular events.

VASCULAR INFLAMMATION AS A
TRIGGER FOR VV FORMATION —
“FROM OUTSIDE IN”

Inflammatory mediators are well-known potent triggers of
neovascularization in different settings like tumor develop-
ment or acute ischemic damage [for review see Ref. (67, 68)].
Inflammation and neovascularization tend to feed each other in
a vicious cycle in that inflammatory cells in the plaque increase
oxygen demand, thereby triggering further neovascularization.
Furthermore, as neovascularization progresses, the inherent
leakiness of the neovessels, together with the increased expres-
sion of adhesion molecules, results in the recruitment of more
inflammatory cells into the plaque. Increased expression of
angiogenic chemokines like IL-1p have been detected in human
atherosclerotic plaques (69) and further increase endothelial
cell permeability, allowing the infiltration of leukocytes into the
plaque (70). Moreover, continuous inflammatory stimulation
causes an irreversible change in endothelial cells to a phenotype
consistent with a migratory and proangiogenic state (71).

There was a long-held belief that the infiltration of inflamma-
tory cells, mainly macrophages, occurred through the luminal
side of the artery during atherosclerosis progression. By contrast,
it has more recently been proposed that vascular inflammation
is initiated in the adventitia and progresses toward the media
and intima (72). The detection of resident macrophages and
T cells in the adventitia further fueled this hypothesis (73).
Furthermore, the adventitia is the main site for the acute inflam-
matory response following vascular injury induced by balloon
angioplasty in porcine coronary arteries (74). Adhesion mol-
ecules attracting circulating inflammatory cells (VCAM-1 and
P-selectin) are expressed most prominently in VV endothelial
cells following injury (74). In agreement with these findings, we
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recently showed that adventitial inflammation is mandatory for
the activation of medial smooth muscle cells and subsequent
neointima formation (75). Data from a rat model of aortic trans-
plantation between histocompatible strains further supported
this hypothesis. In this model, the VV in the adventitia of the
aortic allografts triggered a robust angiogenic response in the
allograft. Moreover, infiltrating leukocytes were detected in the
adventitial V'V of the graft, suggesting a role for VV as conduits
for the entry of inflammatory cells into the graft (76). Further
studies in mice documented the presence of adventitial immune
cells already in young wild-type mice, but the number of these
adventitial immune cells, especially T-cells, was dramatically
increased in hypercholesterolemic ApoE~~ mice (77). Immune
cells were further found to organize into tertiary lymphoid
structures in the mouse adventitia (73) and are predominantly
found in regions next to the external elastic lamina and the
atherosclerotic plaque (78).

Studies in humans are consistent with the abovementioned
observations in animal experiments. The presence of resident
immune cells (T cells, B cells, macrophages, and dendritic cells)
in the adventitia was documented in human atherosclerotic
arteries (79), and an infiltration of inflammatory cells is observed
from the adventitia of the plaque along with the formation of
adventitial lymph follicles (80, 81). O’Brien et al. have confirmed
the expression of VCAM-1, ICAM-1, and E-selectin, which
mediate the recruitment of inflammatory cells, primarily on
the intimal and medial VV in human coronary artery segments
from patients with atherosclerotic plaques (36, 37). Moreover,
leukocytes are present near the adventitial VV even in aortas
from healthy children (82). Taken together, there is accumulat-
ing evidence that adventitial immune cells play a pivotal role in
atherosclerotic disease development and progression and are
associated with and probably trigger the growth of VV. However,
future research is required to clarify the relevance of this associa-
tion in human atherosclerosis.

INCREASED PERMEABILITY OF VWV
FUELS ATHEROSCLEROTIC PLAQUE
PROGRESSION

Endothelial cell junctions are responsible for maintaining ves-
sel wall integrity and preventing the leakage of intravascular
components to the extravascular space. Consequently, increased
permeability across the endothelial cell layer is an early indicator
of vascular dysfunction or the induction of endothelial cell sprout-
ing. As angiogenic processes are initiated, vessel permeability
increases, enabling the deposition of serum proteins that form
a provisional matrix, triggering and facilitating proangiogenic
inflammatory cell adhesion and (trans-) migration. Both local as
well as systemic inflammation results in increased permeability of
endothelial cell junctions. This process is similar for the early VV
expansion phase, where increased endothelial permeability facili-
tates the infiltration of lipoproteins, inflammatory cells, and red
blood cells before and during VV angiogenesis (32). Examination
of atherosclerotic coronary arteries in humans showed the lack of
mural cells which stabilize endothelial cells and vessel structure

and prevent leakage in adventitial VV microvessels invading the
medial layer (34). Thus, the sprouting and expanding immature
plaque VV are highly fragile and permeable, and thus susceptible
to hemorrhage.

Extravasated erythrocytes undergo hemolysis upon exposure
to plaque lipids. The released hemoglobin undergoes oxidation
and free heme or iron is released, triggering a cycle where hemo-
globin interacts with plaque lipids resulting in further oxidation
of plaque lipids. Oxidized lipids, in turn, trigger an upregulation
of the heme oxygenase-1 in endothelial cells, which catalyzes the
formation of active iron, thus further increasing lipid toxicity
and endothelial cell damage (83). These events contribute to a
thinning of the fibrous cap, making it more prone to rupture
(84). This is supported by rabbit data where exogenous eryth-
rocyte injection enhanced plaque progression (85). Moreover,
magnetic resonance imaging studies in humans show a direct
correlation between intraplaque hemorrhage, plaque growth,
and an increase in the volume of the lipid-rich necrotic core (86).

Erythrocytes leaking out into the plaque also act as a source
of free cholesterol, increasing the risk of plaque rupture by
triggering an influx of macrophages to remove the cell debris
(87). Furthermore, the mechanisms regulating the influx and
efflux of phagocytic macrophages and clearance of cholesterol,
erythrocytic debris, and apoptotic macrophages from the blood
vessel walls are largely impaired in advanced atherosclerotic
plaques, resulting in the accumulation of free cholesterol from
membranes of extravasated erythrocytes in the necrotic core.
This, in turn, triggers an inflammatory response and further
infiltration of macrophages, resulting in the damage of neigh-
boring cells due to the action of proteases and reactive oxygen
species.

To further exploit therapeutic strategies to target patho-
logical VV expansion, reliable preclinical models have to be
established which allow an adequate translation of results into
the clinical scenario in humans. Unfortunately, most of the
available models, especially in small animals, exhibit profound
differences in plaque characteristics and VV formation as
compared with human arteries and thus suffer from severe
limitations regarding their translational relevance. As we will
discuss in the following section, only recently have new small
animal models been established that more closely resemble the
correlation of expanding VV with spontaneous plaque rupture
as seen in humans.

ANIMAL MODELS TO STUDY
VV AND PLAQUE RUPTURE
IN ATHEROSCLEROSIS

Current knowledge on the significance of neovascularization
in atherosclerosis is mainly based on studies with human ath-
eroma tissue. A direct association between plaque rupture and
intraplaque neovascularization has not been confirmed, as there
was a lack of suitable animal models of atherosclerosis. Wild-
type rats are particularly resistant to developing atherosclerosis,
even on high-fat diets (88) and are therefore not suitable to
study plaque neovascularization. As intraplaque microvessels
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are rare or absent in wild-type pigs, pigs are not often used to
study intraplaque neovascularization. However, plaque neo-
vascularization in pigs can be induced with a combination of
vascular injury and high cholesterol diets (89). More recently,
further pig models have been developed to study intra-plaque
neovascularization (90-92). Moreover, a very promisig model of
a transgenic Yucatan mini pig overexpressing pro-protein con-
vertase subtilisin/kexin type 9 (PCSK9) showed a more human-
ized plaque phenotype upon high cholesterol diet. Plaques show
intra-plaque and adventitial angiogenesis and micro vessels,
although their frequency and microvascular density remains
to be determined and quantified (93). More often, intraplaque
neovascularization has been investigated in small animal models
such as genetically modified mice and rats (94) as well as in rabbits
(95, 96).

Atherosclerotic plaques in rabbits are induced by feeding them
with a high cholesterol diet in addition to repeated endothelial
denudations (97). ApoE~'~ or LDLR™~ mice have been exten-
sively used as standard models in atherosclerosis research (98).
Moreover, ApoE~~/LDLR™~ double knockout mice kept on a
high-fat diet develop plaques rich in lipid content, which until
recently, was considered to be the best model of human plaque
composition containing foam cells, necrotic cores, and VSMC-
rich fibrous caps (99). Moreover, these mice exert an extensive
angiogenic activity in the adventitia and develop prominent
adventitial and intimal plaque VV (19, 100). Since these mice
most closely mimicked atherosclerotic plaques in humans, we
and others have used this model extensively during the last years
to study VV formation in mice (26, 27, 101). It is commonly
supported by cardiovascular pathologists trained in human
and experimental pathology (102, 103) that murine plaques
most closely resemble human plaque morphology. However,
morphology of the recent model of PCSK9-overexpressing mini
pig (93) certainly bears strong humanlike features too. Possibly,
this is explained by very severe hypercholesterolemia in both
PCKS9-mini pigs and apoE/LDLRko models, compared to
non-transgenic pigs. However, despite the similarities to human
plaque architecture, these models do not develop plaque rupture
or thrombosis and are thus unsuitable to investigate correlations
of VV formation and plaque instability/rupture.

In a further model utilizing vein grafts in ApoE*3-Leiden
mice, the developing atherosclerotic lesions were shown to be
even more similar to human plaques, including intraplaque
neovascularization together with intimal dissections and
intramural thrombus formation (104, 105). Immunostaining
studies of histological sections have demonstrated an insuf-
ficient pericyte coverage, indicative of leaky and immature
microvessels. Importantly, these microvessels were surrounded
by extravasated erythrocytes suggesting micro-hemorrhages
similar to those found in human plaques (105). Therefore,
this model very closely resembles plaque phenotypes in which
VV neovascularization is accompanied by intraplaque hemor-
rhages and plaque ruptures. On the other hand, this model
is difficult to establish as it requires a complex vein-graft
transplantation surgery and the results are prone to high vari-
ability. In a recently established mouse model, a heterozygous
mutation (C1039G™") in the fibrillin 1 gene (fbn1) was created,

resulting in the fragmentation of the elastic fibers in the
medial layer. When back crossed to ApoE~"~ mice, the result-
ing ApoE™~ Fbn1C1039G*~ on a Western-type diet develop
spontaneous plaque ruptures (106). Furthermore, these mice
spontaneously develop plaques that closely resemble unstable
lesions in human plaques, while displaying intraplaque neovas-
cularization and hemorrhages as well as sporadic spontaneous
plaque ruptures manifesting into myocardial infarctions (107).
Overall, this novel mouse model will facilitate the design of
further studies shedding light on the complex interaction of
VV formation and plaque progression up to plaque ruptures
and the resulting vascular complications. Moreover, this model
will be helpful to study novel therapeutic approaches and will
allow a better translation efficacy of the gained results into the
human/clinical situation.

ANTIANGIOGENIC STRATEGIES IN THE
PREVENTION AND TREATMENT OF
ATHEROSCLEROSIS

As VV and their dysfunction are associated with the initiation
and progression of the atherosclerotic process and are later impli-
cated in plaque destabilization, several preventive therapeutic
opportunities can be envisioned. One logical consequence would
be to target the inflammatory- and angiogenic factors or the
endothelial cell response to these factors by targeting cell-specific
and cell state-specific signaling events which regulate endothelial
cell differentiation, integrity, metabolism, inflammatory- or
angiogenic response (Figure 2).

INHIBITING VASCULAR GROWTH
FACTORS

Investigations in animal models have shown that inhibiting vas-
cular growth factors can dampen the expansion of VV. We and
others could show that thalidomide (27, 108), endostatin (109),
angiostatin (20), angiopoietin-2 (Ang-2) blocking antibodies
(110), and rPAI-1, (21, 111) all block VV neovessel formation
and slow the progression of atherosclerotic lesions. However,
from the cancer field, it is also established that antiangiogenic
therapies often have transient effects as there are multiple com-
pensatory mechanisms that take over (112). Therefore, a future
strategy could be to combine antiangiogenic factors with anti-
inflammatory treatment regimens for the long-term treatment of
atherosclerosis.

PRESERVING VASCULAR INTEGRITY

Microvessel quality is determined by its ultrastructural com-
position: the morphology and integrity of endothelial cells and
their junctions, and the extent of pericyte coverage. Defective
microvessels are a major source of intraplaque hemorrhage in
humans and as already discussed, intraplaque hemorrhage is
thought to originate from microvessel hyperpermeability. Resto-
ring microvessel integrity might therefore reduce intraplaque
hemorrhage risk and prevent subsequent plaque aggravation.
Interesting targets to restore integrity are the main orchestrators
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FIGURE 2 | Potential therapeutic strategies for effective and safe targeting of vasa vasorum for the prevention and treatment of atherosclerosis and the related

of angiogenesis and vascular maturation: VEGE, its receptors, and
the angiopoietin family. VEGFs loosen endothelial junctions to
allow angiogenic sprouting, which inherently causes vessel leak-
age in parallel. Several VEGF subtypes, with high affinity for the
VEGFR-2 receptor (i.e., VEGF-A and VEGF-F), are able to induce
vascular hyperpermeability in a time-dependent and tissue-
specific manner (113). VEGF (preferably subtype-specific) inhibi-
tion or normalization could be a promising approach to reduce
plaque microvessel dysfunction, in addition to its antiangiogenic
properties. However, given the extensive physiologically important
functions of VEGE it would be desirable to interfere with down-
stream players of the VEGF pathway as identified by Laakkonen
etal, e.g., SNAI2, RCAN1, MYCN, and NR4A1. Moreover, despite
promising effects of VEGF therapy on tumor angiogenesis, serious
adverse effects on cardiovascular events (angina pectoris, arterial
thrombosis, cerebral- or myocardial ischemia and infarction)
have been shown for the VEGF-A inhibitor bevacizumab (114).
This is of particular relevance for its potential use as therapy for
atherosclerosis, as a history of atherosclerosis greatly enhances the
risk of cardiovascular events. The so-called “Janus” face of VEGF
is explained by its positive effect on maintenance and regeneration
of arterial endothelium, as opposed to its destabilizing effect on
microvascular endothelium. Similar concerns for the increased
risk of stroke have been described for the intraocular use of the
VEGEF-A inhibitor ranibizumab (115), suggesting that VEGF
inhibition in general should be used with caution.

In addition, Ang-2 increases vascular permeability and
decreases pericyte recruitment. Despite the beneficial effects of
Ang-2 inhibition in several types of cancer (116, 117), a study

examining effects of Ang-2 inhibition in atherosclerosis did not
affect murine atherosclerosis and importantly found no impact
on adventitial microvessel density (110). Interestingly, angiopoi-
etin-1 (Ang-1), the counterpart of Ang-2, increases the stability
of the junctions between the endothelial cells, hence promoting
vessel maturity, stability, and reducing leakiness (118). Moreover,
it was shown that the balance between Ang-1 and -2 correlates
with intraplaque microvessel density in human atherosclerotic
plaques, in which the relative abundance of Ang-2 increases
microvessel quantity (119).

In addition to endothelial malformations, surrounding
pericytes were found to be absent in a majority of microvessels
in ruptured plaques (34), clearly linking these cells to plaque
destabilization. Unfortunately, little is known about the role of
pericytes in endothelial dysfunction and research regarding their
relative contribution to plaque development is lacking. From
other fields we know that platelet derived growth factor beta
(PDGEF-B) plays a role in pericyte recruitment at the blood-brain
barrier (120, 121). Mice deficient in the PDGF-B retention motif
(PDGE-B*/) have diminished pericyte coverage leading to
permeability of the blood-brain barrier (122). Moreover, the
recombinant humanized monoclonal antibody against VEGF-A,
bevacuzimab, was shown to reduce vascular leakage by restor-
ing pericyte function through induction of PDGF-B expression
in vivo in a hindlimb ischemia mouse model (123).

Endothelial barrier integrity is also typically hampered in
numerous types of cancer. Firstly, tumor cells constitute an
important source of the aforementioned VEGFs. Secondly,
pro-inflammatory cytokines like IL-8, often overexpressed by
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cancerous cells, evoke enhanced endothelial permeability via
both VEGF-dependent and -independent mechanisms (124, 125).
Also, transforming growth factor-f1 (TGF-p1), produced by
many cancer type cells in humans (126), is implicated in vascular
leakage. In vitro data show TGF-P1 inhibits Ang-1 production
(127) and stimulates VEGF release (128) in multiple cell lines
thereby driving angiogenesis and vascular leakage. Interestingly,
in the light of cardiovascular event prevention, the extensively
used HMGCoA-reductase inhibitors (“statins”) have shown to
increase apoptotic cell death of pericytes both in vitro and in vivo,
possibly counteracting their antiatherogenic features by desta-
bilizing plaques (129). Although pericyte presence in coronary
arteries and large blood vessels has been shown (130), their func-
tion there remains elusive. However, it is suggested they may play
a role in the impairment of adequate microvascular reperfusion
after myocardial infarction treatment (131).

In summary, there are several pathways and mechanisms
involved in endothelial barrier destabilization, and thus multiple
plausible targets to prevent this. VEGF subtypes appear espe-
cially interesting as these keep emerging as important players
in different pathways. Unfortunately, VEGFs are involved in
important physiological processes and therefore perhaps it is
not surprising that multiple trials with VEGF inhibiting com-
pounds show also harmful effects (e.g., hypertension, arterial
thromboembolic events, and cardiotoxicity). Moreover, as pre-
viously addressed, current mouse models are not sufficient for
reliably studying the contribution of intraplaque microvessels to
plaque aggravation. Hence, advances in animal models to study
intraplaque microvessels are needed to gain more insight in
this important but underexposed contributor in atherosclerotic
plaque development.

MODULATING ENDOTHELIAL CELL
METABOLISM TO PREVENT VV
DYSFUNCTION

Endothelial cells have the ability to switch between a mature
quiescent state and an angiogenic state. Angiogenesis is an energy-
intensive process and requires increased endothelial cell metabo-
lism to support sprouting, migration, and proliferation. Restricting
endothelial cell metabolism is a recently recognized strategy that
can be used for the inhibition of angiogenesis. Several important
recent reviews focus on the strategies that could be used to exploit
endothelial metabolism for the development of antiangiogenesis
therapy (132-135). As angiogenic endothelial cells rely heavily on
glycolysis for ATP generation (136), inhibitors of the key glycolysis
enzyme  6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
3 (PFKFB3) have been shown to maintain endothelial cells in
a quiescent state, reducing injury- and inflammation-induced
pathological angiogenesis in vivo (135, 137).

Upregulation of CAM has been observed in VV endothelial
cells, facilitating the recruitment of circulating leukocytes. In
tumor models, inhibition of PFKFB3 impairs nuclear factor
kappa B (NF-kB) transcriptional activity in endothelial cells by
targeting the phosphorylation of p65 and IkBa, which in turn
decreases CAM expression (138). As VV play an important role

in the recruitment of inflammatory cells into atherosclerotic
plaques, specific reduction of CAMs by a PFKFB3 inhibitor could
impact plaque initiation and progression.

We suspect that modulating endothelial cell metabolism
could be used to develop strategies to stabilize VV neovessels
and therefore might be of help in controlling the initiation
and progression of atherosclerosis. Pericytes near the parental
endothelial layer are known to surround the VV microvessel
endothelium, stabilizing it, and thus establishing a mature, non-
leaky vessel phenotype (139). Studies in cancer models have
shown that PFKFB3 inhibitors can decrease pericyte glycolysis
and impair their migration and proliferation. PFKFB3 inhibitors
also promote cell quiescence and tighter cell-cell junctions (138),
resulting in a tighter pericyte layer covering the endothelial cell
layer and leading to the maturation and normalization of the
tumor vasculature. Thus, targeting pericyte cell metabolism
could be advantageous in stabilizing V'V structure (13, 140, 141).

Experimentally used glycolysis inhibitors result in transient
and incomplete inhibition of glycolysis. To maintain cell homeo-
stasis, glycolysis flux is required to avoid detrimental systemic
side effects (137, 142). And in fact, it can be assumed, that
blocking VV neoangiogenesis could create an environment that
is highly hypoxic and could worsen cell necrosis and promote
plaque development. Therefore, incomplete or partial inhibition
of glycolysis might very likely be advantageous in this setting.

EPIGENETIC MODIFICATION TO RENDER
ENDOTHELIAL CELLS LESS SENSITIVE
TO INFLAMMATORY STIMULI

Epigenetic regulation of gene expression via DNA methylation
and histone posttranslational modifications can modulate gene
expression by affecting the binding of specific transcription fac-
tors. Recent research has revealed the role of several epigenetic
modifications in the pathology of atherosclerosis. These modi-
fications are specific to particular cell types and affect specific
stages of the disease (143, 144). The following section elaborates
the involvement of two specific inflammatory triggers that result
in epigenetic modifications in atherosclerosis and the mecha-
nisms that could be specifically targeted to reduce the sensitivity
of the VV endothelial cells to inflammatory triggers. Exposure
of endothelial cells to oxidized low-density lipoproteins (0xLDL)
upregulates expression of DNA methyltransferase (DNMT)
1. DNMT1 then methylates the promoter encoding the anti-
inflammatory transcription factor Kriippel-like factor 2 (KLF2),
resulting in its repression. Inhibition of DNMT1 by 5-aza-2’-
deoxycytidine prevents methylation of the KLF2 promoter (145),
and therefore this strategy could suppress the response of the
endothelium to oxLDL by blocking the inflammatory and angio-
genic signaling mechanisms.

Brown et al. recently uncovered the signaling mechanisms
involved in inflammatory cytokine-mediated epigenetic changes
that occur in endothelial cells. These epigenetic changes further
drive the inflammatory processes (143). When endothelial cells
are exposed to tumor necrosis factor o (TNFa), the transcription
factor NF-kB locates to enhancers and promoters genome-wide,
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where it recruits bromodomain-containing protein 4 (BRD4).
Through the recruitment of BRD4, TNFa rapidly induces new
super enhancers (inflammatory super enhancers) that drive
NEF-kB-mediated pro-inflammatory gene expression. Inhibiting
BRD4 in endothelial cells decreases the expression of pro-
inflammatory cytokines and CAM and attenuates leukocyte
extravasation and plaque burden in a mouse model of athero-
sclerosis. Similarly, inhibition of bromodomain and extra ter-
minal domain (BET) proteins, as occurring in BRD4, by the use
of specific inhibitors like, i.e., [-BET and JQ1, have also shown
positive results by dampening endothelial inflammation (146).

Epigenetic changes also regulate endothelial cell responses
to hypoxia, as has been shown in cancer biology. BET inhibitors
impair endothelial cell response to hypoxia thereby reducing
hypoxia-induced angiogenesis (147). Investigations adapting
these mechanisms to atherosclerosis research would elucidate
the role of BET inhibitors in modulating the response of VV to
hypoxic conditions.

Investigation of the specific responses that occur in VV
under hypoxic and inflammatory conditions would help identify
the best target molecules for therapeutic modalities. Similarly,
specific targeting of epigenetic regulators of the neovasculature
could provide a method for site-specific targeting to maintain
the VV endothelial cells in a quiescent and mature state.

THERAPEUTIC POSSIBILITIES OF
MICRORNAs (miRNAs) TO TACKLE
VV DYSFUNCTION

MicroRNAs are small non-coding RNAs that can target mul-
tiple genes and inhibit gene expression. miRNA dysfunction
is associated with atherosclerosis (148), and multiple different
miRNAs, as well as target genes, can affect the progression of
atherosclerosis. The therapeutic use of miRNAs is complicated
by the fact that each miRNA can target mRNA of several differ-
ent, completely unrelated genes and these effects may further be
influenced by the cell type, its activation and/or differentiation
state, and its microenvironment (149). miR-126 is thought to
have atheroprotective effects as it reduces the inflammatory
response by decreasing the expression of leukocyte adhesion
molecules and inhibits angiogenesis in mature endothelial
cells (150). However, under hypoxic conditions, or in the case
of a injured vessel wall, miR-126 stimulates the formation
of neovessels, thereby assuming a proangiogenic function
(151-153). Therefore, given the hypoxic conditions in the VV,
upregulation of miR-126 may have adverse effects assuming a
proatherogenic response, resulting in a localized proliferation
of unstable neovessels. Other miRNAs identified with poten-
tial therapeutic uses include miR-221 and miR-222 (154).
While miR-221/222 support endothelial quiescence, they also
downregulate endothelial nitric oxide synthase (155), causing
endothelial dysfunction. miRNA-221/222 also simulate VSMC
proliferation and accelerate neointima formation (156), which is
a contributing factor for plaque progression.

Inhibition of endothelial cell-specific miRNAs like miR-92a
augments angiogenesis during cardiac regeneration (157) and

has a favorable effect on re-endothelialization and neointima
formation after vascular injury (158). Special features of miRNAs
such as cell-specific expression and cell- and activation state
dependent regulation make them attractive targets for precise
therapeutic approaches. While miRNA-targeting strategies hold
a valid therapeutic potential, their feasibility, safety, and effective-
ness in the prevention and treatment of atherosclerosis will have
to be determined.

CONCLUSION AND FUTURE
PERSPECTIVES

Substantial scientific evidence documents a clear association
between the expansion of VV and plaque neovascularization
with atherosclerotic plaque growth and progression toward an
inflammatory and unstable plaque phenotype leading to plaque
rupture and related clinical events. In physiological conditions,
VYV enable the access of oxygen and nutrients to the vessel wall.
However, when expanding due to pathological stimuli, VV set
the milieu for plaque growth and function as carriers of choles-
terol, inflammatory cells, erythrocytes, provisional extracellular
matrix, or other atherogenic molecules into the growing plaque
(Figure 1). Conversely, prevention of new VV growth or stabiliza-
tion of existing physiological VV was documented to be followed
by a reduction in plaque growth and increased plaque stability.
Despite these clear associations, there is a gap in the knowledge
regarding the precise mechanisms regulating pathological VV
expansion.

Consequently, therapeutic approaches specifically targeting
the expanding microvessels in developing plaques will have
to be established and evaluated. In particular, advances in the
understanding of the metabolic and epigenetic players involved
in the regulation of disease-specific functions of endothelial cells
will enable the development of new treatment modalities for an
effective and safe targeting of VV and thus for the prevention
and treatment of atherosclerosis and the related cardiovascular
diseases (Figure 2).
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