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Abstract
Atherosclerosis is a chronic inflammation of the arterial ves-
sel wall that arises from an imbalanced lipid metabolism. A
growing body of literature describes leukocyte recruitment
as a critical step in the initiation and progression of lesion
development. By contrast, the role of leukocytes during
plaque regression has been described in less detail. Leuko-
cyte egress might be an important step to resolving chronic
inflammation and therefore it may be a promising target for
limiting advanced lesion development. This review aims to
summarize our current knowledge of leukocyte recruitment
to the arterial vessel wall. We will discuss mechanisms of leu-
kocyte egress from the lesion site, as well as potential thera-
peutic strategies to promote atherosclerotic regression.

© 2018 S. Karger AG, Basel

Introduction
The immune system consists of different specialized

leukocytes to protect the organism against pathogens. Be-
side pathogens, also host-associated danger molecules are

able to activate the immune system and cause inflamma-
tion. An imbalanced immune response can result in
chronic inflammatory diseases such as atherosclerosis.
Atherosclerosis is an inflammatory disorder of the arte-
rial vessel wall characterized by failure to resolve inflam-
mation. Clinical consequences of atherosclerosis, e.g.,
myocardial infarction or stroke, are major contributors to
morbidity and mortality in Western societies [1].
Atherosclerosis develops over decades and is initiated
by endothelial dysfunction at arterial branch points fol-
lowed by extravasation and intimal retention of low-den-
sity lipoprotein (LDL) [2]. Monocytes bind to adhesion
molecules on the activated endothelium, thus paving the
way for monocyte transmigration into the intima. Lesion-
al macrophages, derived from circulating transmigrated
monocytes, phagocyte cell debris or oxLDL under hyper-
cholesterolemic conditions and finally differentiate into
foam cells [3]. Those macrophages release proinflamma-
tory cytokines, thereby enhancing the activation of endo-
thelial cells and leading to upregulation of endothelial
adhesion molecules [4]. As a consequence, leukocytes
adhere frequently [5]. Among all leukocyte subsets, mac-
rophages are the most abundant cells within atheroscle-
rotic lesions [6]. Activated lesional macrophages release
cytokines, chemokines, and matrix metalloproteinases,
with the latter digesting extracellular matrix components
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and thus leading to plaque destabilization. Finally, mac-
rophages die as a consequence of intracellular lipid accu-
mulation and hence contribute to necrotic core forma-
tion in advanced plaques [3, 7]. The persistent inflamma-
tion is a key characteristic of atherosclerosis and an
important factor of leukocyte recruitment for the initia-
tion and progression of lesion development. Atheroscle-
rosis can be limited by prevention of continuous leuko-
cyte recruitment and premature macrophage apoptosis
or by promotion of leukocyte egress [8-11].

This review summarizes the state of the art of leuko-
cyte adhesion and recruitment to atherosclerotic lesions,
as well as their egress and possible therapeutic strategies.
However, most of the studies reviewed here are find-
ings in animal models, making a translation into human
pathogenesis sometimes far fetched. Thus, proof of those
assumptions is needed to show that these mechanisms
occur in humans during atherosclerosis.

Mechanisms of Arterial Leukocyte Entry

Leukocyte recruitment is characterized by an interplay
of different cell subsets and promigratory factors (cell ad-
hesion molecules, selectins, and chemokines), a process
overall known as the leukocyte recruitment cascade. This
leukocyte recruitment cascade describes different steps
including leukocyte rolling, activation, adhesion, and fi-
nally transmigration [12].

As a consequence of the disturbed blood flow, acti-
vated and dysfunctional endothelial cells upregulate the
adhesion molecules E-selectin, P-selectin, intercellular
cell adhesion molecule-1 (ICAM-1), and vascular cell
adhesion molecule-1 (VCAM-1) on their cell surface
and reallocate junctional adhesion molecule A to facili-
tate leukocyte entry at sites of atherosclerosis [5, 13]. In
addition, endothelial cells covering atherosclerotic le-
sions have a higher propensity for plasma leakage, thus
permitting exudation and retention of lipoproteins [14].
Endothelial cells, neutrophils, or tissue-resident macro-
phages oxidatively modify retained LDL [15]. The result-
ing oxLDL trigger further adhesion molecule upregula-
tion on endothelial cells and chemokine release [16]. Cir-
culating myeloid cells express very late antigen-4 (VLA-4)
and P-selectin glycoprotein ligand 1 (PSGL1), which rec-
ognizes VCAM and selectins on activated endothelial
cells, respectively, and induce leukocyte rolling and inte-
grin activation [17, 18]. Furthermore, under high shear
stress, neutrophils stabilize the rolling by forming slings
that express a high density of PSGL-1 [19]. Leukocyte re-
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cruitment is controlled by chemokines immobilized on
endothelial cells that promote cell arrest by integrin acti-
vation and adhesion strengthening. These chemokines,
such as CCL5, CXCLI, and CCL2, can be produced either
by endothelial cells or by subendothelial macrophages,
neutrophils, and monocytes [20, 21]. In addition, acti-
vated leukocytes release granular proteins, such as
CRAMP, MPO, and cathepsin G, which can bind to the
endothelium and attract leukocytes [22, 23].

Besides endothelial and myeloid cells, platelets con-
tribute to leukocyte recruitment by delivering CCL5 and
CXCL4 to the endothelium of atherosclerotic lesions
[24]. Finally, adherent myeloid cells crawl along the en-
dothelium in an integrin-dependent manner, looking for
exit sites to transmigrate into the intima [25]. Howev-
er, most studies describing leukocyte recruitment have
drawn conclusions from microcirculation, and more in-
vestigations are needed to confirm those findings in the
macrocirculation. Nevertheless, the patrolling monocyte
velocity is higher in the macrocirculation compared to
the microcirculation, and it has been shown that mono-
cyte adhesion to dysfunctional endothelium in large ar-
teries is dependent on integrin-interactions [26]. The
most abundant cells in atherosclerotic lesions are mono-
cytes, macrophages, and smooth muscle cells (SMC).
SMC apoptosis and SMC-derived macrophage-like cells
promote the ongoing inflammation. SMC can phenotyp-
ically shift towards macrophage-like cells in a KIf4-de-
pendent manner, and hence their contribution to lesion
formation, composition, and stability may be underesti-
mated [27]. Of note, SMC decrease the expression of their
differentiation markers and increase the expression of the
macrophage marker CD68 under atherosclerotic condi-
tions.

However, monocytes are divided into 2 subsets called
classical (inflammatory) and nonclassical (patrolling)
monocytes. Interestingly, classical monocytes are more
frequently recruited to atherosclerotic lesions compared
to their nonclassical counterparts [28, 29]. In agreement
herewith, a previous study showed that apolipoprotein E-
deficient mice (Apoe-/-) depleted of classical monocytes
exhibited less lesion development, while the absence of
nonclassical monocytes in that model had no effect [30].
Furthermore, distinct chemokine receptors on monocyte
subsets regulate lesion entry. CCR1/2/5 and CX3CRI1
promote classical monocyte recruitment, whereas non-
classical monocyte recruitment depends on CCR5 [28,
30].

In chronic inflammation, platelets and neutrophils be-
come activated to release proinflammatory factors. Si-
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Fig. 1. Myeloid cell recruitment to atherosclerotic lesions. Imbal-
anced myeloid cell recruitment during lesion progression triggers
chronic inflammation. Under inflammatory conditions, platelets
secrete chemokine ligand 5 (CCL5), thus activating neutrophils to
release cationic granular proteins or inducing neutrophil extracel-
lular trap formation. Chemotactic, neutrophil-derived granule
proteins (e.g., cathelicidin and cathepsin G) bind to endothelial
cellsand mediate monocyte adhesion. In addition, monocytes start
to roll along adhesion molecules, which are presented on the en-

multaneous activation allows platelets and neutrophils to
cooperate in monocyte recruitment. HNP-1 derived from
activated neutrophils and platelet-derived CCL5 form
heteromers, bind to the endothelium, and support firm
monocyte adhesion [31]. In agreement with this, also oth-
er studies have highlighted the importance of the platelet-
neutrophil interaction in monocyte recruitment during
the initial phase of atherosclerosis. Besides heteromer for-
mation of platelet-derived CCL5 with neutrophil HNP-1,
CCLS5 also activates neutrophils to release cathepsin G,
which binds to endothelium and fosters monocyte adhe-
sion [23]. Hypercholesterolemia-induced neutrophilia is
positively correlated with the extent of early lesion devel-
opment, while neutropenic mice have fewer lesional in-
flammatory monocytes and macrophages [20]. On the
one hand, CCRI1/5-dependent neutrophil infiltration
promotes the release of inflammatory granule proteins to
trigger further intimal monocyte recruitment (Fig. 1)
[32]. On the other hand, neutrophils are able to form neu-
trophil extracellular traps (NET). Upon neutrophil acti-
vation by platelet-derived CXCL4/CCL5 heteromers,
neutrophils release NET consisting of chromatin, his-
tones, and cationic granule proteins [33]. Exposure of
NET to endothelium causes endothelial activation and
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dothelium and finally adhere via E-selectin-, P-selectin-, intercel-
lular cell adhesion molecule-1-, or vascular cell adhesion mole-
cule-1-mediated cell arrest. The endothelial cell adhesion molecule
and chemokine expression as well as myeloid cell recruitment are
regulated by circadian rhythmicity. Adherent monocytes try to
find their way to transmigration through the endothelium into the
intima, where monocyte-derived macrophages phagocyte oxLDL.
NET, neutrophil extracellular traps.

dysfunction [34, 35]. Notably, in vivo data represented
less lesion formation in apolipoprotein E-deficient mice
(Apoe™") that were pharmacologically treated with a NET
formation blocker. Furthermore, NET are decorated with
neutrophil granular proteins, which have been shown to
trigger monocyte attraction [32].

In addition, circadian rhythmicity represents another
important aspect for control of leukocyte recruitment.
The circadian clock has been described to influence leu-
kocyte recruitment under physiological as well as inflam-
matory conditions. The expression of promigratory fac-
tors such as ICAM-1, VCAM-1, selectins, and CCL2
exhibited oscillations within 24 h, thereby regulating leu-
kocyte trafficking [36, 37]. However, knowledge about
the influence of circadian rhythmicity on leukocyte re-
cruitment to atherosclerotic lesions is still unclear. Nev-
ertheless, circadian rhythmicity should be taken into con-
sideration for treatment strategies to prevent lesion de-
velopment, due to the higher efficiency and fewer side
effects by chronopharmacology.

To conclude, leukocyte recruitment plays an impor-
tant role in atherogenesis. Different cell types but also
their interactions with each other have been identified in
the past to be involved in cell recruitment to atheroscle-
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Fig. 2. Myeloid cell egress. Macrophages, derived from transmi-
grated monocytes, release matrix metalloproteinases (MMP)
which degrade extracellular matrix components and integrins on
macrophages. Soluble integrins-f, block adhesion molecules,
which enable macrophages to leave atherosclerotic plaques
through the media to adventitial lymphatic vessels. Macrophage
liver X receptor (LXR) activation increases chemokine receptor 7
(CCR?7) expression and fosters the reverse transmigration of mac-
rophages. Neutrophil reentry into the circulation is caused by mac-

rotic lesions and therefore foster lesion development.
Finding specific markers that are mainly involved in le-
sion development is of particular clinical relevance in or-
der to further improve treatment strategies without af-
fecting cell recruitment in other organs.

Leukocyte Egress from Established Atherosclerotic
Plaques

Acute inflammation is well controlled by phagocytic
clearance of the initially recruited leukocytes, leading to a
shift from a proinflammatory to a proresolving pheno-
type. In contrast, chronic inflammation appears for along
period of time to be regulated by the persistence of pro-
inflammatory factors and failure to resolve inflammation.
The immune system is not able to clear the instigating
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rophage interaction via redox-regulated Src family kinase signal-
ing. To reverse transmigration through endothelial cells, neutro-
phils release neutrophil elastase (NE) in response to leukotriene By
(LTB,). NE cleaves endothelial cell junction adhesion molecule-C
(JAM-C). Altered JAM-C distribution enables neutrophils to leave
the lesion site and reenter into circulation. Tissue-experienced
neutrophils express high levels of intercellular adhesion mole-
cule-1 (ICAM-1) and low levels of chemokine receptor CXCR1 on
their cell surface.

stimulus, e.g., in the event of hypercholesteremia. Thus,
continued leukocyte infiltration causes progression of
atherosclerosis. However, lesional leukocytes were long
believed to migrate one-directionally, but there is now
evidence that they are able to egress back into the circula-
tion or to the lymphatic vessels. Leukocytes migrate via
lymphatic vessels to lymph nodes to present antigens and
therefore modulate the adaptive immune response. Mac-
rophage egress has been described to be dependent on
matrix metalloproteinase-mediated integrin-{3, cleavage
[38]. Soluble integrin-p, binds ICAM-1 and blocks the
adhesion capacity of adhesion molecules, enabling mac-
rophages to leave the site of inflammation and limiting
further leukocyte infiltration. Therefore, the reduced leu-
kocyte influx and the enhanced egress initiate the resolu-
tion of inflammation [38]. Besides the proteinase-depen-
dent cleavage of integrin, it has been shown that liver X
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receptor (LXR) in interplay with CCR7 expression on
monocyte-derived cells is a potent egress mediator dur-
ing atherosclerosis regression in hypercholestolemic
mice [39]. In addition, Potteaux et al. [8] showed a CCR7-
independent reduction of lesional macrophages. In their
study, macrophage apoptosis and limited monocyte re-
cruitment were decisive mechanisms for the reduction of
macrophage numbers in regressing lesions [8].

Apart from macrophage efflux to the lymphatic ves-
sels, also reverse transendothelial migration of neutro-
phils can limit proinflammatory cell counts at the lesion
site. Neutrophil reverse transendothelial migration and
reentering into the circulation is encouraged by macro-
phage interaction via redox-regulated Src family kinase
signaling in response to reactive oxygen species [40].
Moreover, macrophage-depletion shows an increased
number of neutrophils under inflammatory conditions,
pointing to uncontrolled neutrophil recruitment. How-
ever, the macrophage-neutrophil interplay was not nec-
essary for neutrophil efflux in that study, demonstrating
that other factors and mechanisms are involved in this
process [40, 41]. Neutrophils are able to reenter the blood
stream by passing endothelial cells. Therefore, they dis-
charge neutrophil elastase in response to the lipid che-
moattractant LTB,, which leads to proteolytic cleavage of
junctional adhesion molecule-C (JAM-C), thus promot-
ing neutrophil egress (Fig. 2) [42]. Tissue-experienced
leukocytes can be identified by a high expression of
ICAM-1 and alow expression of CXCR1 on their cell sur-
face. Neutrophils expressing this profile have been de-
tected in patients with chronic inflammatory diseases,
e.g., atherosclerosis. Once they exit the site of inflamma-
tion, they migrate to the liver, spleen, or bone marrow,
where they are cleared from the circulation [41, 43]. As
mentioned above, reverse transmigrated leukocytes ex-
press an increased level of the integrin-{, high-affinity
ligand ICAM-1. Integrin-{, is expressed on residential
macrophages, and the elevated ICAM-1 expression on
tissue-experienced cells could support the efficient re-
moval of tissue-experienced neutrophils to resolve in-
flammation [43].

Nevertheless, the egress of leukocytes is controversial-
ly discussed in the literature. While some studies describe
leukocyte egress as a beneficial effect for solving athero-
sclerosis [39, 44, 45], others point out that reversed mi-
grated neutrophils promote systemic inflammation [42,
43, 46]. Apoptosis of reversed transmigrated neutrophils
is delayed, meaning that those cells can circulate for a pro-
longed time. Interestingly, these neutrophils are charac-
terized by a high ability to release reactive oxygen species,
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causing tissue damage [42]. Furthermore, increased levels
of soluble JAM-C can be detected in trauma patients and
have been correlated with multiorgan failure [46]. How-
ever, not only the effect of leukocyte egress but also
whether leukocyte egress affects atherosclerosis regres-
sion is controversially discussed in the literature [8, 39,
46-48]. The elimination of macrophages from lesions is
alogical approach to limiting atherosclerosis, due to their
abundance in atherosclerotic lesions. Depletion of lesion-
al macrophages can be driven by egress, apoptosis, and
limited cell recruitment. Evidence of the relative impor-
tance of each of these mechanisms is currently not avail-
able and may very much depend on the mouse model
used.

In summary, leukocyte egress has been shown to be
important for atherosclerotic regression. The interaction
of different cell types, to foster reverse transmigration, is
of high interest for the treatment of atherosclerosis. Be-
sides studying the mechanism of leukocyte egress, it will
also be important to figure out how tissue-experienced
leukocytes affect the whole body and if they might cause

systemic inflammation.

Therapeutic Implications

Atherosclerosis is diagnosed at a clinical stage, and for
this reason its prevention is an important research field
with growing interest. Resolving inflammatory pathways
during advanced atherosclerosis can be driven by stimu-
lating cholesterol efflux, neutralizing cytokines, inhibit-
ingleukocyte recruitment, or promotingleukocyte egress
[49-53]. The current therapeutic strategies target the
well-known atherosclerotic risk factors, e.g., hypercho-
lesterolemia and hypertension. However, treatment
with statins or high-blood-pressure-regulating drugs (p-
blockers) is not aimed at decreasing chronic inflamma-
tion. Atherosclerosis is nowadays well described as a
chronic inflammatory disease, and targeting the imbal-
anced inflammatory response might be an improvement
of atherosclerotic treatment in combination with the
gold standard of cardiovascular disease therapy. Studies
focusing on anti-inflammatory approaches have shown
a beneficial immune modulating effect of cytokine-in-
hibitors [54]. A reduction of cardiovascular events was
achieved by specific neutralization of the proinflamma-
tory cytokine IL-1B [55]. Besides cytokine-inhibitory
strategies, also the disruption of leukocyte recruitment
into lesions is believed to be a potent therapeutic target
[53,56]. Thus, a study focusing on blocking CCL5 signal-
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ing as a treatment showed a reduced atherosclerotic pro-
gression in mice [56], resulting in a reduced macrophage
plaque content and a smaller lesion size. In agreement
with that previous study, Ravindran et al. [51] showed
similar results by treating mice with the chemokine-
binding protein M3. M3 is able to bind CCL2, CCL5, and
CX;CL1, thus reducing leukocyte recruitment and im-
proving plaque vulnerability by increasing the SMC con-
tent and limiting leukocyte adhesion. Leukocyte adhe-
sion and transmigration is one of the major contributors
to atherosclerosis progression. Therefore, the genetic de-
letion of CX;CRI results in a 50% decrease in monocyte
and macrophage content in the lesion. Moreover, simul-
taneous inhibition of the chemokines CCL2 and CCR5
and the chemokine receptor CX;CR1 in hypercholester-
olemic apoe-deficient mice results in a 90% reduction of
atherosclerotic lesions [9, 53]. Similar antiatherogenic
effects were observed by therapeutically blocking the re-
ceptor of ligand CX;CLI, i.e., CX5CR1 [57]. Neverthe-
less, neutralization of chemokines impairs the overall
leukocyte recruitment, leading to a weakened immune
defense, similar to what was observed in the CANTOS
study, where a specific neutralization of the proinflam-
matory cytokine IL-1f led to a higher incidence of infec-
tion and sepsis [55].

Besides chemokines, also selectins play a crucial role in
atherosclerosis development. P-selectins are highly ex-
pressed on endothelial cells in advanced atherosclerosis
and they are responsible for leukocyte recruitment into
the vessel wall [5]. Neutralization of P-selectin shows
reduced tissue damage after cardiovascular events [58].
Furthermore, the development of nanoparticle-based
RNA interference downregulates P-selectins, E-selectins,
ICAM-1, ICAM-2, and VCAM]1, thereby reducing leuko-
cyte recruitment to ischemic myocardium in a mouse
model, and limits plaque destabilization [59]. However, it
has also been shown that monocyte recruitment to the le-
sion is important in the context of atherosclerosis egress
after lowering lipid levels. Ly6C" monocytes are recruit-
ed into advanced lesions and their polarization towards
M2 macrophages contributes to atherosclerosis regres-
sion [60]. The absence of M2 macrophages impairs plaque
regression, highlighting similarities in atherosclerosis re-
gression and wound healing [50]. Thus, such studies in-
dicate that therapeutic manipulation of myeloid cell re-
cruitment into atherosclerosis is complex and may re-
quire stage-dependent regimens.

While influencing leukocyte recruitment might be a
promising treatment for delaying atherosclerosis, pro-
moting leukocyte exit could be a potent treatment for its

6 J Innate Immun
DOI: 10.1159/000488091

resolution as well. As discussed above, LXR is a potent
egress mediator during lesion progression [39]. For that
reason, its agonist R211945 induces plaque regression in
rabbits [44]. More clues on cell egress can be derived
from findings of the developing nervous system. The
neuronal guiding molecule netrin-1 can serve, depend-
ing on its receptor expression, as a migrating or emigrat-
ing signal. Activated macrophages express netrin-1 as an
arrest molecule. Thus, inhibition of netrin-1 leads to an
enhanced macrophage egress independently of ongoing
hypercholesterolemia and provides atherosclerosic re-
gression [45].

Besides inducing macrophage egress, also the pheno-
type shift from proinflammatory (M1) to proresolving
macrophages (M2) by resolving lipid mediators can limit
atherosclerosis [61, 62]. Resolving lipid mediators, e.g.,
maresin 1 or resolvin D2, might be a useful tool to resolve
atherosclerosis [61] by encouraging apoptosis or stimu-
lating efferocytic cell clearance without affecting the nor-
mal immune response or taking the risk of causing
systemic inflammation of atherosclerotic-experienced
egressed cells.

Therapies that specifically reduce leukocyte recruit-
ment or induce leukocyte egress from atherosclerotic
plaques and resolve lipid mediators could be a useful syn-
ergy with currently used cholesterol-lowering therapies
to improve the disease outcome in established atheroscle-
rosis.

Conclusion

The initiation and progression of atherosclerosis are
mediated by a continuous recruitment of leukocytes to
lesions [30, 63]. They release proinflammatory factors,
such as chemokines and granular proteins, promoting
endothelial cell activation. Adhesion molecule expression
is upregulated on activated endothelial cells, and thus leu-
kocytes adhere and transmigrate through the endotheli-
um. Therefore, infiltrated leukocytes release their cellular
content and influence plaque stability by enzymatically
degrading the extracellular matrix and promoting in-
flammation [17, 64]. Limiting leukocyte influx or en-
hancing their egress might be promising targets to stabi-
lize or induce the regression of lesions even at a clinical
stage of atherosclerosis [8, 39]. Therefore, the identifica-
tion of molecular patterns specifically causing leukocyte
recruitment to lesions has been very well documented
during the last decades [12, 29, 65, 66]. Besides studying
leukocyte adhesion and recruitment to lesions, leukocyte
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egress is also a promising research field for future inves-

tigation that can generate new antiatherogenetic thera-

peutic strategies. Nevertheless, leukocyte egress as a ther-
apeutic approach is challenged by studies showing sys-
temic inflammation as a result of leukocyte reverse

transmigration.
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