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Introduction

Atherosclerotic cardiovascular disease

Atherosclerosis, a chronic inflammatory disease of the 
large arteries, involves the progressive accumulation of 
lipids, necrotic cell debris, and extracellular matrix proteins 
in the vessel intima that ultimately results in vessel occlu-
sion or thrombotic complications. Initially, atherosclerotic 
plaques start as regions of local dysfunction in the endothe-
lial lining of the blood vessel. Deposition of cholesterol 
[primarily packaged in low-density lipoproteins (LDL)] at 
these sites drives the accumulation of monocyte-derived 
macrophages in an attempt to clear the lipid deposits. This 
lipid-driven inflammatory response drives the formation 
of a microenvironment rich in oxidized LDL (oxLDL), 
cytokines, growth factors, and wound-associated extra-
cellular matrix proteins (fibronectin, osteopontin) [1–4] 
(Fig. 1). These stimuli induce vascular smooth muscle cells 
in the media to lose their contractile properties, attain a 
synthetic, fibroproliferative phenotype, and migrate into the 
vessel intima [5]. While smooth muscle-driven fibrosis can 
produce stenotic lesions that restrict flow to target organs, 
smooth muscle remodeling is thought to confer protection 
against plaque rupture and thrombosis through the forma-
tion of a collagen-rich fibrous cap [6, 7].

Current treatments for atherosclerotic cardiovascular 
disease rely primarily on therapeutics that target systemic 
risk factors, such as hypercholesterolemia (e.g., statin fam-
ily of HMG CoA reductase inhibitors). However, a large 
number of individuals do not show significant clinical 
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benefit with lipid-lowering therapies, with two-thirds of all 
patients who receive statin therapy continuing to experi-
ence cardiovascular events within a 5-year timeframe [8]. 
While the disease is unquestionably lipid-driven, other sys-
temic factors or components of the atherosclerotic micro-
environment may perpetuate atherosclerotic disease even 
in the presence of normal plasma lipid levels. Of particular 
interest, the arterial microenvironment appears to regulate 
both the localization of where these plaques occur and the 
sensitivity of cells within the plaque to various atherogenic 
stimuli. Atherosclerotic lesions develop in arterial regions 
exposed to turbulent patterns of blood flow, including arte-
rial curvatures, branch points, and bifurcations [9], whereas 
vascular regions exposed to unidirectional, laminar flow 
show protection from plaque formation. In addition to local 
hemodynamics, changes in the composition of the arte-
rial matrix regulate multiple aspects of plaque formation, 
including lipid deposition, inflammation, and smooth mus-
cle incorporation. The different mechanical properties of 
these matrix proteins serve to regulate tissue architecture, 
and the differential activation of cell-matrix receptors tunes 
cell function to microenvironmental conditions [10, 11].

Integrin activation and signaling

The integrin family of receptors plays a significant role 
in cellular crosstalk with its microenvironment [12, 13]. 
As transmembrane receptors, integrins serve to integrate 
the internal actomyosin cytoskeleton with extracellular 
matrix proteins or Ig superfamily counter-receptors [e.g., 

intercellular adhesion molecule-1 (ICAM-1), vascular cell 
adhesion molecule-1 (VCAM-1)] on adjacent cells [12, 13]. 
As such, integrins affect cell function through mechanically 
coupling the cell to the surrounding environment, translat-
ing the composition and structure of the microenvironment 
into intracellular biochemical signals, and facilitating cer-
tain cell–cell interactions [13]. The mammalian cadre of 
integrins includes 18 α and 8 β subunits that form 24 dis-
tinct heterodimers, which can be divided by ligand affinity 
and cell type-restricted expression patterns (Fig.  2a) [12]. 
Collagens and laminins comprise a bulk of the integrin-
binding matrix proteins in adult tissues, and the collagen-
binding integrins (α1β1, α2β1, α10β1, α11β1) and laminin-
binding integrins (α3β1, α6β1, α7β1, α6β4) are typically 
associated with a quiescent cell phenotype. In contrast, 
provisional matrix proteins, such as fibronectin, fibrinogen, 
and vitronectin, show enhanced production and deposition 
during tissue remodeling responses, and the integrins that 
bind to the RGD sequence in these proteins (α5β1, α8β1, 
αvβ1, αvβ3, αvβ5) are classically associated with enhanced 
cell proliferation and migration [12, 14]. Leukocyte-spe-
cific integrins (αLβ2, αMβ2, αXβ2, αDβ2, α4β7) interact 
with Ig superfamily counter-receptors expressed on acti-
vated endothelial cells, whereas the platelet-specific integ-
rin αIIbβ3 classically interacts with the RGD sequence in 
fibrin [12, 15, 16].

While integrins do not possess any intrinsic enzymatic 
activity, integrin heterodimers mediate their mechanical 
and signaling functions through the recruitment of a vast 
array of proteins that assemble into large and functionally 

Fig. 1  Model for atheroscle-
rotic plaque development. 
Progression of atherosclerotic 
plaques from alterations in 
early endothelial function to 
the progressive accumulation 
of macrophages and smooth 
muscle cells are shown. Intra-
plaque angiogenesis in large 
atherosclerotic lesions provide 
additional access sites for leuko-
cyte targeting
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diverse complexes [17, 18]. Integrin ligation promotes the 
formation of nascent adhesions composed of loosely clus-
tered integrin dimers and selects signaling and actin-bind-
ing proteins (Fig. 2b). These nascent adhesions converge to 
form higher order complexes at the end of contractile actin 
fibers. Based on the size, location, and composition, these 
adhesion sites can be termed focal complexes (smaller, 
linked to small actin bundles) or focal adhesions (larger, 
linked to actin stress fibers) (Fig.  2b). The application of 
force to integrin adhesions, either through stretching of the 
extracellular matrix or enhanced intracellular actomyo-
sin contractility, results in a rapid structural reinforcement 
of adhesion sites, with enhanced actin filament bundling, 
increased recruitment of cytoskeletal adaptor proteins that 
link integrins to actin filaments (e.g., talin1, vinculin), and 
increased density of integrins within the adhesion site [13]. 
Both focal complexes and focal adhesions require myosin 
contractility to maintain their structure and rapidly disas-
semble in the presence of myosin inhibitors [19]. Addi-
tionally, application of force activates a variety of integrin-
targeted signaling proteins that convert the physical force 
into intracellular biochemical signals, a process termed 

mechanotransduction [13, 20]. Super resolution microscopy 
identified an organization of these adhesome proteins into a 
membrane-proximal layer rich in signaling proteins [focal 
adhesion kinase (FAK), integrin-linked kinase (ILK)], a 
force transduction layer containing proteins involved in 
force-dependent reinforcement of adhesions (talin1, vincu-
lin), and an actin regulation layer containing a variety of 
actin-binding proteins (zyxin, α-actinin) [21]. Together, this 
protein complex provides a 40-nm gap between the integrin 
tail and the actin filaments. These integrin clusters form a 
signaling hub at these focal adhesion sites, which can syn-
ergize with other extracellular stimuli such as growth fac-
tors to regulate cell function [17, 18].

Recent advances in proteomics have provided insight 
into the mechanisms of integrin signaling [18]. Proteomic 
analysis of isolated integrin complexes identified multiple 
cytoskeletal adaptors, Ser/Thr and Tyr kinases, signaling 
adaptor proteins, and guanine nucleotide exchange factors 
(GEFs) and GTPase-activating proteins (GAPs) for the Rho 
family GTPases. However, these studies have also uncov-
ered unexpected recruitment of proteins involved in RNA 
translation, cellular metabolism, and membrane trafficking. 
Multiple studies have shown that both the integrin dimer 
involved and the force applied to the integrin play sig-
nificant roles in determining which proteins are recruited 
[22–25]. These studies suggest that recruitment of certain 
proteins may be conserved among multiple integrins, and 
these tend to be proteins involved in cytoskeletal linkage, 
such as talin1, vinculin, filamin, kindlin, and VASP [18]. In 
contrast, recruitment of specific signaling proteins appears 
to be more integrin-specific. Ligation of α5β1 recruits 
higher levels of the ILK-PINCH-PARVIN complex and 
stimulates RhoA/ROCK-dependent myosin contractility 
[26]. However, ligation of αv integrin dimers (αvβ3, αvβ5) 
recruits Src and the Rho GEF (GEF-H1) resulting in high 
levels of RhoA activity but minimal myosin phosphoryla-
tion and tractional force [23]. Ligation of both α5β1 and 
αv integrin dimers is required for maximal myosin phos-
phorylation and cellular responses to increased substrate 
stiffness, suggesting that both integrins play functionally 
distinct but complementary roles in this response [23]. One 
weakness of the current proteomic approaches has been the 
concentration on a limited subset of integrins, as all of the 
previously mentioned studies focus only on α4β1, α5β1, 
αvβ3, and αvβ5 signaling.

In nonadherent cell types, such as platelets and leuko-
cytes, integrins mostly exist in a bent conformation that 
sequesters the ligand binding pocket close to the cell sur-
face and away from potential ligands [27, 28]. This struc-
ture is maintained through a salt bridge that forms between 
membrane-proximal regions of the α and β cytoplasmic tail 
[27, 28]. Integrin activation, a transition from a low affinity 
bent conformation to a high affinity extended confirmation, 

Fig. 2  Vascular integrin signaling. a The 24 mammalian integrin 
dimers are shown. Shading indicates their ligand binding specificity 
for collagen (blue), laminin (purple), or RGD motif-containing pro-
teins (red), or their leukocyte-specific expression pattern (green). b 
Structure of integrin signaling complexes with their signaling, force 
transduction, and actin coupling layers
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is induced by “inside-out” signaling pathways, signals 
inside the cell that disrupt this salt bridge and alter the inte-
grin conformation on the outside of the cell. This altera-
tion in integrin function critically regulates rapid induc-
tion of adhesion in circulating platelets and leukocytes to 
induce thrombosis and leukocyte homing, respectively [15, 
16]. Also, rapid induction of integrin activation in adher-
ent cells promotes a robust induction of integrin-specific 
signaling that can regulate cell function [29–31]. In the 
subsequent sections, we will examine the current literature 
related to how integrin signaling contributes to the various 
processes involved in atherosclerotic plaque formation and 
the potential for integrin-based therapeutics to modulate 
these responses.

Integrins in endothelial cell function

Like all epithelia, the vessel’s endothelial cell layer resides 
on a basement membrane composed of collagen IV, 
laminin, nidogen, perlecan, and other proteoglycans [32]. 
Macrovascular endothelial cells express multiple base-
ment membrane-binding integrins (Table  1), including 
α2β1, α3β1, α6β1, and α6β4, and signaling through these 
integrins is widely associated with a quiescent endothe-
lial cell phenotype [14, 33, 34]. During the early stages 
of atherosclerosis, provisional matrix proteins, such as 
the RGD-containing proteins fibronectin, fibrinogen, and 
thrombospondin-1, show significantly enhanced deposi-
tion within the endothelial cell matrix [31, 35, 36]. These 
provisional matrix proteins bind to a different subset of 
endothelial integrins (Table 1), including α5β1, αvβ3, and 
αvβ5, with signaling through these integrins associated 

with actin remodeling responses and endothelial activa-
tion [14, 33, 34]. Deposition of provisional matrix proteins 
into the subendothelial basement membrane may involve 
changes in endothelial permeability, resulting in the leak 
of provisional matrix proteins in the plasma into the vessel 
wall, or changes in endothelial gene expression to enhance 
deposition of endothelial cell matrices. Deletion of plasma 
fibronectin reduces fibronectin deposition during early 
atherogenesis [37], and atherosclerosis-prone sites show 
enhanced deposition of fibrinogen, which is not produced 
by vascular cells [31]. In partial carotid ligation models of 
disturbed flow, fibronectin deposition can only be reduced 
by global fibronectin knockout and not by deletion in 
the cells of the vascular wall (both endothelial cells and 
smooth muscle cells) [38], suggesting that leak of plasma 
fibronectin plays a primary role in fibronectin deposition in 
this model. However, atherosclerosis-prone sites also show 
enhanced endothelial fibronectin expression [36, 39] and 
deposition of fibronectin splice variants only expressed in 
cellular but not plasma fibronectin [40].

Integrin signaling in endothelial cell activation

In quiescent vessels, the endothelial layer regulates vascu-
lar tone, provides an anti-thrombotic surface, and forms a 
tight barrier to restrict the passage of blood components 
into surrounding tissue [41]. Activation of the endothelial 
cell layer during inflammatory responses involves a phe-
notypic transition that increases vascular permeability and 
enhances the expression of leukocyte counter-receptors 
(e.g., ICAM-1, VCAM-1), proinflammatory cytokines 
(tumor necrosis factor α (TNFα), interleukin-1B (IL-1β)), 
and procoagulant molecules (tissue factor (TF)) [41]. 

Table 1  Endothelial integrins in atherosclerotic disease

Phenotype Matrix Integrins Known functions in atherosclerosis models Refs.

Quiescent Collagen IV α2β1, α10β1 Enhanced flow-induced PKA signaling [61, 63, 247]
Enhanced flow-induced eNOS phosphorylation [62]
Reduced αvβ3 activation [61]

Laminin-8/10 α3β1, α6β1, α6β4 None described
Endothelial activation Fibronectin α5β1 Inhibition of PKA signaling [52]

Flow-induced NF-κB activation
ICAM-1/VCAM-1 expression

[51, 52]

Inflammasome Activation [51]
oxLDL-induced NF-κB activation [52, 53]
Atherosclerotic angiogenesis [77, 85]

Fibronectin, Vitronectin, 
Fibrinogen, Thrombospon-
din-1

αvβ3 Flow-induced NF-κB activation
ICAM-1/VCAM-1 expression

[50]

Flow-induced PAK2 activation; Permeability [34, 49]
Atherosclerotic angiogenesis [77, 85]

Vitronectin αvβ5 None described
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Molecularly, endothelial activation represents the first dis-
cernable sign of local atherosclerotic susceptibility and is 
maintained during subsequent stages of atherosclerotic pro-
gression [42]. Several stimuli promote endothelial activa-
tion, including mechanical stress, oxidized LDL (oxLDL), 
proinflammatory cytokines (e.g., TNFα, IL-1β), and the 
bacterial endotoxin LPS [41]. Much of the reprogramming 
in endothelial gene expression can be attributed to the pro-
inflammatory transcription factor nuclear factor-κB (NF-
κB) [43, 44]. The NF-κB family of homodimeric and het-
erodimeric transcription factors is maintained in an inactive 
state in the cytoplasm but translocates to the nucleus upon 
activation in response to a variety of endothelial cell activa-
tors [43]. Enhanced expression and nuclear localization of 
the NF-κB p65 subunit (hereafter NF-κB) can be observed 
at atherosclerosis-prone sites prior to the initiation of 
plaque formation [43, 44], and preventing NF-κB-driven 
VCAM-1 expression significantly reduces atherosclerotic 
plaque formation [43, 45].

Endothelial cells sense the frictional shear stress gener-
ated by blood flow resulting in integrin activation and liga-
tion-dependent signaling [9, 20, 46]. Since different integ-
rins activate disparate signaling responses, the endothelial 
response to flow differs based on the composition of the 
subendothelial matrix. Shear-induced ligation of provi-
sional matrix-binding integrins results in activation of the 
Rac effector p21-activated kinase (PAK) which promotes 
activation of proinflammatory signaling (NF-κB, JNK), 
proinflammatory gene expression (ICAM-1, VCAM-1), and 
endothelial permeability [31, 47–49]. Fibronectin appears 
to play a major role in this response, as deleting fibronectin 
expression in the mouse plasma reduces PAK and NF-κB 
activation at sites of disturbed flow in vivo, corresponding 
to reduced plaque formation [37]. While shear stress acti-
vates multiple provisional matrix-binding integrins (α5β1, 
αvβ3 integrins), several groups have shown that inhibiting 
αvβ3 is sufficient to prevent proinflammatory signaling 
(PAK, NF-κB) on fibronectin [34, 50]. Furthermore, mice 
treated with αv integrin inhibitors and mice deficient in 
endothelial αv expression show reduced proinflammatory 
responses at both sites of endogenous disturbed flow and 
induced disturbed flow using the partial carotid ligation 
model [34]. In contrast to αvβ3, differing reports exist on 
the signaling through α5β1 in the endothelial response to 
flow. While Chen et  al. showed no effect of α5β1 inhibi-
tion or α5 knockdown on the endothelial response to flow 
[34], Sun et  al. demonstrated that α5 blocking antibodies 
and siRNA reduced oscillatory flow-induced ICAM-1 and 
VCAM-1 expression associated with reduced inflamma-
some activation and mature IL-1β production [51]. In addi-
tion, Yun et al. demonstrated that endothelial expression of 
chimeric integrins with the α5 extracellular domain and the 
α2 intracellular domain show reduced NF-κB activation. 

A potential confounding factor in these studies is the role 
of α5β1 in fibronectin deposition, suggesting that inhibit-
ing α5 could limit provisional matrix deposition and subse-
quent signaling through αvβ3. Consistent with this hypoth-
esis, α5/α2 chimeric mice show diminished fibronectin 
deposition in  vivo [52]. In addition, the α5/α2 chimeric 
integrin enhances flow-induced PKA signaling in endothe-
lial cells, which can inhibit αvβ3 activation [52].

Like mechanical forces, oxLDL also regulates endothe-
lial integrin signaling and shows matrix-specific effects on 
endothelial cell function. Fibronectin deposition enhances 
oxLDL-induced NF-κB activation and subsequent ICAM-1 
and VCAM-1 expression [52, 53]. This matrix-specific 
response occurs due to oxLDL’s ability to induce α5β1 
activation and α5β1-dependent signaling. Unlike flow, 
α5β1 blocking antibodies and siRNA significantly blunt the 
inflammatory response to oxLDL [53], whereas αvβ3 inhib-
itors do not. Atherosclerosis-prone  ApoE−/− mice fed a 
high fat, Western diet show reduced proinflammatory gene 
expression, monocyte recruitment, and plaque formation 
when treated with the α5β1 inhibitor ATN-161 [53]. Simi-
larly, Sun et  al. demonstrated reduced inflammation and 
early plaque formation in Western diet-fed  LDLR−/− mice 
with reduced α5 expression (α5−/+) or treated with ATN-
161 [51], demonstrating the contribution of α5 to plaque 
development. While shear stress-induced NF-κB activa-
tion involves PAK signaling [48], oxLDL-induced α5β1 
signaling activates a FAK/ERK/p90 ribosomal S6-kinase 
(p90Rsk) pathway to induce NF-κB [54]. Consistent with 
this, FAK activation is enhanced in the endothelium over-
lying both mouse and human atherosclerotic plaques; mice 
expressing kinase-dead FAK in the endothelial cell layer 
show significantly reduced inflammation and early athero-
genesis in response to high fat diet feeding [54].

Integrins and endothelial dysfunction

Like endothelial activation, atherosclerotic plaque for-
mation has long been associated with an impairment in 
endothelial nitric oxide (NO) production and vasodilation, 
termed endothelial dysfunction [55, 56]. Endothelial nitric 
oxide synthase (eNOS), an enzyme that converts the amino 
acid l-arginine to NO, is the primary source of endothe-
lial NO production and a key contributor to vasodilation. 
During endothelial dysfunction, reduced endothelial NO 
production results from decreased eNOS activity and/or 
expression, increased eNOS uncoupling, and enhanced 
NO scavenging by reactive oxygen species [55, 56]. While 
NO’s vasodilatory properties do not likely contribute to 
its relationship to atherosclerosis, NO also inhibits NF-κB 
activation and prevents platelet and leukocyte integrin acti-
vation [55]. Shear stress promotes eNOS activation through 
induction of intracellular calcium and through eNOS 
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phosphorylation [57]. While integrin signaling does not 
appear to regulate the initial calcium influx, integrin sign-
aling may regulate the kinases involved in flow-induced 
eNOS phosphorylation, including Akt and PKA [57–59]. 
Yang et  al. demonstrated that β1-blocking antibodies 
reduce Akt and eNOS activation early following onset 
of flow in bovine endothelial cells [60]. However, flow-
induced Akt activation does not change based on matrix 
composition, and inhibiting either α5β1 or αvβ3 signal-
ing does not affect flow-induced Akt activation or eNOS 
phosphorylation on the site classically phosphorylated by 
Akt (Ser1179) [34, 61]. In contrast, Yurdagul et al. showed 
enhanced flow-induced nitric oxide production in endothe-
lial cells on basement membrane proteins compared to 
fibronectin, identifying enhanced PKA signaling as a pri-
mary mediator of this effect [62, 63]. While these studies 
found that flow-induced Ser1179 phosphorylation requires 
PKA, phosphorylation of another site known to contribute 
to eNOS activation, Ser635, does not require PKA activity 
and paradoxically shows enhanced flow-induced phospho-
rylation in the presence of PKA inhibitors [62]. Interest-
ingly, PKA inhibition enhances αvβ3 activation in endothe-
lial cells on collagen [61], and inhibiting αvβ3 reduces 
flow-induced eNOS Ser635 phosphorylation [34].

Integrins and plaque angiogenesis

Angiogenesis, the formation of new blood vessel from pre-
existing vessels, plays a dual role in atherosclerosis, both 
contributing to plaque progression and alleviating hypoxic 
injury to ischemic tissue affected by a stenotic plaque [64, 
65]. Expansion of the vasa vasorum correlates with plaque 
progression in mouse models of atherosclerosis [66, 67], 
and intraplaque angiogenesis correlates with lipid deposi-
tion, inflammation, and hemorrhage [68–71]. Like periph-
eral tissue, hypoxia in the developing atherosclerotic plaque 
is thought to induce the expression of several proangio-
genic growth factors, such as vascular endothelial growth 
factor and fibroblast growth factor, through the transcrip-
tion factor hypoxia-inducible factor-1 [72, 73]. Addition-
ally, oxLDL stimulates angiogenic growth factor produc-
tion in plaque macrophages, consistent with the role of 
macrophages in regulating angiogenesis in other systems 
[74, 75]. Expansion of the vasa vasorum tends to occur 
in vessels with a media thickness >0.5  mm and is there-
fore more prominent in the arteries of large animals (i.e., 
pigs, humans) [64, 76]. However, vasa vasorum expansion 
also occurs in mouse models of atherosclerosis [77, 78]. In 
response to vessel injury, the adventitia serves as the pri-
mary site for acute inflammation [79]. Decreasing angio-
genesis blunts stenotic vascular remodeling in injured ves-
sels [80–82]. However, in mouse models of diet-induced 
atherosclerosis without vessel injury, only 28% of advanced 

atherosclerotic plaques (>250 µm thickness) and only 3% 
of intermediate plaques (100–250  µm thick) show angio-
genic vessels in the intima [77].

Integrins, particularly the provisional matrix-bind-
ing integrins, play well-characterized roles in mediating 
endothelial proliferation and migration during angiogenic 
vascular remodeling in a variety of systems [14, 83]. How-
ever, the role of specific integrins and the processes regu-
lating angiogenesis in the atherosclerotic plaque remain 
poorly characterized. Endostatin, a cleavage product of 
collagen XVIII, limits angiogenesis through inhibitory 
interactions with the endothelial integrins α5β1 and αvβ3 
[84]. Endostatin treatment limited both plaque angiogen-
esis and neointimal area in hypercholesterolemic mice [77], 
and the endostatin-derivative Endostar reduces vasa vaso-
rum density in hypercholesterolemic mini pigs associated 
with reduced intimal-medial thickness [85]. However, it 
is not clear from these studies that the reduction in angio-
genesis caused the reduction in plaque area, as endostatin 
may affect other integrin-dependent functions. Both α5 and 
αvβ3 show enhanced expression in angiogenic vessels [86, 
87], and this upregulation has been targeted by several PET 
tracers linked to RGD peptides used to visualize angio-
genesis in  vivo [88]. While αvβ3 inhibitors significantly 
blunt angiogenesis in multiple models [14, 83], αv- and 
β3-deficient mice do not show significant reductions in vas-
culogenesis or angiogenesis [89–91]. Similarly, endothelial 
α5 deletion or deletion of both α5 and αv does not impair 
vasculogenesis or angiogenesis in mice [92, 93]. Therefore, 
inhibiting endothelial α5 and αv integrin signaling may 
limit endothelial activation without significantly affecting 
physiological angiogenesis in the ischemic tissue.

Monocyte/macrophage integrins in plaque 
formation

Leukocytes express a distinct subset of integrins that 
mediate interactions with cell adhesion molecules on the 
endothelial cell surface. These include the β2 integrin sub-
unit (CD18) and its four α subunits binding partners (αL 
(CD11a, LFA-1), αM (CD11b, MAC-1), αX (CD11c), and 
αD (CD11d)) and the β7 integrin subunit and its binding 
partner αE (CD103) (Fig. 2) [12]. In addition to these five 
integrin dimers, the α4 subunit (VLA-4) interacts with 
β7 only in leukocytes, whereas the α4β1 integrin dimer 
is found on both leukocyte and nonleukocyte cell popula-
tions [12]. While the β7 integrin heterodimers are primar-
ily associated with lymphocyte targeting to intestinal tissue 
[94], multiple studies suggest a role for α4β1 and the vari-
ous β2 integrins in atherosclerotic plaque formation. These 
integrins play vital roles in leukocyte targeting to the ather-
osclerotic plaque, and may also regulate leukocyte function 
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following transendothelial migration into the plaque micro-
environment. However, leukocytes also express several 
integrins involved in classic cell–matrix interactions that 
may play more dominant roles in cell motility and function 
in the tissue microenvironment. While several cell types, 
including dendritic cells, T cells, and B cells, uniquely and 
significantly contribute to plaque progression [95], mono-
cyte/macrophages play a dominant role in disease progres-
sion and much of the data regarding integrins in atheroscle-
rosis involves monocyte/macrophage biology. Therefore, 
integrin regulation of monocyte/macrophage function will 
serve as the focus of this section.

Integrins in monocyte homing to the plaque

The inflammatory cascade contributes to immune surveil-
lance of the vasculature and mediates leukocyte targeting 
to the atherosclerotic plaque [15]. Initial attachment of cir-
culating leukocytes to the activated endothelium is medi-
ated by selectins expressed on the endothelial cell surface. 
The weak bonds formed between endothelial selectins and 
the leukocyte counter-receptor P-selectin glycoprotein 
ligand-1 (PSGL-1) easily break in response to shear forces 
resulting in leukocyte rolling, which sufficiently slows 
leukocyte velocity to facilitate more stable interactions 
with the endothelium [15]. Both P-selectin and E-selectin 
show enhanced expression during early atherogenesis [96, 
97], and deletion of either P-selectin or E-selectin reduces 
plaque formation in mouse models, although the effect of 
P-selectin deletion is considerably more prominent [98, 
99]. Partial activation of leukocyte integrins resulting in an 
intermediate affinity state, such as in response to E-selec-
tin ligation, allows these integrins to facilitate rolling and 
primes the integrins for full activation in response to arrest 
chemokines [100, 101]. The transition from rolling to firm 
cell adhesion requires integrin transition to a high affinity 

state, typically in response to arrest chemokines on the 
endothelial cell surface [102]. Multiple arrest chemokines 
play important roles in atherosclerosis, including mono-
cyte chemotactic protein-1 (MCP-1, CCL2), fractalkine 
(CX3CL1), and regulated on activation, normal T cell 
expression and secretion (RANTES, CCL5) [103–108]. In 
addition to selectins and chemokines, cell–cell interactions 
between Eph receptors and their ephrin ligands, guidance 
molecules implicated in tissue patterning during develop-
ment, also regulate leukocyte integrin activation [109]. 
Interactions between EphA2/ephrinA1, EphA4/ephrinA1, 
and EphA4/ephrinB2 have all been shown to stimulate 
monocyte adhesion [110–113], and expression levels of 
EphA2, ephrinA1, and ephrinB2 are enhanced in endothe-
lial cells overlying atherosclerotic plaques [110, 114, 115]. 
Once arrested, integrins also play a major role in facilitat-
ing leukocyte migration along the endothelial surface and 
subsequent transendothelial migration into the neointimal 
matrix [15].

While difficulty visualizing leukocyte homing to ath-
erosclerotic plaques in  vivo confounds the study of spe-
cific integrins in this response, several groups have utilized 
genetic knockout models and blocking antibodies to assess 
the role of specific integrins in leukocyte accumulation 
within the plaque. Leukocyte integrins show redundancy in 
multiple integrin-ligand interactions, but specific leukocyte 
integrins have been shown to play prominent roles in plaque 
formation (Table  2). Mice deficient in either ICAM-1 or 
VCAM-1 show reduced early plaque formation [45, 116, 
117]; however, only VCAM-1 deficiency limits atheroscle-
rosis in the context of prolonged hypercholesterolemia [45]. 
The integrins αLβ2, αMβ2, and αXβ2 interact with ICAM-
1/2 on the endothelial cell surface, whereas α4β1 serves as 
the primary leukocyte VCAM-1 receptor [118]. However, 
αXβ2 has been shown to bind VCAM-1 cooperatively with 
α4β1 to promote leukocyte adhesion [119]. Consistent 

Table 2  Integrins in leukocyte homing to the plaque

Ligands for homing Integrins (Alt. names) Known functions in atherosclerosis Refs.

ICAM-(1–5)
ESM-1
JAM-1

αLβ2
CD11a/CD18
LFA-1

Enhanced expression in response to hypercholesterolemia [248]
Blocking antibodies limit early monocyte recruitment in early atherosclerosis [117, 125]

ICAM-(1–4) αMβ2
CD11b/CD18
MAC-1

No effect on plaque formation [127]

ICAM-1
VCAM-1

αXβ2
CD11c/ CD18

Enhanced expression in response to hypercholesterolemia [128, 132]
Deletion limits monocyte recruitment in atherosclerosis [128]

ICAM-3, VCAM-1 αDβ2
CD11d/ CD18

No function described

VCAM-1
Fibronectin CS-1 domain
JAM-2

α4β1
CD49d/ CD28
VLA-4

Blocking antibodies reduce monocyte recruitment to atherosclerotic plaques [120, 121]
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with a prominent role for VCAM-1 in plaque formation, 
α4β1 blocking antibodies significantly reduce myeloid cell 
recruitment and neointimal growth in atherosclerosis-prone 
ApoE knockout mice [120, 121]. However, α4 deletion 
results in embryonic lethality [122], and these results have 
yet to be repeated with hematopoietic-specific α4 deletion. 
In addition to VCAM-1, α4β1 can interact with extracellu-
lar matrix ligands, such as osteopontin and the connecting 
segment-1 (CS1) domain of fibronectin [123]. While sev-
eral groups suggest that CS1-positive fibronectin is pre-
sent on the luminal atherosclerotic endothelium, blocking 
VCAM-1 prevents nearly 80% of monocyte adhesion to 
atherosclerotic endothelium, whereas blocking CS-1 only 
reduces monocyte adhesion by ~20% [120]. Deletion of 
β2 integrins similarly reduces early plaque formation [116, 
124], suggesting that some β2 integrins also contribute to 
monocyte targeting to the plaque. Hypercholesterolemia 
enhances αL expression in human patients, and blocking 
antibodies to αLβ2 significantly reduce early macrophage 
recruitment in hypercholesterolemic rats, consistent with 
a role for ICAM-1 in early plaque formation [117, 125, 
126]. While hematopoietic deletion of αM does not affect 
macrophage accumulation or plaque formation [127], αX 
integrin-deficient mice showed significantly reduced mono-
cyte/macrophage accumulation in atherosclerotic plaques 
and decreased plaque formation [128]. The integrin αXβ2, 
expressed on myeloid cells and NK cells, binds a wide vari-
ety of ligands, including ICAM-1, VCAM-1, complement 
proteins, and fibrinogen [119, 129–131]. Hypercholester-
olemic mice show enhanced levels of αX (CD11c)-positive 
monocytes [128, 132], and human peripheral blood mono-
cytes show elevated αX expression following a high fat 
meal [133]. Interestingly, hypercholesterolemia results in 
the appearance of foamy monocytes in the circulation, and 
these monocytes show the greatest αX upregulation [132]. 
Signaling through αXβ2 in these cells promotes α4β1 acti-
vation, suggesting functional cooperativity between β1 and 
β2 integrins in leukocytes [132].

Several signaling pathways have been implicated in 
inside-out activation of leukocyte integrins, but the roles 
these pathways play in the context of atherosclerosis is 
not well defined [28]. The classic mechanism of integrin 
activation involves the activation of talin1, inducing the 
interaction of the FERM domain in the talin1 head region 
to interact with an NPxY motif in the integrin β subu-
nit tail [28]. Rap1 and its effector protein RIAM interact 
with talin1 to stimulate its transition to an active confirma-
tion [134]. Chemokine-induced G protein-coupled recep-
tor (GPCR) activation typically stimulate Rap1 through 
a phospholipase Cγ pathway activating the Rap1 guanine 
nucleotide exchange factor CalDAG-GEFI [134]. Deletion 
of CalDAG-GEFI from bone marrow-derived cells signifi-
cantly blunts atherosclerotic plaque formation in LDLR 

KO mice [135], underscoring the importance of this path-
way to leukocyte integrin activation. In addition to talin1, 
binding between the kindlin family of proteins, particularly 
the hematopoietic isoform kindlin-3, and the β tail has also 
been shown to regulate integrin affinity [28]. Mutations 
in kindlin-3 result in severe defects in integrin activation 
resulting in leukocyte adhesion deficiency [136, 137]. 
These pathways may have integrin-specific effects as well, 
with talin1 and kindlin-3 both required for stable adhesion 
to ICAM-1 but only kindlin-3 required for stable adhesion 
to VCAM-1 [138].

Integrins in macrophage migration

Leukocyte migration within the plaque likely affects multi-
ple aspects of plaque biology, including fibrous cap stabil-
ity, adaptive immunity, and plaque regression. To facilitate 
cell migration, macrophages express several extracellular 
matrix-binding integrins, including the collagen receptor 
α1β1, the laminin receptors α3β1 and α6β1, and the pro-
visional matrix-binding integrins α4β1, α5β1, α9β1, αvβ3, 
and αvβ5 [139–143]. Ligation of α1β1 on collagen lim-
its macrophage egression from inflamed tissue [139], and 
α1-deficient mice show reduced plaque macrophage and 
T cell content [144]. Osteopontin, known to be expressed 
in atherosclerotic plaques, interacts with the monocyte 
integrins α4β1, α9β1, and αvβ3, and promotes monocyte 
migration and survival [145]. However, the role of the pro-
visional matrix-binding integrins in macrophage migration 
has not been examined in the context of atherosclerosis. In 
addition to classic matrix-binding integrins, several integ-
rins implicated in leukocyte homing also show affinity for 
extracellular matrix proteins. Of particular interest, the 
promiscuous integrin αDβ2 binds to the provisional matrix 
proteins fibronectin and vitronectin and shows prominent 
upregulation during macrophage foam cell formation [146]. 
High levels of αDβ2 expression hinders macrophage migra-
tion, suggesting that upregulation of αDβ2 may serve as a 
migratory stop signal to limit macrophage egression from 
atherosclerotic plaques [147].

Integrin signaling in macrophage function

Ligation of specific macrophage integrins may affect 
various aspects of macrophage function in atherosclero-
sis, including the ability of macrophages to clear local 
lipid deposits, to phagocytose apoptotic cell debris, 
and to facilitate local proinflammatory gene expression 
(Table  3). Fibronectin in the atherosclerotic plaque can 
bind αMβ2 and αvβ3 in plaque macrophages [140, 148], 
and both αMβ2 and αvβ3 signaling reduces macrophage 
scavenger receptor expression (CD36, SRA) and foam 
cell formation [140, 149]. Similarly, αMβ2 signaling can 
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reduce macrophage lipid uptake, although αMβ2 expres-
sion is downregulated in plaque macrophages [150]. 
Furthermore, peritoneal macrophages from β2 knockout 
mice show enhanced native and acetylated LDL uptake as 
well as apoptotic thymocytes [124], suggesting integrin 
dimers may attenuate macrophage lipid accumulation and 
cellular debris. Atherosclerotic plaques show enhanced 
expression of the integrin α4β7, classically involved in 
homing to gut-associated lymphoid tissue, and mac-
rophages from β7 knockout mice show reduced native 
and acetylated LDL uptake [151]. Macrophage αvβ3 
signaling has been shown to drive sustained NF-κB sign-
aling and proinflammatory cytokine (TNF-α, IL-1β, IL-8) 
production and to augment the macrophage proinflamma-
tory response to TNFα and LPS [152]. While deletion 
of β3 integrins in myeloid cells paradoxically enhances 
TNFα production and atherosclerotic plaque formation 
in vivo [153], myeloid-specific deletion of the β3-binding 
partner αv results in severe ulcerative colitis that may 
exacerbate atherosclerosis in the β3 knockout mice [154]. 
In addition to lipid uptake and proinflammatory cytokine 
production, plaque macrophages also critically clear 
apoptotic cell debris in the atherosclerotic plaque through 
the process of efferocytosis [155]. Several receptors are 
implicated in the engulfment of apoptotic cells, including 
the vitronectin-binding integrins αvβ3 and αvβ5 [156]. 
These integrins recognize the matricellular extracellular 
matrix protein thrombospondin and the phosphatidylser-
ine-binding protein MFG-E8 on the surface of dying cells 
to facilitate phagocytosis [156, 157]. Macrophage effero-
cytosis becomes deficient in the atherosclerotic plaque, 
and treatment with damage-associated molecular patho-
gen HMGB1, known to accumulate in atherosclerosis, 
prevents efferocytosis through αvβ3 inhibition [155, 158, 
159]. However, the role of these integrins in efferocytosis 
in the context of atherosclerosis has not been explored.

Integrins in smooth muscle migration 
and proliferation

Vascular smooth muscle cells, known for their contractile 
function in blood flow regulation and vessel tonicity [160], 
play a critical role in atherosclerotic progression through 
their remarkable ability to transdifferentiate to a prolifera-
tive and migratory phenotype. Under quiescent conditions 
in the media, smooth muscle cells express contractile mark-
ers (smooth muscle actin (SMA), calponin, SM22-α) with 
minimal proliferation and migration. However, upon stimu-
lation with various factors such as cytokines, growth fac-
tors, oxidized lipids, and extracellular matrix proteins [1–3, 
161], vascular smooth muscle cells downregulate their con-
tractile markers and become increasingly fibroproliferative 
and migratory. Moreover, vascular smooth muscle exhibits 
the capacity to undergo an inflammatory, macrophage-like 
phenotypic switch, characterized by enhanced inflamma-
tory gene expression (VCAM-1, ICAM-1) and phagocytic 
properties [162, 163]. The multifarious contribution by 
smooth muscle during atherogenesis is evident, as early and 
intermediate plaques accumulate endoplasmic reticulum 
and lipid droplet-rich vascular smooth muscle cells, while 
smooth muscle-derived fibrous tissue and fibrous cap for-
mation is observed in advanced lesions [6]. Furthermore, 
recent lineage-tracing studies show up to 80% of all cells 
in atherosclerotic lesions are derived from smooth muscle 
cell origin [164], suggesting a previously underestimated 
vascular smooth muscle contribution during atherogenesis.

Integrin signaling in smooth muscle phenotypic 
modulation

With the known roles of integrins in matrix remodeling, 
proliferation, and cell migration, the role of integrin sign-
aling in smooth muscle biology in atherosclerosis has 

Table 3  Integrins in plaque macrophage function

Phenotype Integrins Ligand Known functions in atherosclerosis models Refs.

Lipid uptake αMβ2 Fibronectin Decreased scavenger receptor expression and foam cell formation; Expression 
reduced in atherosclerosis

[149, 150]

α4β7 VCAM-1
MadCAM-1

Deletion reduces native and acetylated LDL uptake [151]

αvβ3 Fibronectin
Osteopontin
Tenascin-C

Decreased scavenger receptor expression and foam cell formation [140]

Inflammation αvβ3 Fibronectin
Osteopontin
Tenascin-C

Increased NF-κB-dependent cytokine (TNFα, IL-1β, IL-8) production [152]
Deletion enhances TNFα production [153]

Efferocytosis αvβ3 Thrombospon-
din-1, MFG-E8

Mediate efferocytosis in other systems; Role in plaque efferocytosis unknown [156, 157]
αvβ5
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garnered considerable attention. Quiescent medial vascular 
smooth muscle is surrounded by a thin basement membrane 
rich in collagen IV and laminin [165], and basement mem-
brane proteins tend to promote a quiescent smooth mus-
cle phenotype (Table 4). Smooth muscle cells express the 
collagen-binding integrins α1β1 and α2β1 [166]; however, 
α1β1 binds more strongly to collagen IV and α2β1 shows a 
higher affinity for collagen I [167]. Consistent with a role 
for basement membrane proteins in limiting endothelial 
activation, α1β1 shows reduced expression during smooth 
muscle phenotypic modulation [168], and α1 knockout 
mice show enhanced smooth muscle incorporation into 
atherosclerotic plaques [144]. Like α1β1, the laminin-bind-
ing integrins α6β1 and α7β1 show enhanced expression 
in quiescent smooth muscle cells [169, 170], and ligation 
of α7β1, such as through interactions with cartilage oligo-
meric matrix protein, maintains vascular smooth muscle 
quiescence [171] and reduces smooth muscle proliferation 
[172].

During neointimal recruitment, smooth muscle cells 
are exposed to a variety of provisional matrix proteins 
such as fibronectin, vitronectin, osteopontin, and tenas-
cin-C [10]. Similarly, several provisional matrix-bind-
ing integrins, such as α5β1 and αvβ3, show enhanced 
expression in neointimal smooth muscle [173]. While 
other integrins likely play important functions, current 

literature strongly supports a role for signaling through 
αvβ3 in smooth muscle proliferation and migration. Dele-
tion of plasma fibronectin significantly reduces smooth 
muscle content in atherosclerotic lesions [37], suggesting 
fibronectin-binding integrins may contribute to smooth 
muscle migration and proliferation during neointimal 
recruitment. Fibronectin binds both α5β1 and αvβ3, and 
while both α5β1 inhibitors (ATN-161) and αvβ3 inhibi-
tors (S247) reduce atherosclerotic plaque formation, only 
αvβ3 inhibition reduced the incidence of fibrous cap for-
mation [34, 53]. While αvβ3 expression can be observed 
in the medial layer [174, 175], smooth muscle cells 
upregulate αvβ3 in response to arterial injury in  vivo 
and thrombin, transforming growth factor β (TGFβ), and 
platelet-derived growth factor-BB (PDGF-BB) in  vitro 
[175–177]. Smooth muscle proliferation in response 
to osteopontin and tenascin-C in culture can be blunted 
by inhibiting αvβ3 but not β1 integrins [178–180], and 
inhibitors of αvβ3 prevent restenosis following vascu-
lar injury [181, 182]. While β3 knockout mice show 
enhanced atherosclerosis [183], this response is thought 
to occur due to the enhanced production of TNFα in 
myeloid cells in these mice, and β3 knockout mice show 
reduced neointimal formation following femoral artery 
injury [184], consistent with αvβ3-dependent smooth 
muscle recruitment and proliferation.

Table 4  Integrin regulation of smooth muscle phenotype

Phenotype Integrins Ligand(s) Known functions in atherosclerosis models Refs.

Contractile 
smooth 
muscle 
phenotype

α1β1 Collagen IV Decreased expression during phenotypic modulation [168, 249]
Deletion increases plaque smooth muscle content [144]
Enhances smooth muscle proliferation to AngII [195, 200]

α7β1 Laminin, COMP Decreased expression during phenotypic modulation [170]
Enhances contractile gene expression [171]
Reduces smooth muscle proliferation [172]

α8β1 Fibronectin
Vitronectin
Osteopontin
Tenascin-C

Decreased expression during phenotypic modulation [208, 209]
Enhances contractile gene expression [208, 209]
Decreases smooth muscle migration [210, 211]
Deletion enhances neointimal smooth muscle content during atherosclerosis 

and restenosis
[212]

Synthetic 
smooth 
muscle 
phenotype

α2β1 Collagen I, Collagen VIII Enhanced expression during phenotypic modulation [249]
Enhances smooth muscle proliferation [215, 216]
Mediates collagen deposition [202]

α5β1 Fibronectin Enhanced expression during phenotypic modulation [173]
Mediates fibronectin deposition [202, 218]
Inhibitors do not affect neointimal smooth muscle content in atherosclerosis [53]

αvβ3 Fibronectin
Vitronectin
Osteopontin
Tenascin-C

Enhanced expression during phenotypic modulation [173]
Enhances smooth muscle proliferation [178–180]
Reduces smooth muscle apoptosis [221]
Inhibitors do not affect neointimal smooth muscle content in atherosclerosis [34, 181, 182]
Deletion reduces smooth muscle recruitment in restenosis [184]
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Integrin signaling promotes smooth muscle cell prolifer-
ation and migration through multiple mechanisms. Ligation 
of αvβ3 and αvβ5 integrins mediates FAK activity [185] 
and drives vascular smooth muscle migration through Akt 
and paxillin phosphorylation [186–188]. Conversely, the 
endogenous FAK inhibitor FAK-related nonkinase (FRNK) 
is highly expressed in vascular smooth muscle cells and 
reduces smooth muscle migration [189]. In addition to 
direct effects by integrin-linked signaling pathways, integ-
rins crosstalk with growth factor signaling affects smooth 
muscle proliferation. Tenascin-C promotes αvβ3 interac-
tions with PDGF receptor to further enhance proliferation 
[179, 180]. Following vascular injury in models of hyper-
glycemia, enhanced αvβ3 signaling upregulates Insulin 
Growth Factor-1 (IGF-1) [190]. In addition, IGF-1 recip-
rocally promotes vascular smooth muscle proliferation on 
αvβ3-binding matrix proteins, but not on laminin or colla-
gen IV, although specific integrins involved were not iden-
tified [191].

Angiotensin II (AngII), a well-characterized vasocon-
strictor in the renin–angiotensin system, contributes to 
smooth muscle proliferation through increased integrin 
activation and enhanced application of mechanical forces 
to integrin adhesions [192, 193]. AngII induces smooth 
muscle adhesion to collagen and fibronectin through the 
AT1 receptor [192–194], resulting in FAK-dependent 
ERK activation and enhanced cell proliferation [195, 196]. 
Cytoskeletal stiffening and contraction of smooth muscle 
cells treated with AngII results in elevated blood pressure 
[192, 193, 197], thereby enhancing mechanical load on 
the smooth muscle integrins. However, integrin signaling 
may also contribute to vasoconstriction, as treatment with 
the integrin inhibitor RGDS reduced vasoconstriction to 
AngII but not other vasoconstrictors [198]. While α1β1 
has largely been implicated in maintaining the contractile 
phenotype in atherosclerosis, smooth muscle hypertrophy 
to chronic AngII stimulation is reduced in α1 knockout 
mice [199], and inhibiting α1β1 using siRNA knockdown 
or peptide inhibitors blunts AngII-induced ERK activation 
and proliferation [195, 200]. Consistent with this associa-
tion, AngII promotes α1 integrin expression [199] along 
with the expression of multiple provisional matrix-binding 
integrins, such as α8, β1, and β3 [201, 202].

Not all integrin–matrix interactions conform to the 
concept that collagen/laminin-binding integrins suppress 
smooth muscle phenotypic modulation and provisional 
matrix-binding integrins promote phenotypic modulation. 
The provisional matrix-binding integrin α8β1 is associ-
ated with smooth muscle quiescence, as smooth muscle 
phenotypic modulation reduces α8 expression, while 
overexpression of α8 promotes the contractile phenotype 
[208, 209]. In contrast to these findings, Zargham et  al. 

demonstrated enhanced α8 expression in the neointima 
and showed that α8 overexpression promotes smooth 
muscle migration, whereas deletion reduces migration 
[210, 211]. However, α8 knockout mice show enhanced 
injury-induced restenosis and diet-induced atheroscle-
rotic plaque formation [212], consistent with a role for 
α8β1 signaling in maintaining smooth muscle quiescence. 
In contrast, upregulation of collagen VIII in the athero-
sclerotic plaque promotes smooth muscle proliferation 
and migration into the neointima presumably through 
α2β1, since α2β1 blockade reduces smooth muscle adhe-
sion to collagen VIII by over 70% [213, 214]. Signaling 
through α2β1 in vascular smooth muscle cells promotes 
smooth muscle growth through upregulating PDGF-BB 
expression and transphosphorylation of the PDGF recep-
tor [215, 216]. Collagen VIII knockout mice show sig-
nificantly reduced fibrous cap thickness in atherosclerotic 
plaques [217], consistent with a role for collagen VIII 
and α2β1 in fibrous cap formation.

Integrin signaling in extracellular matrix remodeling

Vascular smooth muscle cells drive the development of 
the fibrous cap, largely composed of smooth muscle and 
collagen, to stabilize the plaque and prevent plaque rup-
ture [6]. Therefore, alterations in the balance between 
matrix deposition and proteolysis and perturbations 
in the microenvironment that regulate smooth muscle 
apoptosis critically determine the stability of the fibrous 
cap. Smooth muscle collagen deposition requires both 
α2β1 integrins and the deposition of fibronectin [202]. 
Fibronectin fibrillogenesis, classically mediated by α5β1, 
can be blunted by inhibiting α5β1 in smooth muscle 
cells in culture, and α5β1 shows enhanced expression 
in neointimal smooth muscle cells [218, 219]. Load-
ing smooth muscle cells with lipid, as observed in ath-
erosclerotic plaques, significantly diminishes fibronectin 
and collagen deposition, associated with perturbations in 
α5β1-dependent fibrillar adhesion formation [220]. This 
suggests that lipid accumulation within the plaque or 
defective macrophage lipid clearance may reduce fibrous 
cap stability through effects on the smooth muscle inte-
grins. Interestingly, αvβ3 integrin signaling prevents 
smooth muscle apoptosis in response to oxidized LDL 
[221], and αvβ3 integrins are largely absent from sites 
of plaque rupture [222]. While αvβ3 can also contribute 
to fibronectin deposition, the contribution of α5β1 and 
αvβ3 to neointimal matrix deposition has not been shown 
in vivo, likely due to difficulties in separating the roles of 
these integrins in smooth muscle recruitment and subse-
quent matrix deposition.
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Platelet integrins in thrombotic complications

Platelets express a number of integrins, namely αIIbβ3 (the 
fibrinogen receptor), αvβ3, as well as three β1 integrins 
at lower expression levels (α2β1, α5β1, α6β1) (Table  5). 
A number of proteins present in the plasma or released 
from activated platelets bind platelet integrins and act as 
bridging proteins to receptors on other cells. These bridg-
ing proteins include fibrin and fibrinogen, fibronectin, von 
Willebrand Factor (vWF), vitronectin, and other ligands 
that contain the RGD integrin-binding domain. Platelet 
αIIbβ3 binds many of these, and its role, in particular, in 
the thrombotic complications of atherosclerosis is well doc-
umented. In more recent years, the importance of the cross-
talk between platelets, leukocytes, and vascular endothe-
lium during inflammatory processes of atherogenesis has 
become more appreciated. Furthermore, there is evidence 
for a contribution of platelet integrins in these responses.

Platelet integrin activation

During early atherogenesis, endothelial activation results 
in platelet activation and recruitment of platelets to the 
vessel wall. This early recruitment establishes a positive 
feedback loop in which the platelets release substances 
that cause further endothelial activation. Inhibiting early 
platelet adhesion decreased atherosclerotic plaque forma-
tion and is therefore thought to be a key step in the initia-
tion of atherogenesis [223, 224]. While a number of recep-
tor–ligand pairs are important, platelet integrins play a key 
role in firm adhesion. After rolling along the endothelium, 
platelets become activated leading to inside-out signaling 
which causes a conformational change in αIIbβ3. This acti-
vated form of αIIbβ3 facilitates the firm adhesion of plate-
lets to the endothelium through a fibrinogen cross-bridge 
with endothelial αvβ3 [225]. Activated platelets facilitate 
recruitment of leukocytes to regions of injury or inflam-
mation. Platelets bind circulating leukocytes to form plate-
let–leukocyte aggregates in the circulation, which are sub-
sequently recruited to the vessel wall. Initial interactions 
between platelet P-selectin and leukocyte PSGL-1 lead to 

signaling through a Src family tyrosine kinase pathway, 
which enhances leukocyte β2 integrin expression [226]. 
Furthermore, ligation of platelet P-selectin activates αIIbβ3 
through inside-out signaling, which stabilizes platelet–leu-
kocyte aggregate formation. These aggregates occur either 
in circulation or via platelet binding to the endothelial sur-
face, and facilitate leukocyte recruitment through leukocyte 
β2 integrin and platelet αIIbβ3 co-interactions with fibrino-
gen [227–229]. In contrast, adherent neutrophils within 
venules have been shown to interact with P-selectin- and 
αIIbβ3-expressing platelets, although a specific role for 
αIIbβ3 was not identified [230].

Integrin signaling in platelet function

As a result of outside-in signaling from the integrins, acti-
vated platelets release preformed substances from their 
granules and can make new proteins from pre-packaged 
mRNA. These can promote further platelet aggrega-
tion. In addition, this integrin-dependent degranulation 
places the platelets in a position to direct the inflamma-
tory process of atherosclerosis by releasing soluble factors 
such as cytokines (e.g., IL-1b, CD40L) and chemokines 
(e.g., CXCL4, CCL5). These in turn activate the vascular 
endothelium leading to enhanced expression of adhesion 
molecules such as ICAM-1 and VCAM-1 and release of 
IL-6 and other inflammatory mediators that can promote 
the recruitment of monocytes to the plaque by processes 
described above. For example, deposition of CCL5 onto 
the atherosclerotic endothelium from platelet granules pro-
motes monocyte arrest [231]. What exactly happens to the 
platelets that are attached to leukocytes as they undergo 
diapedesis has not been fully elucidated. However, there is 
evidence that platelets relocate to the rear of a monocyte 
and transfer to the endothelium as the monocyte begins to 
transmigrate [232].

The signaling initiated via platelet αIIbβ3 ligation can 
affect other parts of the plaque formation. For example, the 
destabilization of the plaque that occurs before rupture is 
also orchestrated in part by platelets. Activated platelets 
release MMP-2 and MMP-9 during aggregation [233, 234], 
and platelet αIIbβ3 signaling stimulates endothelial produc-
tion and secretion of MMP-9 and urokinase-type plasmi-
nogen activator receptor (uPAR) [235], potentially through 
the generation of CD40L and its subsequent interaction 
with endothelial CD40 receptors. Ligation of αIIbβ3 pro-
motes CD40L secretion from activated platelets [236], and 
CD40L has been shown to have an integral role in plaque 
development, inflammation, and atherothrombosis [237]. 
More recently, Simic et  al. provided evidence in human 
platelets that α5β1 is also a receptor for soluble CD40L, 
and that engagement of α5β1 by sCD40L leads to platelet 
activation [238], suggesting that we have yet to understand 

Table 5  Platelet integrins in thrombotic complications

Ligand Integrins Known functions Refs.

Fibrinogen αIIbβ3 Atherothrombosis [244]
Adhesion cross-bridges with 

endothelial cells and leuko-
cytes

[225, 229]

Protease release [233, 234]
Collagen α2β1 Stable interaction with collagen [239]
Fibronectin α5β1 CD40L-induced platelet activa-

tion
[238]
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the complete roles of platelet integrins in the atherogenic 
process.

Platelet integrins in thrombotic complications

Platelets are key players in thrombotic complications of 
atherosclerosis, as they immediately respond to exposure of 
the subendothelial matrix due to disruption of the endothe-
lium in atherothrombosis. Initial contact, or tethering, is 
mediated by platelet GPIbα interactions with vWF, whereas 
more stable binding occurs between the platelet integrin 
α2β1 and collagen [239]. Fibronectin and laminin engage 
other integrins, namely α5β1, α6β1, respectively [240], and 
there appears to be considerable redundancy between these 
receptors, in that deficiency of any one of these does not 
cause a severe bleeding disorder. These interactions lead 
to platelet activation and secretion of many factors that can 
behave in a paracrine or autocrine fashion to promote plate-
let aggregation. Also central to the thrombotic process is 
the activation of the coagulation system. Platelets provide 
a surface upon which coagulation cascade complexes are 
assembled, leading to thrombin generation. Thrombin then 
stimulates procoagulant activity on the platelet surface, 
which promotes the generation of more thrombin [241], 
and perpetuates the process. In addition, thrombin activates 
αIIbβ3 [242] in the developing thrombus, which typically 
binds fibrinogen to form a cross-bridge between platelets 
and augmented thrombus growth. Initially, this interaction 
is relatively weak, but as the platelet becomes more acti-
vated, the bond strengthens and the thrombus is stabilized. 
A stable thrombus leads to blockage of the artery, while a 
fragmented thrombus can form an embolism distal to the 
site of injury. Alternatively, chronic thrombotic process 
that occurs in a patient may perpetuate plaque progression 
through many of the mechanisms discussed above.

In a recent review, Mastenbroek et al. [243] highlighted 
the fact that much of our knowledge about the thrombotic 
process comes from studies in the absence of atheroscle-
rotic plaques. This has been difficult to overcome in that 
many commonly used animal models of atherosclerosis 
do not spontaneously undergo plaque rupture. However, 
although somewhat artificial, several animal models of 
induced plaque rupture have been developed, and αIIbβ3 
has been implicated in the atherothrombus formation in 
two mouse models [244]. This should not be surprising, 
because this integrin is also integral in platelet activation 
due to high shear or oscillatory shear, as is found in stenotic 
arteries [245, 246]. Using in vitro flow chamber models of 
thrombus formation where blood was flowed over plaque 
content, a role for the collagen receptor GPVI was shown, 
but blockade of the integrin collagen receptor, α2β1, failed 
to alter thrombus formation. Nonetheless, to date, much of 
the data suggest that mechanisms of thrombus formation 

over healthy vs. atherosclerotic vessels are similar. It 
remains to be seen if the individual roles of integrins trans-
late to human atherothrombosis.

Future directions

This review has outlined important roles for integrin sign-
aling in endothelial dysfunction and activation, leukocyte 
homing to the plaque, leukocyte function within the plaque, 
smooth muscle recruitment and fibroproliferative remod-
eling, and thrombotic complications. However, there is still 
much to learn concerning how integrin signaling affects 
this wide range of pathological processes. While intravi-
tal microscopy has allowed considerable insight into the 
role of specific integrins in platelet aggregation and in leu-
kocyte homing to the post-capillary venule, the pulsatile 
nature of the large conduit vessels has made visualizing 
these processes in atherosclerosis-relevant contexts diffi-
cult. Improvements in the visualization of leukocyte target-
ing to atherosclerotic lesions will likely shed further insight 
into the role of specific integrins in this process. Leukocyte 
targeting to the endothelium in these high flow vessels may 
require different mechanisms to facilitate firm adhesion 
than that previously described in the post-capillary venules, 
and additional studies will be required to understand how 
these processes stabilize the leukocyte–endothelial inter-
face. While integrin activation classically regulates leuko-
cyte and platelet function, the role of integrin activation in 
adherent cell types is less well characterized, and its role 
in integrin signaling in  vivo remains unknown. Further-
more, the signaling mechanisms utilized by specific inte-
grins to modulate cell function based on changing matrix 
composition remain virtually unknown. Application of 
advanced proteomics techniques will be critical to charac-
terize the differential signaling responses activated by spe-
cific cell–matrix interactions and within relevant cell types 
that may express a different repertoire of integrin-binding 
proteins.

Despite abundant and diverse integrin expression among 
all atherosclerotic plaque-associated cell types, current 
literature suggests that a few integrins may prove thera-
peutically beneficial for the treatment of atherosclerosis. 
The leukocyte integrin αXβ2 may prove to be particularly 
important in atherogenic inflammation, as this integrin 
shows upregulation under hypercholesterolemic conditions 
[128, 132, 133] and reduced atherosclerosis upon its dele-
tion [128]. Deposition of provisional matrix proteins in the 
atherosclerotic plaque creates a permissive environment for 
cell proliferation, migration, differentiation, and inflam-
matory response largely through signaling with α5β1 and 
αvβ3. As such, therapeutic targets against these heterodi-
mers have the potential to greatly impact the progression 



2276 A. C. Finney et al.

1 3

of atherosclerosis. Indeed, work from our lab and others 
has shown that pharmacological inhibition of both αvβ3 
and α5β1 significantly reduces atherosclerosis [34, 53, 77, 
182]. However, inhibition of αvβ3 integrins significantly 
reduces smooth muscle incorporation into the plaque [34], 
similar to what has been observed upon fibronectin deletion 
[37]. In contrast, inhibition of α5β1 blunts plaque inflam-
mation without reducing smooth muscle incorporation or 
fibrous cap thickness [53], suggesting that targeting α5β1 
may be able to separate the proinflammatory properties of 
the provisional matrix from their role in promoting fibrous 
cap formation. Future studies with more selective integrin 
inhibitors or better methods of targeting integrin inhibitors 
to specific cell types will ultimately be necessary to estab-
lish their worth as therapeutic targets for controlling athero-
genic vascular remodeling.
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