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inﬂammatory and pro-thrombotic processes cause subendothelial damage, endothelial dysfunction and atherosclerosis.
• Together,
interactions foster development and progression of aneurysms and various vaso-occlusive pathologies.
• Platelet-leukocyte
• Platelet-leukocyte interplay during vascular disease (dys)regulates leukocyte recruitment, activation and eﬀector function.
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Vascular disease is a progressive inﬂammatory condition fuelled by an unhealthy lifestyle of physical inactivity,
cholesterol-rich diet, and smoking. Together with endogenous factors such as age, gender, and autoimmune
status, an unhealthy lifestyle fosters a pro-inﬂammatory and pro-thrombotic milieu, which can lead to endothelial dysfunction, atherosclerotic plaque formation and vascular obstruction or degradation of the subendothelial matrix.
Platelet-leukocyte interplay represents an important feature in this context. Platelets get activated in a proinﬂammatory and pro-thrombotic microenvironment and readily interact with innate and adaptive immune cells
alike. Even though platelet aﬃnity for physical cell-cell contact is highest with monocytes/macrophages and
neutrophils, platelets also avidly interact with lymphocytes by soluble mediators.
Platelet-leukocyte crosstalk regulates essential immune responses, supporting leukocyte recruitment at sites
of vascular insult, promoting proliferation and diﬀerentiation of leukocytes and enhancing pro-inﬂammatory
eﬀector functions such as cytokine and reactive oxygen production. However, under certain conditions plateletleukocyte interplay also dampens the inﬂammatory process.
Crosstalk of platelet and leukocytes thus represents a driving force in vascular disease. In this review, we
highlight the impact of various risk factors for vascular disease on platelet-leukocyte interactions and discuss the
underlying mechanisms of platelet-mediated changes in immune responses and the eﬀect of immune cells on the
haemostatic system. As the underlying pathologies diﬀer between vascular diseases, we summarize our current
knowledge on platelet-leukocyte interplay in chronic vascular diseases such as abdominal aortic aneurysm,
peripheral and coronary artery disease as well as acute vascular diseases such as ischaemic stroke and venous
thromboembolism.

1. Introduction
Many vascular diseases represent slowly progressing inﬂammatory
pathologies, which are spurred by an unhealthy lifestyle, where
smoking, high cholesterol, and high blood pressure lead to vessel injuries and plaque formation, which eventually rupture. Platelets sense
these ruptures, become activated, and form aggregates, which can restrict and block blood ﬂow or cause embolisation at distant sites. This
can lead to diminished oxygen supply in vital organs, like heart, lungs,
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or brain.
Over the past decade increasing evidence emerged demonstrating
that platelets are not only involved in the fatal events of vascular diseases but also play a crucial role in disease development and progression. Platelets are sensitive sentinels that become activated and/or
hyper-reactive in response to various stimuli, including inﬂammatory
stress such as infections, but also smoking or hormonal changes. Upon
activation they not only release their granules (containing a plethora of
eﬀector molecules that promote coagulation, inﬂammation, and

Corresponding author. Medical University of Vienna, Department of Vascular Biology and Thrombosis Research, Schwarzspanierstrasse 17, 1090, Vienna, Austria.
E-mail address: alice.assinger@meduniwien.ac.at (A. Assinger).

https://doi.org/10.1016/j.atherosclerosis.2020.04.018
Received 19 March 2020; Received in revised form 8 April 2020; Accepted 29 April 2020
Available online 11 May 2020
0021-9150/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Atherosclerosis 307 (2020) 109–120

W.C. Schrottmaier, et al.

Fig. 1. The immune system and the haemostatic system – evolutionary perspective.
In invertebrates, the haemocyte fulﬁls both immune and haemostatic functions. By expressing pattern recognition and scavenger receptors, haemocytes sense
inﬂammatory stimuli such as lipopolysaccharide (LPS) and β-1,3-glucans to phagocytose microbes and release antimicrobial peptides that lyse pathogens.
Haemocytes also aggregate upon stimulation and release coagulatory factors, thereby walling oﬀ invading pathogens and sealing injuries. In vertebrates, cells became
specialized and immune and haemostatic functions divided. Platelets ensure haemostasis by enforcing aggregation and coagulation, innate leukocytes like neutrophils and monocytes kill a broad spectrum of pathogens by phagocytosis, release of granule content/cytokines or formation of neutrophil extracellular traps
(NETs) and lymphocytes are able to launch pathogen-speciﬁc responses via distinctive receptors or immunoglobulins (Ig). However, the immune and haemostatic
systems are still closely interconnected as e.g. platelets also perform immune functions by phagocytosing pathogens, releasing antimicrobial peptides and modulating
leukocyte function, while leukocyte-derived NETs, microvesicles (MV) and tissue factor (TF) promote thrombosis and coagulation.

in response to injuries and infections [1], and stabilize the clot mesh.
In vertebrates, the two systems seem to be divided, as cells became
specialized. Leukocytes are responsible for the immune system, while
platelets govern the haemostatic system. Upon activation, platelets
form aggregates to diminish blood loss upon injury. Leukocytes became
experts in performing various host defence mechanisms: innate immune
cells like neutrophils and monocytes/macrophages eﬃciently phagocytose pathogens and kill and lyse invaders via release of antimicrobial
peptides or reactive oxygen species (ROS). Even more focused, lymphocytes are specialized in eﬃciently ﬁghting viruses and bacteria and
mediate long lasting humoral defence via speciﬁc receptors or antibodies.
However, platelets also contain antimicrobial peptides in their
granules and are able to ensnare and take up pathogens. Moreover,
platelets can interact with leukocytes, leading to their recruitment and
activation and thereby boost immune responses [2].
Leukocytes in turn can inﬂuence the haemostatic system in a process
termed immunothrombosis. Neutrophils form neutrophil extracellular
traps (NETs) in response to pathogenic stressors. These insoluble NETs,
consisting of expelled nuclear DNA and proteins, capture and kill bacteria with antimicrobial proteins and allow leukocytes to act more efﬁciently [3]. However, NETs also recruit platelets by presenting

angiogenesis) and form aggregates with other platelets, they also interact with leukocytes, which mutually modulates eﬀector functions of
both cell types.
2. Platelet-leukocyte interactions in immune response and
haemostasis
Hetero-aggregate formation of platelets and leukocytes regularly
occurs in healthy individuals, but is enhanced during various inﬂammatory settings including vascular diseases. Upon interaction platelets and leukocytes activate each other, enabling leukocytes to interfere with the haemostatic system and platelets to interfere with the
immune system. The extent of the entwined nature of the haemostatic
and the immune system only became apparent during the past couple of
years, while from an evolutionary perspective the cross-talk between
the two systems is immemorial as they were initially not separated
(Fig. 1). In invertebrates a single cell is responsible to coordinate both
systems – the haemocyte. Like immune cells, haemocytes express pattern recognition receptors and scavenger receptors, contain antimicrobial peptides, and are able to phagocytose pathogens. Like platelets, haemocytes are able to aggregate, thereby walling oﬀ invading
microbes but also sealing injuries. They release pro-coagulatory factors
110
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and pro-coagulatory immune response [40,41]. However, under certain
conditions platelets also confer anti-inﬂammatory eﬀects by limiting
monocyte recruitment and cyto-/chemokine production via GPIbα and
sCD40L [42,43], or potentially via platelet-derived exosomal microRNA-223 [44]. Moreover, diﬀerentiation of monocytes to CD16positive subsets and foam cell formation are central steps in vascular
dysfunction that are expedited by platelets [45]. Interestingly, CXCL4induced M4 macrophages display reduced capacity to take up lipids,
further underlining the multifaceted immunomodulatory nature of
platelets [46].
Platelet-neutrophil interactions, in particular direct crosstalk involving CD62P and CD40L, augment neutrophil activation, including
upregulation and activation of Mac-1 (CD11b/CD18) and release of
cytokines, leukotriene B4 (LTB4), and matrix metalloproteinase 9
(MMP-9) [29,47–50]. Further, platelets stimulate various microbicidal
neutrophil eﬀector functions such as oxidative burst, NET formation,
and phagocytosis. Direct cell-cell communication via CD62P–P-selectin
glycoprotein ligand-1 (PSGL-1) and CD40L-CD40, but also soluble
mediators and PMVs regulate these essential eﬀector functions [50–55].
However, similar to platelet-monocyte interplay, the impact of plateletneutrophil interactions is not straightforward, as platelet-derived ATP
inhibits neutrophil oxidative burst [56]. Vice versa, activated neutrophils produce lipoxin A4 and express CCR5 which scavenges plateletderived CCL3 and CCL5, thereby limiting the chemotactic eﬀect of
platelets on leukocytes [57].
Platelet-lymphocyte interaction is far less prominent and platelets
barely interact directly, especially with B-lymphocytes. Interactions of
platelets with activated T-lymphocytes involve CD62P, GPIIb/IIIa, and
CD40L, with serotonin and CXCL4 being the most important soluble
mediators that inﬂuence lymphocyte eﬀector functions [58–60]. Platelets play an important role in lymphocyte traﬃcking to secondary
lymphoid organs and – depending on the lymphocyte subtype and the
model employed – platelets either diminish or enhance T-lymphocyte
functions [61–66]. Mice deﬁcient for either CXCL4 or platelets show
exaggerated immune responses to cardiac transplantation [65]. Moreover, platelet-B-lymphocyte crosstalk via CD40−CD40L has been
shown to induce isotype switching and fosters immunoglobulin production [67]. Lymphocytes can also inﬂuence platelet functions as
lymphocytes use platelet-derived prostaglandin H2 (PGH2) to synthesize PGI2, which represents a potent platelet inhibitor [68].

histones to platelet toll-like receptors (TLRs). Thereby, platelets become
activated and promote a pro-coagulant milieu, potentially resulting in
thrombosis [4,5]. Platelets, which also express TLRs and get activated
in response to pathogen interactions, in turn foster the formation of
NETs as direct interaction of platelets with neutrophils leads to neutrophil activation and mediates migration and NET formation [6].
Apart from neutrophils also macrophages, eosinophils, and mast cells
release their DNA content and undergo etosis in evolving coronary
thrombosis. While NETs are most abundant in early thrombosis, macrophage extracellular traps (METs) dominate during late thrombosis
[7]. During arterial thrombosis, also eosinophils are quickly recruited
and interact with platelets, leading to eosinophil activation and formation of eosinophil extracellular traps (EETs), which enhance
thrombus stability through major basic protein. Blocking EETs could
represent a promising novel anti-thrombotic concept [8].
In vivo coagulation is initiated by tissue factor (TF), which is one of
the driving forces of microthrombus formation. Normally, TF is expressed in an encrypted form on the cell membrane in subendothelial
tissue. Upon inﬂammatory processes, also monocytes express TF,
thereby causing immunothrombotic events. Apart from being membrane associated, TF can also be found on microvesicles shed from
monocytes, which further contributes to thrombus formation [9,10].
Platelets act as partners in crime as they play a pivotal role in the decryption of TF as they secrete protein disulphide isomerase and foster
its activity in response to interaction with monocytes [11,12]. Interestingly, mice with impaired TF activity also suﬀer from increased
bacterial burden during acute infection [13,14], which further demonstrates the entangled nature of the haemostatic and the immune
system.
3. Regulation of platelet leukocyte interactions
Direct interaction of platelets with diﬀerent types of leukocytes
often precedes platelet-mediated changes of immune functions.
Platelet-leukocyte aggregates (PLA), in particular those with monocytes
(PMA) and neutrophils (PNA), are increased in many thrombo-inﬂammatory diseases and have therefore been proposed as an attractive
and easily accessible prognostic and/or diagnostic marker. Molecular
mediators of direct and indirect platelet-leukocytes crosstalk have been
reviewed in detail elsewhere [15–17]. Platelets can interact with all
leukocyte subtypes although the aﬃnity for direct interaction varies
and is highest for monocytes/macrophages and neutrophils, whereas
platelet-lymphocyte binding occurs less frequently [18,19]. A summary
illustrating platelet-mediated regulation of leukocyte eﬀector functions
is given in Fig. 2.
Platelets and platelet microvesicles (PMV) can bind to innate leukocytes by a plethora of surface receptors, with P-selectin (CD62P),
CD40 ligand (CD40L), glycoprotein (GP) Ibα and GPIIb/IIIa (integrin
αIIbβ3) being the most prominent ones [20–24]. Further, CXCL4 (platelet factor 4, PF4) and CCL5 (regulated on activation, normal T-cell
expressed and secreted, RANTES) – on their own or as heterodimer – as
well as surface-shed soluble P-selectin (sCD62P) and sCD40L are indirect modulators of monocyte and neutrophil function [25–29]. In
recent years, platelet-derived extracellular vesicles have been identiﬁed
as major source of non-coding regulatory RNAs within the circulation
[30,31]. Due to their ability to bind to leukocytes, in particular to
monocytes and granulocytes [32], platelet-derived extracellular vesicles can thus modulate leukocyte function via transfer of regulatory
RNAs.
Upon interaction platelets support monocyte and neutrophil chemotaxis, adhesion, and extravasation by various direct and indirect
mechanisms to promote leukocyte recruitment to sites of inﬂammation
or infection [33–35]. Further, CXCL4 prevents monocyte apoptosis and
along with other factors including CD40L, CD62P, and CCL5 promotes
production of cyto-/chemokines and ROS [36–39]. Induction of
monocyte TF expression by platelets further enhances the inﬂammatory

4. Eﬀects of cardiovascular risk factors on platelet-leukocyte
interplay
Several cardiovascular risk factors inﬂuence platelet function and
platelet-leukocyte interactions, thereby fostering disease development
and progression.
The risk for having a myocardial infarction or stroke peaks in the
morning [69]. This is accompanied by increased platelet activation, an
eﬀect independent of sleep/wake cycles and other behavioural inﬂuences [70]. Increased agonist-induced platelet-aggregation is most
likely caused by increased sympathetic nervous system activity and
elevated levels of catecholamines in blood [71]. Moreover, platelet
numbers are highest in the afternoon and studies using genetically
modiﬁed mice showed that in vivo platelet production is aﬀected by the
circadian transcription factor circadian locomotor output cycles kaput
(CLOCK) that regulates expression of thrombopoietin [72].
With age platelet counts decrease, while platelet reactivity increases. Increased ROS and activation of the mammalian target of rapamycin (mTOR) pathway seem to be responsible for these eﬀects,
which alter platelet transcriptome and function and lead to exaggerated
inﬂammation. Also platelet-leukocyte interactions are altered in aged
individuals as platelet-monocyte interactions result in signiﬁcantly
more cytokines due to elevated levels of platelet granzyme A [73].
Women have higher platelet counts and enhanced platelet aggregation compared to men [71]. Although platelets express oestrogen
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Fig. 2. Platelet-leukocyte interplay regulates immune and haemostatic responses.
During inﬂammatory settings, platelets interact with leukocytes via release of soluble mediators or by direct cell-cell contact, with highest binding aﬃnity for
monocytes/macrophages, followed by neutrophils and lymphocytes. Platelets promote leukocyte recruitment by facilitating chemotaxis, endothelial rolling and
adhesion and extravasation. Interaction with platelets also enhances monocyte survival and diﬀerentiation to CD16-expressing subsets, foam cells or CXCL4-induced
M4 macrophages as well as neutrophil phagocytosis and lymphocyte activation, proliferation and immunoglobulin production. Depending on the speciﬁc condition
platelet-leukocyte interplay further modulates the inﬂammatory process by conferring either pro- or anti-inﬂammatory eﬀects, including modulation of cyto-/
chemokines release, oxidative burst and lymphocyte development. Crosstalk of platelets with leukocytes also aﬀects haemostasis by triggering expression or release
pro-coagulatory and pro-thrombotic factors such as TF as well as METs, NETs, and EETs, but also by converting exogenous PGH2 to platelet-inhibiting PGI2. Act.
CD11b: activated CD11b; ATP: adenosine triphosphate; C5a: complement component 5a; CCL: C–C motif chemokine ligand; CD: cluster of diﬀerentiation; CLEC-2: Ctype lectin-like 2; CXCL: C-X-C motif chemokine ligand; EET: eosinophil extracellular trap; EMMPRIN: extracellular matrix metalloproteinase inducer; FXa: coagulation factor Xa; GP: glycoprotein; HMGB1: high-mobility group box 1; 5-HT: 5-hydroxytryptamine/serotonin; Ig: immunoglobulin; IL: interleukin; IFN-α: interferon α; JamA: junctional adhesion molecule A; LTB4: leukotriene B4; MCP-1: monocyte chemoattractant protein 1; MET: macrophage extracellular trap; MIF:
macrophage migration inhibitory factor; MIP-1β: macrophage inﬂammatory protein 1β; MMP: matrix metalloproteinase; MPO: myeloperoxidase; MV: microvesicles;
NET: neutrophil extracellular trap; PAF: platelet-activating factor; PDGF: platelet-derived growth factor; PGH2: prostaglandin H2; PMV: platelet microvesicles; PS:
phosphatidylserine; ROS: reactive oxygen species; TF: tissue factor; TGF-β: transforming growth factor β; Th: helper T-cell; TNF-α: tumour necrosis factor α; Treg:
regulatory T-cell; TREM1: triggering receptor expressed on myeloid cells 1.
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contribute to AAA pathology by forming thrombi, they have also been
found to further vessel wall dilatation.
AAA patients show increased platelet inﬁltration in aortic tissue
[91] along with increased circulating PMAs [92], underlining the importance of direct platelet binding to monocytes/macrophages. In vitro
platelets augment macrophage transmigration and MMP activity [91],
which is associated with vessel wall degradation. The CD40L-CD40 axis
has been implicated in aneurysm formation and in mouse models
CD40L deﬁciency reduces inﬂammatory chemo-/cytokines as well as
macrophage inﬁltration, lowering AAA incidence and risk of rupture of
formed AAAs [93]. Similar results were found in CD62P-deﬁcient mice
[94] and upon pharmaceutically targeting CD62P, which also dampened neutrophil oxidative burst, NET formation and apoptosis [90].
Platelets regulate leukocyte recruitment in AAA indirectly via release of
the chemokines CXCL4 and CCL5, which are increased in plasma of
AAA patients, but are also present in high levels in luminal layers of
ILTs. Accordingly, platelets and neutrophils co-localize in luminal ILT
layers [95]. Inhibition of CXCL4-CCL5 heterodimers before or after
induction of experimental AAA has proven eﬃcient to prevent development of AAA or halt its progression, respectively [96]. This suggests
that platelet inhibition could represent a viable treatment option for
AAA patients.
Indeed, in murine AAA models inhibition of cyclooxygenase by aspirin or blocking of the ADP receptor P2Y12 by clopidogrel impedes
platelet accumulation and reduces plasma levels of CXCL4, CCL5 and
other chemo-/cytokines as well as MMPs, which is accompanied by
impaired macrophage recruitment. Inhibiting platelet-mediated modulation of immune responses thereby slows lamina degradation and
vessel dilatation and increases survival in mice [91,97], but treatment
with aspirin or P2Y12 blockers also reduces risk of rupture and dissection in AAA patients [97].
Analysis of patient ILTs showed that local T cells are highly activated and express high levels of CCR5, which is a receptor for CCL5 and
might suggest a role of platelets in the regulation of lymphocyte traﬃc
in AAA thrombi [98]. Indeed, histological analysis of tissue sections
from patients with AAA revealed increased numbers of platelets and T
lymphocytes in aneurysm sites along with augmented angiogenesis
[91]. Further, extreme values of platelet to lymphocyte ratio (PLR) are
associated with a higher risk for complications after AAA surgical repair
[99]. Patients with metabolic syndrome showed increased levels of
CXCR6 on platelet bound circulating CD8+ lymphocytes, which promotes adhesion to the dysfunctional arterial endothelium and might be
involved in adverse cardiovascular events. Moreover, inﬁltration of
CD8+ CXCR6+ lymphocytes is signiﬁcantly increased in the AAA lesions of ApoE-deﬁcient mice [100]. While platelet-lymphocyte aggregates have not been reported yet in AAA patients, platelets and
neutrophils co-localize in ILTs and platelet inhibition reduces leukocyte
inﬁltration in an animal AAA model [95,101].
In addition to acquired AAA, several congenital human connective
tissue diseases such as Marfan syndrome and Ehlers-Danlos syndrome
are characterized by increased propensity to develop aortic aneurysms
and increased risk of aortic dissection. However, while patients with
Marfan syndrome display increased platelet activation [102], EhlersDanlos syndrome is associated with increased bleeding risk and impaired platelet function [103]. Thus, the potential contributions of
platelets and platelet-leukocyte interactions to congenital aneurysm
disorders appear to me multifaceted and remain to be elucidated.

receptors [74], this eﬀect is not dependent on the menstrual cycle or the
use of oral contraceptives [75]. However, PLA formation is aﬀected by
oestrogen levels as the number of PLAs peaks on day 14 of menstrual
cycle [76]. When comparing female and male patients with CVD, in vivo
as well as in vitro agonist-induced PLA formation was signiﬁcantly
pronounced in females [77].
Similar to other cardiovascular risks, platelet function and platelet
reactivity are related to cardiorespiratory ﬁtness. A sedentary lifestyle
is associated with platelet hyperreactivity while a physically active
lifestyle dramatically reduces cardiovascular mortality and also platelet
activation. However, vigorous exercise transiently increases the risk for
myocardial infarction and results in platelet activation and hyperreactivity and subsequent platelet-leukocyte interactions [78].
Obesity increases platelet hyperreactivity, leading to increased
mean platelet volume, platelet microvesicle formation, enhanced
thromboxane B2 metabolites, sCD62P, and platelet-derived CD40L.
These alterations can be explained by altered exposure and/or increased expression of surface receptors for agonists and adhesion molecules, decreased membrane ﬂuidity, altered platelet metabolism as
well as disruptions in intra-platelet signalling, and increased oxidative
stress. Further, chronic inﬂammation as observed in obese patients
leads to imbalanced haemostasis as endogenous anticoagulant mechanisms get dysregulated, including tissue factor pathway inhibitor,
anti-thrombin, and protein C [79].
Smoking is a major risk factor for the development of CVD as smoke
and tobacco components deliver huge amounts of oxidants and toxins
that favour the development of inﬂammation, oxidative stress, and
thrombosis. Moreover, leukocyte and endothelial functions are altered,
causing platelet abnormalities such as accelerated platelet turnover and
increased platelet activation [80].
Patients with autoimmune diseases such as anti-phospholipid syndrome, systemic lupus erythematosus, and rheumatoid arthritis show
increased levels of circulating PLAs and have a signiﬁcantly higher risk
to develop CVD [81]. Studies in mice showed that prolonged systemic
inﬂammation after intra-abdominal sepsis accelerates the development
of atherosclerosis [82], corroborating a link between acute cardiovascular events and prior infection in humans [83]. Moreover, severe
trauma and sepsis were associated with enhanced formation of PLAs
[84]. Furthermore, platelet activation and platelet-leukocyte interplay
have emerged as new regulators in allergic disease [85], while at the
same time allergic disease is associated with increased thromboembolic
events [86]. Platelets mediate systemic mast cell activation and IgE
production [87,88] which in turn may promote platelet activation via
the FcεRI [89], thus conferring an increasingly pro-thrombotic microenvironment.
5. Platelet-leukocyte interplay in development and progression of
chronic vascular disease
Mutual regulation of platelets and diﬀerent leukocyte subsets favours the development and exacerbation of vascular abnormalities that
underlie chronic vascular diseases such as abdominal aortic aneurysm,
peripheral and coronary artery disease. Molecular determinants and
immunomodulatory eﬀects of platelet-leukocyte crosstalk is summarized in Fig. 3.
5.1. Abdominal aortic aneurysm (AAA)

5.2. Peripheral artery disease (PAD)

Chronic inﬂammation of the aortic vasculature may lead to endothelial damage and degradation of subendothelial vessel wall components and subsequent progressive dilatation of the vessel lumen may
eventually culminate in life-threatening arterial rupture. This process
can be exacerbated by recurring low-key infections [90]. Aneurysms
can occur in all segments of the aorta, but are most commonly found in
the abdominal aorta. Intraluminal thrombi (ILT) are prone to develop
within the lumen of the aneurysm; however, platelets not only

Patients with PAD suﬀer from reduced blood ﬂow to the distal extremities caused by narrowing of the arterial lumen due to presence of
atherosclerotic plaques. The key feature of the disease is intermittent
claudication with walking caused by temporary ischaemia of the leg
muscles. Additionally, PAD serves as a marker for systemic atherosclerosis and is associated with high cardiovascular risk. While arteries
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Fig. 3. Platelet-leukocyte interplay in the development and progression of vascular disease.
Mutual regulation of platelets and leukocytes fosters development and progression of vascular abnormalities that underlie chronic and acute vascular disease.
Coronary artery disease is associated with elevated circulating PMAs and PNAs and increased levels of CD16-negative classical monocytes. Platelets induce formation
of M4 macrophages and enhance inﬂammatory cytokine release as well as T-cell proliferation and activation, thus exacerbating atherosclerotic plaque formation and
instability which ultimately results in plaque rupture, thrombosis and vessel occlusion. In abdominal aortic aneurysm circulating PMAs are increased and platelets
promote monocyte/macrophage recruitment and release of cytokines and MMPs, neutrophil NET formation and oxidative burst and T-cell activation and accumulation, thereby contributing to lamina degradation, vessel dilatation and risk of rupture. Peripheral artery disease is associated with platelet activation and
strongly increased circulating PMAs and PNAs. Platelet-leukocyte interplay augments the pro-inﬂammatory microenvironment in atherosclerotic lesions by regulating leukocyte diﬀerentiation, cytokine release, recruitment and NET formation which exacerbates lesion size and decreases the arterial lumen. Acute ischaemic
stroke is followed by a period of post-ischaemic microvascular dysfunction and loss of integrity of the blood-brain barrier. Circulating PMAs, PNAs and PLyAs are
increased during this phase and platelet-leukocyte interactions mediate leukocyte recruitment and activation, thus aggravating disease severity and infarct volume.
Venous thromboembolism is associated with increased circulating PMAs, PNAs and PLyAs. Augmented platelet activation is essential for recruitment of innate
leukocytes, NET formation and expression of cytokines and TF. These platelet-mediated eﬀects further promote hypercoagulability and endothelial dysfunction
which are critical factors for deep vein thrombosis and subsequent pulmonary embolism. NET: neutrophil extracellular trap; PLyA: platelet-lymphocyte aggregate;
PMA: platelet-monocyte aggregate; PNA: platelet-neutrophil aggregate; ROS: reactive oxygen species; TF: tissue factor.

aim to preserve blood ﬂow by vasodilation at early stages of PAD,
narrowing of arterial ﬂow lumen by atherosclerotic plaques cannot be
prevented in later stages and is accompanied with haemodynamic
consequences involving emboli at sides of arterial bifurcations [104].
Thereby, PAD and coronary artery disease (CAD) are major causes of
vaso-occlusive diseases including embolism, stroke and deep vein
thrombosis (DVT).
As with all atherosclerotic disorders, monocytes and macrophages
play a pivotal role in PAD and modulation of their pro-inﬂammatory
and pro-atherogenic functions by platelets contributes to disease progression. Patients with PAD display raised pro-thrombotic platelet activation as evidenced by increased levels of surface and soluble CD62P,

GPIIb/IIIa activation, and enhanced aggregation [105,106]. Furthermore, circulating PMAs and PNAs are strongly elevated in PAD with
PMA levels exceeding those observed in CAD [105,107]. Use of
blocking antibodies revealed that binding of platelets to neutrophils or
monocytes/macrophages prominently involves the CD62P-PSGL-1 axis
[106,108]. Platelet CD62P and macrophage PSGL-1 expression can be
further ampliﬁed by platelet-derived myeloid-related protein 14 (MRP4), which is increased in platelets and plasma of PAD patients [108].
Platelet crosstalk with neutrophils and monocytes/macrophages
augments the pro-inﬂammatory microenvironment in PAD lesions by
fostering leukocyte activation, migration and release of inﬂammatory
cytokines. Speciﬁcally, platelet-derived sCD62P was found to promote
114
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comprise up to 20% of plaque cells [123]. CD40L predominantly released from platelets is associated with cardiovascular events and could
be the stimulus for CD40L-CD40 activation of T-cells [124]. In patients
with stable CAD the PLR was associated with severity of coronary
atherosclerosis and inﬂammation [125], and a high PLR was shown to
predict in-hospital and long-term mortality of patients with myocardial
infarction or acute heart failure [126–128]. The PLR takes two critical
parameters into account: ﬁrst, the association between high platelet
counts and major adverse cardiovascular outcomes in patients with
CAD [129] and second, low lymphocyte counts that have been associated with worse outcome in patients with CAD [130,131]. Both
parameters are measures for inﬂammation as cytokines can decrease
lymphocyte counts due to lymphocyte apoptosis on the one hand and
increased platelet count due to promotion of megakaryopoiesis on the
other hand.
Additionally, increased PMAs and PNAs, but not platelet-lymphocyte aggregates were associated with development of the no-reﬂow
phenomenon in patients with myocardial infarction who underwent
percutaneous coronary intervention [132]. Furthermore, circulating
PMAs and plasma CRP levels correlate and are elevated in unstable
CAD, especially in patients with heightened troponin levels [133], underlining the importance of platelet-leukocyte interactions for CAD
progression and disease severity. Thus, anti-platelet therapy with clopidogrel and aspirin is one of the pillars in the treatment of patients
with CAD and was shown to reduce the risk of recurrent adverse cardiovascular eﬀects by 20% [134]. Additionally, CAD therapeutics that
do not primarily target platelets such as statins are able to reduce circulating PMAs and PNAs as well as myocardial damage, even though
not all studies could demonstrates eﬀects on platelet degranulation or
aggregation [135–137]. Similarly, application of β-blockers is also associated with decreased PLA formation [138]. These ﬁndings further
underline that modulation of platelet-leukocyte interplay may have
tremendous therapeutic potential in CVD.

neutrophil adhesion and activation of Mac-1 [62], and platelet-derived
MRP-14 entices macrophage migration and induction of interleukin-6
(IL-6), tumour necrosis factor α (TNF-α), and CCL2 (monocyte chemotactic protein 1, MCP-1) in vitro [108]. Coincidentally, in critical
limb ischaemia (CLI), a precariously advanced manifestation of PAD,
upregulation of platelet CD62P expression is accompanied by increased
PMA formation and plasma CCL2 [109]. Additionally, elevated plasma
sCD40L, which is primarily derived from platelets, contributes to immunomodulation in PAD patients with enlarged lesions, however, this
does not coincide with increased CCL2 or C-reactive protein (CRP)
[110]. Agonist-induced platelet CD62P expression also associates with
increased cell-free DNA and citrullinated histone H3, pointing towards
a strong link between platelet activation and NET formation in PAD
[111].
Disease exacerbation of PAD is further associated with monocyte
diﬀerentiation to CD16−expressing subsets. In CLI the fraction of intermediate (CD14++ CD16+) and non-classical (CD14+ CD16+) subsets as well as platelet aggregates with them are increased relative to
both controls and patients with intermittent claudication [107], suggesting that monocyte diﬀerentiation is regulated by platelets in advanced PAD.
Anti-platelet drugs and physical activity are commonly recommended to reduce risk for CVD. However, neither circulating PMAs
nor IL-6 or CRP were reduced in PAD patients upon low-dose aspirin or
by exercise training when provided additionally to best medical treatment [92,112]. In a large cohort study of more than 2000 PAD patients,
increased PLR was signiﬁcantly associated with risk for cardiovascular
endpoints [113].
5.3. Coronary artery disease (CAD)
CAD is caused by vascular obstructive lesions leading to adverse
cardiovascular events such as myocardial infarction, stroke and cardiovascular death. Typically, rupture or erosion of an atheroma causes
local thrombus formation and thereby limits local blood supply to
cardiomyocytes. Besides classical risk factors such as hyperlipidaemia,
diabetes, and hypertension, the extent and severity of atherosclerosis,
plaque vulnerability, and the likelihood of thrombus formation and
propagation determine the probability of a cardiovascular event [114].
Rupture-prone plaques are characterized by a large necrotic core and a
thin ﬁbrous cap accompanied by decreased numbers of smooth muscle
cells.
Platelet activation pivotally regulates CAD and PNAs and PMAs are
elevated in patients with diagnosed CAD [115,116]. Accordingly, surface markers of platelet activation that can mediate direct cellular interactions increase with disease progression. During stable CAD surface
CD62P is upregulated in peripheral venous blood [116] and in coronary
arteries [117], along with platelet EMMPRIN (CD147) expression
[118]. Analysis of monocyte subsets revealed that classical monocytes
(CD14++ CD16−) are increased in stable CAD while non-classical
monocytes are decreased; however platelet binding is increased in all
subsets [119]. These alterations are accompanied by an enhanced proinﬂammatory milieu as evidenced by augmented monocyte CD11b
expression [117] and heightened levels of IL-6 and CRP as well as the
endogenous IL-1β inhibitor IL-1 receptor antagonist (IL-1RA) [115],
which suggests induction of anti-inﬂammatory mechanisms to limit
excessive inﬂammation.
Platelet CD40L expression was noted in acute coronary syndrome
(ACS) and increased with lesion complexity and vessel occlusion [120].
Further, while CCL5 is not elevated in stable CAD [119], platelet-derived chemokines CCL5, CXCL4 and CXCL4L1 (PF4 variant 1, PF4V1)
are increased in ACS [121]. In line with this, CXCL4-induced M4
macrophages accumulate in coronary plaques and their prevalence is
associated with aggravated plaque instability [122].
Moreover, numbers of circulating pro-inﬂammatory T helper lymphocytes are increased in patients with stable CAD and T lymphocytes

6. Platelet-leukocyte interplay in the acute phase of vascular
diseases
Progressive vascular dysfunction often culminates in acute thrombotic events which can be accompanied by embolisation and subsequent organ damage, e.g. upon acute ischaemic stroke or venous
thromboembolism. Platelet-leukocyte crosstalk modulates primary
thrombosis as well as acute inﬂammatory responses which favours
secondary thrombosis at distant sites of embolisation. Eﬀects of platelet-leukocyte interactions and involved molecular mediators are
summarized in Fig. 3.
6.1. Acute ischaemic stroke (AIS)
Local thrombosis or translocation of an embolus to a cerebral artery
or vein may cause vessel obstruction and acute ischaemia in the brain,
resulting in hypoxia and tissue damage, which manifests as loss of
neurological and motor function. Although stroke can also be of haemorrhagic aetiology, ischaemia accounts for up to 87% of stroke events
[139]. However, cerebral hypoperfusion and subsequent ischaemia
causes not only neuronal damage but also loss of integrity of the bloodbrain barrier (BBB) due to dysfunction of the cerebral microvasculature,
which may further exacerbate brain injury.
Platelet-leukocyte interplay contributes to the diﬀerent stages of
ischaemic stroke by modulating the inﬂammatory response as well as
vascular dysfunction. In particular, direct cellular interactions between
platelets and innate leukocytes are implicated with increased circulating levels of PNAs and PMAs during the acute phase of stroke [140].
While PNAs are increased within the ﬁrst three days after the ischaemic
event, PMAs are mainly detectable at day two [141]. These data are
corroborated by in vivo studies employing a rodent model of transient
midline cerebral artery occlusion (MCAO) followed by a period of
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Platelet interaction with leukocytes is essential for development and
progression of venous thrombosis. Patients with VTE or PE display increased platelet activation and circulating PLAs, as well as leukocyte
activation and raised levels of inﬂammatory cytokines such as CCL5 and
CCL2 [160]. In a mouse model of inferior vena cava ﬂow restriction,
platelets adhered either to the intact endothelium or to adherent leukocytes in a GPIbα-dependent manner within 2 h, with as much as at
least one platelet per adherent leukocyte [159]. Interaction of platelet
GPIb and CD62P with neutrophil CD18 and PSGL-1, respectively, promotes NET release [161] and thus a pro-thrombotic environment.
Recently, platelet-derived high-mobility group box 1 (HMGB1) has
been identiﬁed as a potential target for DVT therapy. Platelets are the
main source of circulating HMGB1, which triggers recruitment of innate
leukocytes, NET formation, and monocyte TF expression. Leukocyteoxidized HMGB1 in turn promotes platelet activation and aggregation,
thereby potentiating platelet CD62P expression, HMGB1 release, and
amplifying NET formation and monocyte recruitment and activation
[162,163].
Anti-platelet therapy with aspirin protects from DVT following limb
surgery [164] and high platelet counts are an independent risk predictor for VTE in cancer patients [165]. Moreover, interplay between
platelets and immune cells was shown in idiopathic DVT where
CX3CR1-expressing platelet-bound CD8+ lymphocytes were signiﬁcant
increased and served as prognostic marker for long-term adverse cardiovascular events [166].
Most preclinical data are generated from venous thrombosis models
that (partially) ligate the inferior vena cava. They consistently show
that especially the interplay of platelets and neutrophils with coagulation factor XII (FXII) is of critical importance; however, a diﬀerent
model that silences the endogenous anticoagulants anti-thrombin and
protein C, indicates that TF and platelets are the rate-limiting factors,
not FXII and neutrophils. Inhibition of TF signiﬁcantly aﬀected venous
thrombosis, while FXII inhibition did not. Platelets are recruited early
during disease progression and contribute to immune cell accumulation
and stabilization. While monocytic TF induces initial ﬁbrin formation,
platelets mediate ﬁbrin accumulation in more advanced stages.
Nonetheless, this model breaks with several accepted assumptions by
proposing a seemingly minor role of neutrophils and von Willebrand
factor, which might be due to the lack of surgical injury and subsequent
local inﬂammation [167].
PE is the most common cause of pulmonary infarction and caused
by blockage of pulmonary arteries due to blood clots traveling from
deep veins. PE has a 2-fold increased mortality rate compared to DVT
[168] and can be caused by major surgery, trauma or periods of immobility. Moreover, it is assumed that inﬂammatory mediators contribute to its development, which is supported by increased frequency
of PE in patients with chronic inﬂammatory disorders such as rheumatoid arthritis as well as by a correlation between PE and the inﬂammatory marker CRP [169]. Moreover, elevated PLR is associated
with all-cause mortality in acute PE patients [170]. Murine models have
tried to shed light on the complex role of platelet-leukocyte crosstalk in
PE. However, while platelet-leukocyte interplay mainly appears to
confer pro-inﬂammatory eﬀects in the context of vascular dysfunction,
platelet-derived amyloid precursor protein has been identiﬁed to limit
PE secondary to DVT by downregulating NET formation and thrombus
growth, whereas arterial thromboembolism was not aﬀected [171].

reperfusion that leads to formation of PLAs in the circulation [142] as
well as endothelial rolling and adhesion of leukocytes and platelets
[143]. Notably, neutrophil adhesion is required for subsequent platelet
sequestration [143], indicating that platelet dysfunction is not the
primary trigger of post-ischaemic vascular dysfunction.
Platelet-leukocyte interplay is suspected to increase leukocyte activation and recruitment, thereby fostering inﬂammation and promoting
tissue damage. Indeed, L-selectin shedding [144] and plasma CCL2 levels are increased in patients upon acute stroke [145] and PNA formation is associated with upregulation of neutrophil CD11b in murine
MCAO [142].
Platelet-leukocyte interactions via CD62P and CD40L-CD40, which
are upregulated in platelets of patients suﬀering from acute stroke or
transient ischaemic attack [146], promote brain injury by mediating
leukocyte recruitment, furthering BBB permeability and increasing infarct volume [143,147]. Additionally, platelet integrins support PLA
formation which can be abrogated by GPIIb/IIIa inhibition [142].
Blocking or inhibition of platelet adhesion receptor GPIb in mice diminishes neutrophil and macrophage inﬁltration into the brain as well
as expression of pro-inﬂammatory cytokines, thereby reducing BBB
dysfunction and infarct volume and ameliorating neurological deﬁcits
[148,149].
In addition to direct interactions, platelets may modulate leukocyte
function by soluble mediators such as sCD62P and sCD40L which are
also increased in patients upon acute stroke [146]. Further, deﬁciency
of CCL5 blunts leukocyte and platelet sequestration in mice and reduces
plasma levels of IL-12, IL-6, and IL-10 as well as tissue infarction [150].
Levels of CCL5 are increased in murine ischaemic brain and inhibition
of CXCL4-CCL5 prevents cerebral inﬁltration of innate leukocytes and
ameliorates disease severity [151].
While the molecular interplay between platelets and leukocytes in
stroke is only partially unveiled, platelet-leukocyte interactions clearly
contribute to AIS progression and severity. Enhanced PMA formation is
associated with worse clinical outcome after stroke and may be suitable
as predictive marker [152]. Accordingly, interference with plateletleukocyte crosstalk is an attractive target for prevention of AIS. However, aspirin has failed to show clear eﬀects on platelet-leukocyte interactions in stroke as one study reports reduced PMA formation upon
treatment of patients with acute cerebral infarction [153] while another
study found reduced PMAs only in healthy controls treated with aspirin,
but not in acute stroke patients [154]. Nevertheless, new generation
anti-platelet drugs such as clopidogrel might prove to be more eﬃcient
at interfering with platelet-leukocyte binding than aspirin [153].
6.2. Venous thromboembolism (VTE)
VTE is the third major cardiac disease and includes deep vein
thrombosis (DVT) and pulmonary embolism (PE). In contrast to their
arterial counterparts, venous thrombi usually form in deep veins of the
legs and pelvis under low shear conditions via a complex interplay of
platelets, innate immune cells, endothelial cells, and the subsequent
activation of the plasmatic coagulation system, rendering them rich in
ﬁbrin and erythrocytes. The main causal factors of DVT are commonly
summarized as alterations or stasis of blood ﬂow, hypercoagulability
and endothelial dysfunction, termed “Virchow's Triad” [155].
Prolonged periods of physical inactivity e.g. due to illness, longdistance ﬂights, or pregnancy, favour stasis of blood ﬂow, thereby
creating local hypoxia especially in the valvular pockets. Together with
accumulated ROS, hypoxia incites cell activation and expression of
adhesion molecules on leukocytes, endothelial cells [156], and platelets
[157], and loosens tight-junctions of the endothelial layer, which allows for platelet penetration into the subendothelium [156]. Platelet
recruitment is mainly dependent on GPIbα but also involves C-type
lectin-like 2 (CLEC-2), as podoplanin expression (the only known ligand
for CLEC-2) in the murine tunica media and adventitia is upregulated
during thrombus formation [158,159].

7. Summary and perspectives
Taken together platelet-leukocyte interplay modulates the development and progression of various chronic as well as acute vascular
diseases. While we increasingly learn more about the complex interplay
of the haemostatic and the immune system and the role of plateletleukocyte interplay therein, there is still much to be learned on the role
of these interactions at the onset and progression of speciﬁc vascular
diseases. Moreover, eﬀects of anti-platelet and anti-inﬂammatory
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therapies on platelet-leukocyte interplay in this context are understudied. A clear understanding of the role of platelet-leukocyte interactions in vascular disease could provide a basis to adapt current patient therapy and help to prevent the fatal consequences of this disease.
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