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Abstract: This editorial summarizes and discusses the themes of eleven articles (five reviews and six
original studies) published in the Special Issue “Molecular Research On Platelet Activity in Health and
Disease”. They give an international picture of the up-to-date understanding of (i) platelet signalling
under physiological and pathological conditions, (ii) novel technologies for monitoring platelet
functions and (iii) clinical applications of platelet-based-therapy for management of pathological
conditions, not directly related to haemostasis and thrombosis.

Keywords: cardiovascular disease; microfluidic flow chambers; platelet-cancer cross-talk; platelet
activation; platelet concentrate transfusion; stress conditions

Further insights into the regulation of platelet signalling were derived from Makhoul and
collaborators, who report a novel feedback inhibition mechanism in human platelet activity. They report
a new site of phosphorylation of spleen tyrosine kinase (Syk), occurring on Ser297, that is mediated
by protein kinase C (PKC)- and cyclic adenosine monophosphate (cAMP)-dependent pathways [1].
Considering the central role played by Syk in platelets (as well as in other cells), this finding highlights
that a better understanding of Syk regulation is essential for development of drug-based therapies
capable of modulating its activity in diseased conditions.

Grundel and collaborators gave further insights into the functional role of the proteasome system in
platelets. Key proteins of this pathway, together with proteins of the ubiquitination system, are indeed
expressed by platelets, although the exact role of these proteolytic systems is unclear. By using living
E. coli in vitro and in sepsis patients, the authors demonstrate, for the first time, that platelets play
a key role in sepsis, by increasing proteasome activity, as well as by upregulating the proteasome
activator PA28 (PSME1) and inducing proteolytic cleavage of proteasome substrates, such as Talin-1.
Upregulation of platelet proteasome activity and protein metabolism in response to infection under
conditions of sepsis indicate, therefore, that proteasome is dynamic and responds to inflammatory
environmental stress conditions [2].

The crucial role of platelets in response to environmental stress conditions is also the object of
Kraemer and colleague’s study. They show that acute myocardial infarction leads to significant changes
in heat-shock proteins (HSP), acting as chaperones and cytoskeleton stabilizers [3], and kindlins,
important proteins involved in integrin signalling and cytoskeleton regulation [4]. Indeed, they
report a significant increase of HSP27 protein levels and phosphorylation, as well as intracellular
translocation from cytoskeleton to membrane-associated protein fractions in human platelets during
myocardial infarction, compared to matched controls with non-ischemic chest [3]. They also describe
another platelet phenotype associated to myocardial infarction, i.e., significantly decreased kindlin-3
proteolysis, occurring in soluble and cytoskeletal fractions, but not in membrane fractions [4].

Particular attention should be paid to development of novel technologies for monitoring platelet
activity, under both physiological and pathological conditions. In this context, a valuable tool for
research in hemostasis and thrombosis is represented by microfluidic flow chambers (MFCs), which can

Int. J. Mol. Sci. 2020, 21, 3804; doi:10.3390/ijms21113804 www.mdpi.com/journal/ijms1
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mimic healthy and stenotic blood vessels and recreate various physiological and pathological shear
stress conditions. These microchannels, therefore, are commonly used to study platelet adhesion
over different adhesive proteins and thrombus formation, as well as inhibitory effects of antiplatelet
agents. Nonetheless, the existence of several experimental variables prevents a real standardization,
so the definition of common protocols is a compelling challenge. In this context, Scavone’s study
is particularly interesting and promising, as the authors investigate critical aspects of microfluidic
platelet adhesion assays and of common antiplatelet drugs, i.e., aspirin and cangrelor, through a new
microfluidic device [5]. This novel MFC allows us to assess that platelet adhesion on collagen-coated
surfaces is a shear-dependent process, not affected by blood storage temperature before perfusion
and collagen concentration (beyond a value of 10 μg/mL). Importantly, cangrelor does not inhibit
platelet accumulation, at any shear rate and concentration of collagen, while aspirin exerts inhibitory
effects at low collagen concentrations. These findings demonstrate the need of considering different
aspects of thrombus formation before approaching MFC experiments. A further contribution comes
from a novel, easy-to-use, accurate and portable impedance aggregometer prototype called “MICELI”
(MICrofluidic, ELectrical, Impedance) designed and fabricated by Roka-Moiia and co-workers [6].
MICELI aggregometer shows several advantages when compared with other commercial devices:
it decreases footprint, assay complexity, and time to obtain results. These evidences, together
with further validations of operational performance, might give the bases for usage of MICELI
aggregometer as diagnostic device for monitoring platelet function during pharmacological thrombosis
and bleeding management.

Canault and Alessi exhaustively provide an update of structure and pathophysiological role of
RasGRP2, the essential regulator of αIIbβ3 integrin activation in platelets. They show how RasGRP2
genetic variants are related to the inherited platelet-type bleeding disorder-18 (BDPLT18), also discussing
strategies for diagnosis and management of patients with this congenital bleeding disorder [7]. Barale
and Russo [8] illustrate the intersection complexity between several cardiometabolic risks (among them,
obesity, dyslipidemia, impaired glucose homeostasis, hypertension and disturbed microhemorrheology)
and thrombosis, focusing their attention on the molecular mechanisms through which all components
of metabolic syndrome are involved in prothrombotic tendency observed in obese and diabetic patients.
In our Review, we discuss the unexpected central role of platelets in cancer, with particular emphasis
on molecular mechanisms underlying platelet-cancer cross-talk and on how modulation of platelet
count and secretion (i.e., by bioactive molecules and microvesicle-derived miRNAs) might be related
to either a protective or a deleterious action in all steps of cancer progression [9].

Another important aspect in platelet research concerns clinical applications of platelet
concentrate transfusion, for treating musculoskeletal conditions (such as osteoarthritis, muscle injuries,
tendinopathies, and intervertebral disc degeneration). This is the object of the narrative review from
Mariani and Pulsatelli, who discuss different types of methodological procedures used to prepare
platelet concentrates and how these preparations may differ in composition, depending on the protocol
adopted. Clinical application in musculoskeletal medicine, as well as efficacy and main reported
controversies, are illustrated here [10]. The fundamental role of platelets and their derivatives in
pathophysiological conditions, not strictly related to hemostasis and thrombosis, is further examined
by Salamanna and collaborators: starting from experimental evidence of platelet involvement in bone
remodeling, their systematic review highlights the positive correlation between platelet size/volume
and bone mineralization, as well as improved bone regeneration by using platelet-derived bioactive
growth factors and other derivatives, such as platelet concentrates [11].

Altogether, the studies reported in this Special Issue reveal novel aspects of platelet biology
and we hope that they will be helpful towards new insights and a research impetus for those who
are interested in developing new therapeutic tools for the management of pathological conditions
depending on platelet dysfunctions.

2



Int. J. Mol. Sci. 2020, 21, 3804

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Makhoul, S.; Dorschel, S.; Gambaryan, S.; Walter, U.; Jurk, K. Feedback Regulation of Syk by Protein Kinase
C in Human Platelets. Int. J. Mol. Sci. 2019, 21, 176. [CrossRef] [PubMed]

2. Groterhorst, K.G.; Mannell, H.; Pircher, J.; Kraemer, B.F. Platelet proteasome activity and metabolism is
upregulated during bacterial sepsis. Int. J. Mol. Sci. 2019, 20, 5961. [CrossRef] [PubMed]

3. Kraemer, B.F.; Mannell, H.; Lamkemeyer, T.; Franz-Wachtel, M.; Lindemann, S. Heat-shock protein 27
(HSPB1) is upregulated and phosphorylated in human platelets during ST-elevation myocardial infarction.
Int. J. Mol. Sci. 2019, 20, 5968. [CrossRef] [PubMed]

4. Kraemer, B.F.; Lamkemeyer, T.; Franz-Wachtel, M.; Lindemann, S. The integrin activating protein kindlin-3
is cleaved in human platelets during st-elevation myocardial infarction. Int. J. Mol. Sci. 2019, 20, 6154.
[CrossRef] [PubMed]

5. Scavone, M.; Bozzi, S.; Mencarini, T.; Podda, G.; Cattaneo, M.; Redaelli, A. Platelet adhesion and thrombus
formation in microchannels: The effect of assay-dependent variables. Int. J. Mol. Sci. 2020, 21, 750. [CrossRef]
[PubMed]

6. Roka-Moiia, Y.; Bozzi, S.; Ferrari, C.; Mantica, G.; Dimasi, A.; Rasponi, M.; Santoleri, A.; Scavone, M.;
Consolo, F.; Cattaneo, M.; et al. The MICELI (MICrofluidic, ELectrical, impedance): Prototyping a
point-of-care impedance platelet aggregometer. Int. J. Mol. Sci. 2020, 21, 1174. [CrossRef] [PubMed]

7. Canault, M.; Alessi, M.-C. RasGRP2 Structure, Function and Genetic Variants in Platelet Pathophysiology.
Int. J. Mol. Sci. 2020, 21, 1075. [CrossRef] [PubMed]

8. Barale, C.; Russo, I. Influence of Cardiometabolic Risk Factors on Platelet Function. Int. J. Mol. Sci. 2020,
21, 623. [CrossRef] [PubMed]

9. Catani, M.V.; Savini, I.; Tullio, V.; Gasperi, V. The “Janus Face” of Platelets in Cancer. Int. J. Mol. Sci. 2020,
21, 788. [CrossRef] [PubMed]

10. Mariani, E.; Pulsatelli, L. Platelet concentrates in musculoskeletal medicine. Int. J. Mol. Sci. 2020, 21, 1328.
[CrossRef] [PubMed]

11. Salamanna, F.; Maglio, M.; Sartori, M.; Tschon, M.; Fini, M. Platelet Features and Derivatives in Osteoporosis:
A Rational and Systematic Review on the Best Evidence. Int. J. Mol. Sci. 2020, 21, 1762. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

3





 International Journal of 

Molecular Sciences

Article

Feedback Regulation of Syk by Protein Kinase C
in Human Platelets

Stephanie Makhoul 1, Stephanie Dorschel 1, Stepan Gambaryan 1,2, Ulrich Walter 1

and Kerstin Jurk 1,*

1 Center for Thrombosis and Hemostasis (CTH), University Medical Center Mainz of the Johannes Gutenberg
University Mainz, 55131 Mainz, Germany; stephanie.makhoul@uni-mainz.de (S.M.);
stephanie.dorschel@gmail.com (S.D.); s.gambaryan@klin-biochem.uni-wuerzburg.de (S.G.);
ulrich.walter@uni-mainz.de (U.W.)

2 Sechenov Institute of Evolutionary Physiology and Biochemistry, Russian Academy of Sciences,
194223 St. Petersburg, Russia

* Correspondence: kerstin.jurk@unimedizin-mainz.de

Received: 28 November 2019; Accepted: 20 December 2019; Published: 25 December 2019

Abstract: The spleen tyrosine kinase (Syk) is essential for immunoreceptor tyrosine-based
activation motif (ITAM)-dependent platelet activation, and it is stimulated by Src-family kinase
(SFK)-/Syk-mediated phosphorylation of Y352 (interdomain-B) and Y525/526 (kinase domain).
Additional sites for Syk phosphorylation and protein interactions are known but remain elusive.
Since Syk S297 phosphorylation (interdomain-B) was detected in platelets, we hypothesized
that this phosphorylation site regulates Syk activity via protein kinase C (PKC)-and cyclic
adenosine monophosphate (cAMP)-dependent pathways. ADP, the GPVI-agonist convulxin,
and the GPIbα-agonist echicetin beads (EB) were used to stimulate human platelets with/without
effectors. Platelet aggregation and intracellular messengers were analyzed, along with phosphoproteins,
by immunoblotting using phosphosite-specific antibodies or phos-tags. ADP, convulxin, and
EB upregulated Syk S297 phosphorylation, which was inhibited by iloprost (cAMP pathway).
Convulxin-stimulated Syk S297 phosphorylation was stoichiometric, transient, abolished by the PKC
inhibitor GF109203X, and mimicked by the PKC activator PDBu. Convulxin/EB stimulated Syk S297,
Y352, and Y525/526 phosphorylation, which was inhibited by SFK and Syk inhibitors. GFX and iloprost
inhibited convulxin/EB-induced Syk S297 phosphorylation but enhanced Syk tyrosine (Y352/Y525/526)
and substrate (linker adaptor for T cells (LAT), phospholipase γ2 (PLC γ2)) phosphorylation.
GFX enhanced convulxin/EB-increases of inositol monophosphate/Ca2+. ITAM-activated Syk stimulates
PKC-dependent Syk S297 phosphorylation, which is reduced by SFK/Syk/PKC inhibition and cAMP.
Inhibition of Syk S297 phosphorylation coincides with enhanced Syk activation, suggesting that S297
phosphorylation represents a mechanism for feedback inhibition in human platelets.

Keywords: spleen tyrosine kinase (Syk); protein kinase C; cyclic adenosine monophosphate (cAMP);
platelets; glycoprotein VI; glycoprotein Ibα

1. Introduction

Human platelets are small circulating blood cells, which control, monitor, and preserve the integrity
of the vessel wall. These anucleate cells prevent blood loss during vascular injury and, on the other hand,
have prominent roles in thrombotic, inflammatory, and immune pathologies [1,2]. After vascular injury,
distinct platelet receptors sense and bind newly exposed proteins immobilized within the extracellular
matrix or on activated endothelial cells. This is followed by receptor-mediated platelet activation
resulting in a plethora of cellular responses, including cytoskeletal remodeling, integrin activation
(e.g., integrin αIIbβ3), degranulation, synthesis/release of thromboxane A2 (TxA2), and surface exposure

Int. J. Mol. Sci. 2020, 21, 176; doi:10.3390/ijms21010176 www.mdpi.com/journal/ijms5
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of anionic phospholipids, leading to platelet shape change, adhesiveness, aggregation, and coagulant
activity to form a protective thrombus [2,3]. These essential physiological processes are often impaired
in diseases and are tightly controlled by numerous hormones, vasoactive factors, and adhesive
proteins, which activate, modulate, or inhibit these platelet functions. Two major classes of platelet
activators include soluble agonists and adhesion molecules, e.g., von Willebrand factor (vWF), collagen,
fibrin, and podoplanin, which stimulate specific G-protein-coupled receptors (GPCRs) [4,5] and
cell membrane-spanning adhesion receptors, respectively [6–8]. GPCR-coupled agonists activate
phospholipase (PLC) β, elevate cytosolic Ca2+ concentration, and activate Ca2+-dependent protein
kinases, such as protein kinase C (PKC), thereby inducing platelet activation [4,5].

The adhesion molecules collagen, vWF, podoplanin, fibrinogen, and fibrin bind to and activate
platelet membrane receptors such as glycoprotein (GP) VI (GPVI), GPIb-V-IX, CLEC-2, integrin
αIIbβ3 [6,7], and subsequently Src-family tyrosine protein kinases (SFKs) causing platelet activation [8].
The SFKs tyrosine-phosphorylate other proteins/protein kinases including membrane proteins with
the immunoreceptor tyrosine-based activation motif (ITAM) [6,8,9], which then recruits src homology
2 (SH2) domain-containing proteins, in particular the spleen tyrosine kinase (Syk). In human platelets,
ITAM-mediated Syk activation is mediated by the Fc receptor γ-chain and the low-affinity IgG receptor
FcγRIIa [10,11], while it is only mediated by the Fc receptor γ-chain in murine platelets [12–15].
Mice embryos presenting with a homozygous targeted mutation in the Syk gene (by deletion of
one exon on Syk gene encoding for 41 residues in the Syk kinase domain in embryonic stem cells)
die from severe hemorrhages before birth [16], and mice lacking platelet Syk were protected from
arterial thrombosis and ischemic stroke [17], highlighting the important role of Syk in platelets.
Tyrosine-phosphorylated ITAM proteins recruit Syk from the cytosol to the cell membrane and activate
Syk via two distinct overlapping mechanisms, the described ITAM-dependent process and a tyrosine
phosphorylation-dependent process [15,18–20]. The Syk Y-phospho-sites closely associated with
activation, Y348/Y352 and Y525/Y526, are two pairs within the interdomain-B and kinase domains,
respectively. Syk activation is initiated when these Y-sites are phosphorylated by SFKs or when
dually Y-phosphorylated ITAM-containing membrane proteins recruit the two Syk-SH2 domains
followed by Syk autophosphorylation, leading to the activation of the LAT-signalosome [18,19].
However, in addition to these Syk tyrosine phosphorylation sites involved in kinase activation, it was
demonstrated, primarily with murine and human B-cells, that Syk contains multiple tyrosine, serine,
and threonine phosphorylation sites, and that some of them are important for recruiting additional
regulatory binding proteins [21–23]. Syk serine phosphorylation at S297 (S291 in murine cells) is
observed in B-cells [23,24]. While Syk S291 phosphorylation in murine B-cell lines was reported to
enhance Syk coupling to the B-cell antigen receptor (BCR) [24], Syk S297 phosphorylation diminished
antigen–receptor signaling in human B-cell lines [23]. However, the role of Syk S297 phosphorylation
in human platelets remains unknown. In our recent phosphoproteomic studies with human platelets,
the cyclic adenosine monophosphate (cAMP)-elevating platelet inhibitor and stable prostacyclin analog
iloprost (cAMP/protein kinase A (PKA) pathway), as well as adenosine diphosphate (ADP), affected
the phosphorylation of many protein kinases including several tyrosine protein kinases such as Janus
kinase (JAK) 3, activated CDC42 kinase 1(ACK1), Bruton-tyrosine kinase (BTK), and Syk [25,26].
Interestingly, ADP, which activates platelet Ca2+/calmodulin-dependent protein kinases such as PKC,
but not iloprost, stimulated Syk S297 phosphorylation. Very recently, we established methods for
the selective quantitative assessment of GPVI-and GPIbα-mediated activation and function of human
platelet Syk [27,28]. We observed that cAMP-and cyclic guanosine monophosphate (cGMP)-elevating
platelet inhibitors strongly inhibited GPIbα-/GPVI-mediated platelet activation but enhanced the initial
Syk activation [28]. These phosphoproteomic and functional approaches suggest that there is a network
of interacting protein kinases at the level of Syk in platelets [29,30].

Based on previously published data and our own findings on Syk S297 phosphorylation in human
platelets, and considering the crucial Syk interdomain location of S297 [20], we hypothesized that this
serine site is phosphorylated in response to the activation of several signaling pathways. In particular,
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we hypothesized that PKC-and cAMP-dependent pathways, via their respective protein kinases,
regulate the phosphorylation of Syk S297, thereby affecting activation and/or activity of Syk in human
platelets. With this approach, we aimed to show that phosphorylation of Syk S297 in platelets modulates
Syk activity and, subsequently, further Syk substrates important for platelet function.

2. Results

2.1. ADP, Convulxin, and Echicetin Beads Upregulate Syk S297 Phosphorylation, Which Is Inhibited
by Iloprost

Our previous phosphoproteomic studies with human platelets showed that ADP induced
Syk serine phosphorylation at S297, which is located in the interdomain-B of Syk [26].
Using a phosphospecific antibody against this site, we investigated the regulation of this
phosphorylation site by ADP, by its functional inhibitor (iloprost) and by agonists, which activate
platelets via ITAM-/Syk-dependent mechanisms. As expected, ADP-induced platelet aggregation
was completely inhibited by iloprost (Supplementary Materials Figure S1a). ADP increased Syk
S297 phosphorylation 3–4-fold within 4 min of stimulation, which was strongly inhibited by iloprost
(Figure 1a). Then, a rapid (within 1 min) but transient phosphorylation of S297 was observed upon
platelet stimulation with the selective GPVI agonist convulxin (cvx), as well as with the specific GPIbα
agonist echicetin beads (EB) (Figure 1b,c), which was also strongly inhibited by iloprost. Furthermore,
cvx/EB-induced S297 phosphorylation was significantly downregulated by the blockage of the TxA2
receptor and the ADP receptor P2Y12 (Supplementary Materials Figure S2a,b). These data demonstrate
that Syk S297 is upregulated by distinct signaling pathways in human platelets and, with both GPIbα
and GPVI, is significantly dependent on the secondary mediators ADP and TxA2.

Figure 1. Platelet Syk S297 is upregulated by ADP, convulxin, and echicetin beads. Human washed
platelets were pre-incubated with iloprost (2 nM; 3 min) at 37 ◦C prior to stimulation with (a) 25 μM
ADP, (b) 50 ng/mL convulxin (cvx), or (c) 0.5% (v/v) echicetin beads (EB). Platelet aggregation was
stopped after 1, 2, or 5 min of stimulation under stirring conditions by adding Laemmli buffer. Syk S297
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phosphorylation was analyzed in the presence or absence of iloprost by immunoblotting compared to
total protein. Quantitative data are represented as means± SD from three independent experiments with
platelets from three healthy donors. * p < 0.05, untreated versus iloprost-treated platelets in response to
ADP at 2 min; # p < 0.0001, untreated versus iloprost-treated platelets at 4 min in response to ADP and
at 1 min in response to cvx or EB.

2.2. Transient GPVI/GPIbα-Stimulated Syk S297 Phosphorylation Parallels Syk Tyrosine Phosphorylation

To better understand a possible link between the phosphorylation of S297 and Syk activation,
we studied simultaneously the phosphorylation of Syk on S297, on Y525/526 (a Syk activation
marker), and on Syk Y352 (important for Syk activity enhancement and for binding other proteins).
Syk S297 showed a transient phosphorylation, which increased within 1 min of stimulation and
then decreased both with convulxin (Figure 2a,ai) and EB (Figure 2b,bi) stimulation. A very similar
transient time course was observed with Syk Y525/526 and Y352 phosphorylation in response to
cvx (Figure 2a,aii) and EB (Figure 2b,bii). In contrast, ADP did not induce Syk Y525/526 or Y352
phosphorylation [26]. The observed Syk phosphorylation declined after initial stimulation, suggesting
that a protein phosphatase is active.

Figure 2. Cvx and EB induce a transient Syk S297 phosphorylation in parallel with Syk tyrosine
phosphorylation. Washed human platelets were stimulated under stirring conditions with (a) 50 ng/mL
cvx or (b) 0.5% (v/v) EB. (ai,bi) Syk phosphorylation on S297 and tyrosine sites (525/526 and 352)
mediated by cvx or by EB were analyzed in a time-dependent manner (1, 2, and 5 min) compared to
total Syk. (aii,bii) The kinetics of the phosphorylation patterns are represented as means ± SD from
three independent experiments with platelets from three healthy donors. # p < 0.0001, *** p < 0.001,
** p < 0.01, untreated versus cvx-or EB-stimulated platelets at 1 min.

2.3. Syk S297 Phosphorylation Is Dependent on Src Family Kinases (SFKs) and Syk Kinase Activity

EB-/cvx-mediated Syk tyrosine phosphorylation is mediated by SFKs and Syk
autophosphorylation [18,19,28]. Therefore, we evaluated the role of SFKs and Syk for Syk S297
phosphorylation. The SFK inhibitor PP2 abolished Syk S297 phosphorylation induced by cvx and EB
(Figure 3a,b), which was also observed with the two different Syk inhibitors OXSI-2 and PRT-060318
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(Figure 3c,d). These data indicate that GPVI-/GPIbα–increased Syk S297 phosphorylation is highly
dependent on SFK-stimulated Syk kinase activity.

Figure 3. Cvx-and EB-mediated Syk S297 upregulation is dependent on SFKs and Syk activation.
Washed human platelets were pre-incubated with vehicle control (DMSO) or with the SFK inhibitor
PP2 (10 μM) for 5 min at 37 ◦C prior to stimulation, under stirring conditions with (a) 50 ng/mL cvx
or (b) 0.5% (v/v) EB or with two different Syk inhibitors, OXSI-2 (2 μM) and PRT-060318 (1 μM) for
5 min at 37 ◦C prior to stimulation with (c) cvx or (d) EB. Phosphorylation of Syk S297 was analyzed by
immunoblotting compared to total Syk. Data are represented as means ± SD from three independent
experiments with platelets from three healthy donors. # p < 0.0001, DMSO versus inhibitor-treated
(PP2, OXSI-2, or PRT-060318) platelets at 1 min in response to cvx or EB.

2.4. Convulxin-Induced Syk S297 Phosphorylation Is Stoichiometric and Abolished by Inhibition of PKC

Upon BCR stimulation in murine B-cells, Syk S291, in addition to several tyrosine sites, was a major
PKC phosphorylation site in the interdomain-B of Syk which corresponds to S297 in human Syk [24].
Therefore, we tested the role of PKC in Syk S297 regulation in human platelets using a global and
potent PKC inhibitor, GF109203X (GFX). Pre-incubation of platelets with GFX completely inhibited
cvx-stimulated Syk S297 phosphorylation (Figure 4a).
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Figure 4. Syk S297 phosphorylation is stoichiometric and completely blocked by PKC inhibition.
Washed human platelets were pre-incubated with DMSO as vehicle control or with pan-PKC inhibitor
GF109203X (GFX) (5 μM) at 37 ◦C for 5 min prior to stimulation with 50 ng/mL cvx. (a) Platelet
aggregation was stopped by adding Laemmli buffer directly in the cuvettes after 1, 2, and 5 min
of stimulation under stirring conditions, and Syk S297 phosphorylation was analyzed by standard
SDS-PAGE/Western blot analysis compared to total Syk. Quantitative analyses are represented as
means ± SD from three independent experiments with platelets from three healthy donors. # p < 0.0001,
DMSO versus GFX-treated platelets at 1 min. (bi–biii) Washed human platelets were stimulated
under non-stirring conditions at 37 ◦C, and platelets were lysed after the indicated time points by
using Laemmli buffer for phos-tag SDS-PAGE. (bi) Samples were analyzed by phos-tag SDS-PAGE
followed by immunoblotting using total Syk antibody. Same samples were analyzed by standard
SDS-PAGE followed by immunoblotting using (bii) total Syk antibody or (biii) anti-Syk S297. Blots are
representative of two independent experiments from two healthy donors.

To analyze quantitative aspects of Syk phosphorylation, we used the phos-tag SDS- polyacrylamide
gel-electrophoresis (PAGE) method developed by the group of Koike [31,32]. This method separates
phosphorylated and non-phosphorylated forms of proteins including tyrosine kinases depending on
their degree of phosphorylation. Immunoblotting using anti-Syk antibody revealed the presence of
four migration bands (Figure 4bi). At basal conditions, one major Syk band was detected (band 1),
which was not affected by the PKC inhibitor GFX. After 30 sec of activation with cvx, a complete shift
of Syk was detected with several bands (2–4), while the major band 1 disappeared and a major band
2 appeared. With GFX pre-treatment, the major band 2 completely disappeared and the basal band
1 reappeared, while the other minor bands (3, 4) were not downregulated. These data indicate that
the cvx-induced appearance of band 2 is highly dependent on PKC activity.
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In parallel, we analyzed total Syk with the standard SDS-PAGE method and detected only one
constant major Syk band in all samples but a row of very minor bands (higher than 72 kDa), especially
GFX-treated samples (Figure 4bii), which may be due to Syk ubiquitination [33].

These samples from cvx-treated platelets were also analyzed by standard SDS-PAGE blots
using phosphoantibodies. The phosphorylation of Syk S297 was strongly stimulated by cvx
and completely inhibited by the PKC inhibitor GFX (Figure 4biii), which closely resembled
the appearance/disappearance of band 2 in the phos-tag gel analysis. Overall, the major cvx-
induced shift of Syk in phos-tag gels is completely prevented by PKC inhibition and due to Syk
S297 phosphorylation.

2.5. PKC Activator, PDBu, Stimulates a Stoichiometric Syk S297 Phosphorylation, Which Is Prevented by
PKC Inhibition

To obtain further evidence for PKC-mediated phosphorylation of Syk S297 in human platelets,
we tested the effects of a global PKC activator, the phorbol ester phorbol 12, 13-dibutyrate (PDBu).
PDBu induced strong platelet aggregation (Supplementary Materials Figure S3) and a very fast
and strong phosphorylation of Syk on S297, which appeared within 15 s of stimulation and was
stable for the first two minutes (Figure 5a). In addition, we incubated washed human platelets
under non-stirring conditions with PDBu and analyzed the Syk phosphorylation profile by phos-tag
SDS-PAGE/immunoblotting. At basal conditions, unstimulated Syk showed only one band (band
1), which was completely shifted (band 2) upon PDBu stimulation in a time-dependent manner
(Figure 5bi). In parallel, the standard SDS-PAGE/Western blot analysis showed one Syk band for all
samples (Figure 5bii) and a time-dependent PDBu stimulated Syk S297 phosphorylation (Figure 5bii,biii).
These data support the role of PKC in regulating Syk through S297 phosphorylation.

Figure 5. Syk S297 phosphorylation is upregulated by PKC activation in a stoichiometric manner. Washed
human platelets were pre-incubated with GF109203X (5 μM) for 5 min at 37 ◦C prior to stimulation with
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the phorbol ester PDBu, a global PKC activator (0.2 μM). (a) Platelet aggregation was stopped by
adding Laemmli buffer directly in the cuvettes after 15, 60, 120, and 300 s of stimulation under
stirring conditions, and Syk S297 phosphorylation was analyzed by standard SDS-PAGE/Western
blot analysis compared to total Syk. Quantitative analyses are represented as means ± SD from three
independent experiments with platelets from three healthy donors. # p < 0.0001, untreated versus
GFX treated platelets at 1 min. (bi–biii) Washed human platelets were stimulated under non-stirring
conditions at 37 ◦C, and platelets were lysed after the indicated time points by using Laemmli buffer
for phos-tag SDS-PAGE/immunoblotting analysis. (bi) Samples were analyzed by phos-tag SDS-PAGE
followed by immunoblotting using total Syk antibody. Same samples were analyzed by standard
SDS-PAGE followed by immunoblotting using (bii) total Syk antibody or (biii) anti-pSyk S297. Blots are
representative of two independent experiments from two healthy donors.

2.6. PDBu-Mediated S297 Phosphorylation Is Independent of Syk and Only Partially Inhibited by PKA

We then investigated the role of Syk kinase activity on the phosphorylation of S297 mediated
by PKC activation. Firstly, we validated the effects of PDBu and GFX by analyzing myristoylated
alanine-rich C-kinase substrate (MARCKS) phosphorylation, a well-established PKC substrate, also
in platelets [34,35]. MARCKS was significantly phosphorylated on S159/163 in response to PDBu
and convulxin, which was completely abolished by GFX (Figure 6a). Secondly, Syk inhibition by
PRT-060318 did not affect PDBu-induced Syk S297 or MARCKS phosphorylation (Figure 6b), showing
that PDBu-caused PKC activation does not require Syk, in contrast to S297 phosphorylation caused by
cvx and EB (Figure 3c,d). Thirdly, PDBu/PKC-induced Syk S297 phosphorylation was only partially
inhibited by iloprost, and PDBu/PKC-induced MARCKS phosphorylation was even increased by
iloprost (Figure 6c). These data suggest that PKC per se was not inhibited by iloprost in intact platelets,
but iloprost (PKA) inhibited signaling pathways upstream of PKC activation.

Figure 6. PKC activation induces Syk S297 phosphorylation, which is independent from Syk and only
partially inhibited by PKA. Washed human platelets were pre-incubated with DMSO (vehicle control)
or with pan-PKC inhibitor, GF109203X (5 μM) at 37 ◦C for 5 min prior to stimulation with 0.2 μM
PDBu or 50 ng/mL cvx. (a) Platelet aggregation was stopped by adding Laemmli buffer after 1 min of
stimulation under stirring conditions. MARCKS S159/163 phosphorylation was analyzed by standard
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SDS-PAGE analysis compared to the loading control β-actin. Washed human platelets were
pre-incubated with (b) Syk inhibitor, PRT-060318 (1 μM) for 5 min or (c) iloprost (2 nM) for 3 min prior
to stimulation with PDBu. Syk S297 and MARCKS S159/163 phosphorylation was analyzed compared
to total Syk or β-actin, respectively. The corresponding quantifications are represented as means ± S.D
from three independent experiments with platelets from three healthy donors. **** p < 0.0001, ** p < 0.01,
* p < 0.05, ns: not significant.

2.7. PKC Inhibition Abolished cvx/EB-Induced Syk S297 Phosphorylation But Increased Syk Tyrosine 352 and
525/526 Phosphorylation (Hyperphosphorylation)

Next, we investigated the role of PKC on Syk activation in GPVI-and GPIbα-mediated platelet
activation. PKC inhibition by GFX completely prevented the S297 phosphorylation induced by
cvx (Figure 7a,ai) and EB (Figure 7b,bi). In contrast, Syk tyrosine phosphorylation on 525/526 was
significantly increased upon stimulation for 1 min compared to the control and subsequently prolonged
in both GPVI-(Figure 7a,aii) and GPIbα-mediated signaling (Figure 7b,bii). Syk Y352 phosphorylation
showed a similar hyperphosphorylation profile in GPVI-(Figure 7a,aiii), and EB/GPIbα-mediated
signaling (Figure 7b,biii). These data demonstrate a striking differential regulation of Syk tyrosine
phosphorylation and serine phosphorylation by PKC.

Figure 7. Syk phosphorylation is differentially regulated by PKC. Washed human platelets were
pre-incubated with DMSO (vehicle control) or with pan-PKC inhibitor GF109203X (5 μM) at 37 ◦C for
5 min prior to stimulation with (a) 50 ng/mL cvx or (b) 0.5% (v/v) EB. Platelet aggregation was stopped
by adding Laemmli buffer after 1, 2, or 5 min of stimulation under stirring conditions. The kinetics of
the phosphorylation of Syk on (ai,bi) S297, (aii,bii) Y525/526, and (aiii,biii) Y352 compared to total Syk
are represented as means ± SD from three independent experiments with platelets from three healthy
donors. # p < 0.0001, DMSO-versus GFX-treated platelets at 1 min in response to cvx or EB.
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2.8. PKC Inhibition Caused Hyperphosphorylation of Y-Sites of Syk Substrates

To validate the possible functional consequence of Syk tyrosine hyperphosphorylation,
we investigated the phosphorylation of Syk downstream substrates linker adaptor for T cells (LAT) and
PLCγ2 on Y191 and Y759, respectively. Cvx-and EB-induced LAT phosphorylation was remarkably
increased in the presence of the PKC inhibitor compared to the control (Figure 8a,b,ai,bi). In addition,
PLCγ2 also showed an increase and prolongation in the Y759 phosphorylation in both signaling
pathways cvx/GPVI (Figure 8a,aii) and EB/GPIbα (Figure 8b,bii). These data demonstrate that Syk
hyperphosphorylation is associated with direct increased tyrosine phosphorylation of LAT and PLCγ2.

Figure 8. PKC inhibition induces hyperphosphorylation of Y-sites of Syk substrates. Washed human
platelets were pre-incubated with DMSO (vehicle control) or with pan-PKC inhibitor GF109203X (5 μM)
at 37 ◦C for 5 min prior to stimulation with (a) 50 ng/mL cvx or (b) 0.5% (v/v) EB. Platelet aggregation
was stopped by adding Laemmli buffer after 1, 2, or 5 min of stimulation under stirring conditions.
The kinetics of the phosphorylation of (ai,bi) LAT on Y191 and (aii,bii) PLCγ2 on Y759 compared to
the adequate loading control are represented as means ± SD from three independent experiments with
platelets from three healthy donors. # p < 0.0001, * p < 0.05, DMSO-versus GFX-treated platelets at
1 min or 2 min in response to cvx or EB, respectively.

2.9. PKC Inhibition Enhances cvx/EB-Mediated InsP1 Production and Intracellular Ca2+ Mobilization

Furthermore, we aimed to measure the activity of PLCγ2 by monitoring intracellular inositol
triphosphate (InsP3) production (via inositol monophosphate (InsP1) accumulation) and intracellular
Ca2+ mobilization. In the presence of GFX, cvx-and EB-evoked InsP3 production was significantly
enhanced compared to the control in the absence of the PKC inhibitor (Figure 9a). Moreover, this InsP3
production, mediated by cvx and EB, led to a significant increase of intracellular Ca2+ mobilization,
which was even more pronounced in the presence of GFX (Figure 9b). These data show that Syk
hyperphosphorylation is followed by an increase in LAT/PLCγ2 phosphorylation leading to an increase
of InsP3 production and subsequent Ca2+ mobilization.
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Figure 9. PKC inhibition significantly enhances InsP1 accumulation and intracellular Ca2+ mobilization.
(a) Washed human platelets were pre-treated with GF109203X (5 μM) as previously described
in the presence of 1 mM LiCl. Platelet aggregation was stopped after 5 min using lysis buffer
provided by the manufacturer. (b) Washed human platelets were pre-incubated with Fluo-3 AM (5 μM)
for 30 min at 37 ◦C, and platelet stimulation was performed directly before measurement. Ca2+

i

mobilization was monitored for 120 s by flow cytometry. Quantitative data are represented as means
± SD from three independent experiments with platelets from three healthy donors. **** p < 0.0001,
* p < 0.05.

3. Discussion

In this study, we show (1) that activation of human platelets via GPVI and GPIbα, as well as by
pharmacological activation of PKC, caused phosphorylation of Syk S297, and (2) that pharmacological
PKC inhibition or receptor-linked inhibition of PKC by cAMP/PKA abolished Syk S297 phosphorylation,
but enhanced Syk tyrosine phosphorylation/activity and phosphorylation of Syk substrates. These data
suggest that Syk S297 phosphorylation is mediated by PKC and represents a mechanism of feedback
inhibition of Syk in human platelets.

Several lines of evidence show that a classical, diacylgycerol/phorbolester-responsive protein
kinase C (PKC) phosphorylates Syk S297 in human platelets:

Increased Syk S297 phosphorylation is observed when ADP receptors, GPVI, and GPIbα are
stimulated by selective agonists, which also stimulate PLC and PKC activation.

• GPVI-and GPIbα-caused Syk S297 phosphorylation is Syk-dependent and requires, at least
predominantly, the release of secondary mediators ADP and TxA2.

• GPVI-/GPIbα-induced Syk S297 phosphorylation is blocked by a selective PKC inhibitor (GFX)
and mimicked by an established, membrane permeable PKC activator (PDBu).

• This agonist-induced Syk S297 phosphorylation is also inhibited by the cAMP/PKA pathway, which
is known to strongly inhibit receptor-stimulated Ca2+ responses and PKC activation [30,36,37].

• The peptide sequence around Syk S297* 9ISRIKSYS*FPKPGHR) in humans (in the murine form
S291, ISRIKSYS*FPKPGHK) agrees well with the PKC phosphosite consensus sequence [24]
(see also other phosphosite databases).

While the evidence for a conventional PKC as a responsible Syk S297 kinase in intact human platelets is
quite strong, we do not know which PKC isoform (or perhaps more than one) is involved. PKC isoforms
consist of conventional forms (α, βI, βII, γ) activated by Ca2+/diacylglycerol, novel forms (δ, ε, η, θ)
activated by diacylglycerol alone, and atypical forms, which are diacylglycerol-independent. Human
and mouse platelets highly express the conventional PKC isoforms α/β and the novel isoforms δ

and θ [36,38], which all have important but diverse roles in platelets, which may be inhibitory or
activating [36,39]. Therefore, we cannot rule out that more than one member of the PKC family is
capable of phosphorylating platelet Syk S297. Previously, a functional interaction of PKCα with both
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Src and Syk was reported for human platelets, which occurred together with a Syk-dependent tyrosine
phosphorylation of PKCα, but not the other way around, i.e., PKCα-dependent serine phosphorylation
of Syk [40]. An Src/SFK-dependent phosphorylation and activation of PKCδ was observed in platelets,
as well as a PKCδ-dependent activation of Syk in endothelial cells [41], indicating interactions between
Syk, other tyrosine kinases, and the PKC family.

In our study, we observed a rapid receptor-mediated Syk S297 phosphorylation (onset within 15 s
of stimulation), which reached stoichiometry and then declined back to the basal status. This conclusion
was possible due to the combination of regular Western blot/pSyk S297 phosphoantibody analysis with
phos-tag analysis. The initial major Syk band in phos-tag gels was almost completely shifted to another
major band, which was completely shifted back to the basal state when platelets where pre-treated
with the PKC inhibitor GFX. This major band was the only Syk band with this property, a pattern
also observed by regular Syk pS297 phosphoantibody analysis. The conclusion that these effects
are PKC-mediated is strongly supported by observations made with the direct PKC activator PDBu.
Treatment of platelets with PDBu caused, as detected in phos-tag gels, a time-dependent, complete
shift of this major Syk band, which was also completely prevented by the PKC inhibitor. Compared to
cvx treatment, no minor additional shifted band appeared in the PDBu treatment detected in phos-tag
gels. The phos-tag data with PDBu additionally suggest that PKC phosphorylates only one major site
(S297) in Syk, although Syk contains a number of serine/threonine protein kinase phosphosites [23].
The other, minor cvx-shifted Syk bands, detected in phos-tags, are not downregulated by GFX and
correspond to tyrosine-phosphorylated sites of Syk. Altogether, Syk S297 phosphorylation in human
platelets is mediated by PKC, in a stoichiometric and reversible manner.

While the phosphorylation of Syk S297 can reach stoichiometry in our studies with human
platelets, the corresponding stoichiometry of Syk tyrosine phosphorylation appears to be much smaller.
Interestingly, Syk phosphorylation data obtained with murine B-cells suggested that phosphorylation
of Syk at tyrosines is restricted to a subset of the kinase physically associated with ITAM-containing
membrane proteins, whereas the interdomain serine sites are also phosphorylated in Syk, when Syk is
not membrane-bound [24].

Another feature of GPVI/GPIbα-mediated Syk phosphorylation and activation in platelets is
the transient nature of both tyrosine (Y352, Y525/Y526) and serine (S297) phosphorylation. Onset and
decline of Cvx/EB stimulated SykS297 phosphorylation resemble the time course of Syk Y352/Y525/526
phosphorylation, which indicates Syk activation [18,19]. The state of protein phosphorylation is
determined, for each individual site, by both protein kinases and protein phosphatases, and it can be
decreased, for example, by kinase inhibition, phosphatase activation, or both. When murine B-cell Syk
activation is discontinued, both Syk and its substrates are rapidly tyrosine-dephosphorylated, and
the downstream signaling effects end [22,42]. Several protein tyrosine phosphatases were identified to
dephosphorylate tyrosine phosphorylated Syk including the SH2 domain-containing tyrosine protein
phosphatase-1 (SH-1; PTPN6), e.g., T-cell ubiquitin ligand 2 (TULA-2; UBASH3B) [22], and most of
them are present in human platelets [29,38]. TULA-2 is an unconventional protein tyrosine phosphatase
with a ubiquitin-associated domain (UAB), a SH3 domain and a special histidine phosphatase domain,
and TULA-2 binds and uses Syk as substrate [43,44]. This is of functional significances since the state of
Syk tyrosine phosphorylation is reduced in cells overexpressing TULA-2, but enhanced when TULA-2
is impaired or deficient. In both murine and human platelets, strong evidence was obtained that
TULA-2 suppresses the GPVI-induced, FcRγ-mediated Syk activation by dephosphorylating primarily
Syk Y346 (Y352 in human) [45], which also belongs to the interdomain-B. Compared to the tyrosine
dephosphorylation of Syk, there is no information available on serine/threonine dephosphorylation,
which is most likely catalyzed by one or more of the many serine/threonine protein phosphatases
present in human platelets [29].

A remarkable result reported here is that the specific inhibition of Syk S297 phosphorylation
by the PKC inhibitor GFX closely coincided with enhanced cvx/EB-stimulated Syk Y352/Y525/526
phosphorylation (indicating enhanced Syk activity), enhanced Syk substrate phosphorylation
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(LAT, PLCγ2), and enhanced cvx/EB-induced InsP1/InsP3 increase. Considering the dynamic aspects
of Syk activity by phosphorylation/dephosphorylation observed in other cells [22], the effects observed
here are substantial. Interestingly, the PKC inhibitor GFX was reported to enhance GPVI-mediated
Syk phosphorylation at Y525/526 without affecting the Y352 and Y323 sites in human platelets, effects
not observed with murine platelets [46]. However, direct PKC substrates were not investigated.
In our studies, platelet agonists, but also the PKC activator PDBu, stimulated not only Syk S297
phosphorylation, but also, used here as a control, the phosphorylation of MARCKS, a well-established
PKC substrate [35], and both responses were prevented by the PKC inhibitor GFX.

There is another line of evidence for the conclusion that PKC inhibition enhances Syk and
Syk substrate tyrosine phosphorylation with the possible involvement of Syk S297 phosphorylation.
We recently showed that both cAMP- and cGMP-elevating platelet inhibitors (iloprost, riociguat),
enhance Syk tyrosine phosphorylation/Syk activity [28]. Now, we show that iloprost (PKA pathway)
strongly inhibits cvx/EB-stimulated Syk S297 phosphorylation. It is likely that, under our conditions,
iloprost inhibits the platelet effects of ADP and TxA2, which, when released during cvx/EB stimulation,
are important secondary messengers and (as we clearly showed for ADP) are able to stimulate
PKC-mediated Syk S297 phosphorylation.

Our study demonstrates the regulation of Syk S297 phosphorylation in a primary human cell,
the platelet, in response to several agonists such as ADP, cvx, and EB (Figure 10). Increased S297
phosphorylation is mediated by PKC and negatively affects the tyrosine phosphorylation state of Syk at
both the interdomain-B (Y352) and the kinase domain (Y525/526). The S297 serine site of Syk is located
at a crucial site of Syk regulation and activation, the interdomain-B, just at the border of the c-terminal
SH2-domain [18,20] (Figure 10).

Figure 10. Model showing feedback regulation of Syk upon GPVI and GPIbα activation in human
platelets. Clustering of GPVI and GPIbα upon agonist binding activates platelets initiated by src family
kinases (SFKs) and the spleen tyrosine kinase (Syk). SFK activation leads to dual phosphorylation
of the “immunoreceptor tyrosine-based activation motifs” (ITAMs), which represents a docking site
for the two src homology 2 (SH2) domains of Syk. The interaction between Syk-(SH2)2 domains and
dually tyrosine-phosphorylated ITAMs recruits and translocates Syk to lipid rafts of the platelet cell
membrane. Syk tyrosine phosphorylation of Y525/526 (kinase domain) and Y352 (interdomain-B) by
autophosphorylation and SFKs leads to a fully activated kinase. Consequently, specific Syk substrates
and regulatory proteins, such as LAT, PLCγ2, SLP65, vav, and phosphoinositide-3 kinase (PI3k) are
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tyrosine-phosphorylated and recruited to a “LAT signalosome” complex. Activation of the Syk substrate
PLCγ2 produces the release of ADP (from platelet δ-granules) and of TxA2 via elevation of InsP3 and
Ca2+. These secondary messengers enhance platelet activation via specific GPCRs, which also involves
activation of distinct PKC isoforms. GPVI/GPIbα not only induce Syk tyrosine phosphorylation but
also Syk phosphorylation on S297, which is located within the interdomain-B. GPVI/GPIbα-induced
Syk S297 phosphorylation is mediated by PKC and decreases Syk tyrosine phosphorylation/activation.
The cAMP/PKA pathway reduces the PKC response. It is proposed that Syk S297 phosphorylation
represents an important mechanism for Syk feedback inhibition.

ITAM-and/or tyrosine phosphorylation-dependent Syk activation occurs at the membrane and
alters the interaction of the various Syk domains, releasing the autoinhibition and producing an active
kinase. Although there is functional and structural information that the interdomain-B with its
phosphorylation and various interacting proteins is essential for the transition of inactive to activated
Syk, the exact molecular mechanism(s) for this transition inside a cell are unknown. A major part
of the crucial interdomain-B (amino acids 262–337) was unfortunately not defined in the otherwise
impressive crystal structure of full-length inactive Syk [20], perhaps due to the flexible nature
of interdomain-B.

The role of Syk phosphorylation including serine 297 (S291 in murine Syk) was extensively
investigated by two groups in the chicken B-cell model system DT40, but discrepant functional data
were obtained [23,24]. With murine Syk, PKC-mediated Syk S291 phosphorylation enhanced the ability
of Syk to couple and activate the antigen receptor complex, perhaps involving the interaction of
the interlinker domain B with the chaperone prohibitin [24]. These murine Syk effects were impaired
when the murine S291A Syk mutant was tested. The other investigation with human Syk reported
the presence of multiple Syk phosphorylation sites and also multiple Syk-interacting proteins. The major
Syk phosphosite S297 (when phosphorylated) was reported to recruit the adapter protein 14-3-3γ,
which prevented the translocation of Syk to the plasma membrane and subsequent Syk activation
and downstream effects [23]. These effects were impaired when the experiments were carried out
with the human Syk S297A mutant. The discrepancies between these two important studies are
yet to be resolved, but a striking difference was the interaction with adapter proteins recruited to
the phosphorylated interdomain-B.

Enhanced Syk tyrosine phosphorylation mediated by downregulation of Syk S297 phosphorylation
through PKC inhibition is very likely due to decreased tyrosine dephosphorylation. There are several
possible mechanisms via which Syk S297 phosphorylation could regulate this.

(a) Syk S297 phosphorylation could alter the structure/properties of Syk, which could make Syk
a better substrate for tyrosine phosphatases (e.g., TULA-2).

(b) Syk S297 phosphorylation could recruit adapter proteins to this site (e.g., 14-4-3γ, prohibitin),
which could decrease Syk translocation to ITAM proteins and, therefore, diminish Syk tyrosine
phosphorylation/activation.

(c) PKC could phosphorylate and activate TULA-2/other tyrosine phosphatases resulting in enhanced
Syk tyrosine dephosphorylation. However, there is no evidence for PKC-mediated
phosphorylation and activation of TULA-2 [43].

(d) PKC could regulate other proteins, which affect Syk phosphorylation/dephosphorylation.

It is also possible that there are cell-specific mechanisms of Syk regulation, perhaps due to different
binding/adapter proteins. These aspects should be investigated with platelets in the future. Our data
with human platelets suggest that ITAM-dependent activation of Syk tyrosine phosphorylation is
limited by Syk-dependent, PKC-mediated increased S297 phosphorylation, which can be prevented by
PKC inhibition. This may represent a feedback inhibition important to prevent hyperactivation of Syk.
Feedback inhibition is often observed with receptor-dependent signaling including tyrosine kinases.
For example, PKC-stimulated phosphorylation of the epidermal growth factor receptor (EGFR) was
reported to represent negative feedback inhibition of this signaling by converting the active EGFR
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dimer back to the inactive monomer [47]. Of special interest with respect to soluble tyrosine kinases,
it was reported that PKCβ-mediated phosphorylation of the Bruton-tyrosine kinase BTK on S180
prevented membrane association and further tyrosine phosphorylation/activation of BTK in B and
mast cells [48].

Considering the central role of Syk in immune cells and platelets, its established role in many
disease processes including myeloid malignancies [15,49,50], and its increasingly recognized role
as a therapeutic target [51,52], it will be now very important to elucidate the precise mechanism via
which Syk is controlled by S297 phosphorylation.

Clinically used Syk inhibitors not only target Syk but also other tyrosine protein kinases. A clear
direction of further development would be to find more specific Syk inhibitors, perhaps inhibitors,
which do not directly target the kinase domain but a Syk-specific regulatory/allosteric domain such
as the interdomain-B. Another problem with clinically used protein kinase inhibitors and also Syk
inhibitors is the emergence of resistance, which was very recently addressed in a large genomic screen
in acute myloid leukemia (AML) [50]. This screen identified activation of the RAS/MAPK/ERK pathway
as one major mechanism of resistance to Syk inhibitors, which was further validated in AML cell
lines with innate and acquired resistance to Syk inhibitors. The authors discussed their data, whereby
resistance to tyrosine kinase inhibitors during targeted therapies may be due to secondary mutations
of the target kinase, activation of other upstream stimulators or downstream effectors of the pathway,
or the activation of parallel pathways. These very recent clinical findings highlight that improvement
of our understanding of Syk regulation at the tyrosine kinase level directly, but also at the level of
both upstream and downstream of this crucial component of platelet, immune, and myeloid cell
activation, is essential for further advances in the area of Syk pathophysiology and inhibitors. Our
present study on the feedback inhibition of Syk is perhaps one small step in this direction and also
provides a human-relevant model of Syk signaling.

4. Materials and Methods

4.1. Ethics Approval

All healthy donors gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the local Ethics Committee of the University Medical Center Mainz (Study No. 837.302.12;
25.07.12; FF109/2015).

4.2. Preparation and Stimulation of Human Platelets

Whole blood was collected in citrate tubes from healthy volunteers who did not take any
medication at least 10 days before the experiments. Platelet washing and the isolation procedure were
performed as previously described [28]. A modified washing procedure was used for the experiments
with ADP stimulation. PRP was diluted 1:1 with CGS buffer (120 mM NaCl, 12.9 mM Tri-Na-citrate,
30 mM glucose, pH 6.5) then centrifuged at 400× g for 10 min at room temperature (RT). The platelet
pellet was resuspended directly with HEPES buffer (150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM
glucose, 10 mM HEPES, pH 7.4). Human washed platelets were adjusted to 3 × 108 platelets/mL and
kept at 37 ◦C prior to stimulation under stirring conditions with the corresponding platelet agonist or
activator in the presence or absence of vehicle control or effectors.

4.3. Platelet Aggregometry

Aggregation of washed human platelets was monitored by light transmission aggregometry (LTA)
using an Apact4S Plus aggregometer (DiaSys Greiner, Flacht, Germany). Platelets were stimulated
by ADP (Sigma-Aldrich, Saint Louis, MO, USA), convulxin (Enzo life sciences, Lausen, Switzerland),
echicetin beads (EB) (prepared as previously described [28,53]), or PDBu (Sigma-Aldrich, Saint Louis,
MO, USA) under stirring conditions (1000 s−1) at 37 ◦C. Platelets were pre-treated with different effectors
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prior to stimulation: Src family kinase inhibitor PP2 (Abcam, Cambridge, UK), Syk inhibitors OXSI-2
(Merck, Darmstadt, Germany) and PRT-060318 (Sellckem, Houston, TX, USA), PKC pan-inhibitor
GF109203X (Enzo life sciences, Lausen, Switzerland), or cAMP-elevating agent iloprost (Bayer AG,
Leverkusen, Germany).

4.4. SDS-PAGE and Western Blot Analysis

Platelet samples for Western blot analysis were prepared by adding 3× Lämmli buffer (200 mM
tris/HCl, 15% (v/v) glycerol, 6% (w/v) SDS, 0.06% (w/v) bromphenol blue, 1:10 β-mercaptoethanol)
directly in the aggregation cuvettes to stop platelet responses, then boiled at 95 ◦C for 10 min under
gentle shaking. Platelet proteins were separated by electrophoresis using 8% SDS-polyacrylamide gels
followed by immunoblotting as previously described [28].

Phospho-antibodies against Syk S297, Syk Y525/526, Syk Y352, LAT Y191, PLCγ2 Y759, and
MARCKS S159/163 (Cell Signaling Technologies, Danvers, MA, USA) were used diluted 1:1000 in 5%
BSA or 1:700 for MARCKS. Blots probed with phospho-antibodies were stripped and reprobed
with a corresponding antibody detecting the total protein, anti-Syk, or anti-PLCγ2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), or other loading controls anti-β-actin or anti-α-actinin
(Cell Signaling Technologies, Danvers, MA, USA) diluted 1:1000 in 5% BSA. After incubation with
the appropriate secondary antibody, horseradish peroxidase (HRP)-conjugated goat anti-rabbit and
anti-mouse IgG (BioRad Laboratories, Hercules, CA, USA) enhanced chemiluminescence (ECL)
detection was performed using Fusion FX7 (Vilber Loumat GmbH, Eberhardzell, Germany).

4.5. Zn2+-Phos-Tagtm-SDS-PAGE and Western Blot Analysis

The phos-tag method was developed and described by the group of Koike [31,32] and used here
for platelet Syk. Platelets were lysed using 3× Laemmli buffer for phos-tag (200 mM tris, 15% (v/v)
glycerol, 6% (w/v) SDS, 2% (w/v) bromphenol blue, 1:10 β-mercaptoethanol) in the absence of EDTA.
Samples were boiled at 95 ◦C for 10 min under gentle shaking. Platelet proteins were separated by
electrophoresis using gels containing 6% w/v polyacrylamide, 35 μM phos-tagTM compound, and 69 μM
ZnCl2 in the separating gel. Then, 1× phos-tag running buffer was used for gel electrophoresis (0.1 M
tris, 0.1 M MOPS, 0.1% (w/v) SDS, 5 mM sodium bisulfite, pH 7.8). Prior to protein membrane transfer,
gels were washed twice for 10 min with 1× transfer buffer containing 1 mM EDTA to remove the Zn2+

ions. A third washing step was performed with 1× transfer buffer without EDTA before the proteins
were transferred to polyvinylidene difluoride (PVDF) membranes using a transfer buffer for phos-tag
(25 mM tris, 192 mM glycine, 10% (v/v) methanol, 5% (w/v) SDS, pH 8.4).

Immunoblotting was performed as previously described [28]. Mouse monoclonal Syk antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as primary antibody (1:1000 in 5% BSA)
and HRP-conjugated mouse antibody was used as secondary antibody (1:5000 in 5% BSA).

4.6. Inositol Monophosphate (InsP1) Measurement

Accumulated inositol monophosphate (InsP1), reflecting the produced inositol triphosphate
(InsP3) upon platelet stimulation, was measured by using the IP-One ELISA kit (Cisbio, Codolet,
France) in the presence of LiCl (1 mM), which prevents the degradation of InsP1 into myo-inositol.
Washed platelets (3 × 108 platelets/mL) were stimulated with convulxin or EB in the absence or
presence of effectors at 37 ◦C under stirring conditions, lysed after 5 min of activation, and centrifuged
at 16,000× g for 10 min at 4 ◦C. InsP1–HRP conjugate and anti-InsP1 monoclonal antibody were
pre-incubated with platelet lysates for 3 h prior to measurement, and InsP1 was quantified according
to the manufacturer’s instructions.
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4.7. Intracellular Ca2+-Release Measurement

Washed platelets (3 × 108 platelets/mL) were loaded for 30 min at 37 ◦C with 5 μM Fluo-3
acetoxymethyl (AM) esters (Life Technologies, Carlsbad, CA, USA), a Ca2+ indicator dye with
excitation/emission of 506 nm/526 nm for the Ca2+-bound form. Intracellular Ca2+ was monitored as
mean fluorescence intensity for 2 min detected by flow cytometry (BD FACSCANTO II, BD Biosciences,
Heidelberg, Germany) after stimulation with cvx or EB, without supplementation of extracellular
Ca2+ and in the absence or presence of effectors. Data were analyzed by FACSDiva software v6.1.3
(BD Biosciences, Heidelberg, Germany) expressing the ratio of mean fluorescence intensity over time
of treated platelets vs. basal platelet condition.

4.8. Statistical Analysis

Each dataset represents at least three different experiments from at least three different healthy
volunteers when data are expressed as means ± standard deviation (SD). Statistical analysis was
performed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). One-way or two-way
ANOVA, followed by Tukey’s multiple comparison test for comparison of more than two groups,
or the two-tailed Student’s t-test for comparison of two groups were used. A p-value < 0.05 was
considered as significant.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/1/176/s1.
Supplementary Figures 1–3/File1.
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Abbreviations

ACK1 Activated CDC42 kinase 1
ADP Adenosine diphosphate
BCR B-cell antigen receptor
BTK Bruton-tyrosine kinase
cAMP Cyclic adenosine monophosphate
cGMP Cyclic guanosine monophosphate
cvx Convulxin
EB Echicetin beads
GFX 2-[1-(3-Dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl) maleimide
HRP Horseradish peroxidase
InsP1 Inositol monophosphate
InsP3 Inositol triphosphate
ITAM Immunoreceptor tyrosine-based activation motif
JAK Janus kinase
LAT Linker adaptor for T cells
MARCKS Myristoylated alanine-rich C- kinase substrate
PDBu Phorbol 12, 13-dibutyrate
PI3k Phosphoinositide- 3 kinase
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PKA Protein kinase A
PKC Protein kinase C
PLCγ2 Phospholipase Cγ2
S Serine
PAGE Polyacrylamide gel-electrophoresis
SH2 Src homology 2
Syk Spleen tyrosine kinase
T Threonine
TxA2 Thromboxane A2
vWF Von Willebrand factor
Y Tyrosine
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Abstract: Dysregulation of platelet function can contribute to the disease progression in sepsis. The
proteasome represents a critical and vital element of cellular protein metabolism in platelets and
its proteolytic activity has been associated with platelet function. However, the role of the platelet
proteasome as well as its response to infection under conditions of sepsis have not been studied so far.
We measured platelet proteasome activity by fluorescent substrates, degradation of poly-ubiquitinated
proteins and cleavage of the proteasome substrate Talin-1 in the presence of living E. coli strains and in
platelets isolated from sepsis patients. Upregulation of the proteasome activator PA28 (PSME1) was
assessed by quantitative real-time PCR in platelets from sepsis patients. We show that co-incubation of
platelets with living E. coli (UTI89) results in increased degradation of poly-ubiquitinated proteins and
cleavage of Talin-1 by the proteasome. Proteasome activity and cleavage of Talin-1 was significantly
increased in α-hemolysin (HlyA)-positive E. coli strains. Supporting these findings, proteasome
activity was also increased in platelets of patients with sepsis. Finally, the proteasome activator PA28
(PSME1) was upregulated in this group of patients. In this study we demonstrate for the first time
that the proteasome in platelets is activated in the septic milieu.

Keywords: proteasome activity; platelets; sepsis; bacteria

1. Introduction

Sepsis is a life-threatening disease caused by a dysregulated inflammatory host response, often
induced upon a systemic bacterial infection. In this context, E. coli is a frequent cause of sepsis. Apart
from an exaggerated systemic inflammatory response, a pro-coagulant and pro-thrombotic state is
present during sepsis and the uncontrolled activation of platelets can contribute to the progression of
the disease [1]. Recent work has demonstrated that platelets also possess a functional proteasome [2]
and others and we have shown that platelet function is associated with proteolytic regulation of
proteins by the proteasome [3,4]. Moreover, the expression as well as the proteolytic activity of the
proteasome were shown to be increased in muscle tissue during sepsis [5–7]. However, proteasome
activity has not yet been studied in platelets during sepsis.

The proteasome represents a critical element for protein processing in human cells and is
crucial for protein degradation, turnover and antigen presentation [8]. Proteins designated for
proteasome processing are tagged with ubiquitin to be unfolded and identified by the proteasomal
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catalytic subunits [9]. Especially, in platelets, as anucleate cells, the proteolytic cleavage of proteins
is an important mechanism for regulation of their cellular functions [10]. Indeed, proteasomal
activity was shown to be important for platelet aggregation and thrombosis formation in vitro and
in vivo and interestingly, these physiological processes could be efficiently prevented by proteasome
inhibition [2–4,10,11]. Moreover, by studying the proteasomal cleavage of proteins involved in
cytoskeletal regulation, such as Filamin A and Talin-1, our group was able to identify a link between
the proteasome and NFκB in the regulation of collagen-induced platelet aggregation [3]. During
inflammatory conditions, additional proteasomal subunits (PSME1 and PSME2) are expressed and
form an immunoproteasome together with subunits of the conventional proteasome [12]. Apart from
its important role in antigen presentation by MHC class I molecules, the immunoproteasome has been
shown to exhibit a higher proteolytic activity and to prevent cellular damage during inflammation [13].
Of note, a functional immunoproteasome as well as the capacity to process and present antigens
is present also in platelets [14,15]. Malfunction of the proteasome has been associated with several
disease processes [16]. However, our knowledge about its role and function in platelets, especially
under disease conditions, is still scarce.

In this study, we therefore investigated the activity of the proteasome in platelets in the septic
milieu using living E. coli in vitro and in sepsis patients. We observed an upregulation of the
immuno-proteasome subunit and activator PA28 (PSME1) in platelets from sepsis patients and
increased processing of polyubiquitinated proteins as well as the proteasome substrate Talin-1 under
conditions of sepsis. Proteasome activation was more pronounced when platelets were exposed to
pathogenic E. coli (UTI89) expressing the exotoxin α-hemolysin compared to toxin-negative E. coli
strains. Our novel data demonstrate that the proteasome in platelets responds to the septic environment
and is upregulated in patients with sepsis.

2. Results

2.1. Platelet Proteasome Activity and Protein Metabolism is Increased in the Septic Milieu

As systemic E. coli infection is a frequent cause of sepsis, we were first interested in whether E. coli
affects platelet proteasome activity. Incubation of isolated human platelets with the pathogenic E. coli
strain UTI89 led to increased proteasome activity in vitro. This effect was specific, as it was effectively
inhibited by the proteasome inhibitor epoxomicin (Figure 1A). Poly-ubiquitinated proteins, which
represent proteins marked for proteasomal processing, were excessively degraded over time during
coincubation with E. coli UTI89. This process was equally inhibited by treatment with epoxomicin
(Figure 1B).

2.2. E. coli Exotoxin α-Hemolysin (hlyA) may be a Contributing Factor to Increased Proteasome Activity in
Platelets

E. coli α-hemolysin is a potent exotoxin, which can activate proteases in a calcium-dependent
fashion [17,18]. Platelet proteasome activity, assessed by fluorescent substrate cleavage, was significantly
enhanced in the presence of E. coli UTI89 (Figure 2A). Effects were less pronounced during coincubation
with E. coli strains, where the α-hemolysin gene was knocked-out (UTI89 ΔhlyA). Typical cleavage of
the proteasome substrate Talin-1 by the proteasome from a 235 kDa fragment to a 190 kDa fragment
was also increased in the presence of E. coli UTI89 (ratio 190/235 kDa). This effect was again weaker
when platelets were coincubated with the hlyA-negative E. coli strain UTI89 ΔhlyA (Figure 2B).
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Figure 1. Bacteria induce proteasome activation and increased protein degradation in human platelets.
(A) Co-incubation of platelets with living E. coli (UTI89) for 4 h induced a significant increase in
platelet proteasome activity measured by fluorescent substrate cleavage, compared to control platelets
(*p < 0.05, n = 3). Increased activation of the proteasome was effectively reversed with the proteasome
inhibitor epoxomicin (10 μM; *p < 0.05, n = 3). (B) Platelet coincubation with living E. coli (UTI89) led to
accelerated degradation of polyubiquitinated proteins (U/mL) in platelets after 2 and 4 h of incubation,
as assessed by ELISA. This was effectively inhibited by proteasome inhibition (epoxomicin, 10 μM;
*p < 0.05, n = 3).

Figure 2. α-hemolysin expression in E. coli enhances platelet proteasome activation. (A) Platelet
proteasome activity was enhanced upon incubation (4 h) with α-hemolysin expressing E. coli (UTI89
WT), whereas incubation with E. coli lacking functional α-hemolysin (UTI89 ΔhlyA) showed a trend
towards less proteasome activation, as assessed by fluorescent peptide cleavage (*p < 0.05, n = 5). (B)
The proteasome substrate Talin-1 was increasingly cleaved during coincubation with E. coli (UTI89)
(ratio of 190 kDa to 235 kDa fragments) compared to control platelets. Increase of cleavage was less
with the α-hemolysin negative strain UTI89 ΔhlyA compared to platelet control (n = 2).

2.3. Platelet Proteasome Activity is Increased in Platelets from Sepsis Patients

Having observed that pathogenic E. coli enhances platelet proteasome activity, we next studied the
platelet proteasome in patients with bacterial sepsis. Clinical information on sepsis patients is shown
in Table 1. As seen in Figure 3A, proteasome activity in platelets from sepsis patients was significantly
upregulated compared to healthy controls. In addition, cleavage of the proteasome substrate Talin-1,
expressed as a 190 to 235 kDa ratio, was also significantly increased in platelets of sepsis patients
compared to controls (Figure 3B). As the immunoproteasome has been shown to be upregulated
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upon inflammatory conditions, we next investigated immunoproteasome activator PA28 (PSME1)
expression in platelets from sepsis patients. mRNA expression analysis using real-time PCR revealed
an upregulation of PA28 (PSME1) in platelets of sepsis patients compared to controls (Figure 3C).

 
Figure 3. Platelets proteasome activity is increased in platelets of sepsis patients. (A) Platelet proteasome
activity is increased in patients with sepsis (*p < 0.05, n = 7) compared to healthy controls (n = 9). (B)
Cleavage of the proteasome substrate Talin-1 from a 235 to a 190 kDa fragment is significantly increased
in platelets of the sepsis population (n = 5) compared to controls (n = 3; *p < 0.05). Proteasome activity
was expressed as a ratio of cleaved 190 kDa to intact 235 kDa Talin-1 products by immunoblotting. The
protein bands from a healthy control and a sepsis patient in the western blot image are derived from the
same blot but cropped out and placed next to each other (white dotted line) for illustrative purposes.
(C) mRNA expression analysis by real-time PCR revealed that the proteasome activator PA28 (PSME1)
was overexpressed in platelets of sepsis patients compared to healthy individuals (n = 4, *p < 0.05).

2.4. Clinical Characteristics of Sepsis Patients

We have summarized clinical characteristics of sepsis patients in Table 1.

Table 1. Clinical characteristics of seven patients with bacterial sepsis are shown. Patients were
diagnosed with bacterial sepsis based on clinical presentation and positive bacterial culture results.
Markers of inflammation including leukocyte count, C-reactive protein (CRP) and procalcitonin were
markedly elevated. SOFA score (sequential organ failure assessment) showed multi-organ dysfunction
and all patients were treated with antibiotics. Data is presented as median and (interquartile range
(IQR)), n = 7.

Clinical Characteristics of Seven Patients with Bacterial Sepsis

Age 63 [IQR 49; 69]
Leukocyte count (1000/μL) 16 [IQR 11.0; 21.0]

CRP level (mg/dl) 25 [IQR 19.5; 28.5]
Procalcitonin (ng/mL) 5.5 [IQR 4.0; 9.8]

Positive bacterial culture 7 of 7
Antibiotic treatment 7 of 7

SOFA score 9 [IQR 6; 11]

3. Discussion

In the present study, we demonstrated for the first time that the proteasome of platelets was
not static but responded to environmental stress conditions, such as a septic milieu, by increasing
proteasome activity and protein metabolism. We know that the proteasome is activated in muscle
tissue and in muscle wasting in sepsis [6,7], but in platelets its activity and response under septic
conditions has not been studied so far. In vitro, we demonstrated that exposure of platelets with
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living E. coli, which is frequently identified in blood cultures of sepsis patients, increased platelet
proteasome activity and subsequently resulted in increased degradation of poly-ubiquitinated proteins
in platelets. This metabolic activation was effectively inhibited with the proteasome inhibitor
epoxomicin. Polyubiquitination is a characteristic mechanism for labeling proteins for proteasomal
processing and thus levels of polyubiquitinated proteins represent a good marker for proteasomal
activity. More precisely, we showed that the proteasome substrate Talin-1 is excessively cleaved by the
proteasome from a 235 to a 190 kDa fragment after co-incubation with E. coli (UTI89). Talin-1 has been
shown to be a classical target of the proteasome and functional aspects of platelet aggregation and
shape change have been associated with proteolytic regulation by the proteasome [3,4]. Talin-1-derived
peptides were found to be presented on HLA-1 molecules on the platelet surface, which also confirms
that Talin-1 is processed by the (immuno)-proteasome of platelets (unpublished observations). To
investigate underlying mechanisms how septic processes may affect the proteasome, we compared
pathogenic E. coli strains expressing functional α-hemolysin (UTI89) to strains lacking α-hemolysin
(UTI89 ΔhlyA) [19,20]. α-hemolysin is a strong pathogenic factor of bacteria that can induce cell
death in platelets as previously shown [17]. By measuring platelet proteasome activity by fluorescent
substrate and Talin-1 cleavage during coincubation with living E. coli, we observed that the increase
of proteasome activity seemed to be more pronounced in wild-type α-hemolysin positive UTI89
strains compared to strains not expressing α-hemolysin (UTI89 ΔhlyA). Although this needs further
confirmation, the results suggest that α-hemolysin may be one of the pathogenic factors mediating the
activation of the platelet proteasome. As previously shown for calpain [17], this process likely involves
calcium-dependent activation of proteasomal subunits to increase proteolytic activity, although the
precise mechanism remains to be elucidated in future studies. Finally, to study platelet proteasome
activity in a complex sepsis environment, we compared platelets from patients with bacterial sepsis to
healthy patients on an mRNA expression level ex vivo. Using real-time PCR we observed upregulation
of the proteasome activator PA28 (PSME1) in platelets specifically in the sepsis population in line with
increased proteasome activity. This finding was of particular interest, as PA28 (PSME1) is primarily
an activator of the immunoproteasome that processes peptides for antigen presentation and which is
activated during inflammation [5]. The presented data support our concept that the proteasome in
platelets is involved in cellular adaptation to inflammatory environmental stress, such as sepsis, on
different levels. PA28 (PSME1) encodes for the 11S proteasomal subunit that replaces the 19S regulatory
subunit when the immunoproteasome is assembled. PA28 (PMSE1) is expressed in platelets at the
mRNA level [15] and protein level [21] as previously shown. Interestingly, the complete machinery to
process and present antigens on the cell surface via MHC-I is present in platelets, which underscores
that platelets play an active role in the immune defense [14,15]. As an example, previous work shows
that HLA-1 expression in platelets is altered during infection with dengue virus [22]. Supporting
our in vitro findings, we observed increased platelet proteasome activity in platelets of patients with
sepsis by fluorescent substrate cleavage as well as significantly increased cleavage of the proteasome
substrate Talin-1 in the sepsis population ex vivo. Although this finding supports the observation that
E. coli induces proteasomal proteolytic activity, we cannot exclude that the inflammatory environment
per se additionally contributes to increased proteasome activity in sepsis patients. It also still remains
to be investigated, which specific effects an increased proteasome activity has on platelet function in
sepsis. Nevertheless, our collected data implied that platelet proteasome activity was affected both in
terms of activity and function but also on an mRNA expression level during sepsis.

4. Materials and Methods

4.1. Materials

Talin-1 antibody was purchased from Cell Signaling, Danvers, USA, and horseradish
peroxidase-conjugated secondary antibody was from Merck Millipore (Billerica, MA, USA). Epoxomicin
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was purchased from EMD Biosciences (LaJolla, CA, USA). All other chemicals were purchased from
Sigma Aldrich (Darmstadt, Germany).

4.2. Bacteria

E. coli bacteria of the α-hemolytic strain (hlyA) UTI89 [19] as well as the E. coli strain with deletion
of hlyA (UTI89 ΔhlyA) [20] were a kind gift from Dr. Matthew Mulvey, Department of Pathology at
the University of Utah (Salt Lake City, UT, USA). Similar to recent work [17], bacteria were expanded
on blood agar plates overnight at 37 ◦C until they reached a stationary growth phase. Bacteria were
then resuspended in phosphate-buffered saline (PBS) and their concentration was determined by
colorimetry (VITEK Colorimeter, bioMerieux, Inc., Durham, NC, USA). Prior to experiments, E. coli
bacteria were resuspended in M199 culture. For every experiment, the soluble agonists or bacteria
were incubated in the presence of freshly isolated platelets (1 × 108 platelets at bacteria to platelet ratio
of 1:30) for 4 h in M199 culture media under cell culture conditions.

4.3. Platelet Isolation and Preparation

As previously described [3,17,23], washed platelets were freshly isolated from healthy human
subjects and patients with bacterial sepsis, who consented to participate in the study. All studies
involving patients and human cells were performed in accordance with the declaration of Helsinki and
were approved by the local ethics committee (No. 290-11, approved at 12 July 2011). For inhibitor
studies of the proteasome, platelets were incubated with epoxomicin (10 μM) for the indicated time in
warm M199 media under cell culture conditions (5% CO2, 37 ◦C).

4.4. RNA Isolation

Platelets (1 × 109) were isolated from healthy donors and patients with bacterial sepsis and
were exposed to CD45 positive selection, which effectively depletes contaminating leukocytes as
previously described [24]. Cells were lysed in Trizol (Invitrogen, Carlsbad, CA, USA) and glycogen
was added to the aqueous phase before precipitation with isopropanol to optimize RNA yields.
The RNA was treated with DNAse (DNA free Kit, Ambion, Austin, TX, USA), precipitated with
ethanol and dissolved in 12 μL of RNAse-free water. RNA (1 μg) was used to generate cDNA to
characterize the expression of PSME1. Integrin αIIb was used as a positive control for platelet-specific
RNA. The relative abundance of the PSME1 RNA was measured by real-time PCR. Primer
sets for these studies were as follows: PSME1, forward-GAAGCCAACTTGAGCAATCTGA,
reverse-AGCCTTCTAGCTTGGTGTGGAG; and β2-Microglobulin, forward-
ACACTATTCTAGCAGGAGGGTTGG, reverse- CAGGGCTCAGTCTCTTTATTAGGC.

4.5. Detection of Platelet Proteasome Activity

Proteasome activity was measured using a proteasome activity assay with fluorescent substrate
according to the manufacturer’s instructions (Millipore, Billerica, MA, USA) and as previously
described [3]. For experiments where platelets were exposed to living E. coli bacteria (see above), cells
were pelleted and lysed after 4 h of incubation. As a negative control equal amounts of bacteria were
incubated under identical conditions, pelleted, lysed and incubated with the proteasome substrate.
Platelet proteasome activity (relative fluorescent units, RFU) was detected at 4 h under cell culture
conditions at 450 nm using a fluorescence microplate reader (Tecan Group, Mannedorf, Switzerland).

4.6. Quantification of Polyubiquitinated Protein in Human Platelets

After incubation with living E. coli or the proteasome inhibitor epoxomicin, cells were pelleted and
lysed in 200 μL of ubiquitinated protein lysis buffer according to the manufacturer’s protocol (human
poly-ubiquitinated protein ELISA, MBL International, Woburn, MA, USA). Platelet lysates were diluted
1:200 in the provided dilution buffer and then added to the ELISA plate. ELISA was carried out
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according to the manufacturer’s instructions. Quantitative changes of total poly-ubiquitinated protein
(U/mL) in platelets were measured at 450 nm with an ELISA plate reader (BMG LabTec, Worchester,
MA, USA).

4.7. Immunoblotting

Immunoblotting for Talin-1 was performed as previously described [3]. In brief, pellets were lysed
in cell lysis buffer (Cell Signaling, Danvers, MA, USA) containing 1 mM PMSF. After centrifugation at
10,000 g for 5 min at 4 ◦C, protein quantification was performed through the bicinchoninic acid assay
(ThermoScientific, Waltham, MA, USA) according to the manufacturer’s protocol. Equal volumes of
sample were separated by SDS-PAGE using 10% gels and blotted onto PVDF membrane. Membranes
were blocked in 5% milk and dissolved in Tris buffered saline with 0.1% Tween and were subsequently
incubated with the primary antibody against Talin-1 (1:1000 dilution) at 4 ◦C overnight. Membranes
were washed and incubated with horseradish peroxidase-conjugated secondary antibodies at room
temperature for 1 h. Enzymatic activity was detected with a chemiluminescence detection kit according
to the supplier’s protocol and recorded with a digital camera (Hamamatsu Photonics, Hamamatsu
City, Japan). Protein band density measurements for Talin-1 235 kDa and 190 kDa fragments were
performed with Image J software. For evaluation of proteasomal cleavage of Talin-1, the ratio 235
kDa/190 kDa was calculated.

4.8. Statistical Analysis

All data are presented as means ± SEM. Statistical analyses were performed with Sigma Plot 10.0.
For comparisons between two groups of normal distributed data, the student’s t-test was used. For
the comparison of two groups without normal distributed data, a rank-sum test was performed. For
multiple comparisons between groups of normal distributed data, the one-way analysis of variance
(1-way ANOVA) was used. Differences were considered significant at an error probability level of p <
0.05.

5. Conclusions

In summary, our study provided novel evidence that the proteasome of platelets responded to the
septic environment by increased proteasome activity, increased proteolytic cleavage of proteasome
substrates such as Talin-1 and upregulation of (immuno)proteasome activator PA28 (PSME1). Although
we still know little about the precise function of the proteasome in platelets, it appeared that the
proteasome was an important element in the response to severe cellular stress situations such as sepsis.
Future studies will have to show if this response is simply a matter of increased metabolic protein
turnover required during systemic inflammation or if it serves the purpose of anti-pathogenic defense
strategies, antigen processing, hemostasis or all of them. This study, however, provides a basis to
further characterize the precise role and regulation of the proteasome in platelets in complex disease
processes, such as sepsis.

Author Contributions: Conceptualization and project administration: B.F.K.; Supervision: H.M., B.F.K.;
Investigation: K.G.G., J.P., B.F.K.; Methodology: K.G.G., J.P., B.F.K.; Visualization: K.G.G., H.M.; Writing—original
draft preparation: H.M., B.F.K.

Funding: This research was funded by the Dr. Kleist-Stiftung to B.F.K.

Acknowledgments: We thank the group of Professor Matthew Mulvey, Department of Pathology at the University
of Utah (Salt Lake City, USA) for generously providing the E. coli strains used in the study. We are grateful to the
group of Professor Andrew Weyrich, Eccles Institute of Human Genetics at the University of Utah (Salt Lake City,
USA) for their support in establishing some of the methods used in the study and to the group of Professor Stefan
Stevanovic, Department of Immunology at the University of Tuebingen, Germany for sharing their expertise with
antigen presentation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

31



Int. J. Mol. Sci. 2019, 20, 5961

References

1. Assinger, A.; Schrottmaier, W.C.; Salzmann, M.; Rayes, J. Platelets in Sepsis: An Update on Experimental
Models and Clinical Data. Front. Immunol. 2019, 10, 1687. [CrossRef] [PubMed]

2. Nayak, M.K.; Kumar, K.; Dash, D. Regulation of proteasome activity in activated human platelets. Cell
Calcium 2011, 49, 226–232. [CrossRef] [PubMed]

3. Grundler, K.; Rotter, R.; Tilley, S.; Pircher, J.; Czermak, T.; Yakac, M.; Gaitzsch, E.; Massberg, S.; Krotz, F.;
Sohn, H.Y.; et al. The proteasome regulates collagen-induced platelet aggregation via nuclear-factor-kappa-B
(NFkB) activation. Thromb. Res. 2016, 148, 15–22. [CrossRef] [PubMed]

4. Gupta, N.; Li, W.; Willard, B.; Silverstein, R.L.; McIntyre, T.M. Proteasome proteolysis supports stimulated
platelet function and thrombosis. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 160–168. [CrossRef] [PubMed]

5. Ferrington, D.A.; Gregerson, D.S. Immunoproteasomes: Structure, function, and antigen presentation. Prog.
Mol. Biol. Transl. Sci. 2012, 109, 75–112. [PubMed]

6. Hobler, S.C.; Williams, A.; Fischer, D.; Wang, J.J.; Sun, X.; Fischer, J.E.; Monaco, J.J.; Hasselgren, P.O. Activity
and expression of the 20S proteasome are increased in skeletal muscle during sepsis. Am. J. Physiol. 1999,
277, R434–R440. [CrossRef] [PubMed]

7. Klaude, M.; Fredriksson, K.; Tjader, I.; Hammarqvist, F.; Ahlman, B.; Rooyackers, O.; Wernerman, J.
Proteasome proteolytic activity in skeletal muscle is increased in patients with sepsis. Clin. Sci. (Lond.) 2007,
112, 499–506. [CrossRef]

8. Tanaka, K. The proteasome: Overview of structure and functions. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2009,
85, 12–36. [CrossRef]

9. Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425–479. [CrossRef]
10. Kraemer, B.F.; Weyrich, A.S.; Lindemann, S. Protein degradation systems in platelets. Thromb. Haemost. 2013,

110, 920–924. [CrossRef]
11. Avcu, F.; Ural, A.U.; Cetin, T.; Nevruz, O. Effects of bortezomib on platelet aggregation and ATP release in

human platelets, in vitro. Thromb. Res. 2008, 121, 567–571. [CrossRef] [PubMed]
12. Kimura, H.; Caturegli, P.; Takahashi, M.; Suzuki, K. New Insights into the Function of the Immunoproteasome

in Immune and Nonimmune Cells. J. Immunol. Res. 2015, 2015, 541984. [CrossRef] [PubMed]
13. Seifert, U.; Bialy, L.P.; Ebstein, F.; Bech-Otschir, D.; Voigt, A.; Schroter, F.; Prozorovski, T.; Lange, N.; Steffen, J.;

Rieger, M.; et al. Immunoproteasomes preserve protein homeostasis upon interferon-induced oxidative
stress. Cell 2010, 142, 613–624. [CrossRef] [PubMed]

14. Chapman, L.M.; Aggrey, A.A.; Field, D.J.; Srivastava, K.; Ture, S.; Yui, K.; Topham, D.J.; Baldwin, W.M., 3rd;
Morrell, C.N. Platelets present antigen in the context of MHC class I. J. Immunol. 2012, 189, 916–923. [CrossRef]

15. Klockenbusch, C.; Walsh, G.M.; Brown, L.M.; Hoffman, M.D.; Ignatchenko, V.; Kislinger, T.; Kast, J. Global
proteome analysis identifies active immunoproteasome subunits in human platelets. Mol. Cell. Proteomics
2014, 13, 3308–3319. [CrossRef]

16. Dahlmann, B. Role of proteasomes in disease. BMC Biochem. 2007, 8 (Suppl. 1), S3. [CrossRef]
17. Kraemer, B.F.; Campbell, R.A.; Schwertz, H.; Franks, Z.G.; Vieira de Abreu, A.; Grundler, K.; Kile, B.T.;

Dhakal, B.K.; Rondina, M.T.; Kahr, W.H.; et al. Bacteria differentially induce degradation of Bcl-xL, a survival
protein, by human platelets. Blood 2012, 120, 5014–5020. [CrossRef]

18. Ristow, L.C.; Welch, R.A. Hemolysin of uropathogenic Escherichia coli: A cloak or a dagger? Biochim. Biophys.
Acta 2016, 1858, 538–545. [CrossRef]

19. Mulvey, M.A.; Schilling, J.D.; Hultgren, S.J. Establishment of a persistent Escherichia coli reservoir during
the acute phase of a bladder infection. Infect. Immun. 2001, 69, 4572–4579. [CrossRef]

20. Wiles, T.J.; Dhakal, B.K.; Eto, D.S.; Mulvey, M.A. Inactivation of host Akt/protein kinase B signaling by
bacterial pore-forming toxins. Mol. Biol. Cell 2008, 19, 1427–1438. [CrossRef]

21. Ostrowska, H.; Ostrowska, J.K.; Worowski, K.; Radziwon, P. Human platelet 20S proteasome: Inhibition of
its chymotrypsin-like activity and identification of the proteasome activator PA28. A preliminary report.
Platelets 2003, 14, 151–157. [CrossRef] [PubMed]

22. Trugilho, M.R.O.; Hottz, E.D.; Brunoro, G.V.F.; Teixeira-Ferreira, A.; Carvalho, P.C.; Salazar, G.A.;
Zimmerman, G.A.; Bozza, F.A.; Bozza, P.T.; Perales, J. Platelet proteome reveals novel pathways of platelet
activation and platelet-mediated immunoregulation in dengue. PLoS Pathog. 2017, 13, e1006385. [CrossRef]
[PubMed]

32



Int. J. Mol. Sci. 2019, 20, 5961

23. Weyrich, A.S.; Elstad, M.R.; McEver, R.P.; McIntyre, T.M.; Moore, K.L.; Morrissey, J.H.; Prescott, S.M.;
Zimmerman, G.A. Activated platelets signal chemokine synthesis by human monocytes. J. Clin. Invest. 1996,
97, 1525–1534. [CrossRef] [PubMed]

24. Kraemer, B.F.; Campbell, R.A.; Schwertz, H.; Cody, M.J.; Franks, Z.; Tolley, N.D.; Kahr, W.H.; Lindemann, S.;
Seizer, P.; Yost, C.C.; et al. Novel anti-bacterial activities of beta-defensin 1 in human platelets: Suppression
of pathogen growth and signaling of neutrophil extracellular trap formation. PLoS Pathog. 2011, 7, e1002355.
[CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

33





 International Journal of 

Molecular Sciences

Communication

Heat-Shock Protein 27 (HSPB1) Is Upregulated and
Phosphorylated in Human Platelets during
ST-Elevation Myocardial Infarction

Bjoern F. Kraemer 1, Hanna Mannell 2,3, Tobias Lamkemeyer 4, Mirita Franz-Wachtel 5 and

Stephan Lindemann 6,7,8,*

1 Medizinische Klinik und Poliklinik I, Klinikum der Universität München, Marchioninistrasse 15,
81377 Munich, Germany; bjoern.kraemer@klinik-ebe.de

2 Walter Brendel Centre of Experimental Medicine, University Hospital, Ludwig-Maximilians-University,
Marchioninistr. 27, 81377 Munich, Germany; Hanna.Mannell@med.uni-muenchen.de

3 Biomedical Center, Ludwig-Maximilians-University, Großhaderner Str. 9, 82152 Planegg, Germany
4 Cluster of Excellence Cologne (CEDAD), Mass Spectrometry Facility at the Institute for Genetics, University

of Köln, Josef-Stelzmann-Str. 26, 50931 Köln, Germany; tobias_lamkemeyer@yahoo.de
5 Proteasome Center Tuebingen, University of Tuebingen, Auf der Morgenstelle 15, 72076 Tübingen, Germany;

mirita.franz@uni-tuebingen.de
6 FB 20–Medizin, Philipps Universität Marburg, Baldingerstraße, 35032 Marburg, Germany
7 Medizinische Klinik II, Klinikum Warburg, Hüffertstr. 50, 34414 Warburg, Germany
8 Medizinische Klinik und Poliklinik III, Universitätsklinikum Tübingen, Otfried-Muller-Str. 10,

72076 Tübingen, Germany
* Correspondence: lindemanns@aol.com; Tel.: +49-5641-915-402

Received: 27 October 2019; Accepted: 25 November 2019; Published: 27 November 2019

Abstract: Heat-shock proteins are a family of proteins which are upregulated in response to stress
stimuli including inflammation, oxidative stress, or ischemia. Protective functions of heat-shock
proteins have been studied in vascular disease models, and malfunction of heat-shock proteins
is associated with vascular disease development. Heat-shock proteins however have not been
investigated in human platelets during acute myocardial infarction ex vivo. Using two-dimensional
electrophoresis and immunoblotting, we observed that heat-shock protein 27 (HSPB1) levels and
phosphorylation are significantly increased in platelets of twelve patients with myocardial infarction
compared to patients with nonischemic chest pain (6.4± 1.0-fold versus 1.0± 0.9-fold and 5.9± 1.8-fold
versus 1.0 ± 0.8-fold; p < 0.05). HSP27 (HSPB1) showed a distinct and characteristic intracellular
translocation from the cytoskeletal fraction into the membrane fraction of platelets during acute
myocardial infarction that did not occur in the control group. In this study, we could demonstrate
for the first time that HSP27 (HSPB1) is upregulated and phosphorylated in human platelets during
myocardial infarction on a cellular level ex vivo with a characteristic intracellular translocation pattern.
This HSP27 (HSPB1) phenotype in platelets could thus represent a measurable stress response in
myocardial infarction and potentially other acute ischemic events.

Keywords: platelets; myocardial infarction; HSP27; heat-shock proteins

1. Introduction

Heat-shock proteins (HSPs) are expressed in many cells of the cardiovascular system such as
endothelial cells, cardiac muscle cells, monocytes, and platelets. They are upregulated in response
to inflammation, oxidative stress, or ischemia [1] and protect cells against extracellular stress factors.
In order to protect the cell against stress stimuli, heat-shock proteins function as chaperone proteins,
stabilize the cytoskeleton [2], and prevent apoptosis [3–5]. Functions of HSP27 (HSPB1) are modulated
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by phosphorylation, although the precise mechanisms and functions of HSP27 regulation are not
fully understood. Previous reports imply that phosphorylation of HSP27 appears to reflect cell
protective functions [2,3,6] and seems to be the initiating step prior to intracellular translocation
enabling HSP27 to interact with the cytoskeleton [7]. Increased phosphorylation of HSP27 has been
observed during different modes of platelet activation [8–10] or cardiovascular risk conditions such as
diabetes mellitus [11]. HSP27 directly interacts with the actin cytoskeleton and thus downregulates
inflammatory cell migration [12]. Other heat-shock proteins such as HSP70 and HSP90 are also
actively involved in integrin-mediated platelet adhesion [13], and HSP90 associates with the platelet
glycoprotein Ib-IX-V complex [14]. Inactivation of heat-shock proteins has been associated with
progression of atherosclerosis and acute vascular events. Increased expression or release of heat-shock
proteins further seem to reflect systemic stress responses or ischemia [15]. Oxidized low density
lipoprotein (LDL) molecules, for example, induce expression of heat-shock proteins [16], whereas
decreased expression of protective HSPs was found in atherosclerotic vessel areas [17,18]. In patients
with acute coronary syndrome, increased plasma levels of HSP27 and HSP70 were detected, although
the source of HSP27 remained unknown [19–21]. Phosphorylated HSP27 is further released from
platelets in patients with diabetes, which is a major risk factor for vascular disease [11].

In this work, we demonstrate for the first time that HSP27 (HSPB1) is upregulated and
phosphorylated in platelets of patients with ST-elevation myocardial infarction compared to control
patients with nonischemic chest pain. HSP27 in platelets showed a distinct intracellular translocation
pattern that was not observed in the control group.

2. Results

2.1. HSP27 Is Upregulated in Human Platelets during Myocardial Infarction

Protein spots that showed differential regulation in platelets during myocardial infarction in
two-dimensional gel electrophoresis were sampled and analyzed by mass spectrometry. Figure 1 shows
a protein that was consistently upregulated in platelets during myocardial infarction. We identified this
protein as heat-shock protein 27 (HSP27) by amino acid sequencing in mass spectrometry. Increased
HSP27 levels were observed in twelve patients with myocardial infarction compared to control samples.

Figure 1. Heat-shock protein 27 (HSP27) is upregulated in platelets during myocardial infarction.
Two-dimensional electrophoresis shows a protein spot that was upregulated in patients with ST-elevation
myocardial infarction (black circles), which was identified as heat-shock protein 27 (HSP27) by mass
spectrometry. Images show a representative sample of a patient with myocardial infarction and a
matched control patient, which are representative of twelve independent patient pairs. Protein spots
are visualized in a 2-fold magnification.

2.2. HSP27 Is Upregulated and Phosphorylated in Human Platelets during Myocardial Infarction

Increased HSP27 levels in platelets of patients with myocardial infarction compared to controls
were confirmed by immunoblotting (Figure 2A). Detection of phosphorylated HSP27 (pHSP27) with a
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specific antibody also showed increased phosphorylation of HSP27 in myocardial infarction (Figure 2A).
Four representative, independent patient pairs are shown that illustrate the increased HSP27 levels and
phosphorylation in patients with myocardial infarction. Band densitometry of the Western blot results
(n = 12 in each group) showed a significant increase of HSP27 protein and HSP27 phosphorylation in
platelets from patients with myocardial infarction (MI) compared to controls (6.4 ± 1.0-fold versus
1.0 ± 0.9 and 5.9 ± 1.8-fold versus 1.0 ± 0.8; p < 0.05) (Figure 2B,C).

Figure 2. HSP27 is upregulated and phosphorylated in platelets during myocardial infarction.
(A) HSP27 levels and phosphorylation (pHSP27) in four representative patients with nonischemic chest
pain (controls, lanes 1–4) and four patients with myocardial infarction (MI) (lanes 5–8) are shown.
β-actin served as loading control. (B) Quantitative analysis of HSP27 levels and phosphorylation
(C) in the group of patients with myocardial infarction (MI) (n = 12) compared to controls (n = 12);
* p < 0.05. Mean HSP27 and phospho-HSP27 to actin ratio for the control group was set as 1. The blot is
representative of 12 independent patient pairs.

2.3. HSP27 Levels Are Increased by Thrombin Stimulation

Platelets were stimulated with thrombin (0.5 U/L) for up to two hours, and HSP27 levels were
quantified by immunoblotting. After thrombin stimulation, we observed a gradual increase of HSP27
with a peak value at 30 min, which declined with longer stimulation (Figure 3). Heat-shock treatment
of platelets (HS, 42 ◦C, 10 min) induced a robust upregulation of HSP27 and served as a positive control.

Figure 3. Thrombin activation induces upregulation of HSP27 in platelets. Platelets were stimulated
with thrombin (0.5 U/mL) for 1, 5, 15, 30, 60, and 120 min, and HSP27 levels were quantified by
immunoblotting. Heat activation at 42 ◦C for 10 min (HS) served as positive control. The immunoblot
time course for HSP27 levels is representative of 3 independent experiments.

2.4. HSP27 Translocates from the Cytoskeletal into the Membrane Fraction of Platelets during
Myocardial Infarction

Thrombin stimulation of platelets induced an intracellular translocation of HSP27 from the
cytoskeletal into the membrane-associated fraction of platelets as illustrated by confocal microscopy
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(Figure 4A). To quantify intracellular HSP27 distribution, platelet lysates were separated into the
cytoskeletal and plasma membrane fraction by stepwise ultracentrifugation. Figure 4B shows a
representative Western blot of a patient pair from the study population. Resting control platelets
only showed small HSP27 levels in both the membrane and cytoskeletal fraction. During myocardial
infarction, HSP27 was found at increased levels in the membrane fraction, which was not observed in
control patients.

Figure 4. HSP27 translocates into the membrane fraction of platelets during myocardial infarction.
(A) Confocal microscopy of resting (left) and thrombin activated platelets (0.5 U/L) (right) illustrates
the characteristic translocation of HSP27 into the cell membrane of platelets with activation; scale bars
represent 5 μm. (B) HSP27 distribution in platelets was further quantified in the membrane and
cytoskeletal fraction of platelets from patients with nonischemic chest pain (controls, lanes 1–2) and
patients with myocardial infarction (lanes 3–4). The immunoblot is representative of twelve independent
patient pairs.

3. Discussion

In the present study, we used two-dimensional electrophoresis to analyze proteomic changes of
platelets from patients with acute myocardial infarction and nonischemic chest pain and observed
increased phosphorylation (pHSP27) and upregulation of HSP27 in platelets during myocardial
infarction. So far, intracellular modulation of HSP27 has not been studied in human platelets during
myocardial infarction ex vivo.

Patients with ST-elevation myocardial infarction were treated with aspirin immediately after
diagnosis, and additional loading with ADP receptor antagonists such as clopidogrel was initiated
immediately after blood was drawn. All control patients were also treated with aspirin by the time of
blood sampling due to acute onset chest pain and suspected coronary artery disease. Therefore, there
was no difference in antiplatelet therapy between groups at the time of blood sampling to make sure
that the observed effects can be attributed to the acute vascular event and not to drug-related effects.

Phosphorylation of HSP27 seems to indicate that the protein is in a cell protective, anti-oxidative,
and antiapoptotic functional state [2,3,22]. The role of heat-shock proteins in inflammation and its
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anti-oxidative capacity is of paramount interest, and animal studies have been conducted to investigate
the use of heat-shock proteins in anti-atherosclerotic therapy [8,18,23]. Heat-shock proteins are
activated in response to oxidized LDL and mediate an anti-inflammatory response through release of
Interleukin 10 (IL-10) [24], through increased levels of gluthathione [25], and through inactivation of
Nuclear Factor kappa B (NFκB) [26]. Low-density lipoproteins in return induce dephosphorylation
of HSP27 [27], which alters anti-oxidative functions of HSP27. Malfunction or downregulation of
heat-shock proteins has been associated with vascular disease progression and atherosclerosis [17,18,21].
Furthermore, decreased expression of heat-shock proteins was observed in atherosclerotic vascular
areas and vulnerable plaques, which could be a sign of defective local anti-oxidative protection [1,2].

Heat-shock proteins were found in increased concentrations in the plasma of patients with acute
myocardial infarction or coronary artery disease although the source remained unknown [8,28,29],
and HSP27 levels were increased after global ischemia in coronary sinus blood samples of patients
after surgical aortic clamping [15]. Altogether, heat-shock protein expression appears to be increased
in response to vascular ischemia and compromised function of heat-shock proteins favors vascular
disease development. Release of phosphorylated HSP27 from platelets was found in patients with
diabetes who are at great risk for vascular disease [11].

Although we found a robust HSP27 phenotype in platelets during myocardial infarction, it remains
to be determined if this is a result of the ischemic process or whether these changes occur prior to the acute
event. Further studies suggest that HSP27 also regulates the cytoskeleton and that phosphorylation of
HSP27 is a step that immediately precedes the association of HSP27 with the activated cytoskeleton of
platelets [7] to stabilize actin fibers.

In this study, we consistently observed a distinct intracellular redistribution pattern from the
cytoskeletal into the membrane-associated protein fraction in platelets during myocardial infarction,
which was not observed in patients with nonischemic chest pain. Previous observations demonstrate
that HSP27 translocates between cellular compartments in platelets after thrombin stimulation [7].
Supporting these observations, we could demonstrate that thrombin induces an upregulation of HSP27
with a peak value at 30 min and a characteristic translocation into the platelet membrane in confocal
microscopy. In addition, phosphorylation of HSP27 in platelets has been closely correlated with platelet
dense granule secretion [8–10], which is another characteristic of platelet activation. Plasma levels of
phosphorylated HSP27 correlated closely with platelet aggregation in patients with diabetes; however,
it remains unclear if this finding is functionally connected [11].

Since HSP27 directly associates with the cytoskeleton to execute signaling functions, intracellular
translocation of HSP27 during cellular activation or in response to stress signals appears to make
sense physiologically.

Others have reported that HSP27 interacts with the cytoskeleton through actin fiber stabilization,
which has also been associated with decreased migratory capacity of inflammatory cells and
anti-inflammatory functions [12]. We have previously shown that platelets also gain migratory
capacity in response to inflammatory signals and that platelets can transmigrate into the vessel
wall [30]. The role of heat-shock proteins in this context however is still unknown.

Besides direct regulatory effects on a cytoskeletal level, HSP27 controls translation factors such
as eIF4F through binding of eIF4G, which then results in inhibition of translation [31]. Likely HSP27
prevents production of inflammatory proteins as part of an anti-inflammatory response that way.
The above findings support the hypothesis and give reason to believe that phosphorylation of HSP27
may be a step that enables HSP27 to execute its cell protective effects.

An elegant study by Liu and colleagues demonstrates increased levels of CCL2 (Chemokine
CC-motif ligand 2) in plasma, platelets, and thrombus material of patients with myocardial infarction.
Activation of platelets with CCL2 in return resulted in increased phosphorylation of HSP27 and other
signaling proteins [32].

It is tempting to speculate that increased phosphorylation of HSP27 in platelets from patients
with myocardial infarction could be a sign of an ischemic stress response. We do not know however if
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this phenotype is a direct result of the acute vascular events or a consequence of platelet activation.
The question whether heat-shock protein phosphorylation is an anti-inflammatory reaction in platelets
while unphosphorylated HSP27 may contribute to accelerated aggregation or if it is a passive result of
the stress stimulus remains to be determined in future studies. Further research will additionally be
necessary to investigate the regulatory mechanisms of HSP27 protein and its phosphorylation during
myocardial infarction.

In summary, we observed a significant increase of HSP27 (HSPB1) protein levels and
phosphorylation of HSP27 in human platelets during myocardial infarction compared to matched
controls with nonischemic chest pain in this study. Supporting previous observations in platelets,
a characteristic intracellular translocation of HSP27 from the cytoskeletal into the membrane associated
protein fraction was also observed during myocardial infarction. This platelet phenotype was distinctly
different in platelets from patients with myocardial infarction compared to controls. It will be interesting
to extend the observed characteristics of the HSP27 phenotype in platelets during myocardial infarction
to other acute vascular events such as ischemic stroke or peripheral artery disease.

4. Material and Methods

4.1. Study Design

Twelve patients with acute ST-elevation myocardial infarction (mean age 62 years) and obstruction
of a proximal left dominant or right coronary artery as well as twelve age-matched control patients with
acute onset typical chest pain but rule-out for acute myocardial infarction by electrocardiogram (ECG)
and cardiac enzymes were enrolled in the study. Due to suspected coronary artery disease, control
patients underwent coronary angiography in which coronary artery disease was ruled out. According
to guideline recommendations, patients with ST-elevation myocardial infarction were treated with
aspirin immediately after diagnosis. Blood for this study was drawn in the cath lab before other
antiplatelet agents such as clopidogrel or tirofiban were administered for acute myocardial infarction.
All control patients were also on aspirin treatment by the time of blood sampling. Written informed
consent was obtained from all patients. The study was approved by the local ethics committee of
the University of Tübingen (No. 264/2007BO2, approved 25 October 2007) in accordance with the
Declaration of Helsinki. Blood was drawn on admission after indication for coronary angiography had
been established and blood samples were processed immediately.

4.2. Platelet Isolation

Platelets were isolated according to standard protocols in our lab as previously described [30,33].
For some experiments, platelets were stimulated with thrombin (Sigma-Aldrich, Taufkirchen, Germany)
0.1 U/mL for different time points or were heat-activated at 42 ◦C for 10 min prior to lysis. A total of
1 × 109 platelets was lysed in 100 μL of CHAPS lysis buffer (8 M Urea, 4% CHAPS, and 2% DTT) and
stored for two-dimensional gel analysis and immunoblotting at −20 ◦C.

4.3. Fractionation of Cytoskeleletal and Membrane Proteins of Platelets

Freshly isolated platelets (1 × 109) were lysed in 1 mL Triton X-lysis buffer (containing complete
protease inhibitor, Roche, Penzberg, Germany) for 10 min on ice. The pellet containing the cytoskeletal
cell fraction was collected after centrifugation at 15,600× g for 4 min after supernatants had been carefully
removed. Supernatants were centrifugated again at 100,000× g, and pellets containing the membrane
fraction were collected. Both fractions were resuspended in SDS loading buffer before electrophoresis.

4.4. Two-Dimensional Electrophoresis

Platelets from patients with myocardial infarction and nonischemic chest pain were lysed in
100 μL of CHAPS lysis buffer (8 M Urea, 4% CHAPS, and 2% DTT) and purified using a 2D clean-up
kit (GE Healthcare, Freiburg, Germany) according to the manufacturer’s instructions. Comparative 2D
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gel analysis of the proteomes was performed as described previously with slight modifications [34,35].
First dimension isoelectric focusing was performed using a Protean IEF Cell focusing unit (BioRad,
Hercules, CA, USA) with pH 3–10 NL gel strips (11 cm, GE Healthcare, for some subsequent gels pH
4–7). For the second dimension equilibrated (5.7 M Dithiotreitol and 1.5 M Iodoacetamide) gel strips
were applied to 12% polyacrylamide gels. Proteins were stained with Lava purple fluorescent staining
(Fluorotechnics, Sydney, Australia). Protein spots of interest were excised manually from the gels,
digested with trypsin. and analyzed by LC ESI-MS/MS (Applied Biosystems/MDS Sciex, Darmstadt,
Germany) as described previously [35].

4.5. Immunoblotting

Platelets lysed in Laemmli buffer were separated by SDS PAGE gel electrophoresis and probed
for HSP27, phospho-HSP27, and β-actin. After protein transfer to a nitrocellulose membrane,
membranes were blocked in 5% nonfat milk in Tris-buffered saline with Tween-20 (TBS-T, Sigma-Aldrich,
Taufkirchen, Germany) for 1 h. Afterwards, primary monoclonal antibody to HSP27 or phospho-HSP27
(1:1000, Santa Cruz Biotechnologies, Dallas, TX, USA) were added and incubated overnight at
4 ◦C with constant agitation. Membranes were washed in TBS-T repeatedly, and HRP-conjugated
secondary antibody (1:10000) (GE Healthcare, Freiburg, Germany) was added for 1 h at room
temperature. After washing, chemiluminescent substrate (ECL reagent, Amersham Biosciences,
Munich, Germany) was added for 1–5 min and bands were visualized on plain film. β-Actin served as
loading control (1:000, rabbit anti-human β-Actin, Cell Signaling Technology, Dallas, TX, USA). HSP27
and phospho-HSP27 levels were quantified by band densitometry analysis with the help of HSP27- and
pHSP27-to-actin ratios. Mean HSP27- and pHSP27-to-actin ratios for the myocardial infarction group
were set as 1 and relative increases in HSP27 and pHSP27 levels in the control group were compared
accordingly. Relative HSP27 and pHSP27 levels between groups based on actin loading are shown.

4.6. Confocal Microscopy

Immunofluorescence staining was performed as previously described [30]. In brief, washed
platelets were allowed to adhere to a fibrinogen surface (50 μg/mL) on a chamber slide for 20 min and
were then fixed with paraformaldehyde (2%) and permeabilized with Triton-X-100 (TX-100, 0.025%).
The adherent platelets were washed and blocked with 2% bovine serum albumin for 30 min followed
by incubation with the primary antibody for 2 h at room temperature. Primary antibody against
HSP27 (Santa Cruz Biotechnologies, Dallas, TX, USA) was used in a 1:100 dilution in TBS with 1% BSA
(Bovine Serum Albumine). Slides were then washed and incubated with an Alexa488-linked secondary
antibody (Dianova, Hamburg, Germany) for 1 h. Confocal microscopy was performed using a Zeiss
LSM 5 EXCITER confocal laser scanning microscope (Carl Zeiss Micro Imaging, Jena, Germany).

4.7. Statistical Analysis

All data are presented as means ± SEM. Statistical analyses were performed with Sigma Plot
10.0. For comparisons between two groups of normal distributed data, the student´s t-test was used.
For the comparison of two groups without normal distributed data, a rank-sum test was performed.
For multiple comparisons between groups of normal distributed data, the one-way analysis of variance
(1-way ANOVA) was used. Differences were considered significant at an error probability level of
p < 0.05.

5. Conclusions

We observed a significant increase of HSP27 (HSPB1) levels and phosphorylation of HSP27 in
platelets during myocardial infarction compared to matched controls with nonischemic chest pain in
this study. Supporting previous observations in platelets, a characteristic intracellular translocation of
HSP27 from the cytoskeletal into the membrane-associated protein fraction was also observed during
myocardial infarction. This platelet phenotype was distinctly different in platelets from patients with
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myocardial infarction compared to controls. It will be interesting to extend the observed characteristics
of the HSP27 phenotype in platelets during myocardial infarction to other acute vascular events such
as ischemic stroke or peripheral artery disease.
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Abstract: Kindlins are important proteins for integrin signaling and regulation of the cytoskeleton,
but we know little about their precise function and regulation in platelets during acute ischemic
events. In this work, we investigated kindlin-3 protein levels in platelets isolated from patients
with ST-elevation myocardial infarction (STEMI) compared to patients with non-ischemic chest pain.
Platelets from twelve patients with STEMI and twelve patients with non-ischemic chest pain were
isolated and analyzed for kindlin-3 protein levels and intracellular localization by immunoblotting
and two-dimensional gel electrophoresis. Platelet proteome analysis by two-dimensional gel
electrophoresis and protein sequencing identified kindlin-3 as a protein that is cleaved in platelets
from patients with myocardial infarction. Kindlin-3 full-length protein was significantly decreased in
patients with STEMI compared to patients with non-ischemic chest pain (1.0 ± 0.2 versus 0.28 ± 0.2,
p < 0.05) by immunoblotting. Kindlin-3 showed a differential distribution and was primarily cleaved
in the cytosolic and membrane compartment of platelets in myocardial infarction. Platelet activation
with thrombin alone did not affect kindlin-3 protein levels. The present study demonstrates that
kindlin-3 protein levels become significantly reduced in platelets of patients with myocardial infarction
compared to controls. The results suggest that kindlin-3 cleavage in platelets is associated with the
ischemic event of myocardial infarction.

Keywords: platelets; proteolysis; kindlin-3; myocardial infarction

1. Introduction

Kindlins are a group of intracellular proteins that have a central role in cellular adhesion and
cell-matrix interactions. Three kindlin family members, kindlin-1, -2 and -3 have been identified
which differ in tissue distribution [1]. Kindlins have emerged as elementary components for integrin
signaling and activation and interact with cytoskeletal proteins like talin [2]. Kindlins also interact
directly with β1, β2 and β3 integrins and contain FERM (Fermitin family) domains for interaction
with extracellular matrix [3]. Especially kindlin-3 is expressed in hematopoietic cells, primarily
platelets and megakaryocytes, and a lack of kindlin-3 expression results in compromised hemostasis
and inflammation [4,5]. Kindlin-3 directly interacts with alpha(IIb)beta(3)-receptors during platelet
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aggregation [6], independently of talin [7]. Inherited kindlin-3 deficiency thus results in impaired
platelet aggregation and bleeding, as well as osteopetrosis and leukocyte related immune deficiency due
to impaired cell adhesion [4,7]. Uncontrolled bleeding in kindlin-3 deficient mice was due to impaired
platelet integrin activation and led to early mortality within a few weeks [6,8]. Mutations or defects in
interaction partners of kindlin induced a similar, yet less extreme disease phenotype as the kindlin defect.
Glanzmann’s thrombasthenia, which is caused by direct mutations of alpha(IIb)beta(3)-integrins, is
also characterized by prolonged bleeding. Likewise, mutations of kindlin-3 were identified as the cause
of leukocyte adhesion defects [9]. During myocardial infarction platelet activation and aggregation
are rapidly initiated and promote obstruction of diseased blood vessels [10,11]. Anti-aggregatory
therapy that targets activation and integrin receptors of platelets has thus become a mainstay of
therapy for myocardial infarction and has markedly improved patient survival [12,13]. Numerous
markers of platelet activation have been studied in myocardial infarction, some of which correlate
with disease severity [14–17]. Cleavage of kindlin-3 has been shown to be a mechanism to regulate
cell shape changes in platelets [18]. We and others have previously demonstrated that cytoskeletal
proteins such as talin-1 are regulated by proteolytic cleavage during platelet aggregation and shape
change [19,20]. Although the central role of kindlins for integrin activation and platelet aggregate
formation is well studied, kindlin protein levels in human platelets during myocardial infarction
have not been investigated. Two-dimensional electrophoresis of platelet lysates from patients with
myocardial infarction revealed increased kindlin-3 cleavage in patients with myocardial infarction.
In contrast, kindlin-3 levels were unaffected in matched control platelets. Western blot analysis
confirmed a significant decrease of full-length kindlin-3 protein and altered intracellular distribution of
kindlin-3 in platelets of the myocardial infarction group. We provide the first evidence that kindlin-3
undergoes quantitative changes and processing, with distinct intracellular distribution in platelets
during myocardial infarction, that could provide the basis for future investigations of this platelet
phenotype in other ischemic conditions.

2. Results

2.1. The Proteome of Platelets from Patients with Myocardial Infarction Shows Distinct Changes

To identify protein targets that are differentially regulated in platelets during myocardial infarction,
platelet lysates were analyzed by two-dimensional gel electrophoresis. Figure 1 shows platelet protein
expression in platelets by 2D-gel electrophoresis from patients with myocardial infarction compared to
matched controls with non-ischemic chest pain. Visibly few proteins are differentially regulated and
show increases or decreases in protein quantity in myocardial infarction in comparison to patients with
non-ischemic chest pain. Representative gels from a patient with ST-elevation myocardial infarction
(right) and a control patient with non-ischemic chest pain (left) are shown. The region where differential
protein regulation is visible and where kindlin-3 is located is marked by boxes. Clinical characteristics
of control patients and patients with myocardial infarction are shown in Table 1.
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Figure 1. The platelet proteome displays distinct changes during myocardial infarction.
(A) Two-dimensional gel electrophoresis of the platelet proteome demonstrates few distinct changes
of protein expression during myocardial infarction (right) compared to platelets from patients with
non-ischemic chest pain and without coronary artery disease (left). The area of differential protein
regulation and identification of kindlin-3 is marked by boxes. The gel is representative of twelve
independent patient pairs. The Y-axis indicates the protein size marker (kDa), the x-axis shows the
pH range (PI). (B) Quantitative analysis of kindlin-3 cleavage by 2D-gel analysis in control patients
(Co, n = 12) versus patients with myocardial infarction (MI, n = 12). Level of cleaved kindlin-3 in
control patients was set as 1 and relative increase in protein cleavage is expressed as fold-increase
versus control. * p < 0.05.

2.2. Kindlin-3 Is Cleaved in Platelets during Myocardial Infarction

Protein spots of interest that were differentially regulated were sampled and analyzed by mass
spectrometry. Figure 2A shows an example of new protein spots that appear in platelets from patients
with myocardial infarction in two-dimensional gel electrophoresis. The double spot was identified
as a cleavage product of kindlin-3 by mass spectrometry and was therefore found in the ~30 kDa
region instead of the expected 75 kDa molecular weight region. Representative two-dimensional
electrophoresis gels from two patients (I and II) with ST-elevation myocardial infarction and matched
controls with non-ischemic chest pain are shown in Figure 2A. Western blot analysis using a specific
anti-kindlin-3 antibody for full-length protein (75 kDa) showed a significant decrease of kindlin-3
protein in platelets from patients with myocardial infarction (1.0 ± 0.2 vs. 0.28 ± 0.2, * p < 0.05)
(Figure 2B).
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Figure 2. Kindlin-3 is cleaved in platelets during myocardial infarction. (A) Protein spots that represent
fragments of kindlin-3 according to mass spectrometry appear in patients with ST-elevation myocardial
infarction, whereas they are not detectable in patients with non-ischemic chest pain (red circles).
Images show sample pairs of two patients with myocardial infarction and control (I and II) which are
representative of twelve independent patient pairs. (B) Proteolytic processing of full-length kindlin-3
in platelets from patients with myocardial infarction (MI) was confirmed by Western blot. Quantitative
analysis of kindlin-3 protein in the group of patients with myocardial infarction (n = 12) showed a
significant decrease of full-length kindlin-3 protein levels compared to controls (n = 12); * p < 0.05.
Mean kindlin-3 to actin ratio for the MI group was set as 1 and relative decrease in kindlin-3 protein in
the control group was compared accordingly. A representative platelet sample pair from a patient with
myocardial infarction (MI) illustrates the decreased full-length kindlin-3 protein (right lane) compared
to a patient with non-ischemic chest pain (Co, left lane).

2.3. Kindlin-3 Cleavage Is not Induced by Thrombin Stimulation

In order to determine if cleavage of kindlin-3 in platelets during myocardial infarction was a result
of thrombin activation, platelets were activated with thrombin (0.1 U/mL) for 1, 5, 10, 15, 30, 60 and
90 min. No quantitative differences in kindlin-3 protein were detectable with thrombin activation in
repeated experiments (n = 4) (Figure 3A,B).
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Figure 3. Cleavage of kindlin-3 is not a result of thrombin activation (A) Platelets (3 × 107) were
stimulated with thrombin (0.1 U/mL) for 1, 5, 10, 15, 30, 60 and 90 min and kindlin-3 levels were quantified
by immunoblotting. Thrombin activation did not induce kindlin-3 degradation in platelets. β-actin
served as loading control. The blot is representative of 4 independent experiments. (B) Quantitative
analysis of kindlin-3 protein levels during thrombin stimulation. Mean kindlin-3 protein level of
controls (Co) was set as 1 and protein levels after thrombin stimulation at time points 1, 5, 10, 15, 30,
60 and 90 min were compared (x-fold expression) and showed no differences.

2.4. Kindlin-3 Is Located in the Cytoskeleton, the Plasma Membrane, and the Soluble Fraction of Human
Platelets and Becomes Redistributed during Myocardial Infarction

To quantify intracellular kindlin-3 distribution, platelet lysates of patients with myocardial
infarction and controls were separated into the soluble, cytoskeletal, and plasma membrane fraction by
step-wise ultracentrifugation. Western blot analysis of the protein fractions revealed that proteolytic
processing of kindlin-3 primarily occurred in those parts of the platelet that are associated with the
soluble and cytoskeletal fractions isolated by ultracentrifugation, whereas the platelet structures that
are associated with the membrane fraction showed no quantitative differences between the control
and myocardial infarction groups (Figure 4A,B). Platelets from control patients showed a widely
homogenous distribution of kindlin-3 in all cell fractions. Figure 4 shows a representative Western blot
of twelve sample pairs.

 

 

A B 

Figure 4. Intracellular distribution of kindlin-3 changes during myocardial infarction (A) Kindlin-3
protein levels in parts of the platelet that are associated with the soluble, cytoskeletal, and membrane
fraction of platelets were analyzed by Western blot. The soluble protein fraction represents the
cytoplasmic proteins. Lanes 1 to 3 represent cellular fractions of control platelets, lanes 4–6 fractions of
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platelets from myocardial infarction. Full-length kindlin-3 is reduced in the soluble and cytoskeletal
fraction of platelets during myocardial infarction (lanes 4 and 5) whereas the membrane fraction is
unaffected (lane 6). The blot is representative of twelve independent patient pairs. (B) Quantitative
analysis of kindlin-3 protein levels in patients with myocardial infarction (MI) compared to control
patients in the soluble fraction (SF), cytoskeletal fraction (CF), and membrane fraction (MF) of platelets.
Mean kindlin-3 level of controls (Co) was set as 1 and quantitative changes are shown as x-fold
expression versus control (x-fold).

2.5. Patient Characteristics

We have summarized clinical characteristics of control patients and patients with ST-elevation
myocardial infarction in Table 1.

Table 1. Clinical characteristics of 12 patients with ST-elevation myocardial infarction (STEMI) and
12 age matched control patients are shown. Cardiovascular risk factors such as arterial hypertension,
diabetes mellitus, and smoking, as well as renal function are listed. Numbers indicate n of 12 with
positive baseline characteristics in each group. Impaired renal function was defined as an elevated
serum creatine level above 1.2 mg/dL.

Control Group (n = 12) Myocardial Infarction (STEMI) (n = 12)

Age (years, mean ± SEM) 65 ± 3 67 ± 4

Arterial Hypertension; n= 6 7

Diabetes mellitus; n= 3 2

Smoking; n= 6 7

Impaired renal function; n= 2 2

3. Discussion

In the present study, we analyzed protein levels of kindlin-3 in platelets from patients with acute
myocardial infarction which we compared to matched control patients with non-ischemic chest pain.
So far, levels of kindlin-3 in platelets have not been studied in acute myocardial infarction.

We demonstrated for the first time that protein levels of full-length kindlin-3 were significantly
reduced in platelets of patients with acute myocardial infarction compared to patients with non-ischemic
chest pain. We observed that kindlin-3 is cleaved to a 30 kDa fragment in platelets during myocardial
infarction. There was no difference in antiplatelet therapy between groups by the time of blood
sampling as control patients had all been treated with aspirin due to suspected coronary artery disease,
and additional antiplatelet therapy in myocardial infarction patients was administered immediately
after blood sampling to make sure that the observed effects could be attributed to the acute vascular
event and not to drug-related effects.

Kindlin-3, which has become an interesting target to modulate integrin activation, could represent
a so far unidentified platelet protein that is associated with acute vascular events. Interestingly,
previous work found increased kindlin-3 expression in unstable plaque tissue prone to rupture, likely
due to accumulation of platelets and monocytes [21]. Kindlins are a group of proteins that have been
shown to be critically involved in platelet integrin activation, platelet aggregation, and interaction with
extracellular matrix proteins. Therefore, defects in kindlin expression or function result in adhesion
defects of tissue and blood cells. As a consequence, skin blistering, defective leukocyte adhesion, and
impaired platelet aggregation are attributable to impaired kindlin function [4,22,23]. Especially in
platelets, which perform elementary functions in hemostasis, defects in kindlin-3 and subsequently
impaired integrin alpha(IIb)beta(3) activation have been observed [7]. Acute myocardial infarction is
characterized by excessive platelet activation and aggregation which has become a central target for
therapy. Several markers of platelet activation have been studied in platelets during acute myocardial
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infarction, including adhesion receptors such as GPVI [13] and pro-inflammatory mediators like
SDF-1 [17]. In this context, it seems plausible that kindlin-3, which is directly connected to platelet
integrin activity, shows measurable changes in acute myocardial infarction. Initially, we analyzed
the platelet proteome during myocardial infarction and control platelets by two-dimensional gel
electrophoresis, which led to the identification of new protein spots in the myocardial infarction
group. Protein sequencing by mass spectrometry identified the new protein fragments as kindlin-3
cleavage products, which was initially a surprise as the proteins were found in the ~30 kDa region
instead of the expected 75 kDa molecular weight area. Cleavage of other structural proteins such
as filamin A and talin-1 has been shown to be a regulatory mechanism for platelet shape change
during platelet activation [19,20]. A study by Zhao and colleagues reveals that cleavage of kindlin-3 by
calpain controls the dynamics of integrin adhesion complexes [18]. Therefore, decreased full-length
kindlin-3 levels and detection of kindlin-3 cleavage products in platelets in the process of myocardial
infarction makes perfect sense. Cleavage products were not detected by immunoblotting because
the target epitope that is recognized by the detection antibody was no longer intact, but cleavage
products of kindlin-3 were consistently detected on 2D gels. Microparticle release is also considered to
be a result of degradation or cleavage of structural proteins (e.g., talin) by intracellular proteases like
calpain, as shown in hepatocytes [24]. Platelet microparticle release is also mediated through calpain
activation, although the precise mechanisms are not fully understood [25]. In previous work, we were
able to identify protein degradation of the antiapoptotic protein Bcl-xL by calpain as a mechanism
for programmed cell death [26]. It appears likely that more platelet functions and processes are
regulated through selective proteolysis of structural or regulatory proteins. Interestingly, our data
show that cleavage of kindlin-3 occurs in selected protein fractions, which likely depends on the
intracellular distribution of proteases that cleave kindlin-3 protein. We observed proteolytic processing
of kindlin-3 preferentially in the soluble and cytoskeletal fraction of platelets from patients with
myocardial infarction whereas the membrane fraction was unaffected. Kindlin-3 protein levels were
further unaffected by thrombin stimulation which underscores that the underlying mechanism is not
purely activation-dependent. It thus seems likely that the intracellular localization of kindlins may
further change based on cellular function and receptor activation. Previous work has also speculated
that kindlins enable cells to rearrange their cytoskeleton and to enable migration [27,28]. Especially
kindlin-3 is present in podosomes and integrin adhesion sites in migrating cells [1,29]. Interestingly,
proteolytic cleavage of kindlin-3 by calpain was also identified as one of the processes that control
the adhesion dynamics that enable leukocytes to migrate [18]. We have previously been able to
demonstrate the capacity of platelets to migrate along an SDF-1 gradient and to transmigrate into
inflamed vessel walls [30,31]. This involves activation of cytoskeletal regulators and rearrangement of
the cytoskeleton for focal adhesion formation [32]. It thus seems possible that kindlins may play a role
in both platelet adhesion and platelet migration. Overall, it remains to be determined if cleavage of
kindlin-3 in platelets during acute myocardial infarction is a result of the disease process itself or if its
differential regulation during platelet aggregation affects acute vascular events. Mutations of kindlin-3
can result in antithrombotic effects as previously described [7], which may also occur with differential
proteolytic cleavage of kindlin-3. In this work, we demonstrate for the first time that kindlin-3, which
is paramount for integrin activation, is cleaved in platelets during myocardial infarction following a
reproducible intracellular distribution. Due to its physiological role in cytoskeletal regulation and its
distinct protein phenotype during myocardial infarction in platelets, kindlin-3 could be an interesting
platelet marker in vascular ischemia. Whether this phenotype is prothrombotic or whether it is a stress
response to the ischemic environment remains to be determined. Further research will be necessary to
elucidate the complex mechanisms of kindlin functions in platelets in vitro and under acute ischemic
conditions. The observed platelet phenotype described in this study lays the groundwork for future
investigations and it will be interesting to also extend the observed association of kindlin-3 cleavage in
myocardial infarction to other acute ischemic conditions such as stroke or peripheral artery disease.

51



Int. J. Mol. Sci. 2019, 20, 6154

4. Material and Methods

4.1. Study Design

Twelve patients with acute ST-elevation myocardial infarction (STEMI) and obstruction of a
proximal left dominant or right coronary artery as well as twelve age-matched control patients which
presented with typical chest pain but showed no coronary artery disease in coronary angiography
were enrolled in the study. Myocardial infarction was eventually ruled out by electrocardiogram and
serially negative cardiac enzymes in control patients. Patients with ST-elevation myocardial infarction
were treated with aspirin immediately after diagnosis. Blood for this study was drawn in the cath lab
before other antiplatelet agents such as clopidogrel or tirofiban were administered for acute myocardial
infarction. All control patients were also on aspirin treatment by the time of blood sampling due to
acute onset chest pain and suspected coronary artery disease. Clinical characteristics of patients are
shown in Table 1. Written informed consent was obtained from all patients. The study was approved
by the local ethics committee of the University of Tübingen (No. 264/2007BO2, approved 25 October
2007) in accordance with the Declaration of Helsinki. Blood was drawn on admission after indication
for coronary angiography had been established and blood samples were processed immediately.

4.2. Platelet Isolation

Platelets were isolated according to standard protocols in our lab as previously described [20,30,33].
In brief, whole blood was drawn directly into plastic tubes containing sodium citrate (1:10). After
centrifugation of the whole blood without brake at 340× g for 15 min at room temperature (RT), the
platelet-rich plasma (PRP) was carefully removed. Platelets in PRP were pelleted at 600× g for 10 min at
RT and carefully resuspended in warm M199 culture media. For some experiments, platelets (1 × 109)
were stimulated with thrombin (Sigma-Aldrich, Taufkirchen, Germany) 0.1 U/mL for 1, 5, 10, 15, 30,
60 and 90 min prior to lysis and at −20 ◦C.

4.3. Fractionation of Soluble, Cytoskeleletal and Platelet Membrane Proteins

Freshly isolated platelets (1 × 109) were lysed in 1 mL Triton X-lysis buffer (containing Complete
protease inhibitor, Roche, Penzberg, Germany) for 10 min on ice. The pellets containing the cytoskeletal
cell fraction were collected after centrifugation at 15,600× g for 4 min, after the supernatants had
been carefully removed. Supernatants were centrifuged again at 100,000× g and pellets containing
the membrane fraction were collected. Soluble proteins were concentrated from the supernatant by
acetone precipitation. All fractions were resuspended in SDS loading buffer before electrophoresis and
immunoblotting was performed as described below.

4.4. Two-Dimensional Gel Electrophoresis

Platelets from patients with myocardial infarction and non-ischemic chest pain were lysed in
100 μL of CHAPS lysis buffer (8M Urea, 4% CHAPS, 2% DTT) and purified using a 2D Clean-up kit
(GE Healthcare, Freiburg, Germany) according to the manufacturer’s instructions. Comparative 2D
gel analysis of the proteomes was performed as described previously with slight modifications [34].
First dimension isoelectric focusing was performed using a Protean IEF Cell focusing unit (BioRad,
Hercules, CA, USA) with pH 3–10NL gel strips (11 cm, GE Healthcare, for some subsequent gels
pH 4–7). For the second dimension, equilibrated (5.7M Dithiothreitol and 1.5M Iodoacetamide) gel
strips were applied to 12% polyacrylamide gels. Proteins were stained with Lava purple fluorescent
staining (Fluorotechnics, Sydney, Australia). Protein spots of interest were excised manually from
the gels, digested with trypsin and analyzed by LC ESI-MS/MS as described previously [35]. Peptide
sequence analysis by mass spectrometry of the isolated protein spots resulted in the identification of
the differential cleavage of kindlin-3 in the myocardial infarction group.
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4.5. Immunoblotting

Platelets (1 × 109) lysed in Laemmli buffer were separated by SDS PAGE and stained for kindlin-3.
After protein transfer to a nitrocellulose membrane, membranes were blocked in 5% nonfat milk in TBS-T
for 1 h. Afterward, primary antibody to full-length kindlin-3 (1:100 in 3% nonfat milk/TBS-T, Abcam,
Cambridge, UK) was added and incubated overnight at 4 ◦C with constant agitation. Membranes
were washed in TBS-T repeatedly and HRP-conjugated secondary antibody (1:10,000, GE Healthcare,
Freiburg, Germany) was added for 1 h at room temperature. After washing, chemiluminescent
substrate (ECL reagent, Amersham Biosciences, Munich, Germany) was added for 1–5 min and bands
were visualized on plain film. β-Actin served as loading control (rabbit anti-human β-Actin, Cell
Signaling Technology, Dallas, TX, USA). Kindlin-3 protein levels were quantified by band densitometry
analysis with the help of a kindlin-3 to actin ratio.

4.6. Statistical Analysis

All data are presented as means ± SEM. Statistical analyses were performed with Sigma Plot 10.0.
For comparisons between two groups of normally distributed data, the student’s t-test was used. For
the comparison of two groups without normally distributed data, a rank-sum test was performed. For
multiple comparisons between groups of normally distributed data, the one-way analysis of variance
(one-way ANOVA) was used. Differences were considered significant at an error probability level
of p < 0.05.
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Abstract: Microfluidic flow chambers (MFCs) allow the study of platelet adhesion and thrombus
formation under flow, which may be influenced by several variables. We developed a new MFC,
with which we tested the effects of different variables on the results of platelet deposition and
thrombus formation on a collagen-coated surface. Methods: Whole blood was perfused in the MFC
over collagen Type I for 4 min at different wall shear rates (WSR) and different concentrations of
collagen-coating solutions, keeping blood samples at room temperature or 37 ◦C before starting the
experiments. In addition, we tested the effects of the antiplatelet agent acetylsalicylic acid (ASA)
(antagonist of cyclooxygenase-1, 100 μM) and cangrelor (antagonist of P2Y12, 1 μM). Results: Platelet
deposition on collagen (I) was not affected by the storage temperature of the blood before perfusion
(room temperature vs. 37 ◦C); (II) was dependent on a shear rate in the range between 300/s and
1700/s; and (III) was influenced by the collagen concentration used to coat the microchannels up to
a value of 10 μg/mL. ASA and cangrelor did not cause statistically significant inhibition of platelet
accumulation, except for ASA at low collagen concentrations. Conclusions: Platelet deposition on
collagen-coated surfaces is a shear-dependent process, not influenced by the collagen concentration
beyond a value of 10 μg/mL. However, the inhibitory effect of antiplatelet drugs is better observed
using low concentrations of collagen.

Keywords: platelets; thrombus formation; microfluidics; flow assays; platelet adhesion; platelet
aggregation; shear rate; antiplatelet agents

1. Introduction

Platelets play a central pathogenic role in thrombosis; they aggregate at sites of atherosclerotic
plaques, forming thrombi that can occlude the lumen of the artery [1–3]. In coronary arteries, this
process causes acute coronary syndromes, which are a major cause of morbidity and mortality [4].
Atherosclerotic plaques favor the formation of thrombi by exposing thrombogenic surfaces, to which
platelets adhere, and by causing stenosis of the arterial lumen, which contributes to platelet activation
by increasing the shear rate of blood flow [5,6]. Patients with acute coronary syndrome are treated
with antiplatelet drugs, inhibiting cyclooxygenase-1 (COX-1) (acetylsalicylic acid) and P2Y12 receptors
(clopidogrel, ticagrelor or prasugrel).

Microfluidic flow chambers (MFCs) designed to observe platelet adhesion and thrombus formation
on surfaces coated with adhesive proteins, such as collagen, have become a valuable tool for research
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in hemostasis and thrombosis [7–9]. These devices can characterize platelet function under flow
with low blood volume requirements and controlled conditions. They can mimic the anatomy of
healthy and stenotic blood vessels [7,10], recreate a range of physiological and pathological shear
stress conditions [11–13] and investigate platelet accumulation over different adhesive proteins [14,15].
Furthermore, these devices allow to study the inhibitory effect of antiplatelets agents on platelet
adhesion and thrombus formation [16,17].

However, as a consequence of their high flexibility, MFCs are poorly standardized [18]. Limited
studies have been performed to assess the variability of platelet accumulation in relation with the
experimental variables. With regards to platelet deposition on collagen, most of the works have
focused on the role of the mechanical stresses, reporting on the significant shear-rate dependency of
the platelet adhesion and thrombus formation processes, e.g., [12,19,20]. The sensitivity to collagen
concentration was investigated by Savage et al. [21] and Neeves and colleagues, who performed
the most comprehensive study on the sources of variability in platelet accumulation on collagen,
exploring also the effect of phenotypic and genetic factors [19]. The inhibitory effect of antiplatelet
drugs on platelet accumulation has been studied by Diamond’s research group in a number of
works [16,17,22]. Despite these studies and some attempts to define common protocols [18,23], no real
standardization has been achieved and the effect of a number of assay-dependent variables still remains
to be fully elucidated.

Given this background, the current study aims at investigating a number of critical aspects in the
study of platelet adhesion and thrombus formation with MFCs: The effect of the storage temperature
of the blood samples before testing; the influences of wall shear rate and of the concentration of
the adhesive protein collagen in the surface coating solution; and the inhibitory effect of some
antiplatelet drugs.

2. Results

2.1. Effect of Blood Storage Temperature

We measured the effect of blood storage temperature at room temperature (RT) and 37 ◦C on
platelet accumulation on collagen (200 μg/mL)-coated channels, at 300/s, 1100/s and 1700/s wall shear
rates (Figure 1). In all conditions tested, no statistical difference was found between the results obtained
at RT and 37 ◦C.

Figure 1. Effect of storage temperature (room temperature (RT) and 37 ◦C) on platelet accumulation
on collagen (200 μg/mL)-coated channels at different wall shear rates (n = 4). Black: RT; grey: 37 ◦C.
(a) Surface coverage; (b) mean fluorescence intensity; (c) number of thrombi; (d) mean thrombus area.
Data are represented as column bar graphs, with means ± standard errors of the mean and analyzed by
Wilcoxon matched pairs.
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2.2. Effect of Wall Shear Rate

Platelet accumulation, as measured by surface coverage and fluorescence intensity, increased as a
function of wall shear rate (Figure 2; Figure 3a,b). The number of thrombi significantly decreased while
the mean thrombus area significantly increased as a function of wall shear rate (Figures 2 and 3c,d).

Figure 2. Representative images (6.3×) of platelet accumulation at different shear rates and collagen
concentrations. Images are acquired after 4 min of perfusion. Flow is from left to right. The first row
shows platelet accumulation over collagen (200 μg/mL)-coated perfusion chamber at (a) 300/s, (b) 1100/s
and (c) 1700/s. The second row shows platelet accumulation at 300/s for collagen concentrations equal
to (d) 10 μg/mL, (e) 50 μg/mL and (f) 100 μg/mL.

Figure 3. Effect of wall shear rate on platelet accumulation on collagen (200μg/mL)-coated microchannels
(n = 7). (a) Surface coverage; (b) mean fluorescence intensity; (c) number of thrombi; (d) mean thrombus
area. Data are represented as column bar graphs, with means ± standard errors of the mean, and
analyzed by Kruskal–Wallis tests or ANOVA tests as appropriate. Internal Contrasts: (a) 300/s vs.
1700/s, p < 0.001; (b) 300/s vs. 1100/s p < 0.001; 300/s vs. 1700/s, p < 0.001; (c) 300/s vs. 1100/s p < 0.01;
300/s vs. 1700/s, p < 0.001; (d) 300/s vs. 1700/s, p < 0.001.
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2.3. Effect of Collagen Concentration

Surface coverage and fluorescence intensity at a shear rate of 300/s were affected by collagen
concentration: They were lowest at 1μg/mL and slowly increased with increasing collagen concentration
up to 100 μg/mL; at 200 μg/mL the surface coverage tended to decrease (Figure 4). The internal contrast
showed that there were no statistically significant differences over the range 5 to 200 μg/mL (Figures 2
and 4a,b). The number of thrombi significantly increased while their area significantly decreased as a
function of collagen concentrations from 1 to 200 μg/mL (Figures 2 and 4c,d).

Figure 4. Effect of collagen concentration on platelet accumulation at 300/s (n = 7). (a) Surface coverage;
(b) mean fluorescence intensity; (c) number of thrombi; (d) mean thrombus area. Data are represented
as column bar graphs, with means ± standard errors of the mean, and analyzed by ANOVA tests plus
Bonferroni’s multiple comparison post-hoc tests. Internal Contrast: (a) 1 vs. 5 μg/mL of collagen,
p < 0.05; 1 vs. 50 μg/mL of collagen, p < 0.01; 1 vs. 100 μg/mL of collagen, p < 0.001; (b) 1 vs. 100 μg/mL
of collagen, p < 0.05; (c) 1 vs. 50, 100 and 200 μg/mL of collagen, p < 0.001; 5 vs. 50, 100 and 200 μg/mL,
p < 0.001; 10 vs. 50 μg/mL of collagen, p < 0.01; 10 vs. 100 and 200 μg/mL of collagen, p < 0.001;
(d) 1 vs. 10 μg/mL of collagen, p < 0.01; 1 vs. 50,100, 200 μg/mL, p < 0.001; 5 vs. 50, 200, p < 0.01; 5 vs.
100 μg/mL, p < 0.05.

2.4. Effect of ASA on Platelet Accumulation

• Collagen Concentration = 1 μg/mL. ASA (100 μM) induced a statistically significant decrease in
surface coverage (4.4% vs. 1.6%; p = 0.025) and mean thrombus area, but did not significantly
change mean fluorescence and number of thrombi (Figure 5).

• Collagen Concentration = 10 μg/mL. ASA (100 μM) did not induce a statistically significant change
in surface coverage, tended to reduce mean fluorescence intensity and to increase the number of
thrombi, but differences were borderline statistically significant and significantly decreased the
mean thrombus area (Figure 5).

• Collagen Concentration = 100 μg/mL. ASA (100 μM) did not induce statistically significant
modifications of surface coverage, fluorescence intensity, number of thrombi or mean thrombus
area (Figure 5).
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Figure 5. ASA inhibition of platelet accumulation at 300/s for different collagen concentrations (n = 5).
Black: without ASA; grey: with ASA added in vitro. (a) Surface coverage; (b) mean fluorescence
intensity: (c) number of thrombi; (d) mean thrombus area. Data are represented as column bar graphs,
with means ± standard errors of the mean, and analyzed by Wilcoxon tests or t-tests as appropriate.

2.5. Cangrelor Inhibition of Platelet Accumulation

Collagen concentrations of 10 and 100 μg/mL. At shear rate of both 300/s and 1600/s, cangrelor
(1 μM) did not induce a statistically significant reduction of surface coverage, mean fluorescence
intensity, number of thrombi or mean thrombus area (Figures 6 and 7).

Figure 6. Effect of cangrelor at different shear rates on platelet accumulation on collagen
(10 μg/mL)-coated perfusion chamber (n = 5). Black: without cangrelor; grey: with cangrelor
added in vitro. (a) Surface coverage; (b) mean fluorescence intensity; (c) number of thrombi; (d) mean
thrombus area. Data are represented as column bar graphs, with means ± standard errors of the mean,
and analyzed by Wilcoxon matched pairs.
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Figure 7. Effect of cangrelor at different shear rates on platelet accumulation on collagen
(100 μg/mL)-coated m (n = 5). Black: without cangrelor; grey: with cangrelor added in vitro.
(a) Surface coverage; (b) mean fluorescence intensity; (c) number of thrombi; (d) mean thrombus area.
Data are represented as column bar graphs, with means ± standard errors of the mean, and analyzed
by Wilcoxon matched pairs.

3. Discussion

Our study aimed at investigating different critical aspects of microfluidic platelet adhesion assays
on collagen type I: (I) the storage temperature of blood before perfusion; (II) the wall shear rate; and (III)
the concentration of collagen in the buffered solution used for coating. In addition, our study aimed at
assessing the effect of antiplatelet agents targeting COX-1 (acetylsalicylic acid) and P2Y12 (cangrelor)
on platelet accumulation under the different experimental conditions considered in our study.

To this purpose, we developed a microfluidic device following the design recommendations given
by [24], performed a number of experiments following the protocols suggested by [18] and evaluated
the results by comprehensive image analysis, which included not only the typical outputs, such as
surface coverage and mean fluorescence intensity, but also the number and area of thrombi, which, as
outlined by [25], may change as a function of local flow conditions and platelet function.

Although it has been recommended to store blood samples for platelet function assays at room
temperature [26], in our experiments no difference between the storage temperature of blood (at room
temperature versus 37 ◦C) was found for all the WSR studied.

Platelet accumulation was a strongly shear-dependent process, as already observed by many
authors, e.g., [19,25]. In our experiments, at 300/s several small and circular thrombi formed, whereas at
higher shear rates (1100 and 1700/s), platelet aggregates elongated twofold in the direction of the flow.
The same shear dependency of the morphology of platelet aggregates was found by Colace et al. [25],
who calculated the width and length of growing thrombi on collagen in the range of shear rates from
100/s to 2000/s. Platelet accumulation increased with increasing shear rate, not only in the horizontal
plane (i.e., the glass plane) as measured by surface coverage, but also vertically in the third dimension,
as indicated by mean fluorescence intensity. All previous studies reported the same result despite
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each work observing the peak platelet deposition at a different shear rate: 300/s [19,20], 500/s [12] and
1500/s [21].

Collagen surface density influenced thrombus formation up to a threshold equal to 1 μg/mL
with regard to the amount of platelet deposition (measured by SC and FI) and to 5 μg/mL for the
variables quantifying the aggregate morphology (number of thrombi and mean thrombus area). At
lower concentrations of collagen (1 and 5 μg/mL), a few dispersed, large thrombi have formed, while at
higher concentrations (> 10 μg/mL) many small aggregates are present. Similar results were found
by Savage et al. [21] who observed an increase in the total volume of thrombi from 0.01 μg/mL to
0.1 μg/mL and no further changes beyond 0.1 μg/mL, as well as by Neeves et al. [19] who observed a
significant difference in surface coverage only up to a collagen concentration of 50 μg/mL.

Under our experimental conditions (shear rate equal to 300/s), ASA reduced surface coverage
only on surfaces coated with the lowest concentration of collagen (1 μg/mL) but significantly decreased
the mean thrombus area both at 1 μg/mL and 10 μg/mL. This is in agreement with Li and Diamond [22]
who found that ex-vivo addition of ASA results in smaller platelet aggregates compared to responses
measured with no drugs. In the same work, the authors also reported a decrease in total platelet
accumulation (measured in terms of fluorescence intensity) over collagen at 200/s following high dose
(500 μM) ASA addition, but the collagen concentration was not provided. The effect of ASA is known
to be relevant only after some minutes of perfusion [16,17], when secondary aggregation mediated by
thromboxane occurs, while initial platelet adhesion to collagen is not influenced by the presence of
aspirin. This suggests that the perfusion time of our experiments should probably have been longer
to observe the ASA inhibitory effect at high collagen concentrations. Cangrelor, an antagonist of the
P2Y12 receptor, did not cause any significant inhibition of platelet accumulation at any shear rate and
concentration of collagen. However, a distinct trend was observed at the higher shear rates (950/s and
1600/s), indicating a marked decrease in surface coverage, fluorescence intensity and mean thrombus
area due to the presence of cangrelor. This suggests that a statistical significance would probably be
reached by increasing the number of experiments.

In summary, platelet deposition on collagen type I (I) is not affected by the storage temperature
of the blood before perfusion (room temperature vs. 37 ◦C); (II) was a shear-dependent process in
the range between 300/s and 1700/s; and (III) is influenced by the collagen concentration used to coat
the microchannels up to a concentration of 5 μg/mL. Antiplatelet agents did not show statistically
significant inhibitory effects on platelet interaction with collagen-coated surfaces, except for ASA at
low concentrations of collagen.

By carefully examining the effect of several assay-dependent variables on platelet deposition on
surfaces coated with collagen type I in a microfluidic device, we believe to have characterized different
aspects of thrombus formation that should be taken into account before approaching these experiments.

4. Materials and Methods

4.1. Enrollment of Healthy Control Subjects

Healthy subjects (n = 15, 3 males; age range: 19–39 years) were recruited among workers of ASST
Santi Paolo e Carlo and Università degli Studi di Milano. All studied subjects abstained from drugs
known to affect platelet function for at least 10 days before enrolment. The study was approved by the
institutional ethical committee of ASST Santi Paolo e Carlo; all subjects signed their informed consent.

4.2. Blood Sampling

Blood samples were collected in the morning from an antecubital vein using a 21-gauge butterfly
needle with minimal stasis. The first 3 mL of blood was collected into K-EDTA tubes (Becton Dickinson
vacutainer, North Ryde, NSW, Australia) for a complete blood count; the following 10–15 mL was
collected in 250 μg/mL INN-desirudin (Canyon Pharmaceuticals, London, United Kingdom), gently
mixed, and allowed “to rest” at room temperature for 15 min before use.
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4.3. Fabrication of Microfluidic Devices

Microfluidic devices (Figure 8a) consisted of six independent channels (1000 μm wide, 100 μm
high and 3.2 cm long). Channels were designed according to previous recommendations, which
suggested an aspect ratio of 10:1 (width:height) in order to reduce wall effects and obtain homogenous
platelet distribution across the width of the channel [12,19]. Microfluidic devices were fabricated in
polydimethylsiloxane (PDMS, Sylgard™ 184, Dow Corning, Midland, MI, USA) from silicon masters
using standard soft lithography techniques. PDMS was prepared by mixing pre-polymer and curing
agent in a ratio 10:1 (w:w), degassed, poured over the master mold and cured at 80 ◦C for 3 h. Inlet
and outlet fluidic ports were punched with a 1.5 mm diameter biopsy puncher. PDMS chips were
permanently bonded to #0.6 microscope cover glasses via air plasma treatment.

Figure 8. Photograph of the microfluidic chip (a) and of the experimental set-up (b). Results of the
image-processing algorithm (c), from top to bottom: original image (6.3×), segmented binary image
and identification of platelet aggregates (red dots represent individual thrombi).

4.4. Perfusion Experiments

Each microfluidic channel was incubated with Horm fibrillar collagen type I (Mascia Brunelli,
Milano, Italy) at 4 ◦C overnight. An isotonic glucose solution (pH 2.7–2.9) was used to achieve the
desired collagen concentration (1, 5, 10, 50, 100 or 200 μg/mL). Collagen pattering was obtained by
pipetting 2.2 μL into the outlet port of the flow chamber. This allowed to fill only about 2/3 of the
channel, leaving uncoated the first one-third. In this way, platelets were prevented from adhering in
the proximity of the channel entry, where flow disturbances can induce altered platelet accumulation
affecting downstream thrombus formation. Then, it was rinsed with filtered phosphate buffer saline
(PBS). Before perfusion, it was incubated with 1% bovine serum albumin in PBS for 30 min at room
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temperature, to passivate the chamber surface that had not been coated by collagen. Subsequently,
each channel was washed with PBS, connected with the flow system and checked for the absence of air
bubbles. The microfluidic device was then placed on the stage of an inverted fluorescence microscope
(Axiovert A1 FL, Zeiss, Milan, Italy) equipped with a 16-bit camera (Sony ICX-674 CCD Camera, Crisel
Instruments, Rome, Italy) (Figure 8b). Fluorescence microscopy was performed with a mercury light
source (HBO 50 AC L1, Zeiss, Milan, Italy) and a FITC filter set.

Blood samples were incubated with the green-fluorescent lipophilic dye 3,3’ Dihexyloxacarbocyanine
Iodide (DiOC6, 1 μM; ThermoFisher Scientific, Milan, Italy), which tags platelets, at room temperature
for 15 min. In most experiments, blood samples were kept at room temperature before testing; in some
experiments, samples were divided in two equal parts, of which one was kept at RT and one at 37 ◦C
for a maximum of 4h. In some experiments, 100 μM lysine-ASA (Flectadol, Sanofi-Aventis, Milan,
Italy) or 1 μM cangrelor (The Medicines Company, Parsippany-Troy Hills, NJ, USA) was added to
blood samples at RT for 10 or 3 min, respectively. Before the beginning of the experiments, whole blood
samples that had been kept at RT were incubated at 37 ◦C for 3 min and then perfused for 4 min using a
programmable syringe pump (Mirus Evo Nanopump, Cellix, Crisel Instruments, Rome, Italy) through
Tygon tubes (0.5 mm inner diameter) inserted into the fluidic ports (Figure 8b). All experiments were
performed at 37 ◦C within three hours from blood collection.

To investigate the effect of collagen surface density on platelet adhesion and thrombus formation,
blood was perfused at 300/s over surfaces coated with buffered solutions containing 6 different collagen
concentrations: 1, 5, 10, 50, 100 and 200 μg/mL (n = 7). To assess the effect of wall shear rate,
blood was perfused over collagen (200 μg/mL) at three flow rates, corresponding to 300/s, 1100/s and
1700/s wall shear rates (n = 7). Wall shear rate γ was related to volumetric flow rate Q through the
following equation:

Q =
γwh2

6
(1)

where w and h refer to the width and height of the microfluidic channel, respectively.
Finally, the inhibitory effect of two antiplatelet drugs (ASA and cangrelor) was assessed under

different flow conditions and collagen concentrations. ASA inhibition of platelet accumulation was
investigated at 300/s and collagen concentrations equal to 1, 10 and 100 μg/mL (n = 5). The effect
of cangrelor was evaluated at 300/s, 950/s and 1600/s with collagen concentrations of 10 μg/mL and
100 μg/mL.

4.5. Image Acquisition and Analysis

At the end of blood perfusion (4 min) an image was captured in the zone immediately after the
beginning of the collagen patch. Image acquisition was performed using a 10× objective lens and a
0.64x video adapter, through the MicroManager software. The field view allowed to capture the full
width of the channel. Real-time platelet accumulation was also monitored by acquiring an image every
2 s over the duration of the experiment.

Surface coverage, mean fluorescence intensity, number of thrombi and mean thrombus area were
calculated using a custom MATLAB (MathWorks, Natick, MA, USA) script. To limit wall effects, images
were cropped down to 80% of the channel width, where the wall shear rate is nearly uniform, within 5%
of the value at the center [24]. Mean fluorescence intensity was estimated by averaging all the intensity
values of the cropped image. Grayscale images were then converted into binary images by an automatic
image thresholding method in order to eliminate operator bias. The Otsu’s algorithm [27] was chosen as
it provided a better performance than other global thresholding techniques (e.g., the triangle method).
Otsu’s algorithm is a statistical thresholding method, which partition the image intensity histogram
into classes so that the between-class variance is maximized. After the thresholding operation, all the
segmented images were checked one by one and when inconsistent results were found a background
correction of the raw image was performed and then the image was thresholded again. After this step,
pixel clusters smaller than the area of a single platelet were removed. The resulting images were used
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to calculate the surface coverage by dividing the number of pixels with values greater than zero by the
total number of pixels. Finally, individual thrombi were identified, and the mean thrombus area was
estimated. Figure 8c shows the results of the image analysis procedure: The central image represents
the output of the thresholding operation, i.e., the segmented binary image from which surface coverage
was calculated, while the image at the bottom shows the result of the object identification algorithm.

4.6. Statistical Analysis

Statistical analysis of the results was performed using GraphPad Prism 6 (GraphPad Software,
Inc., CA, USA). Normal distribution of data was tested with the Shapiro–Wilk normality test. The
One-way Analysis of Variance (ANOVA) test or t-tests were used when the normality hypothesis was
satisfied. Conversely, non-parametric Kruskal–Wallis or Wilcoxon tests were performed. Statistical
significance was assumed for p-values lower than 0.05.
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Abstract: As key cellular elements of hemostasis, platelets represent a primary target for thrombosis
and bleeding management. Currently, therapeutic manipulations of platelet function (antithrombotic
drugs) and count (platelet transfusion) are performed with limited or no real-time monitoring of
the desired outcome at the point-of-care. To address the need, we have designed and fabricated
an easy-to-use, accurate, and portable impedance aggregometer called “MICELI” (MICrofluidic,
ELectrical, Impedance). It improves on current platelet aggregation technology by decreasing footprint,
assay complexity, and time to obtain results. The current study aimed to optimize the MICELI
protocol; validate sensitivity to aggregation agonists and key blood parameters, i.e., platelet count and
hematocrit; and verify the MICELI operational performance as compared to commercial impedance
aggregometry. We demonstrated that the MICELI aggregometer could detect platelet aggregation in
250 μL of whole blood or platelet-rich plasma, stimulated by ADP, TRAP-6, collagen, epinephrine,
and calcium ionophore. Using hirudin as blood anticoagulant allowed higher aggregation values.
Aggregation values obtained by the MICELI strongly correlated with platelet count and were not
affected by hematocrit. The operational performance comparison of the MICELI and the Multiplate®

Analyzer demonstrated strong correlation and similar interdonor distribution of aggregation values
obtained between these devices. With the proven reliability of the data obtained by the MICELI
aggregometer, it can be further translated into a point-of-care diagnostic device aimed at monitoring
platelet function in order to guide pharmacological hemostasis management and platelet transfusions.

Keywords: platelet aggregation; electrical impedance; whole blood aggregometry; point-of-care;
platelet function testing

1. Introduction

Platelets are vital blood cells critical for maintenance of vascular integrity and tissue repair [1].
Unfortunately, in many disease states platelets become activated with resultant pathologic thrombosis,
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reducing organ blood flow, leading to ischemia, infarction, and death [2]. To prevent inadvertent
platelet activation, coagulation, and thrombosis, an increasing percentage of the U.S. population are
prescribed a range of antithrombotic medications. However, many of these medications have varying
interpatient pharmacodynamic efficacy [3]. For example, while aspirin has been proven to reduce
thrombotic risk by 25%, still 10%–20% of aspirin-treated patients experience thrombotic events [4].
Conversely, many patients on appropriate dose therapy experience untoward bleeding consequences,
with a net increase in bleeding risk [5,6]. This is particularly problematic when patients present with
trauma or acute illness, requiring emergent surgery and intervention.

For patients experiencing massive trauma, falls, intestinal ischemia, and acute arterial insufficiency,
an immediate surgical intervention is needed. For many patients encountered in emergency care
situations, platelet function is compromised due to long-term use of antithrombotic therapy [7]. To date,
there are no specific agents able to reverse the antiplatelet effect of contemporary antithrombotic drugs.
Platelet transfusion has previously shown its efficacy in preventing perioperative hemorrhage, though
the dosing and administration time remain unclear [8–10]. Therefore, careful monitoring of platelet
function at the point-of-care (POC) is recommended by recent surgical guidelines to control risk of
bleeding in pre-, peri-, and postoperative settings [7]. However, rapid platelet function testing is often
not available at the POC, and surgeons rely only on platelet count and coagulation tests for bleeding
risk assessment and platelet transfusion management [11]. The result is elevated procedure-related
bleeding with significant morbidity and mortality [12].

Platelet aggregometry is the “gold standard” of platelet function monitoring [13,14].
The magnitude and rate of platelet aggregation are crucial indicators of platelet function and overall
blood hemostasis state. To quantify platelet aggregation, benchtop optical and electronic platelet
aggregometers are utilized. Light transmission aggregometry (LTA) detects platelet aggregation
induced by chemical agonists, e.g., adenosine diphosphate (ADP), collagen, and arachidonic acid,
in platelet-rich plasma (PRP) [15]. As light passes through a PRP sample, transmission is recorded
via photometry; as platelets aggregate, PRP turbidity decreases, with increased light transmittance
detected [16,17]. While LTA provides useful information about platelet function, its utility in clinical
laboratory or POC environments is limited due to a series of significant limitations: the need for blood
sample processing (to obtain PRP), a large blood volume requirement (6–10 mL) and significant time
(>1 h) for a single test, expensive bulky equipment, and the need for trained personnel to run the test
and interpret obtained results [3,18].

Electrical impedance aggregometry (EIA) affords an improvement on several limitations of LTA.
EIA works via measuring resistance between two electrodes submerged in whole blood or PRP
(Figure A3) [19]. The addition of an agonist causes platelets to aggregate around the electrodes,
corresponding to an increase in sample resistance [20,21]. EIA allows measurement of platelet
aggregation in whole blood, thus eliminating the need for blood sample processing, but currently
requires expensive semiautomated equipment and trained personnel to operate it. Despite the reliability
and high value of the information provided by both LTA and EIA, their shared limitations minimize
their clinical use. Based on the FDA premarket approval, LTA and EIA instruments are generally
conducted as “research use only” devices or with restricted “intended use” considerations restraining
their use for POC diagnostics [22,23].

To overcome the limitations of commercial aggregometers, we designed and fabricated a portable,
accurate, and easy-to-use platelet aggregometer able to measure platelet aggregation in whole blood
and PRP. Our platform, called “MICELI” (MICrofluidic, ELectrical, Impedance), is an impedance
aggregometer recording the change in resistance resulting from platelet aggregation on electrodes
within a miniature polymeric cartridge. Impedance data are converted into aggregation values:
maximum amplitude (Amax) and area under the curve (AUC) [24]. Only a small sample volume
(250 μL) is required for a single test, and aggregation values indicating platelet function are obtained
in under 10 min. The initial testing of the MICELI performed with PRP demonstrated its accuracy
and reproducibility [25]. As a portable, accurate, easy-to-use, and low-cost technology, the MICELI
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aggregometer has potential for further clinical translation as a POC diagnostic device for platelet
function testing. Therefore, our current study aimed to: (1) optimize the MICELI assay protocol, i.e.,
blood sample volume, storage time, and anticoagulation regimen; (2) validate the device’s sensitivity
to aggregation agonists and crucial blood characteristics, i.e., platelet count and hematocrit; and (3)
verify the MICELI operational performance as compared with the Multiplate® Analyzer, a commercial
impedance aggregometer.

2. Results

The current study was dedicated to the optimization and internal validation of the MICELI
system, a miniature impedance aggregometer designed and fabricated by our team. Optimization of
the MICELI aggregometer and assay protocol aimed at addressing the following points: (1) defining
the optimal blood sample volume, allowing consistent data acquisition (as indicated by high AUC
and Amax, along with low lag time (LT) and noise); (2) establishing the maximum blood sample
storage time (as a time window when valid and consistent aggregation data could be collected); and (3)
identifying optimal blood anticoagulant, allowing maximal and consistent aggregation measurements.
On the other hand, internal validation aimed at evaluating the crucial characteristics of the MICELI
system included: (1) sensitivity to classic biochemical agonists and their concentrations, (2) sensitivity
to platelet count and hematocrit, and (3) operational performance as compared with the Multiplate®

Analyzer, a commercial impedance aggregometer.

2.1. Optimization of the MICELI aggregometer and assay protocol

2.1.1. Sample Volume

Uniform platelet aggregation on the electrodes of the MICELI cartridge largely relies on the sample
volume. Sufficient blood volume is required to fully submerge electrodes and minimize stirring flow
forces that might disturb formation of platelet aggregates on the electrode surface. Low sample volume
at comparably high angular speed of stirring (up to 1000 rpm) recommended for aggregation assays
may result in high noise, affecting the consistency of impedance data acquisition and low aggregation
values [26,27]. Therefore, the sample volume optimization, with a specific focus on the sample to stir
bar volume ratio (VR), is usually recommended for the specific device in use.

In our study, we evaluated the effect of three sample volumes (200, 250, and 300 μL) on platelet
aggregation induced by ADP (20 μM). The VR values for every sample volume were calculated as
shown in Figure 1A. The effect of VRs on platelet aggregation parameters, i.e., AUC, Amax, and
LT, as well as reproducibility of data acquisition (noise level) were evaluated. We found that VR 20
was characterized by the highest values of AUC and Amax, yet the measurements were quite noisy
and resulted in higher standard deviation of aggregation parameters as compared to other VR tests
were registered (Figure 1B). VR 25 showed comparable values of aggregation parameters as those of
VR 20, however, results were more reproducible, as indicated by low SD and noise. The VR 30 was
characterized by significantly lower AUC and Amax, with the same degree of reproducibility as VR 25.
Interestingly, among all aggregation parameters LT was not affected by the VR.

Statistical analysis of the results confirmed that the Amax and AUC values obtained for VR 25
were significantly higher than for VR 30 (11.8 ± 2.8 Ohm and 32.6 ± 5.6 Ohm*min vs. 7.9 ± 2.3 Ohm and
24.7 ± 7.4 Ohm*min, p < 0.05). Aggregation levels obtained with VR 20 did not significantly differ from
VR 25, but were affected by a significantly higher level of noise (0.21 ± 0.05 Ohm vs. 0.41 ± 0.17 Ohm,
p < 0.01). Therefore, VR 25, which corresponds to a blood sample volume of 250 μL, was selected as
the optimal sample volume for the MICELI aggregometer, allowing acquisition of high aggregation
values with good reproducibly and low levels of noise.
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Figure 1. The effect of the sample to stir bar volume ratio (VR) on aggregation parameters collected by
the MICELI (microfluidic, electrical, impedance) system: (A) calculation of VR for three sample volume
tested, i.e., 200, 250, and 300 μL, and siliconized stir bar (#311, Chrono-log Corporation, Havertown,
PA); (B) the effect of different VRs on ADP-induced platelet aggregation in ACD-anticoagulated whole
blood: 1—area under the curve (AUC), 2—maximum aggregation (Amax), 3—lag time, and 4—noise,
i.e., the amplitude of the impedance fluctuation over assay time. Data from 4 independent experiments
using blood sample from 4 different individuals are reported. Mean ± SD as error bars of aggregation
parameters are indicated, ANOVA: * p < 0.05, ** p < 0.01.

2.1.2. Blood Storage Time

For LTA, it is well documented that platelet aggregation in PRP could be affected by the sample
storage time [28,29]. The recommended time interval for assay performance is within 3 h of blood
draw [29]. Yet, the effect of storage time on platelet aggregation in whole blood when tested via EIA
remained to be established. We evaluated the effect of the blood storage time, as the time interval
between blood collection and aggregation test, on platelet aggregation parameters, i.e., AUC, Amax,
and LT, recorded by the MICELI aggregometer.

We demonstrated that ADP-induced platelet aggregation was sensitive to the time elapsed from
blood collection and tended to decrease over the storage time (Figure 2). The maximum aggregation
decreased significantly within four hours, as compared with the first and second hour (3.5 ± 1 Ohm
vs. 5.6 ± 2.2 Ohm and 5.5 ± 2.2 Ohm, respectively; ANOVA: p < 0.05). The area under the curve also
tended to decrease over time, in particular between the second and third hour, although the decrease
did not reach a level of significance. Lag time was not affected by the storage time. Thus, our results
indicate that storage time has a significant impact on ADP-induced platelet aggregation in whole blood,
and a delay of greater than two hours should be avoided.
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Figure 2. The effect of storage time on ADP-induced platelet aggregation in ACD-anticoagulated whole
blood: (A) area under the curve (AUC); (B) maximum aggregation (Amax); and (C) lag time. Data
from 6 independent experiments using blood samples from 6 different individuals are reported. Mean
± SD as error bars of aggregation parameters are indicated, ANOVA: no asterisk—p > 0.05; * p < 0.05.

2.1.3. Blood Anticoagulation Regimen

The anticoagulation of blood samples with calcium chelating agents, i.e., sodium citrate, ACD,
and EDTA, as well as thrombin inhibitors, i.e., hirudin and heparin, is well established as to agent
efficacy in blocking coagulation. Nevertheless, these agents have been demonstrated to affect platelet
aggregation in whole blood [30–32]. In our study, we tested four anticoagulants commonly used for
platelet aggregometry, i.e., sodium citrate, ACD, hirudin, and heparin. We demonstrated that all three
aggregation parameters (AUC, Amax, and LT) were largely affected by the anticoagulation regimen
selected (Figure 3). As such, hirudin showed the highest values for area under the curve and maximum
aggregation as combined with low lag time. Statistically significant differences were observed between
citrate and hirudin for both AUC (15.8 ± 7.8 Ohm*min vs. 27.3 ± 6.7 Ohm*min, p < 0.05) and Amax
(5.9 ± 2.8 Ohm vs. 10.4 ± 2.2 Ohm, p < 0.05). For lag time, a statistically significant difference
was demonstrated between ACD and hirudin (99 ± 30.9 s vs. 62.6 ± 26.1 s, respectively; p < 0.05).
In conclusion, amongst the four anticoagulants tested, hirudin was shown to be the most appropriate
option for measuring platelet aggregation in whole blood using the MICELI aggregometer. The MICELI
validation was then performed with the primary focus on hirudinized whole blood samples.

 

Figure 3. The effect of anticoagulant regimen on ADP-induced platelet aggregation in
ACD-anticoagulated whole blood: (A) area under the curve (AUC); (B) maximum aggregation
(Amax); (C) lag time. Data from 4 independent experiments using blood samples from 4 different
individuals are reported. Mean ± SD as error bars of aggregation parameters are indicated, ANOVA:
no asterisk—p > 0.05; * p < 0.05.

73



Int. J. Mol. Sci. 2020, 21, 1174

2.2. Validation of the MICELI aggregometer

2.2.1. Sensitivity and Precision with Different Aggregation Agonists and Their Concentration

In vivo platelet aggregation occurs as a result of platelet exposure to various biochemical
agonists, e.g., ADP, collagen, epinephrine, and thrombin [1]. These agents, as well as their synthetic
mimetics, are also used to promote platelet aggregation in vitro [33]. For internal validation of the
MICELI aggregometer, four commonly used platelet aggregation agonists were used: ADP, collagen,
epinephrine, and thrombin receptor-activating peptide 6 (TRAP-6)—a thrombin mimetic activating
platelets via PAR-1-dependent pathway. Additionally, calcium ionophore A23187, a powerful platelet
agonist facilitating a rapid increase of intracellular calcium concentration and inducing maximum
platelet activation and aggregation response, was used as a positive control [34]. Platelet aggregation
in both hirudin-anticoagulated blood and PRP was tested.

We showed that platelet aggregation response was registered for all agonists tested, yet the extent
of platelet aggregation significantly varied. For the vast majority of biochemical agonists, platelet
aggregation curves appear as steady increase of impedance with a tendency to saturation more evident
in PRP than in whole blood (Figure 4a,b). Also, platelet aggregation values recorded in whole blood were
higher than those in PRP. As expected, the highest platelet aggregation was detected for calcium ionophore
in both whole blood and PRP samples, while epinephrine showed considerably lower aggregation
values. In whole blood, significant differences were observed between platelet aggregation induced by
epinephrine and calcium ionophore (17.3 ± 8.4 Ohm*min vs. 37.6 ± 13.3 Ohm*min, ANOVA: p < 0.05),
as well as between epinephrine and TRAP-6 (17.3 ± 8.4 Ohm*min vs. 28.1 ± 11.7 Ohm*min, ANOVA:
p < 0.001) (Figure 4c). The difference did not reach statistical significance in PRP samples (Figure 4d,
ANOVA: p < 0.05). ADP induced consistent high-amplitude aggregation in both whole blood and PRP,
when collagen was more potent in blood and showed much lower aggregation response in PRP.

  
A B 

  
C D 

Figure 4. Platelet aggregation induced by different agonists in hirudin-anticoagulated whole blood
(A,C) and platelet-rich plasma (B,D): AUC—area under the curve. (A,B) Illustrative aggregation
curves recorded by the MICELI in whole blood and PRP, correspondingly. Data from 5 independent
experiments using blood samples from 5 different individuals are reported. Mean ± SD as error bars of
AUC are indicated, ANOVA: no asterisk–p > 0.05; ** p < 0.01, *** p < 0.005.
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To evaluate precision of the MICELI aggregometer, we calculated coefficient of variation (CV)
of aggregation values obtained in whole blood and PRP using platelet agonists inducing consistent
platelet aggregation, i.e., ADP, TRAP-6, collagen, and calcium ionophore. Thus, interdonor variability
was evaluated as CV of aggregation parameters measured across three different donors having similar
platelet count and hematocrit levels. Intradonor variability was calculated as CV of aggregation
parameters measured for the same donor within the same experiments. The MICELI device
demonstrated decent precision as indicated by inter- and intradonor variability of AUC values
(Table 1). Both inter- and intradonor variability of the aggregation parameters was significantly lower
in PRP than in whole blood for all agonists tested. ADP and TRAP-6 showed lower CV for both
inter- and intradonor distribution in PRP and whole blood, while collagen exhibited higher level of
variability in whole blood than in PRP. Calcium ionophore-induced aggregation was characterized by
good reproducibility regardless of the platelet sample type across all donors tested.

Table 1. Precision of the MICELI aggregometer using different platelet agonists as indicated by intra-
and interdonor variability of area under the curve (CV, %).

Intradonor Variability 1 Interdonor Variability 2

Agonist Type PRP Whole blood PRP Whole blood

ADP 16 24 4 18
TRAP-6 6 23 11 11
Collagen 4 26 14 22

Ca ionophore 23 21 8 6
1 Aggregation tested in one donor, platelet count: 280,000 platelets/μL, hematocrit: 39%; 2 Aggregation tested in 3
donors, platelet count: 250–290,000 platelets/μL, hematocrit: 37–39%.

To test the sensitivity of the MICELI device to agonist concentrations in whole blood, platelet
aggregation was induced with ADP and collagen. Threshold agonists’ concentrations were chosen
based on recommendations of the previous studies aimed to validate platelet aggregometry assays for
clinical use [35]. The resulting curves showing a linear, dose-dependent increase of platelet aggregation
with the increase of agonist concentration are reported in Figure 5. Platelet aggregation induced
by ADP appeared to be less sensitive to increments of agonist concentration than collagen-induced
aggregation, as indicated by the notable increase of the Amax in response to the increase of collagen
but not ADP concentration (Figure 5a,b). For ADP-induced aggregation, significant differences were
found for 1 μM vs. 10 μM vs. 20 μM ADP (16.4 ± 11.7 Ohm*min, 29.3 ± 16.9 Ohm*min, and 33.3 ± 17.7,
ANOVA: p < 0.05) with R2 = 0.9845, indicating dissent linear correlation of AUC and ADP concentration
in whole blood. Platelet aggregation response to collagen showed significant differences between
final collagen concentrations of 1 μM and 10 μM (12.5 ± 6.3 Ohm*min vs. 31.9 ± 17.8 Ohm*min,
ANOVA: p < 0.01) with R2 = 0.998, indicating very strong linear correlation between AUC and collagen
concentration. The obtained results prove that the MICELI aggregometer was sensitive to changes in
the concentration of both ADP and collagen in whole blood anticoagulated with hirudin.
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Figure 5. Platelet aggregation induced by different concentrations of ADP (A,C) and collagen (B,D) in
hirudin-anticoagulated whole blood: AUC—area under the curve. (A,B)—illustrative curves of ADP-
and collagen-induced aggregation recorded by the MICELI. Data from 4 independent experiments
using blood samples from 4 different individuals are reported. Mean ± SD as error bars of AUC are
indicated, ANOVA: no asterisk—p > 0.05; *—p < 0.05; **—p < 0.01.

2.2.2. Sensitivity to platelet count and hematocrit

The influence of platelet count and red blood cell volume (hematocrit) on aggregation parameters
has been previously reported for both LTA and EIA [32,36–38]. Thus, we tested the MICELI sensitivity
to platelet count and hematocrit in order to establish a lower detection limit for platelet count
and optimal operating conditions. To evaluate the effect of platelet count on platelet aggregation
parameters, we employed two strategies: (1) platelet count in hirudin-anticoagulated whole blood
was defined for every donor, ADP-induced platelet aggregation was recorded, and correlation of
platelet count with aggregation parameters was evaluated; (2) platelet count in PRP was manually
adjusted with PPP, ADP-induced platelet aggregation was recorded, and correlation of platelet count
with aggregation parameters was evaluated. As shown in Figure 6a, the amplitude of platelet
aggregation in hirudinized blood positively correlated with platelet count, within the count range
of 150,000–400,000 platelets/μL with a modest correlation coefficient (R2 = 0.7661). Similarly, the
extent of platelet aggregation steeply increased with the elevation of platelet count in PRP within the
count range of 100,000–370,000 platelets/μL, showing even stronger linear correlation (R2 = 0.9862,
Figure 6b). No aggregation was detected in PRP samples containing 50,000 platelets/μL. To summarize,
the MICELI aggregometer showed high sensitivity to platelet count in hirudin-anticoagulated whole
blood and PRP, with the lower detection limit of 100,000 platelets/μL.

76



Int. J. Mol. Sci. 2020, 21, 1174

 

  
(a) (b) 

Figure 6. The extent of platelet aggregation linearly corelates with platelet count in
hirudin-anticoagulated whole blood (a) and platelet-rich plasma (b): AUC—area under the curve.
In whole blood, the actual platelet count was not adjusted. In PRP, platelet count was manually
adjusted by adding platelet-poor plasma. Then, platelet aggregation was induced by 20 μM ADP. Data
from 12 (a) or 6 (b) independent experiments using blood samples from different donors are reported.
Mean ± SD as error bars of AUC are indicated.

Platelet aggregation values showed no significant correlation with hematocrit in
hirudin-anticoagulated whole blood, although a slight negative correlation could be noticed (R2 = 0.463,
Figure 7a). Our observations revealed that individuals with high hematocrit and lower platelet count
tended to show lower platelet aggregation levels than those with low platelet count and moderate or
low hematocrit. Yet, another interesting finding emerged; we found that the baseline level of impedance
recorded by the MICELI (a “starting point” of the aggregation curve prior to agonist introduction)
positively correlated with hematocrit value in hirudinized blood (R2 = 0.7393, Figure 7b). Very strong
linear correlation of the baseline impedance with the hematocrit values was further confirmed in
the system where hematocrit was manually adjusted with PRP within hematocrit values of 35–50%
(R2 = 0.9662). Thus, we concluded that hematocrit did not significantly affect platelet aggregation
values tested with the MICELI aggregometer, yet hematocrit values indeed predefined the baseline
impedance of the whole blood sample.

  
(a) (b) 

Figure 7. The influence of hematocrit on ADP-induced platelet aggregation in hirudin-anticoagulated
whole blood. (a) Platelet aggregation is not significantly affected by hematocrit within physiological
range 36%–45%; (b) The baseline impedance strongly corelates with hematocrit: AUC—area under
the curve. A total of 20 μM ADP was used to induce platelet aggregation. Data from 12 (a) or 9 (b)
independent experiments using blood samples from different individuals are reported. Mean ± SD as
error bars are indicated.
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2.2.3. Operational Performance of the MICELI Aggregometer as Compared with Multiplate® Analyzer

The Multiplate® Analyzer is a semiautomated commercial impedance aggregometer capable of
measuring platelet aggregation in whole blood and PRP. In our study, it was used as a reference device for
comparison with the MICELI aggregometer. Aggregation response was tested in hirudin-anticoagulated
blood samples of six individuals, using each of these devices. Platelet aggregation was induced
with different concentrations of ADP (1, 5, or 10 μM). The dose-dependent increase of aggregation
parameters with the increase of agonist concentration was reported for both aggregometers (Figure 8).
Aggregation parameters obtained by the MICELI and Multiplate® showed good correlation, with
Pearson coefficients equal to 0.92 and 0.98, for AUC and Amax, respectively. Both aggregometers
demonstrated the same sensitivity to ADP concentration. For the MICELI, AUC values were significantly
different for 1 and 5 μM ADP (4.3 ± 2.5 Ohm*min vs. 8.6 ± 2.1 Ohm*min, p < 0.05) and for 1 and 10 μM
ADP (4.3 ± 2.5 Ohm*min vs. 13.2 ± 5.9 Ohm*min, p < 0.05). Similarly, for the Multiplate® Analyzer,
AUC significantly differed between 1 and 5 μM ADP (299 ± 67 AU*min vs. 515 ± 90 AU*min, p < 0.05)
and between 1 and 10 μM ADP (299 ± 67 AU*min vs. 555 ± 168 AU*min, p < 0.005). We also have
noticed that when aggregation parameters reported by the MICELI linearly increased with the increase
of ADP concentration from 1 to 10 μM, with the Multiplate® Analyzer, the saturation of aggregation
levels observed after 10 μM ADP was added (for both AUC and Amax).

Figure 8. Comparison of aggregation parameters of ADP-induced platelet aggregation recorded by
the MICELI aggregometer and Multiplate® Analyzer. Platelet aggregation in hirudin-anticoagulated
whole blood was induced by 1, 5, or 10 μM ADP: (a) area under the curve (AUC); (b) maximum
aggregation (Amax). Data from 6 independent experiments using blood samples from 6 different
individuals are reported. Mean ± SD as error bars of aggregation parameters are indicated, ANOVA:
no asterisk—p > 0.05; * p < 0.05; ** p < 0.01.

In Table A1, the interdonor distribution of AUC values obtained by the MICELI and the Multiplate®

Analyzer aggregometers in our lab, as well as AUC values provided in the Multiplate® user manual,
are reported. The 5◦–50◦ and the 50◦–95◦ percentiles obtained for the Multiplate® in our study were
significantly lower than those reported in the instrument manual. It could be explained by a high
interdonor variability and the low number of donors tested. The Multiplate® percentile values were
very close to the MICELI ones, indicating that the statistical distributions of data obtained with the
MICELI and Multiplate® are similar.

3. Discussion

In the current study, we optimized and validated the MICELI, a miniature impedance aggregometer
designed and fabricated by our team. As a result of this optimization and validation effort, we developed
a standard protocol of aggregometry testing using the MICELI; defined the instrument sensitivity
to classic biochemical agonists and key blood characteristics, i.e., platelet count and hematocrit;
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and compared the MICELI operational performance with the Multiplate® Analyzer, a commercial
impedance aggregometer.

In the protocol optimization step, three critical settings of the experimental protocol were evaluated:
the sample volume, the reliability of the aggregation measurements over blood storage time, and blood
anticoagulation regimen. The optimal blood sample volume for MICELI aggregometry was defined as
250μL, which allows acquisition of maximum platelet aggregation parameters with high reproducibility
and minimum measurement noise. We showed that prolonged sample storage resulted in a steady
decline of platelet aggregation. Thus, the optimal time gap for data collection using MICELI system
should not exceed 2 h following blood sampling. This finding is in agreement with previous reports
showing that impedance aggregometry in whole blood is very sensitive to blood storage time. Dézsi et
al. observed a significant drop of ADP-induced aggregation as measured by the Multiplate® Analyzer
from 1 to 4 h post blood collection [39], while both Jilma-Stohlawetz et al. and Johnson et al. reported a
significant decline of platelet function and the increase of result variability, even after 2–3 h post blood
sampling [40,41].

Testing the blood anticoagulation regimen, we showed a significantly weaker platelet aggregation
response in blood anticoagulated with sodium citrate and ACD, as compared to hirudin-anticoagulated
samples. The anticoagulant preference can be ordered as: hirudin > heparin > ACD >/= sodium
citrate. The same tendency was observed by other researchers and could be explained by the fact
that citrate inhibits coagulation by chelating calcium from the blood sample, while hirudin directly
inhibits thrombin maintaining physiologic calcium levels required for platelet aggregation [30,42,43].
Johnson et al. showed that recalcification of citrate-anticoagulated blood resulted in aggregation values
similar to those obtained for hirudin [41]. Therefore, our study clearly demonstrated that hirudin is the
most suitable anticoagulant for MICELI aggregometry testing, which is in agreement with the current
recommendations for other platelet aggregometry assays, such as LTA and Multiplate® [41,43].

After assessing the impact of the preanalytical variables, the standard protocol for the MICELI
aggregometry was devised as follows: 1) a sample volume of 250 μL, 2) hirudin anticoagulated whole
blood, and 3) an assay time window of 2 h from blood collection. This protocol was further used
for the MICELI validation. Within the validation efforts, a series of experiments were performed
to investigate the device’s capability to measure platelet aggregation induced by different agonists
acting via different platelet signaling pathways. For this purpose, four commonly utilized platelet
agonists (ADP, TRAP-6, collagen, and epinephrine) were tested as compared with calcium ionophore,
a powerful platelet stimulator nonspecifically inducing the increase of intracellular calcium and
facilitating a maximum platelet response. We found that the MICELI aggregometer was able to record
platelet aggregation induced by all agonists tested, in whole blood and PRP, with high consistency and
reproducibility. The platelet agonists’ capability to promote platelet aggregation in whole blood is as
follows: calcium ionophore > collagen > ADP > TRAP-6 > epinephrine. A significantly lower platelet
response to epinephrine detected by the MICELI is in agreement with previous reports showing that
platelet response to epinephrine, as measured by impedance aggregometry, is typically absent or very
weak [44,45]. Inter- and intradonor variability of the aggregation values assessed by the MICELI was
also comparable to those previously reported for the Multiplate® aggregometry system [30].

We then explored MICELI sensitivity to different agonist concentrations, using the most potent
physiologically relevant agonists, i.e., ADP and collagen. A strong linear correlation of aggregation
parameters with agonist concentration revealed good sensitivity of the MICELI aggregometer to agonist
concentration increments. Significant differences were observed between agonist doses, suggesting
that the device can detect even micromolar changes in ADP and collagen concentrations in whole
blood. Low-level aggregation was detected even at minimal agonist concentrations, 1 μM ADP and
1 μg/mL collagen, recommended for clinical application of EIA [35]. These experiments showed that
the MICELI aggregometer could be used to evaluate different pathways of platelet activation and
provide comprehensive information on platelet function and the effectiveness of antiplatelet therapy.
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The effect of key blood parameters on MICELI results was investigated by assessing the influence
of platelet count and hematocrit on platelet aggregation. Platelet aggregation parameters recorded
by the MICELI strongly correlated with platelet number in whole blood and PRP. The minimum
detection limit of the MICELI, defined as minimal platelet count when aggregation could be recorded,
was identified as 100,000 platelets/μL. Therefore, the MICELI aggregometer could be successfully
employed to detect platelet aggregation in donors within the normal platelet range, while platelet
function testing in thrombocytopenic or anemic patents might be somewhat challenging with the
current MICELI fabrication. Hematocrit did not significantly affect platelet aggregation values, though
a slight negative correlation was noticed (R2 = 0.463). Similarly, aggregation values obtained by the
Multiplate® Analyzer were reported to depend on both platelet count and hematocrit, even within the
normal range of these parameters [32,36,38]. Muller et al. specifically reported that the presence of
large number of red blood cells was associated with low levels of aggregation detected via impedance
aggregometry [38], which corresponds to our observations.

Analyzing aggregation curves obtained by the MICELI, we discovered that the baseline impedance
value recorded prior to agonist introduction (see Figure A3a) strongly correlated with the hematocrit
value of the sample tested (Figure 7b). In other impedance aggregometers, i.e., Multiplate® and
CHRONO-LOG®, the baseline impedance value is not displayed to a user. The device’s software
normalizes the increment of impedance towards the baseline value of the sample, and the typical
starting point of the aggregation curve equals to 0 Ohm (Figure A3c). Nevertheless, our finding clearly
demonstrates that the baseline impedance value of a blood sample could be used to collect additional
data from the donor blood sample using the same hardware of the MICELI aggregometer. In other
words, the MICELI system could be equipped with the capability of electronic measurement of the
hematocrit, a crucial blood parameter. The successful use of the Multiplate® Analyzer in the hemostatic
management of patients with a history of antiplatelet medication use, with concomitant emergent
need for neurosurgical therapy, was previously demonstrated in several small-cohort studies [46,47].
Thus, the MICELI aggregometer, when equipped with additional capabilities and translated to a
POC diagnostic device, will provide platelet function and hematocrit data, both critical diagnostic
parameters for bleeding management and verification of hemostatic transfusion outcomes [47–49].

The last step of the MICELI validation aimed to compare its operational performance with
the Multiplate® Analyzer. Good correlation has been reported between aggregation parameters of
ADP-induced platelet aggregation detected by the MICELI and Multiplate® Analyzer (with Pearson’s
coefficients for AUC and Amax equal to 0.92 and 0.98, correspondingly). The interdonor distribution
of the MICELI measurements was also similar to the Multiplate®, as detected in our lab (Table A1) and
reported by the Multiplate® user manual and other studies [30,41]. The sensitivity of both devices
to ADP concentrations were similar. The MICELI and Multiplate® detected platelet aggregation in
response to stimulation with 1 μM ADP (minimal concentration tested). However, the Multiplate®

reported lower aggregation values induced by 10 μM ADP (maximum concentration tested). The last
observation might be explained by the fact that the Multiplate® protocol requires dilution of a blood
sample with saline (1:1), which results in the decrease of platelet count as compared with the nondiluted
blood sample used for the MICELI data acquisition. So, the MICELI has a higher ratio between platelet
count and electrode surface available. Therefore, when the ADP concentration increases from 5 to 10 μM
in the MICELI sample, there are more platelets available for aggregation, while in the Multiplate®,
there are no more platelets available and maximum impedance has almost reached its saturation
point. This difference in the MICELI vs. Multiplate® protocol might provide a critical benefit when
the measurement of platelet function is required in thrombocytopenic or anemic patients with low
platelet count. Additional dilution of the blood sample may lead to the Multiplate® being unable to
record aggregation, while the MICELI, given its equal reliability and operational performance, will still
provide valid aggregation data.

The results of the MICELI aggregometer validation underscore the efficacy of this approach and
facilitate further design advance towards its translation. The novelty of the prototype lies in the

80



Int. J. Mol. Sci. 2020, 21, 1174

miniature form factor as compared with bulky competitors as well as the original design of the MICELI
cartridge. As utilized in this study the single cartridge prototype was proven as a fully functional
device enabling acquisition of real-time aggregation data from a 250 uL blood aliquot. The cartridge
represents a single-well unit with two silver electrodes crossing the well horizontally and is secured
from both ends within the walls of the well. Unlike the Multiplate® analyzer, the MICELI protocol
does not require blood dilution, which decreases the number of pipetting steps and correspondent
user error. Analyzing rough impedance data of a donor sample, the MICELI is capable of acquiring
other important blood parameters, e.g., hematocrit (given the good positive correlation between blood
impedance values and hematocrit).

Based on the results of the MICELI validation and feedback from its in-house utilization, the next
immediate steps will include development of the second-generation prototype overcoming limitations
of the described system. Thus, the effort was focused on the design and manufacturing of the self-filling
cartridge with strict volume control; an agonist in biostable form preloaded in the cartridge well;
multi-well cartridge to increase device turnaround; real-time analysis of impedance data and quick
readout of the aggregation parameters. These advances will allow the evolution of the present system
to one that is effective in the clinic and eventually in the point-of-care.

Limitations. The MICELI aggregometer prototype described in the manuscript shares the
limitations of the current impedance aggregometers, e.g., comparably low reproducibility of aggregation
data; high intra- and interdonor variability; and a multistep protocol requiring highly accurate pipetting
of whole blood samples and agonists. Given the early stage of technology development, the prototype
has a fairly primitive look and multicomponent setup.

4. Materials and Methods

4.1. Blood Collection and Anticoagulation

Blood was obtained from 42 healthy adult volunteers (19 females and 23 males) who provided
their informed consent for inclusion before they participated in the study and claimed to abstain from
medications affecting platelet function for two weeks prior to the experiment. The study was conducted
in accordance with the Declaration of Helsinki, and the protocol was approved by the Institutional
Review Board of the University of Arizona (Study Protocol #1810013264). The donor pool approximated
the ethnic, racial, and gender categories distribution per 100 enrollees according to the geographic
location of the University of Arizona (Pima County, AZ) [50]. Blood was drawn by venipuncture via a
21-gauge needle and anticoagulated with either acid citrate dextrose solution (ACD, 85 mM trisodium
citrate, 78 mM citric acid, 111 mM glucose), blood: ACD ratio—10:1, or hirudin (Aniara, West Chester,
OH, USA) in final concentration 525 ATU/mL. Alternatively, blood was collected into Vacutainer®

tubes containing sodium citrate (final concentration—3.2%) or heparin (final concentration—17 IU/mL).
Platelet-rich plasma (PRP) was obtained by centrifugation of ACD-anticoagulated blood at 300× g
for 15 min at room temperature. The remaining blood was recentrifuged at 1200× g for 15 min at
room temperature to obtain the platelet-poor plasma (PPP) required for platelet count standardization.
Whole blood and PRP were stored and handled at room temperature if not otherwise indicated.
Platelet count was quantified with Z1 Coulter Particle Counter (Beckman Coulter Inc., Indianapolis,
IN, USA). Hematocrit was assessed using routine microhematocrit method [51].

4.2. The MICELI Impedance Aggregometry System Setup

The MICELI system is a multicomponent prototype of a miniature impedance aggregometer
capable of evaluation of platelet aggregation in whole blood and PRP. The system consists of a miniature
polymeric cartridge, magnetic stirrer, thermostatic chamber, and impedance analyzer communicating
with an operator’s laptop via Wi-Fi (Figure 9a,c). The MICELI cartridge, a crucial element of the system,
is composed from two superimposed polydimethylsiloxane layers (13 mm × 20 mm) bonded to form a
cylindrical reaction well (d = 8 mm, h = 6.88 mm, V = 0.35 mL) (Figure 9b,c). The drawing of the fully
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assembled cartridge with its geometric dimensions is reported in Figure A1. Two silver wire electrodes
(d = 0.25 mm, ALFA AESAR, Haverhill, MA, USA) bridge the reaction well and are connected to
the impedance analyzer via small alligator clamps. A siliconized microstir bar (1.64 mm × 4.78 mm,
CHRONO-LOG Corporation, Havertown, PA, USA) was placed on the bottom of the reaction well
when cartridge was fully assembled. The magnetic stirrer maintained continuous sample mixing at
250 rpm. Our in-house manufactured thermostatic chamber with a temperature controller allowed us
to maintain reaction temperature at 37 ◦C (Figure A2). The impedance analyzer used in this MICELI
setup was a STEMlab 125-10 single board computer (RedPitaya, Solkan, Slovenia) operated by the
web-based application provided by the manufacturer. The impedance data acquisition and numerical
analysis was performed using MATLAB software (Mathworks, Natick, MA, USA).

(a) 

 
 

(b) (c) 

Figure 9. The MICELI system, a multicomponent prototype of the miniature impedance aggregometer:
(a) workflow of the impedance aggregometry test using the MICELI system; (b) fully assembled MICELI
cartridge; (c) the MICELI system components in a portable setup: 1—MICELI cartridge and its CAD
drawing, 2—magnetic stirrer, 3—impedance analyzer, 4—power supply.

4.3. Impedance Aggregometry Using the MICELI System

Prior to an experiment, the thermostatic chamber was preheated to 37 ◦C. Then, 250 μL of
platelet-containing sample (whole blood or PRP) were placed in the MICELI cartridge and impedance
data acquisition was started. When whole blood sample was anticoagulated with ACD-A or sodium
citrate, recalcification of the sample with 1 mM CaCl2 was performed to reimburse physiological
calcium concentration. Following a 3 min incubation, an aliquot of agonist solution was added and
platelet aggregation as the sample impedance increased was recorded for 6 min. The increase of the
sample impedance occurs as result of agonist-induced platelet aggregation on the surface of cartridge
electrodes (Figure A3A,B). An aggregation curve, i.e., increase of impedance over time, was then
recorded and the following aggregation parameters were calculated: area under the curve (AUC,
Ohm*min), maximum aggregation (Amax, Ohm), and lag time (LT, s), i.e., a time gap between agonist
introduction and aggregation start (Figure A3C).
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The following biochemical agonists were applied to induce platelet aggregation: adenosine
diphosphate (ADP, Sigma-Aldrich, St. Louis, MO, USA), thrombin receptor-activating peptide 6
(TRAP-6, AnaSpec Inc, Freemont, CA, USA), collagen (Helena Laboratories Corporation, Beaumont,
TX, USA); epinephrine, and calcium ionophore A12387 (both from Sigma-Aldrich, St. Louis, MO).
Agonists’ final concentration and aliquot volume added to the reaction well are listed in Table 2:

Table 2. Final concentrations and aliquot volumes of biochemical agonists used to induce platelet
aggregation in the MICELI system.

Agonist Type Concentration Volume, μL

ADP 1, 5, 10, 20 μM 5 1

TRAP-6 32 μM 6.4
Collagen 1, 5, 10 μg/mL 25 1

Epinephrine 10 μM 2.5
Calcium ionophore 5 μM 2.5

1 The aliquot volume remained constant for all agonist concentrations tested.

4.4. Impedance Aggregometry Using Multiplate® Analyzer

The aggregometry test using the Multiplate® Analyzer impedance aggregometer (Roche
Diagnostics, Milano, Italy) was performed following the manufacturer’s protocol for
hirudin-anticoagulated blood. Briefly, hirudin-anticoagulated blood was diluted with saline (1:1).
Then, 600 μL of diluted blood was placed in a Multiplate® well and incubated for 3 min. Platelet
aggregation was initiated by adding an aliquot of ADP (final concentration 1, 5, or 10 μM). Aggregation
curve was recorded for 6 min and aggregation parameters, i.e., area under the curve (AUC, AU*min)
and maximum aggregation (Amax, AU), were calculated by the device software. The instrument
allows duplicate measurement of each well and automatically provides the mean value of the two
aggregation readings.

4.5. Statistical Analysis

Aggregation tests using the MICELI aggregometer or the Multiplate® Analyzer, as well as
hematocrit assay, were performed in duplicates for every condition tested. The arithmetic mean and
SD were then calculated. Statistical analysis of the numerical data was performed using GraphPad
Prism 8 software (GraphPad Software, Inc., CA, USA). Normal distribution of evaluated parameters
was tested with the Shapiro–Wilk normality test. The one-way analysis of variance (ANOVA) test was
used when normality hypothesis was satisfied for all the groups tested. Conversely, nonparametric
Kruskal–Wallis one-way ANOVA test was performed. Statistical significance was assumed for p-values
at least lower than 0.05.

5. Conclusions

We designed and fabricated the MICELI, a miniature, easy-to-use, accurate impedance
aggregometer, capable of measuring platelet aggregation in a small volume of whole blood or
PRP. Protocol optimization has demonstrated that maximum aggregation values could be obtained in
250 μL of blood sample, hirudin as a blood anticoagulant should be used, and the blood sample must
be tested within two hours of blood sampling. The MICELI validation has proven the device capability
to detect platelet aggregation stimulated by all conventional agonists, i.e., ADP, TRAP-6, collagen, and
epinephrine. The aggregation values recorded by the MICELI strongly correlate with platelet count
and are not significantly affected by hematocrit in hirudinized whole blood. Interestingly, the baseline
impedance of the blood sample recorded by the MICELI prior to agonist introduction strongly correlates
with the hematocrit, potentially allowing the electronic detection of the hematocrit using the MICELI
hardware. The operational performance of the MICELI as compared to the Multiplate® has further
confirmed the reliability of our prototype. Aggregation data by the MICELI strongly correlate with the
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Multiplate® values and show similar interdonor distribution. The MICELI, as a miniature, accurate,
and easy-to-use impedance aggregometer, could be readily further translated to a commercial POC
diagnostic device for real-time monitoring of platelet function to guide pharmacological hemostatic
management and transfusion outcomes. Keeping in mind that the device is still a prototype, the results
are encouraging and pave the way for future development as an automated, low-cost, and easy-to-use
POC platelet function test.
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Abbreviations

POC Point-of-care
LTA Electrical impedance aggregometry
EIA Light transmission aggregometry
PRP Platelet-rich plasma
PPP Platelet-poor plasma
ADP Adenosine diphosphate
TRAP-6 Thrombin receptor-activating peptide 6
AUC Area under the curve
AU Arbitrary unit
ACD Acid citrate dextrose
Amax Maximal aggregation
LT Lag time
VR Volume ratio
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Appendix A

 

Figure A1. The drawings of the fully assembled cartridge utilized by the MICELI system with geometric
dimensions of the cartridge, reaction well, and electrode channels.

85



Int. J. Mol. Sci. 2020, 21, 1174

 

Figure A2. The MICELI aggregometer bench top setup with thermostatic chamber: 1) in-house
manufactured thermostatic chamber; 2) impedance analyzer; 3) external unit controlling the thermostatic
chamber; and 4) magnetic stirrer.

Figure A3. The impedance aggregometry: (a) basic principle of the electrical impedance aggregometry:
1—platelet-contained sample is placed in the cartridge with electrodes (basal level of sample impedance
is recorded), 2—platelet agonist is added to initiate platelet aggregation on electrodes (platelets start to
aggregate on electrode surface causing the increase of sample impedance), 3—platelets have coated the
electrodes (the maximum impedance value is registered); (b) microscope images of the MICELI cartridge
electrodes: left panel—platelet-rich plasma (bright field, 4x magnification); right panel—whole blood
(fluorescence microscopy) (c) typical aggregation curve recorded by the MICELI: AUC—area under the
curve, Amax—maximum aggregation, LT—lag time.
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Table A1. The range of interdonor distribution of AUC values for aggregation, recorded by the MICELI
and the Multiplate® Analyzer.

Statistical Value
MICELI

(5 μM ADP)
Multiplate®

(5 μM ADP)
Multiplate® User Manual

(6.4 μM ADP)

n 6 6 64
Median 8.65 500 775

5◦ Percentile 5.83 410 474
95◦ Percentile 10.77 630 1076

Reference Range AUC 8.65–10.67 410–630 474–1076
5◦ and 50◦ Percentile Difference −33% −18% −39%
50◦ and 95◦ Percentile Difference 26% 24% 39%
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Abstract: RasGRP2 is calcium and diacylglycerol-regulated guanine nucleotide exchange factor I
that activates Rap1, which is an essential signaling-knot in “inside-out” αIIbβ3 integrin activation
in platelets. Inherited platelet function disorder caused by variants of RASGRP2 represents a new
congenital bleeding disorder referred to as platelet-type bleeding disorder-18 (BDPLT18). We review
here the structure of RasGRP2 and its functions in the pathophysiology of platelets and of the other
cellular types that express it. We will also examine the different pathogenic variants reported so far as
well as strategies for the diagnosis and management of patients with BDPLT18.

Keywords: platelet; RasGRP2; inherited platelet disorder

1. RasGRPs General Description

Cell Signal Transduction Is a Finely Regulated Process That Relies on Several Control Hubs

Members of the RAS family of small guanosine triphosphatases (GTPases; including RAS and
Rap) are among the essential regulators of cell signaling. They are acting as binary molecular switches
that transmit signal when bound to GTP [1]. Their activation is mediated by guanine-exchange factors
(GEFs) that facilitate guanosine diphosphate (GDP)-dissociation and its replacement by GTP [2]. Signal
termination is mediated through the action of GTPases-activating proteins (GAPs) [2] that catalyze the
hydrolysis of the bound GTP to GDP by increasing the relatively slow intrinsic catalytic activity of the
GTPase by ≈105 fold [3].

Several families of GEF are described in human cells [4] such as the Son of Sevenless, that
activates Ras [5], Epac1 and Epac2, that activate Rap [6] and the Ras guanine-nucleotide releasing
proteins (RasGRPs) that act on both Ras and Rap. The RasGRP family consists in four different
forms (RasGRP1-4). Their expressions are not ubiquitous but can be overlapping and are rather
restricted to specific cell types and tissues, mainly brain, vascular and hematopoietic cells. RasGRP1
expression concentrates essentially to the cerebellum, the cerebral cortex and the amygdala [7] as
well as T cells. It is also present in B-, natural killer (NK)- and mast cells but to a lesser extent [8–10].
RasGRP2 expression was initially described in striatum neurons [7] and was then found in platelets
and their precursors, the megakaryocytes as well as neutrophils [11–13]. It has now been detected in
other hematopoietic-lineage-derived cells such as T lymphocytes [14] but also found in fibroblast-like
synoviocytes [15] and endothelial cells [16]. RasGRP3 is highly expressed in B cells [17], [18] but is also
expressed in T cells, macrophages, and endothelial cells [17–20]. RasGRP4 is relatively specific to mast
cells, although it has also been detected in thymocytes and neutrophils [21–23] in synoviocytes [15].
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2. RasGRPs Structure and Domain Organization

RasGRP1-4 are multidomain proteins sharing common structural organization (Figure 1) with
a high degree of sequence identity [24]. They contain a central catalytic module composed of two
domains: 1) the cell division cycle-25 (CDC-25) homology domain that directly interacts with GTPase
and encloses an helical hairpin that dislodges the bound GDP nucleotide from the GTPase; and 2) the
Ras exchanger motif (REM) domain, that is essential for the catalytic activity of the RasGRPs through
providing structural support for the CDC-25 domain [5] but that is not conserved among all Ras-GEFs.
Besides the catalytic core, RasGRPs are composed of a second shared module that consists in a pair
of successive helix(E)-loop-helix(F) (EF)-hand domains, with each one being capable of binding one
calcium ion. EF hands are typical helix-loop-helix structural motifs that coordinate calcium via acidic
residues within the loop. Calcium binding results in important conformational changes within the
domain and can also lead to modifications of the structure of other domains of the protein [25]. The
remaining part of the RasGRPs consists of a C1 domain that was originally described as a diacylglycerol
(DAG) binding cassette on protein kinases C (PKCs), responsible for their membrane localization. The
“atypical” C1 domains of RasGRP2 stands out as it binds DAG with a very weak affinity and that DAG
(or its analogs, phorbol esters) does not drive RasGRP2/membrane association as for the C1 domains of
the other RasGRPs [26].

Finally, RasGRP1 in the only RasGRP family member that has a C-terminal sequence predicted to
form a coiled-coil domain that enhances membrane recruitment through electrostatic interactions with
phosphoinositides [24].

Figure 1. Structural organization of the Ras guanine-nucleotide releasing proteins (RasGRPs)
with amino acide sequence annotation for RasGRP2. The protein domains indicated are the Ras
exchange motif (REM), catalytic domain (CDC-25), calcium-binding helix(E)-loop-helix(F) hands (EF),
diacylglycerol-binding domain (C1) and the RasGRP1 specific C-terminal coil-coil domain (CC). Circled
P and red numbers correspond to phosphorylation sites on serine residues involved in RasGRP2
activity regulation.

3. RasGRP2

RasGRP2, calcium and diacyglycerol-regulated guanine exchange factor I (CalDAG-GEFI,
UniPortKB: Q7LDG7-1) is encoded by the RASGRP2 gene (Ensembl: ENSG00000068831) that is
located on chromosome 11 (11q13.1 locus, gene/locus MIM#605577), spans 18.55 kb, and contains
22 exons. Four different isoforms that are produced by alternative splicing (Q7LDG7-1 to -4) have been
described so far and nine other potential isoforms have been computationally mapped. RASGRP2 gene
expression is under the control of the transcription factor NE-F2 [27] that was shown to regulate late
phase of megakaryocytic differentiation [28] and to be required for proper αIIbβ3 integrin activation
and fibrinogen binding [29], key steps in platelet aggregation. Indeed, RasGRP2 expression raises in
late stages of megakaryocytic lineage differentiation during polyploidization [30] assuring the presence
of sufficient amounts of RasGRP2 in produced platelets.

The canonical isoform 1 of RasGRP2 (Q7LDG7-1) is a 609-amino-acid-long (69.25 kDa) protein that
possesses various post-translational modification sites that were identified through high-throughput
proteomic analyses (data obtained from PhosphoSitePlus [31]) and could affect the activity and/or the
fate of the GEF. Nine serine-, two threonine-, and one tyrosine-phosphorylation sites were identified.
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Besides, 10 putative ubiquitination lysine residues and one myristylation site were annotated. Among
those, four serine-phospho sites were validated using methods other than discovery mass spectrometry
and their implication in the regulation of RasGRP2 activity were further characterized (see chapter
RasGRP2 activity regulation).

4. RasGRP2 Functions in Platelets

RasGRP2 diverges from the other members of the RasGRP family as it catalyzes GDP to GTP
exchange only for Rap GTPases but not Ras [7]. Rap1 is a ubiquitous protein that plays an essential
role in the control of many cellular processes such as cell division, adhesion, and cell migration [32]. In
platelets, the most abundant Rap GTPases are Rap1A and B with 125,000 and 300,000 copies/platelet
respectively [33] that exhibit functional redundancy [34]. Several Rap GEFs have been detected in
platelets such as RasGRP3 [35], PDZ-GEF1 [35] and Epac1 [36], but to date only RasGRP2 was shown
to be implicated in platelet function regulation. The initial demonstration of RasGRP2 involvement in
platelet function essentially comes from studies performed in mice. Work from the Shattil group in the
early 2000s demonstrated that in mouse embryonic stem cell derived megakaryocytes, the retroviral
overexpression of RasGRP2 leads to enhanced agonist-induced activation of Rap1 and fibrinogen
binding to the αIIbβ3 integrin [27]. Then, using the Rasgrp2 deficient mice developed by Crittenden
and coworkers, the role in vivo of RasGRP2 in Rap1 and in αIIbβ3 integrin “inside-out” activation
processes in platelets was unequivocally established [11]. Further work on platelets from these mice
led to establish the molecular mechanisms linking RasGRP2/Rap1 and the two pathway models for
platelet activation:

Platelet surface receptor activation by most agonists initiate intracellular signaling pathways
through the phospholipase C isoforms β or γ (depending on the class of surface receptor enrolled)
which hydrolyze phosphoinositide-4,5-bisphosphate (PIP2) to inositol-1,4,5-trisphosphate (IP3) and
1,2-diacyl-glycerol (DAG). IP3 induces the release of Ca2+ from intracellular stores into the platelet
cytoplasm [37,38] and DAG activates protein kinases C (PKCs) that results in platelet sustained granule
secretion, subsequent adenosine diphosphate (ADP) release and P2Y12 receptor activation. These
Ca2+-sensitive and PKC pathways were shown to act separately but synergistically in the activation of
αIIbβ3 integrin [39,40].

Studies with murine RasGRP2–deficient platelets demonstrate that the GEF is predominantly
regulated by Ca2+ signals and its involvement in integrin activation is independent of the PKC/P2Y12
pathway. Indeed, RasGRP2 is critical for the rapid, but reversible, activation of Rap1 as observed
upon low dose thrombin activation, that is dependent on the increase of cytoplasmic Ca2+
concentration [11,12]. The second pathway is RasGRP2-independent and leads to slower but sustained
Rap1 activation [41]. It involves PKC signaling [12,42], ADP secretion and P2Y12-dependent [41,43,44]
activation of PI3K [43,45] that causes inhibition of RASA3 (GAP1IP4BP), the most abundant Rap1 GAP
found in platelets [33,46,47]. RASA3 is required to maintain circulating platelets in a quiescent state
through antagonization of low-level Rap1 activation and its inhibition prevents GTP hydrolysis from
Rap1-GTP and thus enables substantial platelet activation [48]. This two-pathway model of platelet
activation (Ca2+/RasGRP2 and P2Y12/RASA3) is a balance tightly regulated by several activator and
inhibitory signals (see for review [49–51]) that converge to Rap1 activation and downstream favoring
αIIbβ3 integrin activation [52].

Consistent with the involvement of RasGRP2 in αIIbβ3 integrin activation, mouse platelets
lacking the GEF show a markedly reduced ability to form three-dimensional thrombi when perfused
at arterial shear rates both in vitro and in vivo and dramatically prolonged bleeding time [11,41].
RasGRP2-deficient platelets have impaired aggregation in response to any dose of calcium ionophore
(A23187) and weak agonists (ADP and the thromboxane A2 analog, U46619) and to low doses of strong
ones such as thrombin and collagen [11]. Interestingly, hypomorphic mice expressing minimal levels
of human RasGRP2 instead of endogenous RasGRP2 (≈10% of expression in controls) showed reduced
platelet aggregation and severely impaired arterial and immune complex-mediated thrombosis with
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only slightly affected primary hemostasis [53]. Thus, RasGRP2 could represent a therapeutic target for
the development of potentially safe antithrombotic drugs with little impact on the bleeding risk.

In parallel, RasGRP2 also contributes to thromboxane A2 generation and release from mouse
platelets, thus reinforcing the second wave of platelet activation signal through PKC-mediated ADP
secretion and the P2Y12/PI3K-dependent RASA3 inhibition pathway [48,54].

Additionally to integrin “inside-out” activation, clues exist for the possible involvement of
RasGRP2 in platelet spreading and integrin “outside-in” signaling. In mice, the loss of Rap1b inhibits
platelet spreading over fibrinogen [55] and mouse platelet lacking both RasGRP2 and P2Y12 receptor
fail to spread over fibrinogen [56]. Additionally, platelets from RasGRP2 knock-out mice show impaired
α2β1 integrin-dependent spreading over collagen [57]. Then, Stefanini and colleagues demonstrated
that RasGRP2-deficiency in murine platelets resulted in altered activation of Rac1, the RhoA family
GTPase that controls lamellipodia extension and subsequently platelet spreading [56]. In humans,
we reported defective spreading over fibrinogen of platelets from patients expressing an inactive
form of RasGRP2 [58]. However, other studies on platelets isolated from individuals lacking the GEF
showed only minimal spreading impairment [59,60]. Whereas the effect of RasGRP2 deficiency on
platelet spreading relies on consequences of defective integrin “inside-out” activation or on its direct
involvement in “outside-out” signaling remains to be fully determined.

The signaling module RasGRP2/Rap1 was also shown to play an important role in the conversion
of platelets to a pro-coagulant state since RasGRP2-deficiency leads to impaired phosphatidylserine
exposure on mouse platelet surface and delayed and reduced fibrin generation at the vascular lesion
site [61]. However, the exact molecular mechanism linking activated Rap1-GTP and phosphatidylserine
exposure in platelets still remains to be elucidated.

A role for RasGRP2 was also proposed in atherogenesis. Indeed, RasGRP2/Rap1-dependent signal
promotes atherosclerotic plaque formation in mice and determines its composition probably through
platelet activation and platelet-leukocyte aggregate formation. However, RasGRP2 is also expressed in
leukocytes, thus the exact contribution of platelet- and/or leukocyte-associated RasGRP2-dependent
signal in atherosclerosis still remains elusive [62].

5. RasGRP2 Functions Outside Platelets

RasGRP2 is expressed by developing and mature neutrophils [11]. It has been then involved in
in vitro and in vivo chemotaxis, adhesion and extravasation in a manner that either depends on integrin
or on mechanisms involving E-selectin [13,63,64]. Similarly, RasGRP2 enhances the adhesion ability
of human T cells through lymphocyte function-associated antigen-1 (LFA1) and contributes to the
interaction with intercellular adhesion molecule-1 (ICAM-1) [14]. In human T cells, the translocation
of RasGRP2 to the cell membrane via interaction with polymerized actin was observed in response
to TCR stimulation [65] where the GEF co-localizes with its substrate, Rap1 [66]. However, the exact
contribution of RasGRP2 to leukocyte function in vivo remains a matter of debate because no evidence
of immune disorder has been reported in the human cases of RasGRP2 deficiency described so far.

Additionally, several groups reported that RasGRP2 might be involved in oncohematological
diseases. RasGRP2 has been identified as the proto-oncogene in acute myelogenous leukemia and its
expression was found to be increased in trisomy 12-associated chronic lymphocytic where it is thought
to contribute to the drug resistance-associated enhanced integrin signaling [67,68]. Additionally,
the RasGRP2/Rap1 axis mediates the chronic lymphocytic leukemia cell adhesion and migration in
response to an increase in intracellular Ca2+ levels upon CD38 engagement [69].

Regarding RasGRP2 and endothelium, a combination of microarray and expression pattern
analysis, allowed to identify xrasgrp2 in Xenopus embryos as a vascular-expressed gene, that is a
homolog to the human form of RASGRP2. It has then been further involved in vasculogenesis and/or
angiogenesis during Xenopus embryo development [70]. The endothelial expression of RasGRP2 was
also observed in human vascular cells from both venous and arterial origins [16]. Recently, RasGRP2
was suggested to contribute to maintenance of endothelial homeostasis, as its overexpression in human
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umbilical vein endothelial cells (HUVECs) prevents TNF-α-induced ROS production and apoptosis via a
Rap1 activation-dependent mechanism [71]. Additionally, the overexpressed RasGRP2 in HUVECs also
suppresses apoptosis induced through Bax-activation via a Rap1-independent but R-Ras-dependent
signaling pathway [72]. Furthermore, the RasGRP2 protein was found to be abundantly increased in
the vascular endothelium and in fibroblast-like synoviocytes retrieved from synovial tissues of a subset
of patients suffering rheumatoid arthritis [15]. In synoviocytes, RasGRP2 expression is induced in
response to growth factors (i.e., platelet derived growth factor, PDGF and vascular endothelial growth
factor, VEGF) and transforming growth factor-beta (TGF-β). It controls, through Rap1 activation, both
actin-dependent adhesion/migration and interleukin-6 production via a NF-κB-mediated pathway [15].

RasGRP2 was initially identified as a protein with enriched expression in human and rodent brain
basal ganglia and in their axon-terminal regions [7,73]. Crittenden and colleagues further characterized
this localized expression in the striatum area. They also found that RasGRP2 expression was markedly
down-regulated in the striatum of patients with Huntington’s disease [74] and in mice with both
Huntington’s and Parkinson’s diseases that are major extrapyramidal disorders in which striatal
abnormalities are the causes of the pathology [74,75]. More recently, RasGRP2 was involved via Rap1
activation in dopamine-dependent neuronal excitability and reward-related behaviors [76]. Thus,
RasGRP2 may be an important regulator of specific behaviors but its function in neurologic functions
and human pathologies remains largely to be elucidated.

6. RasGRP2 Activity Regulation

RasGRP2 plays critical roles in platelet and other cell type function regulations. Its activity must
be finely tuned. The main trigger for the activation of RASGRP2 is calcium; however, other regulation
mechanisms have been described such as phosphorylation of serine residues by protein kinase A (PKA)
and extracellular signal-regulated kinases 1/2 (ERK1/2) or interaction of its C1 domain with specific
membrane phosphoinositides that orientates the GEF towards to a localization to the cell membrane
(Figure 2).

6.1. Calcium

As mentioned above, RasGRP2 rapidly activates Rap1 in response to an increase in cytoplasmic
calcium concentration [54]. RasGRP2 binds to calcium via its two EF hand domains which have a high
affinity for calcium (Kd < 100 nM) [77], making RasGRP2 extremely sensitive to activation, since the
concentration of cytoplasmic calcium ranges from 25–100 nM in resting platelets and can increase
up to micromolar levels upon activation depending on the agonist and the dose [78]. The binding
of calcium to the EF hand domains results in major conformational changes [25]. Biochemical and
biophysical approaches revealed that calcium binding to EF hands induces global conformational
changes in the structure of RasGRP2, most prominently in an auto-inhibitory linker region located
between the CDC-25 and the first EF-hand domains, that blocks the catalytic surface of the CDC-25
domain and prevents Rap1 engagement [79].

6.2. Phosphorylation

RasGRP2 phosphorylation was also proposed to be control levers to its guanine-exchange activity.
Two studies have demonstrated that PKA phosphorylates RasGP2 on multiple sites (Ser116/Ser117 and
Ser587) and that phosphorylation correlates with the inhibition of Rap1 activation in platelets [80,81].
Overexpression of phosphor-mimetic or non-phosphorylatable forms of RasGRP2 in HEK297 cells
further confirms this inhibitory effect. Most recent data obtained from platelets, have shown that
the PKA-dependent phosphorylation of RasGRP2 on Ser587 is clearly downregulated upon ADP
stimulation [82]. This might explain, at least partially, the reversible nature of RasGRP2 activation in
activated platelets. However, phosphoproteomic study identified RasGRP2 as a substrate for PKA
phosphorylation on Ser116, Ser117, Ser554, and Ser587 in striatum neurons promoting its GTP-exchange
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activity on Rap1 [76]. Thus the regulatory effect of PKA on RasGRP2 activity may have to be considered
in regards to the cell type it is expressed in.

Using experimental approaches, ERK1/2 has also been proven to phosphorylate RasGRP2
on Ser394 [83]. In HEK293T cells transfected with a phospho-mimetic variant of RasGRP2 the
ERK1/2-dependent phosphorylation of Ser394 impairs RasGRP2 nucleotide exchange activity. This
defines a negative-feedback loop that regulates the ERK signaling cascade that is activated downstream
of Rap1 in platelets [54].

Figure 2. RasGRP2 activation mechanism and activity regulation during αIIbβ3-integrin “inside-out”
signaling in platelets. (A) Platelet surface receptor activation by vascular adhesive proteins and/or
soluble agonists initiates an intracellular activation signal that induces the release of Ca2+ from
intracellular stores into the platelet cytoplasm. Ca2+ binding to the EF hands induces conformational
changes that activate RasGRP2, located at the platelet membrane through the association of its C1
domain with the phosphoinositides PIP2 and PIP3. (B) The membrane-bound, activated RasGRP2
interacts with Rap1 at the proximity of the cell membrane, and facilitates GDP dissociation and its
replacement by (guanosine triphosphate) GTP on the GTPase. The guanine-exchange activity of
RasGRP2 can be controlled by PKA- and ERK1/2-dependent phosphorylations. The GTP-bound
Rap1 favors the recruitment of talin and kindlin onto the β-chain of the αIIbβ3 integrin leading to its
conformational change, activation and subsequent platelet aggregation.

6.3. C1 Domain

The C1 domain provides additional regulatory activity. Structural studies by Iwig et al.
demonstrated that DAG binds to the C1 domains of the RASGRP1, 3, and 4 unlike RasGRP2 [77]. As
an example, the interaction of DAG with the C1 domain of RasGRP1 releases C1 domain dimerization,
subsequently causing the protein membrane translocation. In contrast, RasGRP2 C1 domain is
monomeric [77] and RasGRP2 deficiency has no effect on platelets aggregation in response to
DAG analogs [12,58]. The physiological importance of the C1 domain of RasGRP2 in platelets
is highlighted by the dramatic effect of its loss on platelet function in vitro and in vivo in both mice
and humans [41,84]. Lipid co-sedimentation assays and molecular dynamics simulations with cellular
localization experiments demonstrate that the atypical C1 regulatory domain of RasGRP2 controls
subcellular localization by interacting with the membrane phosphoinositides, phosphatidylinositol
(4,5)-biphosphate (PIP2) and phosphatidylinositol (3,4,5)-triphosphate (PIP3) [85]. Specific C1 residues
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Arg508, Arg513, and Arg530 contribute to PIP2/3 specific binding, facilitating the recruitment of the
membrane-associated Rap1 and allowing downstream αIIbβ3 integrin activation.

7. RasGRP2 Variants and RasGRP2-Related Bleeding Disorders

7.1. In Animals

In 1980, a presumably genetic disorder responsible for bleeding in Simmental cattle was described
for the first time [86]. The affected cattle showed spontaneous nosebleeds, hematuria, hematomas
and excessive bleeding after injuries or surgery. This bleeding was then demonstrated to be the
result of a hereditary thrombopathy likely caused by a defect in calcium mobilization or utilization by
platelets [86,87]. In 2007, Boudreaux et al. associated this recessively inherited hemorrhagic disease
with a mutation in the RASGRP2 gene [88]. Sequencing RASGRP2 in samples from the affected calf
revealed a homozygous single-nucleotide change in exon 7 (c.701T>C) that results in the p.Pro234Leu
transition (Figure 2). This variant was then considered likely to have an impact on the function
of the protein. The same team reported, also in 2007, cases in three different dog breeds (Basset
Hounds, Eskimo Spitz and Landseers) of recessively inherited RASGRP2 mutations (Basset hounds:
c.509-511delTCT, p.Phe170del; Eskimo Spitz: c.452dupA, p.Asp151Glufs*115; Landseers: c.982C>T,
p.Arg328*, Figure 3) [89]. All affected cases suffered recurrent epistaxis, gingival bleedings, and
petechiae. Platelet function was also impaired in these animals as aggregation responses to ADP,
collagen, calcium ionophore (A23187), and platelet-activating factor (PAF) was markedly reduced.

Figure 3. Localization and predicted consequence of the RASGRP2 reported variants in Simmental
cattle and dog. Sequences of the variants are annotated according to the consensus nomenclature to
describe variant effect at the protein level (fs = frameshift, del = deletion, * = change to a stop codon).

7.2. In humans

In 2014, our group identified the first pathogenic variant of RASGRP2 in three siblings affected by
platelet related bleeding disorder. [58] Since this first description, 23 other patients have been recorded
and this hemorrhagic pathology has been referenced as bleeding disorder-platelet type-18, BDPLT18
(OMIM# 6158888).

7.3. Diagnosis

The initial step in the diagnosis of BDPLT18 is to determine the medical history of the patient and its
related (parents and siblings). The family history of cutaneous and mucosal bleedings along with their
severity and frequency should be documented. Additionally, the presence or not of consanguinity in the
patient’s pedigree must be highlighted. Purpura, petechiae, epistaxis, easy bruising, and menorrhagia
are common features of the disease and it is mostly, although not always, diagnosed at an early age.
Indeed, all reported patients presented abnormal bleedings that were predominantly epistaxis (96%),
mucocutaneous bleedings (84%), menorrhagia (73% of affected females), or following dental extraction
(40%) or surgery (40%) (Table 2). Gastrointestinal bleeding occurred in four cases (16%). Intracranial
bleeding has so far never been reported. Interestingly, as for Glanzmann thrombasthenia (BDPLT16,
OMIM# 187800) patients, the incidence of severe bleedings decreases with age [58,59].
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Patients affected by BDPLT18 have platelet counts that are typically in the normal range and
show normal platelet morphology. The excessive mucocutaneous bleedings are suggestive of severe
platelet pathology and after excluding coagulation and von Willebrand factor abnormalities, the main
challenge will be to distinguish BDPLT18 from Glanzmann thrombasthenia.

PFA100/200 closure times in response to collagen/ADP or collagen/epinephrine are both prolonged
(> 300 sec) [60,95]. Platelet function testing rapidly orientates towards BDPLT18 for it is, until today,
the only disorder where platelet aggregation is absent to low dose of agonists (e.g., ADP 5 μM, collagen
2 μg/mL, TRAP10 μM, epinephrine 5 μM) while the response to ristocetin and high doses of agonists
(e.g., ADP 20 μM, TRAP 50 μM, collagen 20 μg/mL, arachidonic acid 1.5 mM) or PMA is maintained.
This typical profile is nevertheless subject to variability that may be related to the different commercial
sources of reagents used or to patient characteristics. This has been illustrated by Sevivas et al. who
studied two homozygous patients from two different families [60]. The RasGRP2 protein was not
detectable in platelets from both homozygous patients. While in one patient platelet aggregation was
almost absent in response to ADP (10 μM) or TRAP (25 μM) and significantly reduced in response
to arachidonic acid (1.5 mM), the other patient had more sustained responses to all these agonists
at the same doses (i.e., an intermediate response for ADP and PAR agonist and a normal response
for arachidonic acid). Clot retraction can either be unaffected [58] or slightly impacted [59]. Flow
cytometry using monoclonal antibodies directed against a range of membrane receptors does not
reveal quantitative receptor deficiency, notably normal αIIbβ3 integrin surface expression. αIIbβ3
integrin activation by all agonists except PMA was impaired depending on the type of agonist and the
dose used, the activation being defective upon stimulation with low doses and normal with high doses
of agonists or with PMA. In accordance with a defect in Rap1 activation, granule secretion is reduced
upon stimulation with low doses of an agonist [95,96]. Platelets from patients have a decreased ability
to bind soluble and immobilized fibrinogen [58–60,95] and form thrombi over collagen at arterial
shear rate [58,96], and exhibit a reduced number of filipodia and fail to form lamellipodia. Platelets
enigmatically fail to spread on collagen under arterial flow [57].

As part of a differential diagnosis, the exceptional cases of variant-type of Glanzmann
Thrombasthenia with normalαIIbβ3 surface expression but associated with a lack of platelet aggregation
need to be excluded. Some patients with BDPLT18 were considered to be carriers of a variant form of
Glanzmann thrombasthenia before whole exome sequencing unequivocally restored the diagnosis [84].
At this stage, sequencing of the RASGRP2 gene will confirm the diagnosis and definitively exclude a
variant form of Glanzmann thrombasthenia.

7.4. RASGRP2 Gene Variations

BDPLT18 occurs worldwide; no geographical restriction of the disease appearance was noticed.
Deficiency has been described in patients from European, Turkish, Jamaican, Argentinian, Japanese,
Korean, and Chinese origins. It could be however more abundant in certain ethnic groups due to the
high level of consanguinity within some communities.

The RASGRP2 gene is highly polymorphic. Single nucleotide substitutions leading to nonsense or
missense mutations, splicing defects, start codon loss, frameshifts, small deletions, and insertions are
all common (Ensembl, release 98–September 2019) [97]. Most reported families have their own private
mutation although some reoccur in unrelated families and identify gene “hotspots”. Twenty-two
pathogenic variations have been reported so far (Figure 4 and Table 2). We add here another so far not
described variant that affects the C1 domain of RasGRP2 at position 503. The variant was highlighted in
a 14-year-old male that suffers severe bleedings that started in his early childhood. Bleeding symptoms
are mainly recurrent epistaxis, spontaneous gum bleeding, excessive bleedings upon surgery, and
dental extraction. The mutation corresponds to a homozygous G to T transition in exon 13 (c.1507G>T)
that leads to the replacement of a glutamic acid residue to a stop codon (p.E503*) (Table 2, “referenced
as newly identified variant”).
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Figure 4. Localization and predicted consequence of the RASGRP2 reported variants in humans. The
variant reported by Canault et al. [58] is shown in black. The variants identified by Lozano et al.
are highlighted in turquoise, by Kato et al. [96] in light purple, by Sevivas et al. [60] in brown, by
Westbury et al. [91] in light green, by Desai et al. [84] and Westbury et al. in orange, by Bermejo et al. [89]
and Wesbury et al. in light blue, Lyu et al. [92] in dark green, Yun et al. [90] in purple, Lunghi et al. [93]
in dark blue, Manukjan et al. [94] in pink and the newly identified variant id indicated in red. Variants
in brackets are prediction of intronic modifications affecting splice regions. Sequences of the variants
are annotated according to the consensus nomenclature to describe variant effect at the protein level
(fs = frameshift, del = deletion, * = change to a stop codon, variant in brackets represent intronic
modification effects (splice variants))

Among these twenty-three pathogenic variations, five were found in two or more families.
Notably the p.Arg494Alafs*54 and the p.Phe497Serfs*22 are found in two and three unrelated families,
respectively, either in an homozygous or in a compound heterozygous status [84,91]. Twelve of
the described variations correspond to drastic modifications such as deletions, stop codon gains or
changes of the reading frame (p.Asp25Ala*15, p.Asn67Leufs*24, p.Arg113*, p.Arg113Aspfs*6, p.Pro125*,
p.Gln236*,p.Glu260*, p.Lys309*, p.Leu360del, p.Arg494Alafs*54, p.Phe497Serfs*22 and p.Glu503*).
Of note is that two of these variants result from mutations in intronic regions (p.Asp25Ala*15 and
p.Pro125*). The eleven other variations correspond to substitutions (p.Phe181Ser, p.Arg220Glu,
p.Gly248Trp, p.Gly248Arg, p.Tyr289Cys, p.Cys296Tyr, p.Cys296Arg, p.Gly305Asp, p.Asn330Lys,
p.Ala345Pro and p.Ser381Phe), all being localized in the CDC-25 homology domain suggesting that
these mutations affect residues with strategic positions for RasGRP2 activity or stability. As an example,
the p.Gly248Trp transition is the only variant described so far within the CDC-25 homology domain
that does not induce a loss of RasGRP2 protein expression in platelets [58]. The mutation causes
the substitution of a small neutral amino acid (glycine) by a large polar one (tryptophan) leading to
a protrusion within a cavity of the GEF that interacts with Rap1. This modification is predicted to
result in a less effective GDP to GTP exchange and a shift of Rap1 to its inactivated, GDP-bound state.
Platelets from the p.Gly305Asp homozygous carriers express only residual levels of RasGRP2 protein in
platelets [89] suggesting a putative role of this amino acid residue in the protein’s stability. Evaluation of
RasGRP2 protein expression in platelets from other homozygous carriers (p.Asn67Leufs*24, p.Arg113*,
p.Gln236*, p.Cys296Tyr, p.Ser381Phe) and from two compound heterozygous (p.Lys309*/ p.Leu360del
and p.Glu260*/ p.Cys296Arg) revealed a total loss of the RasGRP2 protein expression (Table 2). A
shortened RasGRP2 protein was detected in one homozygous p.Phe497Serfs*22 carrier [84]. Overall,
these results indicate that BDPLT18 can be classified into quantitative or qualitative deficiencies. The
measurement of intraplatelet RasGRP2 levels is of particular interest to provide a better description of
the two types of BDPLT18 and to confirm the deleterious nature of novel gene variants that influence
RasGRP2 platelet content. Interestingly, two recent publications reported the cases of patients suffering
bleeding diathesis that carry RASGRP2 variants associated with other mutations in the P2RY12 and
FERMT3 genes. They code for the P2Y12 ADP receptor and kindlin3 respectively, both being involved
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in platelet function and αIIbβ3 integrin activation mechanisms. Remarkably, homozygous compound
RASGRP2 (p.Arg113Aspfs*6) and heterozygous P2RY12 (p.Thr126fs*34) combined deficiencies resulted
in more severe platelet aggregation defect and bleeding phenotype than those observed in homozygous
P2Y12 and heterozygous RasGRP2 variants’ carriers [93]. RASGRP2 and FERMT3 genes are both located
on chromosome 11q13.1. FERMT3 deficiency results in leukocyte adhesion deficiency type III (LAD-III)
that is the pathology characterized by severe platelet dysfunction and Glanzmann-thrombasthenia-like
bleedings associated to hyperleukocytosis and immune deficiency and, inconstantly, osteopetrosis [98].
Interestingly, the combination of two homozygous variations in RASGRP2 (p.Gly248Arg) and FERMT3
(p.Ser40Leu) identified in the index case resulted in severe and recurrent bleedings but not by the
immunological features classically noticed in LADIII patients [94]. Thus, the deleterious nature of
this FERMT3 variant on the expression and function of the encoded protein, kindlin 3, needs to be
clearly established.

7.5. Patient Management

BDPLT18 requires specialist management which can be inspired by many of the recommendations
established for Glanzmann thrombasthenia patients [99]. Indeed, the deficit in RasGRP2 leads to a loss
of function of the αIIbβ3 integrin, as does Glanzmann thrombasthenia.

All people with such disorders should be registered with a reference center for hemostasis
disorders with appropriate facilities for investigation and treatment, and 24/7 access. Affected
individuals should also be issued with a card describing their condition, and it is advisable to give
the patient and his/her primary care physician written information about the condition and its care
as this disorder is uncommon and will mostly be unfamiliar to many medical staff. Advice should
be given where necessary about lifestyle issues too (e.g., individuals with severe disorders should
avoid contact and fall-risk sports) and patients should avoid medication which interferes with platelet
function, (i.e., salicylates, NSAIDs and other antiplatelet agents). For women, the management of
menorrhagia is essential because it is a major source of acute and chronic anemia, especially in teenage
girls, and it has a strong impact on quality of life. In one young adolescent affected by BDPLT18,
massive menorrhagia led to hemorrhagic shock that required red blood cell transfusion [96]. In
another one, menorrhagia has been successfully controlled with oral contraceptives and tranexamic
acid [59]. Anemia and martial deficiency secondary to bleeding episodes have been frequently
reported in patients [58,59,84,91,94,96,100] and should be regularly detected and treated. Pregnancy
should be managed in close collaboration with the specialized center in hemostasis, with a written
management plan for the affected mother, and also a plan for investigation and management of the
neonate, if necessary. We and others recently reported two cases of successful management of bleeding
diathesis during the course of pregnancy and peripartum period in two women woman suffering
BDPLT18 [90,100]. The neonate is not at risk of inheriting the full platelet function disorder unless the
father is a carrier, although it should be noted that minor to no symptoms are seen in individuals who
are heterozygous carriers of RasGRP2 variants. This may be important to consider because of the high
rate of consanguinity observed in some communities. Screening of the father’s RASGRP2 gene will
identify carrier fathers and thus will help identifying neonates who are potentially at hemorrhagic risk.

As for Glanzmann thrombasthenia, in all BDPLT18 reported patients, bleeding complications have
required medical intervention including antifibrinolytic treatment, transfusion of platelet or red blood
cell concentrates [58–60,91,94,95] and occasionally desmopressin [60,96]. As an example, in the nine
index cases we reported in the Westbury et al. study, seven of them (78%) have required at least one
red cell or platelet transfusion indicating severe bleedings [91]. Treatment with antifibrinolytic agents,
e.g., tranexamic acid, either orally, as a mouthwash or by intravenous injection may be considered
in the case of moderate bleedings. This may prove to be useful to control menorrhagia and other
mild bleeding manifestations from mucous membranes, such as epistaxis. Platelet transfusions are
appropriate in cases of severe bleedings and when other agents have failed. However, these blood
products carry risks of transfusion-transmitted infections and allergic reactions. Platelet and red blood
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cell transfusions should not be given without clear indications. Patients with BDPLT18 may be subject
to repeated episodes of transfusion, putting them at risk of developing alloantibodies either against
HLA or HPA antigens. However, the risk of developing isoantibodies is almost absent because αIIbβ3
integrin is normally expressed on BDPLT18 patient platelet surface, unlike Glanzmann thrombasthenia
patients. Thus, the risk of neonatal thrombocytopenia should be lower. Nevertheless, in this population
likely to frequently receive platelet concentrate transfusions, the search for alloantibodies before and
after transfusions should be carried out to look for the presence of such antibodies and, in case of a
positive test, to adapt the patient’s management. In Glanzmann thrombasthenia, rFVIIa (NovoSeven®)
is preferred to platelet concentrates in the case of poor response to platelet transfusions, immunization
against αIIbβ3 integrin or HLA, or when platelet concentrates are not readily available. Injections
should be repeated every 2 to 3 h initially; progressive spacing is possible over a few days depending
on circumstances and clinical course. The total number of injections required to treat bleeding episodes
may vary from one patient to another and depending on the circumstances. Three injections must be
made to achieve a hemostatic effect and before evaluating the possible failure of the treatment. We
have reported the efficacy of rFVIIa treatment in a young woman with RasGRP2 deficiency during the
postpartum period [100]. A preventive strategy with good efficacy consisted in the administration of
tranexamic acid associated with platelet concentrates. She underwent an emergency hospitalization 38
days postpartum for a severe hemorrhage during the first postpregnancy menstrual period. Platelet
and red blood cell transfusions, intravenous tranexamic acid and fluid infusions allowed hemodynamic
stabilization but showed moderate hemostatic efficacy. A single rFVIIa injection (90 μg/kg) stopped
abnormal bleeding. The patient left the hospital four days later. Thus, rFVIIa may be considered
as a strategy to manage the hemorrhagic risk in women with BDPLT18 at delivery and during the
following days. Recently, another 41-year-old Korean woman successfully delivered a healthy baby by
Cesarian section. She was prophylactically transfused with two units of single-donor platelets before
surgery and had only moderate blood loss (400 mL) during the surgery. She was then transfused with
two units of leukocyte-reduced red blood cells and started an iron replacement therapy. She did not
show any other medical issue during the one-month follow-up [90]. As in Glanzmann thrombasthenia,
women need to be closely observed and tranexamic acid continued for at least several weeks and to
have ready access to the obstetric service in connection with the hemostasis expert center.

Another patient was also successfully treated with rFVIIa alone during an hemorrhagic episode
from unspecified origin [95]. In another case, rFVIIa was used during neurosurgery for meningioma
removal due to the ineffectiveness of platelet transfusions [84]. Treatment was continued for 4.5
days. Blood loss was moderate and the postoperative period was without major complications. This
same patient was also treated as a first-line treatment by rFVIIa during hernia repair surgery with
good results. The patient’s sister was also successfully treated with rFVIIa to control bleeding during
appendectomy in view of the ineffectiveness of platelet transfusions too [84].

Overall, management protocols of bleedings in BDPLT18 patients require the competences of
multidisciplinary medical staff. Close monitoring and planned preventive haemostatic strategies are
accordingly required to minimize bleedings in these high-risk patients. Even though transfusion
protocols based on the use of conventional platelet concentrate are frequently used to treat or
prevent bleedings, other therapeutic alternatives exist such as rFVIIa that has proven its efficacy in
BDPLT18 patients.
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Abstract: Platelets are key players in the thrombotic processes. The alterations of platelet function due
to the occurrence of metabolic disorders contribute to an increased trend to thrombus formation and
arterial occlusion, thus playing a major role in the increased risk of atherothrombotic events in patients
with cardiometabolic risk factors. Several lines of evidence strongly correlate metabolic disorders such
as obesity, a classical condition of insulin resistance, dyslipidemia, and impaired glucose homeostasis
with cardiovascular diseases. The presence of these clinical features together with hypertension and
disturbed microhemorrheology are responsible for the prothrombotic tendency due, at least partially,
to platelet hyperaggregability and hyperactivation. A number of clinical platelet markers are elevated
in obese and type 2 diabetes (T2DM) patients, including the mean platelet volume, circulating levels
of platelet microparticles, oxidation products, platelet-derived soluble P-selectin and CD40L, thus
contributing to an intersection between obesity, inflammation, and thrombosis. In subjects with
insulin resistance and T2DM some defects depend on a reduced sensitivity to mediators—such as
nitric oxide and prostacyclin—playing a physiological role in the control of platelet aggregability.
Furthermore, other alterations occur only in relation to hyperglycemia. In this review, the main
cardiometabolic risk factors, all components of metabolic syndrome involved in the prothrombotic
tendency, will be taken into account considering some of the mechanisms involved in the alterations
of platelet function resulting in platelet hyperactivation.

Keywords: adipose tissue; adipokines; hemostasis; insulin resistance; metabolic syndrome; nitric
oxide; oxidative stress; platelets; thrombosis

1. Introduction

Several lines of evidence suggest a strong correlation between metabolic disorders and
hemodynamic such as obesity, dyslipidemia, diabetes, hypertension, and cardiovascular (CV) diseases
(CVD), with endothelial dysfunction as the initial step toward atherothrombosis (Figure 1). Oxidative
stress and a chronic low-grade of inflammation may be considered a “common soil” able to create a
feed-forward cycle that can deeply influence the development of a prothrombotic tendency of these
metabolic abnormalities.
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Figure 1. Potential mechanisms linking cardiometabolic disorders and atherothrombotic
vascular diseases.

One of the first epidemiological studies showing the causal relationship between obesity and CVD
was the Framingham Heart Study [1,2] and other studies have then confirmed that the waist-to-hip ratio
(WHR)—a reliable index of central obesity—was the strongest anthropometric predictor of myocardial
infarction [3] and stroke [4,5].

Not only the excess of adipose tissue, but also body fat distribution and the impaired adipose
tissue function, rather than total fat mass, better predict CV risk [6]. Actually, atherothrombotic
events leading to an elevated risk of CV morbidity and mortality are closely associated to central
obesity, which confers a higher degree of CV risk than peripheral adiposity [7,8]. In fact, abdominal
adiposity may have a causal, unfavorable effect on plasma triglycerides (TGs) and potentially other
cardiometabolic risk factors due to a greater ability to release cytokines and free fatty acids involved in
the pathogenesis of both atherothrombosis and insulin resistance [9,10].

The increasing prevalence of obesity, especially in Western Countries, has also contributed to
significant increases in the prevalence of other important CV risk factors, including dyslipidemia,
insulin resistance, and type 2 diabetes mellitus (T2DM). The presence of a clustering of three or more
risk factors in the same individual, including abdominal obesity, atherogenic dyslipidemia, high
systolic and diastolic blood pressures, and impaired glucose tolerance has been defined by World
Health Organization (WHO) as metabolic syndrome (MS) [11], though there is some minor variation in
the definition by other health care organizations. Importantly, each of these cardiometabolic disorders
contributes to alter hemostatic balance leading to a prothrombotic phenotype [12]. This review will
focus on the role of obesity on prothrombotic tendency in patients affected by MS, being adipocytes
able to produce and/or release hormones which deeply influence hemostatic balance, platelet function,
pro-inflammatory state and oxidative stress.

2. Definition of Metabolic Syndrome

MS is a multiplex risk factor for atherosclerotic CV disease, with a prevalence of 34% in the general
population [13]. However, due to the lacking of a unifying definition, MS can be present in several
forms according to the combination of the different components and the exact evaluation of prevalence
of MS changes both in United States and in Europe. It has been estimated that at least one quarter of
America population is affected by MS and about 84% of them present abdominal obesity on the basis
of the criteria indicated by National Cholesterol Education Program (NCEP) Adult Treatment Panel
(ATP) III [14–18].
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According to the NCEP’s ATP III criteria [19], MS is recognized as a condition related to CVD
occurring if the patient has three or more of the following: (1) central obesity characterized by
waist circumference >102 cm in men and >88 cm in women; (2) fasting blood TGs ≥150 mg/dL and
high-density lipoprotein cholesterol (HDL) ≤40 mg/dL in men or ≤50 mg/dL in women; (3) fasting
glucose ≥100 mg/dL; and (4) systolic blood pressure ≥130 mmHg and/or diastolic blood pressure
≥85 mmHg. Indeed, elevated high-sensitivity C-reactive protein, increased prothrombotic factors,
endothelial dysfunction, microalbuminuria, elevated inflammatory cytokines, decreased adiponectin
plasma levels, and alterations in pituitary-adrenal axis could be involved in MS. However, the inclusion
of these abnormalities in the classification of MS needs to be confirmed and this continuous score
would be more sensitive to small and large changes that do not modify the most recent Joint Interim
Statement of the International Diabetes Federation (IDF) Task Force on Epidemiology and Prevention
criteria [20].

Despite other definitions also have been proposed [21], all are associated with the presence of
central obesity, thus underlining the crucial role of the abdominal adiposity, together with insulin
resistance, as causative factor in the pathogenesis of MS. Actually, the condition of insulin resistance
represents a significant link among components of MS even if a subject with MS not necessarily is
insulin resistant [22]. It is well established that MS is a constellation of cardiometabolic determinants
associated with increase not only of CVD but also a three-fold increase in the risk of T2DM [23–25]
with significant adverse effects on health-related quality of life [26].

3. Platelets in Hemostasis and Thrombosis

Platelets are key players in primary hemostasis and thrombus formation. Platelet activation
become when platelets come in contact with exposed collagen in the areas of vascular damage and
the subsequent morphological and physiological changes help in stable platelet plug formation thus
contributing to primary hemostasis. Platelet activation process is mediated by surface exposure of
receptors (glycoproteins, GPs) and lipid rafts, which modulate signaling and intracellular trafficking.
These include GPIb/V/IX complex, which interacts with von Willebrand factor (vWF), integrin α

IIbβ3 (GPIIb/IIIa), which binds vWF and fibrinogen, and GPVI which binds collagen thus ensuring
a stable anchorage with subendothelial matrix [27]. Binding of ligands to the GP receptors changes
platelet shape as well as triggers the release of platelet granule contents, which lead to the formation of
platelet plug.

However, hemostasis or blood coagulation are not the only function of platelets, which are
also involved in pathological processes such as chronic inflammation and atherothrombosis. In fact,
platelets store cytokines and growth factors in their alpha-, dense granules and lysosomes [28] and
the subcellular machinery of the novo protein synthesis involved in the coagulation cascade and
inflammatory pathways including interleukin (IL)-1β, plasminogen activator inhibitor-1 (PAI-1) and
tissue factor (TF; Figure 2).

The atherothrombotic process underlies acute coronary and cerebrovascular events where the
activation of inflammatory mechanisms is strictly dependent on interaction among different cell
types, such as platelets, leukocytes, and cells of the vascular wall. As extensively reviewed [29–31],
once adhered to the damaged vessel wall platelets participate in multiple mechanisms promoting
thromboinflammation by releasing storage granules and aggregating to form thrombi. As mentioned,
platelet adhesion is influenced by adhesion molecules present in the subendothelial matrix components,
such as E-selectin [32], vWF [33], collagen, fibronectin, and by the level of shear stress in the
circulation [34]. In this phase, platelets are subjected to a number of physiological and cytoskeletal
changes, with release of soluble cytokines, chemokines, growth factors, and the rapid translocation of
P-selectin from alpha-granule to plasma membrane. When intracellular Ca++ concentration exceeds a
specific threshold, platelets shift from the resting discoid shape to the activated state with the formation
of filopodia and lamellipodia. The recruitment of other platelets, their activation, and aggregation
are followed by the formation of three-dimensional aggregates for a number of molecular interaction
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triggered by thrombin and generation of endogenous factors such as thromboxane (TX)A2 and release
of content from storage granules including adenosine 5-diphosphate (ADP), and platelet activating
factor (PAF). Stabilization of platelet–platelet interactions is further mediated by the receptor of
fibrinogen GPIIb/IIIa. In the primary hemostasis a pivotal role in plug formation is exerted by platelet
aggregation with aggregates anchored at site of injury but this clot remains unstable. Clot stabilization
characterizes the secondary hemostasis with consolidation of platelet mass through the assembly
of coagulation complexes with conversion of soluble fibrinogen into insoluble fibrin by thrombin
and platelet retraction. In some pathological settings, a number of factors can impair the normal
hemostasis and aberrant thrombus formation has severe pathological consequences, leading to fatal
thromboembolism and tissue ischemia of vital organs, ultimately resulting in acute CVD complications,
including myocardial infarction, stroke and critical limb ischemia.

Figure 2. Biochemical factors involved in the coagulation cascade and the atherosclerotic process
released following platelet activation. AA, arachidonic acid; COX, cyclooxygenase; TXA2, thromboxane
A2; PDGF, platelet-derived growth factor; TGF-β, transforming growth factor β; EGF, endothelial
growth factor; bFGF, fibroblast growth factor; VEGF, vascular endothelial growth factor; IGF, insulin-like
growth factor; IL-1β, interleukin-1β; PAI-1, plasminogen activator inhibitor 1; vWF, von Willebrand
factor; GP, glycoprotein; PECAM, platelet endothelial cell adhesion molecule; sCD40L, soluble CD40
ligand; sP-selectin, soluble P-selectin; RANTES, regulated on activation, normal T-cell expressed and
secreted; MIP-1α, macrophage inflammation protein- 1α; IL-8, interleukin-8; PF4, platelet factor 4;
PMPs, platelet-derived microparticles.

In the presence of intact vascular endothelium, the release of prostacyclin (PGI2) and nitric
oxide (NO), two major antiaggregants, regulates the balance between pro- and antiaggregants and
prevents the formation of thrombus inside the blood vessel [35]. However, in subjects at risk of arterial
thrombosis, this key protective pathway is overcome, resulting in uncontrolled platelet activity.

4. Platelet Function Assays

For the measurement of platelet function there is no gold-standard method showing the real state
of “hyper” or “hypo” reactivity that can be used as reliable marker of high risk in disease settings.
However, based on the platelet ability to interact with each other as well as with other cells and
for peculiar surface expressions it is possible to measure platelet function and activation by using a
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number of tools each measuring different aspects of platelet response. Laboratory tests, including light
transmission platelet aggregation, lumiaggregometry, impedance aggregometry on whole blood, flow
cytometry or enzyme-linked immunoassays (ELISA), are traditionally utilized for the identification of
patients with impaired platelet function.

Light transmission aggregometry (LTA), for a long time considered the gold-standard method, is
the most widely employed test in clinical hematology to measure the increase in light transmission
through a platelet suspension when platelets were stimulated by a specific agonist such as ADP,
arachidonic acid (AA), collagen, and epinephrine. LTA allows us to evaluate the tendency of platelets
to aggregate and to identify abnormalities such as hyperaggregation [36]. This assay has some major
drawbacks: (i) it is relatively non physiological because during the test platelets are stirred under low
shear conditions and only form aggregates after the addition of agonists, without mimicking platelet
adhesion, activation and aggregation upon vessel wall damage, (ii) the result obtained may be affected
by preanalytical and procedural conditions, (iii) not suitable for platelet-rich platelet numbers below
50 × 106/mL and lipemic blood sample, and (iv) its reproducibility is poor. Specific guidelines for LTA
have been published in order to correctly perform the procedure [36–38].

Platelet aggregation assessed in whole blood (WB) measures the increase of electrical impedance
generated by aggregates upon those fixed to two electrodes. As advantages, WB aggregometry
evaluates platelet function under more physiological conditions because of the presence of the other
blood components, does not require manipulation of the sample, thus avoiding platelet activation,
and all platelet subpopulations are present in WB sample [39].

Flow cytometry assay allows the rapid analysis of physical and antigenic properties of platelets,
such as presence of platelet aggregates or leukocyte–platelet aggregates, determination of GP receptor
expression (i.e., GPIIb/IIIa, GPIb/IX/V, and GPVI), including conformational changes related to the
receptor activation (i.e., GPIIb-IIIa), activation markers (CD62P and CD63), and platelet granule
secretion (β-thromboglobulin, thrombospondin-1, vWF, fibrinogen, and P-selectin). In WB samples,
the use of a double labeling binding allows the identification of platelets, platelet microparticles,
or mixed cell aggregates [40–42]. Although flow cytometry has the advantages to require small
volume of blood sample, to perform platelet aggregation also in the presence of low platelet counts,
and to analyze platelet function and activation in a physiological environment [43], this approach
can be affected by preanalytical manipulations and be prone to artifacts [44,45]. ELISA are now the
most commonly used assays for the measurement of platelet activation markers TXA2 metabolites
(serum TXB2 and urinary 11-dehydro-TXB2) [46] and alpha-granule factors such as β-thromboglobulin,
platelet factor (PF)-4, soluble P-selectin (sP-selectin), and soluble CD40 Ligand (sCD40L) [44,45].
The new Point-of-Care devices (i.e., VerifyNow system, Plateletworks, Platelet Function Analyser-100,
and Multiplate Electrode Aggregometry) may be useful supplements to the existing well-known
platelet function tests and are mainly utilized for monitoring antiplatelet therapies.

5. Platelet Alterations in Central Obesity

Obesity is a heterogeneous condition and, when located within the abdominal cavity, becomes an
independent determinant for cardiometabolic disease causing or exacerbating other cardiovascular
and metabolic risk factors, such as dyslipidemia, hypertension, insulin-resistance, and T2DM [47–49].
Apart from metabolic and hemodynamic alterations, central obesity is characterized by a chronic low
grade inflammation and systemic oxidative stress that eventually damages the endothelium causing
the loss of the endothelium antithrombotic properties. This justifies the assumption of obesity as a
pro-thrombotic clinical condition with increased platelet activation and decreased fibrinolysis [50–53],
both contributing to atherogenesis and acute atherothrombotic events via increased vascular deposition
of platelets and fibrinous products.

Platelets from obese subjects are known as “angrier” because they show a number of abnormalities,
which increase platelet aggregability and activation constituting a relevant risk factor for CVD,
especially for the development of atherothrombosis [54]. Recently, studies linking proteomic analysis
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and aggregation findings have confirmed the presence of alterations in proteins related to platelet
signaling [55]. In particular, a higher expression of GPVI, positively correlated with body mass
index (BMI), together with higher levels of Src (pTyr418) and tyrosine phosphorylated phospholipase
Cγ2, essential for integrin signaling, mechanistically provide possible explanations for platelet
hyperreactivity in obesity [55].

Certain adipokines, bioactive peptides secreted by omental adipose tissue, can modulate
not only body weight and metabolism but also vascular function [56]. For instance, in the
platelet hyperreactivity of obese individuals [57–61], associations with leptin, the satiety hormone
produced primarily by the adipose tissue, and adiponectin, an insulin-sensitizing adipokine produced
exclusively by adipocytes, have been found. Platelets express the leptin receptor and both leptin and
leptin-receptor-deficient mice have been protected from experimental thrombosis [62]. In in vitro
experiments with human platelets, leptin alone does not induce platelet aggregation but increases the
proaggregating effects of sub-threshold concentrations of ADP and thrombin [63]. A specific pathway
in the leptin-induced platelet activation involves Janus kinase 2 (JAK2), phosphatidylinositol 3 kinase
(PI3K) and phospholipases Cγ2 and A2, with effects on 3′,5′-cyclic adenosine monophosphate (cAMP)
hydrolysis, GPIIb/IIIa expression, and TX synthesis. Furthermore, independently of other risk factors,
high plasma levels of leptin are associated with an increased risk of thrombotic events such as acute
myocardial infarction and stroke [63].

Differently from the other secretory products of adipocytes, adiponectin exerts anti-inflammatory
effects protecting against thrombosis, insulin-resistance, dyslipidemia, and endothelial dysfunction [55].
Adiponectin, the most abundant secretory protein produced by adipocytes, is synthesized and secreted
as a trimer and in multimeric complexes cleaved to forms that are active transducer of signaling [64].
In mouse, adiponectin has been shown to increase fatty acid oxidation, perhaps through the activation
of AMP kinase (AMPK). Disruption of adiponectin leads to high-fat diet–induced insulin resistance
and levels are low in humans with obesity and insulin resistance while adiponectin levels are increased
by insulin-sensitizing peroxisome proliferator-activated receptors (PPAR)γ agonists.

Although adiponectin per se does not influence platelet aggregation [65], antithrombotic actions
have been attributed to this adipokine. In particular, adiponectin deficient mice show increased
platelet response to the proaggregating agents and thrombosis tendency [66], high adiponectin
plasma concentrations are associated with a decreased risk of coronary artery diseases and increased
bioavailability of NO [67]. Both hyperleptinemia and hypoadiponectinemia in MS are associated with
increases in leukocytes and platelet indices with platelet count, platelet distribution width (PDW),
mean platelet volume (MPV) values, and platelets/lymphocyte ratio significantly higher in MS patients
than in healthy subjects [68].

6. In Vivo Markers of Platelet Activation in Obesity

Activated platelets show peculiar features or express certain proteins that are less detectable in
resting platelets, thus these factors can be used as markers of platelet activation. Some of these markers
are higher in central obesity than in healthy subjects (Table 1).

Table 1. Markers of platelet activation in obesity.

Markers

Mean Platelet Volume
Thromboxane B2

Prostaglandin F2α
Soluble P-Selectin

Soluble CD40L
Platelet-derived Microparticles
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6.1. Mean Platelet Volume

Among the in vivo markers of platelet activation in obesity, MPV represents a parameter closely
related to platelet hyperactivation [69] and it has been found increased in obese subjects [70,71].
An interventional study carried out on female subjects, showed MPV values significantly higher
in the group of obese women, in comparison with the non-obese [70]. A positive correlation was
found between not only MPV and BMI but also reduced values of MPV and weight loss. Conversely,
in another cross-sectional study on male individuals, it was not observed any significant difference
in MPV values between groups with abdominal and without it. However, in the same study, MPV
displayed a positive correlation with prothrombin activity [72]. Weight loss after bariatric surgery is
also accompanied by a decrease in platelet count and significant changes in MPV, especially 6 months
after surgery, corresponding to the period when weight loss was at its maximum [73].

6.2. Arachidonic Acid Metabolites

TXA2 is an unstable platelet-derived proaggregant agent with persistent biosynthesis in several
CVD [74]. Precursor of TX synthesis is AA dissociated from membrane phospholipids following the
increased Ca++ intracellular levels and phospholipases activity [75]. A crucial role in TXA2 production
is played by the action of the constitutively expressed cyclooxygenase (COX)-1 in platelets and inducible
COX-2 in monocytes and other cells in response to inflammatory and mitogenic stimuli. TXA2 has
a short half-life and is nonenzymatically hydrolyzed and further converted into stable metabolites
excreted in the urine 2,3-dinor-TXB2 and 11-dehydro-TXB2. The urinary excretion of 11-dehydro-TXB2,
which represents the more reliable time-integrated index of systemic TXA2 synthetized for 70%
by platelets, has been found increased in women with abdominal obesity and higher in women
with android obesity than in those with gynoid obesity [76]. Noteworthy, serum TXB2 levels were
found lower in insulin sensitive morbidly obese subjects than in the obese subjects and lean subjects,
suggesting that reduced platelet activation could play a role in the paradoxical protection of morbidly
obese subjects from atherosclerosis, despite the greater levels of leptin and C-reactive protein [77].

Abdominal obesity increases oxidative stress, as demonstrated by the increased levels of lipid
peroxidation or protein oxidation products [78]. Indeed, the chronic ‘metabolic inflammation’ [79],
the hallmark of obesity causing insulin resistance and T2DM [80], where the metabolic disorders
trigger inflammatory signals, contributes to generate reactive oxygen species (ROS), which influence
platelet function by different ways. For instance, isoprostanes are a family of products derived from
AA metabolism through ROS-dependent mechanisms.

An oxidation product of AA is 8-iso-prostaglandin F2α (PGF2α), an abundant isoprostane involved
in platelet aggregation by activating TX receptor in the presence of sub-threshold concentrations of other
agonists. The influence of this isoprostane on platelets can be prevented by TXA2 receptor antagonism
but is completely independent of COX-1 activity [29]. A positive linear correlation between urinary
excretion of 11-dehydro-TXB2 and PGF2α underlines the link of platelet activation with oxidative
stress [81].

6.3. Soluble P-Selectin

A pivotal role in the development of vascular complication of atherothrombosis is played by
cellular adhesion pathways and selectins are one of the four main adhesion molecule families. Platelets
are the major source of P-selectin, a cellular adhesion molecule with procoagulant activity [82] and able
to activate leukocyte integrins [83]. The circulating levels of soluble form of P-selectin mirror platelet
activation. Stored in the alpha-granules of platelets, in a setting of inflammation P-selectin translocates
to the plasma membrane where it can interact with ligands [84] leading to leukocyte-platelet aggregates
that promote adhesion and infiltration of inflammatory cells [85–88]. sP-selectin has been associated
with adiposity and both clinical and subclinical atherosclerosis [89] and has been shown to predict
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atherosclerosis independently of BMI and other CVD risk factors. The enhanced plasma concentrations
of P-selectin in overweight and obese insulin resistant subjects [61,90] are reduced after weight loss [61].

6.4. CD40 Ligand

Activated platelets also release the sCD40L, a trimeric transmembrane protein structurally related
to tumor necrosis factor (TNF)-α superfamily. CD40 and its immunomodulating CD40L show dual
prothromboting and proinflammatory role further contributing to amplify vascular diseases and
atherogenesis [91].

More than 95% of circulating sCD40L derives from platelets, stored in high amounts in cytoplasma
in unstimulated platelets, expressed on the platelet surface where it is cleaved to form the soluble trimeric
fragment and released within seconds after platelet activation [92]. sCD40L measurement is considered
as a platelet-derived marker of cardiovascular risk able to link thrombosis and inflammation [93].
Studies in mice showed that in obesity the genetic or antibody mediated disruption of CD40L signaling
ameliorates adipose tissue inflammation and metabolic disorders in insulin resistance [94], thus
confirming the role of sCD40L as a platelet-derived marker of the cardiovascular risk able to link
thrombosis, inflammation, and altered metabolism [93]. CD40/CD40L interaction is involved in the
expression of many proinflammatory and prothrombotic factors, including IL-1, IL-6, IL-8, IL-12, TNF-α,
monocyte chemoattractant protein (MCP)-1, and matrix metalloproteinases (MMPs) accelerating the
adhesion of monocytes to the vascular endothelium [95–97], promoting a ROS-mediated endothelial
injury [98–100] and the rupture of atheromatous plaques [101]. Recent reports have also indicated
that patients with acute cerebral ischemia exhibit increased expression of CD40L on platelets and the
CD40/CD40L signaling directly modulates cerebral microvascular thrombosis by the mammalian target
of rapamycin (mTOR)/S6K signaling pathway activation [102]. Plasma levels of sCD40 are considered
reliable markers of in vivo platelet activation and the increased levels found in obesity are reduced by
weight loss [61].

6.5. Platelet-Derived Microparticles (PMPs)

Platelet-derived microparticles (PMPs) are small membrane-bound microparticles with a diameter
less than 0.1 micron containing bioactive proteins and genetic material (i.e., mRNAs and microRNAs)
able to deeply influence phenotypes and functions of recipient cells promoting the development of
pathological states [103]. Platelets, activated by various agonists or exposed to high shear stress [104]
or increased oxidative stress [57], produce PMPs and elevated levels of circulating PMPs are associated
with most of the cardiovascular risk factors including hypertension, obesity, and dyslipidemia [105],
appearing indicative of a poor clinical outcome. In obese non-diabetic subjects, elevated circulating
levels of PMPs positively correlate with BMI and waist circumference [106]. Weight reduction,
by calorie restriction with or without exercise [106] or after gastrectomy, reduces PMP production.
Interestingly, another study has recently shown that PMPs from obese subjects were not different in
number if compared with non-obese subjects but, as supported by proteomics data, they showed
greater heterogeneity in size and distribution with different levels of proteins relevant to thrombosis
and tumorigenesis [107].

7. Contribution of Insulin Resistance on Platelet Dysfunction

Insulin is a hormone that mediates its action through the insulin receptor (IR) composed of
two monomers comprising an extracellular α-subunit and a transmembrane β-subunit [108]. Insulin
binding induces IR autophosphorylation at various tyrosine residues, recruitment of IR substrates
(IRS), and activation of mitogen-activated protein kinase (MAPK) and PI3K [109]: the activation of
these signaling pathways promotes downstream processes involved in blood glucose control [110].
A less than expected response of target organs to insulin leads to a condition of insulin resistance
with hyperinsulinemia for a compensatory increased insulin production by pancreatic β-cells.
Insulin-resistance is classically referred to metabolic homeostasis characterizing, in most cases, obesity,
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impaired glucose tolerance and T2DM [111]. Indeed, insulin resistance involves also the vascular
effects of the hormone [112–114] and it is the common soil of a cluster of metabolic, hemodynamic,
thrombotic and inflammatory features deeply involved in atherogenesis and CVD [115]. One of the
alterations accounting for the association between insulin resistance and vascular diseases is platelet
hyperactivation, also explained by the reduced sensitivity to the physiological and pharmacological
antiaggregating agents. Platelet membrane shows functional IR with a density similar to that measured
in other target cells of insulin action [116]. In platelets from insulin sensitive subjects, the hormone
decreases in vitro platelet aggregation stimulated by common platelet agonists such as ADP, thrombin,
catecholamines, PAF, collagen, AA, and angiotensin-II [117,118]. Insulin infusion in euglycemic
conditions determines: (i) reduced sensitivity to multiple agonists and deposition to collagen [119];
(ii) impaired primary hemostasis under high shear stress [119]; and (iii) reduced TXA2 metabolite
synthesis also in T1DM [120]. Through NO increase, insulin induces a rapid increase of the cyclic
nucleotides 3′,5′-cyclic guanosine monophosphate (cGMP) and cAMP with inhibitory effects on platelet
aggregation [121]. In conditions of insulin resistance such as central obesity, T2DM with obesity and
hypertension, the inhibitory effects of insulin on platelets are impaired [53] (Figure 3). Among the
mechanisms involved in the altered insulin actions on platelets, a role is played by the effects on
platelets of the abnormal adipokine content in plasma profile of patients with MS and T2DM [122].
In particular, the adipokines resistin, leptin, PAI-1, and retinol binding protein 4 (RBP4) induce insulin
resistance in megakaryocytes by interfering with IRS-1 expression with a negative impact on insulin
signaling in platelets.

Platelets from obese insulin-resistant individuals are characterized by multi-step defects at level of
NO/cGMP/protein kinase cGMP-dependent (PKG) and PGI2/cAMP/protein-kinase cAMP-dependent
(PKA) pathways. In particular, platelets show an impaired NO and PGI2 ability to increase, respectively,
cGMP and cAMP synthesis and a resistance to cGMP and cAMP themselves to activate their specific
kinases PKG and PKA [59,60]. Since the cyclic nucleotides exert their effects on platelets mainly through
a reduction of intracellular Ca++ [123], these data are suggestive for the presence of alterations in Ca++

fluxes handling. Actually, elevated cytosolic Ca++ concentrations have been found in insulin-resistance
states [124] and this could explain the defective action of cyclic nucleotides on platelet function. Of note,
this multistep resistance is not emphasized by the presence of T2DM [125] as well as the presence of
T2DM without obesity is not associated with this cluster of platelet abnormalities [125]. However,
lifestyle interventions aiming to reduce body weight by diet can modify the prothrombotic tendency in
obese insulin resistant individuals. Actually, the altered platelet sensitivity to NO/cGMP/PKG and
PGI2/cAMP/PKA pathways in obesity is restored by weight reduction of at least 10% of the initial
body weight and this phenomenon is also accompanied by an improvement of insulin resistance
and a decrease of markers of inflammation [61] and synthesis of isoprostanes [126]. The central
role of the insulin resistance associated with obesity as a pathogenic factor deeply involved in the
impairment of the main inhibitory mechanisms of platelet function is confirmed, in the same study,
by multiple regression analysis showing the homeostasis model assessment (HOMA) index, a surrogate
marker of insulin-resistance, as the parameter more strongly associated with platelet response to the
antiaggregating agents. Successful weight loss obtained with drugs, such as the incretin-based therapy,
is associated with a significant reduction in TX-dependent platelet activation, possibly mediated,
at least in part, by decreased inflammation and lipid peroxidation [127]. In particular, a direct role on
platelets by Liraglutide, an analog of the incretin hormone glucagon-like peptide 1 (GLP-1), initially
used for the treatment of T2DM and recently introduced as potential weight loss medication, cannot be
excluded because Liraglutide has been shown to inhibit platelet activation in animal models [128] and
human platelets [129].
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Figure 3. Relationships between insulin resistance, increased oxidative stress and inflammation in
promoting platelet hyperactivation in obesity. AA, arachidonic acid; A-II, angiotensin-II; cAMP,
3′,5′-cyclic adenosine monophosphate; cGMP, 3′,5′-cyclic guanosine monophosphate; IR, insulin
receptor; MPV, mean volume platelet; NO, nitric oxide; PAF, platelet activating factor; PAR,
protease-activated receptor; PGI2, prostaglandin I2; PKA, cAMP-dependent protein kinase; PKG,
cGMP-dependent protein kinase; ROS, reactive oxygen species; PMP, platelet-derived microparticles;
TP, thromboxane receptor; TX, thromboxane.

8. Type 2 Diabetes Mellitus and Alterations of Platelet Function

Platelets from diabetic patients are more prone to form spontaneous microaggregates [130],
to adhesion, to aggregation in response to agonists [131], and to be less sensitive to antiaggregants [132].
Biochemical abnormalities associated with these impairments of platelet function can be detected by
elevation of intracellular calcium levels and expression of platelet activation markers including PMPs,
which in patients with T2DM can be used as potential predictors of CV outcomes [133].

Indeed, several mechanisms are involved in the hyperactive platelet phenotype in diabetic patients.
Among them, hyperglycemia, oxidative stress, and altered shear stress, interconnected with associated
metabolic conditions (obesity, dyslipidemia, and subclinical inflammation) promote atherogenesis and
the tendency to a prothrombotic status (Figure 4), which in T2DM represents an important risk factor
for a first CV event and for worse outcomes after a CV event.

8.1. Hyperglycemia

Although some abnormalities in platelet function in T2DM depend on the presence of the insulin
resistance condition, some defects occur only in T2DM in relation to hyperglycemia. Hyperglycemia,
the basic characteristic feature of diabetes, and glycemic variability are predictive determinants
of platelet activation [134] and postprandial hyperglycemia is an independent risk factor for
cardiovascular complications [135]. Although the underlying pathogenic mechanisms are multiple,
factors promoting oxidative stress are unanimously considered to contribute significantly to platelet
activation. Of particular interest, in T2DM patients a marked oxidative response is induced by the
consumption of high-calorie meals, which in these individuals determines an abnormal and sustained
elevation of blood glucose and lipid levels, mainly TGs, defined as postprandial dysmetabolism [136].
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Figure 4. Biochemical imbalance towards factors promoting endothelial dysfunction and platelet
hyperactivation involved in the development of atherothrombotic diseases in the presence of multiple
cardiometabolic risk factors. eNOS, endothelial nitric oxide synthase; NFκB, nuclear factor kappa B;
PAI-1, plasminogen activator inhibitor-1; AP-1 activator protein-1; NO, nitric oxide; PGI2, prostaglandin
I2; EC, endothelial cell; PMPs, platelet-derived microparticles; MS, metabolic syndrome.

Since the entry of glucose into platelets does not depend on insulin, intraplatelet glucose
concentration mirrors blood glucose levels, and chronic hyperglycemia has been clearly identified as
a causal factor leading to platelet hyperreactivity, as indicated by enhanced aggregation, increased
fibrinogen binding, and TX production [137]. Hyperglycemic spikes trigger ischemic cardiovascular
complications in T2DM [138–140] and may elicit arterial thrombosis owing to a transient hyperreactivity
of platelets to high shear stress, thus contributing to precipitating arterial thrombotic occlusion at
stenotic sites [141]. Furthermore, platelet activation due to high glucose exposure in the absence or
in the presence of high shear stress conditions is cause of reduced platelet sensitivity to inhibition
by aspirin [142–144]. Recently, a reduced acetylation level of the catalytic Ser529 site associated with
an incomplete inhibition of COX-1 activity by aspirin has been found in condition of high glucose
and diabetes [145], adding another piece of information, which may contribute to explain the residual
platelet hyperreactivity observed in diabetes and implying in T2DM the use of effective therapeutic
strategies able to prevent hyperglycemia in order to improve also the protective effects of aspirin
against the occurrence of CV events.

Platelet hyperreactivity in T2DM is coupled with biochemical evidence of persistently increased
TX-dependent platelet activation [137,146] and in the mechanism by which platelets transduce glucose
levels into enhanced TX generation a central role is played by the enzyme aldose reductase, the first
enzyme of the polyol pathway. The activity of aldose-reductase is significantly enhanced in vascular
cells in T2DM and is thought to contribute to vascular complications by increasing oxidative and
osmotic stress. Glucose flux through aldose reductase enzyme generates oxidative stress by distinct
mechanisms, including nicotinamide adenine dinucleotide phosphate (NADPH) depletion, decrease
of glutathione (GSH) levels, and increase of advanced glycation end products (AGEs), thus promoting
ROS formation [147]. ROS also play an important role in signaling upon agonist-induced platelet
aggregation, inducing changes in intraplatelet Ca++, and acting as second messenger in thrombin- or
collagen-activated platelets [148]. The increased oxidative stress derived from hyperglycemia and
platelet activation potentiates p38α MAPK/cytosolic phospholipase A2 signaling, which catalyzes AA
release and TXA2 production. T2DM with enhanced biosynthesis of TX despite aspirin therapy may
have underlying endothelial damage and thromboembolic disease [149]. As mentioned earlier, sCD40
is both marker and mediator of platelet activation and its upregulation is involved in the advanced
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stage of cerebrovascular disease and increased risk of CV events in T2DM. The increased TX-dependent
platelet activation is also associated with enhanced CD40L release [150].

Although mechanisms underlying the pathogenesis of ischemia/reperfusion injury are particularly
complex and multifactorial, there is evidence of interactions between platelet function and
ischemia/reperfusion injury, especially in diabetic conditions [151].

Diabetic heart is among the most susceptible to ischemia/reperfusion injury and some
cardioprotective strategies are compromised in the presence of diabetes because of several mechanisms,
including alteration at the mitochondrial level, altered production of ROS, and impairment of
antioxidant capacities at various intracellular and extracellular sites [152].

Interestingly, a recent study has shown that the infusion of platelets from healthy subjects in rat
isolated hearts exerts cardioprotective effects by reducing infarct size [153] with a mechanism that
depends on the platelet capacity to activate cardiac sphingosine-1-phosphate (S1P) receptors and
extracellular signal-regulated kinase (ERK)/PI3K/protein kinase C (PKC) pathways. However, platelets
from poorly controlled T2DM subjects, as mirrored by high values of glycated hemoglobin (HbA1c),
lost their cardioprotective effects, released less S1P, and a positive correlation between infarct size and
the amount of ROS produced by diabetic platelets was found [153].

High glucose levels were also found to cause in platelets loss of function and damage to
mitochondria, mitochondrial membrane potential dissipation, cytochrome c release, caspase-3
activation, and a subgroup of platelets can undergo apoptosis [154]. Enhanced rate of platelet
apoptosis can lead to generation of PMPs that carry thrombotic mediators by providing a new
prothrombotic interface for the deposition of fibrin and other blood cells [155].

In addition to up-regulated pro-aggregatory stimuli, platelets from diabetic individuals show
reduced sensitivity to the antiaggregating insulin, NO, and PGI2 [58]. Since some antiplatelet effects
of aspirin are related to increased platelet NO synthesis [144] and preservation of NO from its
inactivation [156], an impaired platelet sensitivity to NO signaling may account, at least partially,
for less protective aspirin effects against thrombotic events in T2DM.

However, the superoxide-mediated impairment of NO effects on platelet function following
hyperglycemia can be corrected by acute aggressive glycemic control [157]. Platelet exposure to
high glucose also influences the biophysical state of platelet membrane components and changes
in fluidity owing to glycation or acetylation of membrane proteins contribute to the intensified
intraplatelet Ca++ mobilization [158]. High cytosolic Ca++ levels deeply influence the procoagulant
state of platelet aggregates inducing externalization of phosphatidylserine and thus accelerating the
membrane-dependent reactions of blood coagulation [159].

8.2. Oxidative Stress

As mentioned, superoxide radicals have a strong effect for activating platelets and in T2DM
oxidative stress is increased for the imbalance between ROS production and antioxidant defenses.
High concentrations of ROS influence platelet function by different mechanisms, including decreased
NO bioavailability, calcium mobilization abnormalities, over-expression of membrane glycoproteins,
and isoprostane formation. A major source of platelet ROS is the enzyme NADPH oxidase (Nox),
as demonstrated in platelets from patients affected by chronic granulomatous disease, a rare primary
immunodeficiency, that show very low ROS generation and, in the most frequent form, the deficiency of
Nox2 subunits. Nox2 is expressed by platelets and its increased activity has been shown to be correlated
with platelet activation, isoprostane formation and/or NO inhibition [160,161]. Nox2 activation, platelet
recruitment, and isoprostane levels are parallelly increased in diabetic patients and these could be
cause of reduced efficacy of aspirin [162].

Oxidation reactions are elevated in patients with T2DM and significantly contribute to form
isoprostanes, which are produced from AA through a non-enzymatic process of lipid peroxidation,
catalyzed by oxygen-free radicals on cell membranes [163]. Since structurally similar to prostaglandins,
once released isoprostanes activate the same receptors. 8-iso-PGF2α influences some aspects of platelet
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function such as adhesive reactions and activation by low concentrations of other agonists [134].
In poorly controlled diabetes, plasma levels of 8-iso-PGF2α are increased and correlate with impaired
glycemic control and enhanced lipid peroxidation, thus providing a biochemical link between impaired
glycemic control and persistent platelet activation [164].

8.3. Shear Stress

The increased tendency of platelets from diabetics to aggregate is tightly regulated not only by
the diabetic milieu but also by complex conditions of flow dynamics. Thrombotic complications are
deeply influenced by the effects of hemodynamic environment at the site of vessel injury or plaque
rupture blood on endothelial cells constantly exposed to multiple physical forces generated by the
movement of blood. In normal conditions, the physiological shear stress-induced endothelial release of
NO and PGI2 does not allow platelets to adhere to the vessel wall [165,166]. In response to abnormal
blood flow endothelial cells can modify their shape, function and gene expression, which, in turn,
affect platelets, whose adhesiveness and activation change. High shear rates (>1000 s−1) promote
platelet aggregation critically modulated by vWF, endogenously present in the subendothelial matrix
or absorbed onto injured tissue components exposed to plasma [167], and subjected to conformational
changes that determine vWF self-association and vWF fiber formation [168]. Furthermore, vWF
activation also requires the formation of disulfide bridges from free thiols [169], this reaction depends
on ROS [170] whose levels, as known, are increased in T2DM. Further studies also showed that in
T2DM hyperglycemia causes membrane lipid peroxidation and osmotic fragility in red blood cells [171]
leading to increase extracellular hemoglobin which directly affects the GPIbα-vWF interaction [172].
In particular, increased platelet adhesion, and microthrombi formation on fibrin(ogen), extracellular
matrix, and collagen at high shear stress in the presence of free hemoglobin (≥50 mg/dL) were
found. These may have implications on the shear stress-induced platelet aggregability explaining,
at least in part, the increased platelet aggregation in whole blood from T2DM patients. Taking into
account that T2DM patients show higher plasma concentrations of vWF, correlated with HbA1c
and chronic hyperglycemia, we can suppose that the occurrence of a disturbed microhemorrheology
in a diabetic environment, characterized also by elevated ROS levels, contributes to exacerbate the
prothrombotic phenotype.

9. Role of Dyslipidemia in the Impaired Platelet Reactivity

Dyslipidemia is recognized as an independent risk factor for coronary artery and peripheral
vascular disease. In this association a major role is exerted by the effects of accumulation of plasma
oxidized lipids on platelet function suggesting a potential causative role for dyslipidemia in the
promotion of platelet hyperreactivity in CVD [173,174]. Cholesterol accumulation in plasma membrane
alters membrane structure with effects on signaling via surface receptors. Indeed, the mechanisms
by which dyslipidemia promotes platelet activity and thrombosis in vivo are multiple also for the
heterogeneous nature of lipoproteins.

Platelets become sensitive to a wide spectrum of interactions after low-density lipoprotein
cholesterol (LDL) binding to the specific receptor on the platelet membrane: in their native form, LDLs
alone do not induce platelet aggregation but increase platelet response to proaggregants; if oxidized,
LDLs induce platelet aggregation also in the absence of agonist [175].

The capability of oxidized-LDL (oxLDL) particles to stimulate generation of ROS by lectin-like
oxLDL receptor-1 (LOX-1) binding, a major receptor for uptake of oxLDL in endothelial cells, is
one the mechanisms involved in the reduced NO bioavailability at all stages of atherosclerosis
through the increases in Nox, nuclear factor kappa B (NF-κB), and mitochondrial enzymes involved in
oxidative signaling [176,177]. As known, loss and/or impaired NO action can induce platelet activation,
and in disease states such as hypercholesterolemia and diabetes, where ROS production is increased,
a dysregulated NO metabolism becomes a critical determinant of platelet function. Indeed, diseases
like hypercholesterolemia, where high levels of LDL are often accompanied by increased oxLDL,
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platelet hyperactivity could also depend on hyporesponsiveness to NO-related pathways [61,178–180].
In fact, platelets from patients with primary hypercholesterolemia, if compared with healthy controls,
show higher aggregability to ADP, collagen, AA, higher ROS production, reduced sensitivity to NO,
and increased activation of the proaggregant PI3K/Akt and MAPK/ERK-2 pathways. In the same
individuals, platelet exposure to GLP-1, an incretin hormone with effects depending on GLP-1 influence
on NO-signaling [129], does not exert any of its antiplatelet actions [178]. In this phenomenon, a role
could be played by oxLDL ability to generate Nox2-derived ROS through a CD36-PKC pathway with
inhibition of cGMP signaling [181], a key protective pathway activated by NO that, if overcome, results
in increased platelet activation.

Platelets from patients with hypercholesterolemia show hyperaggregability, increased fibrinogen
binding and surface expression of CD62P, increased production of TXA2 and superoxide anion, whereas
plasma derived from the same patients contains increased concentrations of platelet activation markers,
such as soluble sCD-40L, PF-4, sP-selectin, and β-thromboglobulin [182–184]. Many of these impaired
platelet parameters of platelet aggregation and activation are corrected by lipid-lowering treatments.

In vitro and in vivo studies show that statins, inhibitors of 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase and the most relevant drugs used to lower serum cholesterol levels, due to their
pleiotropic effects decrease subclinical inflammation, oxidative stress, endothelial dysfunction, platelet
aggregation, and activation [185–189], improving platelet sensitivity to NO [178], and aspirin [184],
but not to GLP-1 [178]. The causes of the enhanced platelet hyperaggregability and the defective GLP-1
actions in dyslipidemia can be multifactorial, although the strong correlation with LDL underlines
the role of cholesterol as a major determinant of platelet hyperreactivity with a putative role also in
the impaired response to GLP-1. The modulating effects of GLP-1 on platelet function might have
protective roles on the cardiovascular system, thus suggesting that a reduced and/or impaired action of
GLP-1 on platelets could be involved in the platelet hyperreactivity described in metabolic disorders
such as diabetes [190,191] and dyslipidemia [192,193].

Although statins represent important tools for primary and secondary prevention of CV events in
hypercholesterolemia, only a low percentage of patients reach a predefined LDL target thus justifying
the development of new approaches to lipid modification. At this purpose, the inhibition of proprotein
convertase subtilisin/kexin type 9 (PCSK9) to reduce plasma LDL is a new approach for the treatment
of hypercholesterolemia because it allows us to address the unmet clinical needs of achieving goal
LDL levels for the majority of patients with high CV risk. PCSK9 is a major regulator of LDL levels as
it promotes the degradation of hepatic LDL receptors, thus its inhibition causes an increase of LDL
receptor activity and more circulating LDL is removed [194].

It has been recently shown that in primary hypercholesterolemia the in vivo treatment with
PCSK9 inhibitors, beyond their lipid-lowering action, had important inhibitory effects on platelet
aggregation and activation [129]. Given the activating direct effect of PCSK9 on platelets [195] and
the relationship between PCSK9 and higher platelet reactivity [196–198], it is plausible that PCSK9
can directly influence platelet reactivity, thus PCSK9 inhibitors also would reduce the direct PCSK9
stimulatory effects on platelets.

The typical dyslipidemia in patients with T2DM and/or the MS is characterized by increased
plasma TG concentration and low HDL concentration. In such context, the presence of small, dense
LDL, more prone to oxidation, leads to a mixed atherogenic dyslipidemia.

Even though LDLs affect platelet function by modulating platelet activity more strongly
than hypertriglyceridemia [173,199], there is evidence that TG-rich particles can directly activate
platelets [200].

HDL has been shown to mediate various antithrombotic effects [201]. The infusions of reconstituted
HDL decreased platelet activation in diabetic subjects [202]; on the contrary, in condition of impaired
delivery of cholesterol by HDL from plasma and peripheral tissues, marked increases of platelet
activation and thrombosis have been found [203].
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10. Hypertension and Platelets

Arterial hypertension is one of the most important worldwide public-health challenges because
of its high frequency and a leading preventable cause of premature death. Indeed, hypertension is a
multifactorial disease, often clustering with other components of metabolic syndrome such as obesity,
dyslipidemia, and insulin-resistance [204] and platelet activation is deeply involved in at least half of
deaths due to heart disease and stroke [205–207].

Changes in the biochemical and functional profile of plasma membrane of platelets from
hypertensive subjects are suggestive of platelet activation [208]. The increase of shear forces due to
elevated blood pressure, especially adjacent to the endothelium, can promote platelet activation and
degranulation [209].

Impaired NO availability, increased oxidative stress, altered Ca++metabolism [210], and membrane
permeability [211] are some of platelet abnormalities observed in hypertensive patients.

Vascular and endothelial dysfunction are linked to arterial hypertension and may result in a
greater propensity for platelets to cause thrombosis. Actually, given the central role of endothelial cells
in avoiding platelet adhesion and maintaining normal platelet function, the presence of dysfunctional
endothelium would promote platelet adhesion and activation.

An important consequence of endothelial dysfunction is the reduced bioavailability of NO, a key
molecule for CV health. This may be a consequence of the endothelial nitric oxide synthase (eNOS)
polymorphisms [212], reduced NO production or increased breakdown of NO by ROS [213,214].
In particular, the uncoupled state of eNOS leads to a decrease in NO synthesis and increase in
ROS production. The quenching of NO by superoxide anions contributes to impaired vascular
smooth muscle cell response [215] and relaxation [216]. Platelets express both the constitutive eNOS,
and inducible NOS (iNOS) with distinct molecular structure and characteristics [217]. The constitutive,
calcium-dependent eNOS is responsible for NO production in platelets, which in turn inhibits platelet
activation and aggregation by increasing cGMP levels [218]. Increase in intraplatelet Ca++ [219] and
decrease of NO bioavailability [210] could explain, at least partially, the higher platelet aggregation
observed in hypertension.

Stimulated platelets release vascular endothelial growth factor (VEGF) [220], one of the most
potent angiogenic factors, and elevated VEGF levels have been found in patients with atherosclerotic
risk factors, including hypertension [221–223]. The association between sP-selectin and VEGF levels
corroborates the hypothesis that platelets are likely to be a relevant source of VEGF in hypertension;
in this setting, aspirin inhibits the agonist-induced platelet aggregation and also VEGF release [224].

Intracellular Ca++ and Na+ contents can modify membrane fluidity and microviscosity that,
in turn, can influence receptor functions or enzyme activities [225]. Indeed, arterial hypertension is
characterized by a number of structural and functional alterations of the cell membrane including
changes in membrane permeability, signal transduction, ion transport, receptor functions, because
of plasma membrane differential composition, which in turn might disturb the asymmetry of the
platelet plasma membrane [226,227]. Recently, structural and biochemical abnormalities in the platelet
membrane from hypertensive subjects have been confirmed by studies showing an overexpression of
the epithelial sodium channel [228] involved in the regulation of extracellular fluid volume and blood
pressure and dispensable in platelets for migration, alpha- and dense-granule secretion and platelet
collagen activation [211].

11. Conclusions

Platelets are key players in the thrombotic process in patients with metabolic abnormalities
associated with increased risk of CVD.

This review provides an overview of changes in platelet function occurring in metabolic
and hemodynamic disorders mainly characterizing the MS, all with an impact on the risk of CV
morbidity and mortality owing to atherothrombotic events. Many of impairments in platelets
converge on oxidative stress with release of oxidation products, which have a causal link to platelet
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hyperaggregability and hyperactivation. The excess of adipose tissue of the trunk and/or abdomen
has a strong impact on vascular complications, through the production of PMPs and mediators with
paracrine and endocrine actions, which influence platelet response. Platelet indices and biomarkers of
platelet activation may have useful clinical value through the whole journey of cardiometabolic diseases
for prediction and risk assessment of thrombotic risk. Different methodological approaches for platelet
(dys) function investigations are now available and each-one based on different operating principles.
However, few assays are able to assess “all in one device” platelet aggregation and activation pathways
and standardization and quality controls are still limited despite several efforts.

Insulin resistance, a condition frequently associated with obesity, with or without hyperglycemia,
dyslipidemia, and hypertension alters a number of distinct aspects of hemostasis responsible for
platelets more prone to aggregate to agonists and less responsive to platelet inhibitors. However,
weight reduction is a powerful measure to restore a physiological platelet function in obese subjects.
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Abstract: Besides their vital role in hemostasis and thrombosis, platelets are also recognized to be
involved in cancer, where they play an unexpected central role: They actively influence cancer cell
behavior, but, on the other hand, platelet physiology and phenotype are impacted by tumor cells.
The existence of this platelet-cancer loop is supported by a large number of experimental and human
studies reporting an association between alterations in platelet number and functions and cancer,
often in a way dependent on patient, cancer type and treatment. Herein, we shall report on an
update on platelet-cancer relationships, with a particular emphasis on how platelets might exert
either a protective or a deleterious action in all steps of cancer progression. To this end, we will
describe the impact of (i) platelet count, (ii) bioactive molecules secreted upon platelet activation,
and (iii) microvesicle-derived miRNAs on cancer behavior. Potential explanations of conflicting
results are also reported: Both intrinsic (heterogeneity in platelet-derived bioactive molecules with
either inhibitory or stimulatory properties; features of cancer cell types, such as aggressiveness
and/or tumour stage) and extrinsic (heterogeneous characteristics of cancer patients, study design
and sample preparation) factors, together with other confounding elements, contribute to “the Janus
face” of platelets in cancer. Given the difficulty to establish the univocal role of platelets in a tumor,
a better understanding of their exact contribution is warranted, in order to identify an efficient
therapeutic strategy for cancer management, as well as for better prevention, screening and risk
assessment protocols.

Keywords: microvesicles; miRNAs; paraneoplastic thrombocytosis and thrombocytopenia; platelet
activation; platelet-derived bioactive molecules; platelet-tumor crosstalk

1. Introduction

Platelets were described for the first time in 1882, when the Italian pathologist Giulio Bizzozero
identified in the blood vessels “very thin platelets, disc-shaped, with parallel surfaces or rarely
lens-shaped structures, round or oval and with a diameter 2–3 times smaller than the diameter of
the red cells . . . ” that “when they are circulating in the blood stream of a living animal a small
injury to the vessel wall, or contact with a foreign body is sufficient for them to become viscous,
to adhere to one another and so form a white thrombus” [1]. Platelets, indeed, are small, anucleated
cytoplasmic fragments derived from large (30–100 μm) progenitor cells, the megakaryocytes, formed
in bone marrow, lungs and blood [2–5], which are vitally involved in thrombosis and hemostasis [6].
Nevertheless, besides this primary function, platelets are also recognized to affect immune and
inflammatory responses, thus participating in regulation of biological mechanisms underlying a broad
range of human disorders. A large body of experimental and clinical evidences, indeed, shows that
platelet activation and dysfunction are implicated in diabetes, cardiovascular disease, chronic back pain,
sepsis, Alzheimer’s disease, multiple sclerosis, psychiatric disorders and other central and peripheral
pathological conditions [7–11]. In this context, the unexpected central role of platelets in cancer biology
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is noteworthy: They actively influence cancer cell behavior, but, on the other hand, platelet physiology
and phenotype are impacted by tumor cells [12]. Indeed, a large number of experimental and human
investigations support the hypothesis that tumor cells are able to modulate the RNA profile, number
and activity of platelets that, once “educated”, would regulate the tumor microenvironment and
progression in a way dependent on the patient, cancer type and treatment. Nonetheless, the exact
molecular mechanisms underlying this platelet-cancer loop are not yet well defined, often due to
contradictory data.

Therefore, based on this background, the present review will focus on platelet-cancer crosstalk
and their mutual impact, especially considering how platelets might exert either a protective or a
deleterious role in all steps of cancer progression.

2. Paraneoplastic Thrombocytosis and Thrombocytopenia in Cancer

In healthy subjects, platelet count ranges from 150,000 to 450,000/μL, with age-, sex-, race- and
genetic background-specific reference intervals [13,14]. A fine-tuned control of both platelet number
and function exists, being ensured by the delicate balance among their (i) production, (ii) maintenance
in the circulation (average life span of 8–10 days) and (iii) clearance of senescent cells (via hepatic and
splenic macrophages, as well by apoptosis) [15–17].

In the light of the central roles played by platelets in a multitude of biological events, abnormalities
in their number that often accompany various pathologies are clearly relevant, and this also applies
to cancer.

Although, with some inter-individual variations, a platelet count of ≥450 × 109/L is a generally
accepted value used to identify a clinically significant thrombocytosis [18], which has a multitude of
potential etiologies. In particular, it can be classified as (i) primary thrombocytosis, when it occurs as
the result of genetic or chronic myeloid disorders [19–21] or (ii) secondary or reactive thrombocytosis,
when it occurs as a comorbidity of another underlying disease independent of a vascular event,
including cancer. In the latter case, the pathology is called paraneoplastic thrombocytosis [22,23].
According to the clinical evidence that patients with a high platelet count have a higher risk to develop
venous thromboembolism (VTE) [24], cancer patients frequently show activated coagulation pathways,
resulting in a four-fold increase in thrombosis risk [25].

The first evidence of paraneoplastic thrombocytosis dates back to 1964, when Levin and Conley
found that, among their hospitalized cancer patients, at least 40% had thrombocytosis [26]. Since then,
an ever-growing body of studies has reported a significant association between thrombocytosis and
solid tumors, with a range of thrombocytosis incidence at initial diagnosis of 4–55% [27–31]. This
evidence may assume clinical implications, if we consider that a large amount of retrospective and
meta-analysis studies point out to the correlation among higher platelet count and tumor progression,
advanced-stage disease, vascular thromboembolic complications and poor survival in patients with
different solid tumors, such as esophageal cancer, bladder cancer, inflammatory breast cancer and
epithelial ovarian cancers (see Table 1) [28,31–38].

Conversely, such a correlation has not been found by other authors [29,39–41], or it appears strictly
dependent on inflammatory components, as described by a recent retrospective study of 3654 patients
with stage I–III breast cancer, of whom 6.5% had a diagnosis of Inflammatory Breast Cancer (IBC),
the most aggressive form of breast tumors [37]. What emerged from this study is that thrombocytosis,
more prevalent in IBC patients, correlated with poor overall survival in these subjects, but not in
non-IBC individuals [37].

It must not be overlooked that some investigations reporting a correlation among platelet count,
metastasis and shortened survival had some limitations, such as a low platelet count threshold
(<200 × 109/L) not clinically correct to define a patient as having real thrombocytosis [33,34,37,42].
In addition, heterogeneity in sample size, clinical stages, treatment and follow-up, smoking history
and inclusion/exclusion criteria may make it difficult to establish a univocal association between
thrombocytosis and poor prognosis in cancer patients.
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However, available literature data suggest that thrombocytosis is a paraneoplastic event
not depending on elongation of platelet half-life survival [44], but on increased thrombopoietin
(TPO)-dependent thrombopoiesis, together with the action of inflammatory cancer-derived cytokines.
TPO is normally produced and secreted by the liver, kidney and bone marrow at a fixed rate and
it promotes megakaryocyte growth and platelet generation, by binding to its receptor c-MPL and
triggering activation of the Janus kinase (JAK)/signal transducer and activator of the transcription
(STAT) pathway [45]. It is well documented that increased circulating TPO levels might be one of the
mechanisms accounting for cancer-related thrombocytosis, as demonstrated by elevated TPO levels
in plasma of cancer patients with a high platelet count [46–48]. Two different and complementary
mechanisms have been proposed, both encompassing tumors that represent a TPO source per se and,
moreover, secrete factors targeting hepatic TPO synthesis. In particular, it has been reported that
certain cancer cells, besides expressing TPO receptors on their surface [49], are also able to produce
and release functional TPO [47,50], thus contributing to the rise in blood TPO levels. Additionally,
cancer cells release a plethora of humoral factors and cytokines, and some of them have been shown
to upregulate hepatic TPO biosynthesis; this is the case of the pleiotropic cytokine interleukin (IL)-6,
a major mediator of inflammation and activator of STAT3 [51], whose deregulated overexpression
has been associated with tumor progression [28,52–55]. Both IL-6 and its receptors (IL-6R and sIL-6R)
are, indeed, upregulated in tumors [56–61] and their increased content in plasma of cancer patients
correlates with a poor diagnosis [28,56,61,62], thus indicating clinical utility of IL-6 as a biomarker or
therapeutic target in cancer management. An elegant model proposed by several authors suggests that
IL-6 plays a crucial role in inducing cancer-related thrombocytosis, via up-regulation of hepatic TPO
transcription [28,53–55]. In particular, this molecular model hypothesizes that cancer cells release large
amounts of IL-6 that, in turn, determines complex chains of events (i.e., an increase in platelet count,
tumor growth and metastasis) reinforcing themselves through a feed-forward loop. This hypothesis
has been confirmed by the study of Stone and co-workers [28], who analyzed 619 patients with
epithelial ovarian cancer and of whom 30% had thrombocytosis at the time of initial diagnosis. The
researchers found that TPO and IL-6 levels were high in patients who had thrombocytosis, as compared
with those who did not, and that an increase in IL-6 levels positively correlated with plasma TPO
levels and thrombocytosis, while negatively correlating with patient survival. Further proofs of the
crucial role of IL-6 in paraneoplastic thrombocytosis have also been provided by molecular/genetic
and pharmacological experiments: Silencing of Il-6 and tpo genes fully abrogated thrombocytosis in
murine ovarian cancer, and siltuximab (humanized anti-IL-6 antibody) significantly reduced tumor
growth and platelet count, both in murine and human ovarian cancers [28].

Other circulating factors released by cancer cells and known to stimulate thrombopoiesis and
megakaryopoiesis are granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage
colony-stimulating factor (GM-CSF), whose blood levels are increased in cancer patients with
thrombocytosis [63].

A more in-depth analysis of basal cytokine profile in 81 newly diagnosed IBC patients revealed that
patients with thrombocytosis, although not differing in IL-6 levels with respect to IBC subjects without
thrombocytosis, showed a positive correlation between serum levels of Growth-Regulated Oncogene
(GRO) and Transforming Growth Factor (TGF)-β and IBC-related thrombocytosis [37]. In this context,
it should be underlined that both cancer cells and activated platelets are able to release GRO and
TGF-β [64–66], thus suggesting that the observed increase in their content might be a consequence
rather than a cause of thrombocytosis. In addition, the study has several limitations, above all the
lowering of the thrombocytosis threshold from 450 to 300 × 109/L. Therefore, more studies are needed to
establish a real relationship between these two cytokines and platelets in the context of tumor biology.

While thrombocytosis is more frequently reported to be associated with increased mortality, some
findings also suggest the presence of cancer-related thrombocytopenia. For example, a strong trend
toward increased mortality has been found in thrombocytopenic patients (hazard ratio (HR) = 1.50,
but without reaching statistical significance) [43], although it is conceivable that thrombocytopenia
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might be a surrogate for general debility and/or other clinical factors, such as possible sepsis and
hematological abnormalities that could contribute to overall mortality.

Thrombocytopenia is a frequent complication in solid tumors [67]. The degree and incidence of
this disease depends on the type of malignancy, tumor stage and treatment approach [68]. It has also
been described as a complement of local cancer recurrence and may be considered a paraneoplastic
syndrome [69] Some tumors can alter the platelet count below 100× 109/L, leading to thrombocytopenia,
and therefore cancer patients have a high risk of hemorrhagic complications [68]. The first evidence of
low platelet count and bleeding episodes in patients with malignancies came from Gaydos in 1962:
He demonstrated that bleeding episodes in patients with leukemia were frequently associated with a
decreased platelet count [70]. Since then, other studies reported similar bleeding events in solid tumor
patients [71,72].

Single nucleotide polymorphisms (SNPs) and mutations in genes encoding for cytokines and
transcription factors are both two major causes of thrombocytopenia in solid tumors, including lung,
breast, ovary and colorectal cancers [72]. Just as an example, the -31 T > C SNP of the il-1β gene was
up-regulated in solid tumors associated with thrombocytopenia [73,74]. It is unclear how IL-1β can
induce thrombocytopenia in solid tumors, but it is known that -31 T > C SNP can increase susceptibility
to thrombocytopenia in these malignancies [72]. A strong association between IL-1β -31 T > C SNP
and Helicobacter pylori infection has also been reported: The two phenomena collaborate themselves
to increase the risk of gastric cancer with hemorrhagic complications [75,76]. IL-6 is also involved
in thrombocytopenic mechanisms, as well as in paraneoplastic thrombocytosis. The IL-6 -174 G/C
SNP has been reported in many malignancies, including adenocarcinoma, lung, colorectal, gastric and
ovarian cancers [73,77,78]. This polymorphism also has been correlated with a poor prognosis, because
it can induce antibody production against platelets, increasing the risk of thrombocytopenia [72].

As mentioned before, several transcription factors can be associated with thrombocytopenia, due
to their involvement in platelet production. For example, overexpression of GATA3, a member of the
GATA family of transcription factors that control maturation of hematopoietic stem cells, can stimulate
platelet clearance, worsening the prognosis in breast cancer [79]. Another example is represented
by Homeobox (HOA) genes that control proliferation and maturation of hematopoietic stem cells:
Hypermethylation of hoxa11, for example, increased the incidence of thrombocytopenia and risk of
poor prognosis in lung, gastric and breast cancers [80,81]. Although few studies have evaluated
genetic changes in the incidence of thrombocytopenia, it seems that investigations on the mechanisms
accounting for this phenomenon may be useful for the prevention of bleeding in solid tumors and for
choosing the appropriate treatment [72].

Clinical observations of the impact of platelet count on cancer biology have been supported
by studies employing platelet-depleted or transgenic mice [82]. A significant reduction in
neovascularization has been observed in different transgenic mice-rendered thrombocytopenia [83],
with GPIbα/IL4R transgenic mice (lacking the receptor for the von Willebrand factor as well as other
adhesive and pro-coagulant proteins) showing the most severe phenotype [83,84]. Furthermore, in a
mammary carcinoma murine model, platelet depletion increased the efficacy of the chemotherapy, by
favoring drug delivery and tumoricidal action [85]. Thus, currently available animal models of platelet
dysfunction may provide a framework for better understanding the molecular mechanisms through
which thrombocytosis or thrombocytopenia impact cancer progression.

3. Platelet-Derived Bioactive Compounds

It is now recognized that tumor cells and platelets strictly influence each other, thus establishing
the so-called “platelet-tumor loop”. The need for recruiting platelets is supported by several evidences:
(i) tumor cells sequester platelets in order to escape themselves from immune system surveillance [86,87];
(ii) platelets associate with cancer emboli, thus prolonging survival of circulating tumor cells and
promoting their arrest and adhesion to endothelium for transmigrating to metastatic sites [86,88];
and (iii) platelets secrete a plethora of tumor, angiogenic, growth and permeability factors, which can
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regulate tumor growth, epithelial to mesenchymal transition and metastasis (see below). Noteworthy,
circulating hyperactivated platelets, as well as exhausted platelets (i.e., with totally or partially depleted
granules, as a consequence of previous activation), are commonly found in subjects with different
tumor types, concomitant with the high incidence of VTE [89].

In order to grow and develop metastasis, tumor cells concurrently influence platelet behavior
by up-regulating synthesis and/or release of several compounds able to promote platelet activation
and aggregation [90–92]. For example, when compared to benign tumors, malignant cells show
higher generation of thrombin, one of the most potent platelet activators with strong pro-coagulating
properties [93], but also able (when bound to thrombomodulin expressed on endothelium) to attenuate
the thrombotic cascade [94,95]. Accordingly, blood thrombin concentrations negatively predict both
success to surgery/chemotherapy and survival of patients with gynecological tumors [96]. A cohort
study enrolling 112 patients with different cancers revealed that, although without association with
disease state, rise in thrombin levels were dependent on tumor site, with lung cancers having more
significant increases compared to brain and pancreas cancers [97]. Detrimental effects of increased
thrombin generation seem to rely on its ability in promoting, in concert with its targets (among them,
protease-activated receptor-1 and -4), cancer adhesion to platelets or endothelium via up-regulation of
pro-inflammatory cytokines, adhesion molecules, angiogenic factors, and matrix-degrading proteases,
thereby dramatically increasing tumor growth, angiogenesis, invasion, and metastasis [98]. Proofs
of the “tumor cell-induced platelet aggregation” also come from quantitative analysis of circulating
neutrophil elastase (which proteolytically activates integrin αIIbβ3) and serglycin (a pro-apoptotic
and half-life cytokine regulating protein) in melanoma patients; while levels of the former were found
up-regulated in cancer subjects, content of the latter was low [99], thus indicating the role of activated
platelets in promoting cancer progression.

Although data on the molecular mechanisms underlying platelet hyperactivation are still not
well-defined and often contradictory, nonetheless they suggest the involvement of some platelet
bioactive molecules. Among them, those contained in α-granules play a pivotal role during
platelet-cancer crosstalk (Table 2).

Table 2. Main platelet-derived proteins involved in cancer.

Molecule Main Findings Role in Cancer Ref.

P-selectin

↑ tumor cell extravasation by promoting cancer cell
interaction with platelets and endothelium

↑ platelet activation by increasing thrombin generation
↑monocyte TF exposure

NEGATIVE

[98,100–103]

TF
Clotting cascade activation

↑ cancer cell survival, ↑ angiogenesis,
↑ tumor growth, ↑metastasis

[100]

VEGF
↑cancer growth and angiogenesis

↑MK maturation [101]

EGF
↑mesenchymal and epithelial cell proliferation
↑ pro-angiogenic effect of other cytokines [102]

Ang-1 ↑ vessel development and maturation [103]

PDGF-BB

↑ cancer cell proliferation, survival and invasion
↑ tumor stroma changes
↑ blood vessel maturation

[104,105]

↓ tumor cell growth and dissemination
↓metastasis POSITIVE

[106]

Endostatin,
TSP-1,

angiostatin
↓ angiogenesis [107,108]

Ang-1: angiopoietin-1; EGF: endothelial growth factor; MK: megakaryocytes; NK: natural kill cells; PAI-1:
plasminogen activator inhibitor-1; PDGF-BB: Platelet-derived growth factor BB; TF: tumor necrosis factor; TSP-1:
thrombospondin-1; VEGF Vascular endothelial growth factor.

Besides P-selectin and other clotting proteins (such as thrombospondin, fibrinogen, fibronectin
integrin αIIβ3, integrin αVβ3, factor V, and the von Willebrand factor), α-granules contain growth and
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pro-angiogenic factors (including Platelet-Derived Growth Factor (PDGF), Vascular Endothelial Growth
Factor (VEGF), TGF-β, Epidermal Growth Factor (EGF) and Angiopoetin-1 (Ang-1)), which are secreted
following platelet activation and, either directly or indirectly, promote tumorigenesis. For example,
besides directly promoting cancer progression and tumor cell extravasation (by facilitating interaction
of cancer cells with platelets and endothelium) [109,110], P-selectin may indirectly exacerbate cancer
evolution by triggering thrombin generation [111] and rapid monocyte exposure of tissue factor
(TF) [100]. The latter protein, primarily involved in activation of the clotting cascade, positively affects
tumor growth and metastasis: TF (produced by cancer cells) present in the tumor microenvironment
may increase cell survival and/or angiogenesis, while TF present in the bloodstream (deriving from
both monocytes and circulating cancer cells) has been shown to enhance thrombosis, tumor growth
and metastasis. Several studies showed that P-selectin (either soluble or membrane-bound) changes in
cancer patients, although controversial data have been documented. Some clinical studies found high
P-selectin levels in cancer patients, with or without correlation to tumor clinical advancement [97,112];
conversely, recent observational and longitudinal studies enrolling patients with heterogeneous cancers
found a decrease in platelet surface expression of this protein, which, together with diminished integrin
αIIbβ3 exposure, thrombin and collagen receptor responsiveness and monocyte–platelet aggregate
formation, correlates with risk of mortality and VTE [113,114]. Nevertheless, a lack of data on platelet
activation changes in relation to cancer evolution makes it difficult to clarify whether decreased platelet
reactivity is a consequence of continuous pre-activation in patients with poor prognosis or, rather,
it represents a cancer-independent event, or even it is the result of a lack of protective effects exerted by
activated platelets.

PDGF also has been implicated in tumorigenesis: It acts on tumor cells, thereby favoring
proliferation, survival and invasion [104,105], and, in the meanwhile, creates a favorable
microenvironment for tumor cells by inducing changes into tumor stroma and promoting blood
vessel maturation (especially in advanced stages of angiogenesis) [115]. Accordingly, anti-PDGF drugs
significantly inhibit tumor growth and metastasis, although downregulation of PDGF-BB (one of the
five isoforms) signaling is associated with tumor cell dissemination and metastasis [106]. In the latter
case, a protective role of PDGF-BB has been suggested, since its overexpression, by increasing tumor
pericyte content, decreases colorectal and pancreatic cancer growth [116]. However, data on PDGF-BB
content in cancer patients are controversial: Concentrations of secreted PDGF-BB, for example, have
been found to be significantly high in the serum of colorectal carcinoma patients [117], but low in liver
cancer patients with recurrence [118].

Among platelet-derived growth factors/cytokines, VEGF, EGF and Ang-1 play a crucial role
in cancer angiogenesis [101–103]. Concerning the pro-angiogenic effect, the mutual influence of
platelets and tumor cells also is not fully determined. A recent study performed on twenty-four
women with active breast cancer and ten healthy controls showed that breast cancer and its
chemotherapeutic treatment influence platelet phenotype, by increasing VEGF release and modulating
the response to antiplatelet therapy [119]. Noticeably, an autocrine–paracrine loop, occurring in the
bone marrow microenvironment and involving VEGFR-1-dependent megakaryocyte maturation has
been documented [120]. Such evidence, together with the finding that tumor-derived IL-6 leads to
enhanced megakaryocyte VEGF expression and a higher platelet VEGF load (concomitantly associated
with fast tumor growth kinetics and poor diagnosis), strongly suggest a cooperation between platelets
and cancer in promoting angiogenesis [121]. Conversely, low EGF levels have been found in cancer
subjects with recurrence, and an inverse correlation between its concentrations and survival [118] has
been documented in these subjects. Low serum Ang-1 levels, related to poor diagnosis, were also
found in subjects with certain types of cancer [118]. On the contrary, patients with lung and ovarian
cancer show high Ang-1 concentrations not related to patient survival [122].

In proteomic studies, α-granules also have been shown to contain a plethora of angiogenesis
inhibitors, including endostatin, platelet factor-4, thrombospondin-1, α2-macroglobulin, plasminogen
activator inhibitor-1 and angiostatin. Therefore, activated platelets can organize regulatory proteins in
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the α-granules in order to selectively address the release of pro- or anti-angiogenic factors, depending
on which different sets of α-granules are segregated [107,108]. Although cancer cells might have
the ability to provoke preferential release of pro-angiogenic mediators from platelet α-granules, in
order to create a dynamic microenvironment favorable for their growth and survival [107], several
experimental and clinical data point out that platelet secretion in the tumorigenic microenvironment
might also be oriented towards an anti-angiogenic effect. Such a hypothesis is supported by several
findings: (i) significantly higher endostatin levels have been found in hepatocellular carcinoma patients,
as well as in gastric cancer subjects [123,124]; (ii) increases in circulating thrombospondin-1 have been
found to positively correlate with survival of patients with gynecological and non-small cell lung
cancer [125,126]; and (iii) higher levels of angiostatin have been found in serum of prostate cancer
patients [127], as well as in urine of patients with epithelial ovarian cancer [128].

Platelets also secrete other factors, which can interfere with all steps of cancer development
and metastasis. Serotonin, a monoamine synthesized by enterochromaffin cells in the intestinal
mucosa, is largely (about 95%) sequestered by platelets in dense granules, from which it is released
in response to various stimuli [12]. A large body of experimental data support both stimulatory
and inhibitory properties of serotonin on tumor onset and progression [129–134]. Such different
behavior is much likely due to the ability of serotonin to act in a concentration-dependent manner, as
well as in its capability to activate distinct signaling pathways, depending on the receptor subtype
present at various tumor stages. Coherently, high serotonin levels, correlating with the tumor stage,
distant metastases and a poor prognosis, have been found in the serum of patients with different
solid tumors [131,135–137], whereas low concentrations have been found in hepatocellular carcinoma
patients, who showed recurrence after partial hepatectomy [118]; in untreated breast adenocarcinoma
or malignant melanoma patients, where the phenotype (also associated with a high ATP/ADP ratio and
index of delta storage pool deficiency) was more marked in regionally spread malignant tumors [138].

Platelets are also important producers of eicosanoids, lipids derived from polyunsaturated
fatty acids (PUFAs), through the catalytic action of cyclooxygenase (COX) and lipoxygenase (LOX).
Eicosanoids are crucially involved in several pathophysiological conditions [139], and the intersection
between changes in certain platelet-derived eicosanoids and cancer appears particularly intriguing.
For example, a multi-omics analysis of serum from metastatic melanoma patients revealed a rise
in the concentration of 12-hydroxyeicosatraenoic acid (HETE) and 15-HETE eicosanoids, which are
respectively produced by platelet 12-LOX and COX-1 [99]. These two platelet-derived eicosanoids
have also been shown to exert pro-malignant effects in several cancer types, by activating mitogen
and angiogenic pathways [139–142]. Coherently, blockage of COX-1 by aspirin causes the loss of
platelet ability to transform human colon carcinoma cells into mesenchymal-like cells [139,143] and the
long-term use of low-dose aspirin is associated with a reduction in risk of various cancers [144].

Finally, activated platelets release lysophosphatidic acid (LPA), a bioactive lipid growth factor,
which has been shown to promote cell proliferation, survival, migration, tumor cell invasion and
reversal of differentiation, through multiple G protein-coupled receptor (LPA1-6) cascades [145].
Several studies have found a relationship between plasma LPA levels and ovarian carcinoma; for
example, a meta-analysis, comparing LPA levels in the serum of 980 ovarian cancer patients, 872 benign
controls and 668 healthy controls, showed higher LPA plasma levels in the cancer group with respect
to the benign and healthy control samples [146], thus suggesting that the raised detection of plasma
LPA might be a potential diagnostic biomarker. Nonetheless, this finding is not supported by a
recent lipidomic study that did not find any change in the content of this lipid in serum of ovarian
cancer patients [147]. Discrepancies in the results can be explained taking into the account that, due
to its susceptibility to sample processing procedure (e.g., plasma storage time at room temperature
and anticoagulant used for blood drawing), LPA can artificially increase. In the light of this finding,
therefore, it appears important to consider these confounding factors, in order to reduce to the minimum
potential errors in measuring plasma LPA.
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4. Platelet Microvesicle-Derived miRNAs

Upon activation, platelets release microvesicles (MVs), which are vesicular fragments with a
diameter ranging from 0.5 to 1 μm, that express parental antigens (such as P-selectin and integrin
αIIbβ3) and contain a plethora of mediators (growth factors, cytokines, inflammatory molecules,
mRNAs and miRNAs) able to exert biological effects. These platelet MVs, accounting for 70–90%
of all MVs circulating in the bloodstream, contribute to regulation of the tumor microenvironment
and cancer-cell interactions [148–150]. Accordingly, cancer patients usually show increased levels of
circulating MVs (in a way, that is different depending on tumor type, but it is directly proportional to
tumor stage), which may be prognostic for monitoring tumor progression and response to specific
therapeutics [151].

Although the role of MVs in cancer progression is multi-faceted and not fully understood,
nonetheless it is becoming clear that MVs represent one of crucial determinants in tumor biology.
Firstly, surface expression of platelet antigens leads to shedding of MVs displaying pro-coagulant and
pro-thrombotic features. Therefore, MVs, together with activated platelets, enhance coagulation (which
is further exacerbated by cancer-triggered activation of more platelets), thus playing an additional
role in cancer progression [152]. Secondly, MVs are able to enhance angiogenesis: They stimulate the
expression of pro-angiogenic molecules [including matrix metalloproteinase (MMP)-9, VEGF, IL-8 and
hepatocyte growth factor (HGF)] in tumor cells [153] and drive capillary tube formation by stimulating
endothelial cells [27,82,154].

Noteworthy, a bidirectional effect occurs as cancer cells can induce platelet activation and MV
release; subsequently, a paracrine positive feedback mechanism is established, since MVs, taken
up by cancer cells, potentiate the invasive phenotype through stimulation of migration [148,155].
Interestingly, although different cancer cells are able to induce platelet-derived MV release, only the
most aggressive ones are responsive to MV action and, furthermore, only some subsets of MVs can
positively feed back to cancer cells [155]. These findings suggest that i) cancer/platelet interplay is
complex and strongly dependent on features of tumor cell type and ii) composition of MVs may differ
depending on the stimulus given to platelets [155]. These findings may clarify discrepancies observed
by authors in studies using different platelet preparations, agonists and cancer cell types. Just as an
example, our recent work [156] showed that MVs, once internalized by cancer cells, inhibit migration
rather than enhancing invasive properties; this may be explained considering that MV release was
induced not by cancer cells but, instead, by a different stimulus (namely, arachidonic acid) that led
to MV enrichment of specific bioactive molecules. Therefore, depending on MV composition, the
effects on tumors may be completely different. A further point of discrimination may reside in MV
internalization, since we found that, albeit taken up, the bioactive molecules delivered to cancer cells
had different stability and, thus, exert their action in a time-and concentration-dependent fashion [156].

Among the bioactive molecules contained inside MVs, microRNAs (miRNAs) deserve a particular
mention. Human platelets, indeed, contain an abundant repertoire of miRNAs that are released through
MVs; depending on the nature of the agonists or stimuli activating platelets, the miRNA content of
MVs can vary, but it always mirrors the content found in the platelets from which MVs derive [157].
It is exactly this heterogeneity of composition that may account for the observed differences in terms
of molecular targets, mechanisms of action and effects on cancer cells (Table 3) [152]. If, on one side,
cancer-promoting effects of MVs have been described (especially related to their content in growth
factors, inflammatory cytokines and angiogenic factors), it is also true, on the other hand, that the ability
to deliver miRNAs to recipient cells (including cancer cells) suggests a potential tumor-suppressive role.
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Platelet MVs can, indeed, be viewed as intercellular carriers that transfer inside cells specific
molecules able to negatively modulate gene expression, with both positive and negative consequences.
In this context, it should be underlined that most of the studies reporting differential effects of specific
miRNAs in cancer employed transfection experiments, where miRNA expression was artificially
increased and, to the best of our knowledge, only few of them checked the effects in more physiological
(delivery of platelet-derived MVs) conditions.

Transfer of miRNAs to target cells has been shown to promote tumor progression [157]:
miR-939 delivered by platelet MVs induces, in ovarian cancer cells, epithelial to mesenchymal
transition, by down-regulating E-cadherin and up-regulating vimentin expression [163], while
miR-223 has been shown to stimulate lung cancer cell invasion, by targeting tumor suppressor
EPB41L3 [158]. Besides targeting tumor suppressor genes and oncogenes, several miRNAs enriched
in MVs (miR-223, miR-24, miR-27a, miR-155, miR-195, let-7a/b) may also be implicated in therapy
resistance. In small-cell lung cancer, miR-24-3p contributes to resistance to combination therapy
(etoposide plus cisplatin), by targeting the autophagy-associated gene 4A [164]; other miRNAs that
may be involved in drug resistance include miR-130a (which targets the pro-metastatic macrophage
colony-stimulating factor (M-CSF)), and miR-27a and miR-451 (which target the multi drug resistance
transporter 1) [166,167,172,173].

MVs also deliver angiogenic signals [27]: Transfer of miRNA let-7a or miR-27b in endothelial cells
down-regulates the expression of the anti-angiogenic modulator thrombospondin-1, thus enhancing
platelet-dependent endothelial tube formation [168,169].

However, what the available literature data suggest is that platelet-derived MVs may support
cancer progression and metastatic dissemination at late stages, while it seems likely that they exert tumor
suppressive roles at earlier stages. Michael’s group found that circulating MVs directly infiltrating lung
and colon cancer cells deliver miR-24 that suppress tumor growth; this miRNA localizes to mitochondria
where it inhibits mt-Nd2 and Snora75, resulting in mitochondrial dysfunction and induction of apoptotic
cell death [165]. Similarly, miR-223 inhibits migration, stimulates anoikis cell death and enhances
chemo-sensitivity in different cancer cell types [159–161]. We and others have demonstrated that
also platelet-specific miR-126 exert tumor suppressive roles; this miRNA may be a predictor for
tumor relapse in postmenopausal breast cancer patients treated with tamoxifen [174], impairs cancer
progression through direct repression of MMP-9 [170], and MV-mediated delivery into breast cancer
cells induces cell cycle arrest, inhibition of migration and sensitivity to cisplatin [156]. Finally, miR-126
and miR-223 exert antagonistic effects on angiogenesis: miR-126 stimulates VEGF-induced proliferation
in endothelial cells [171], while miR-223 exerts an inhibitory effect on formation of new blood vessels,
by targeting endothelial β1 integrin [162].

The ability of MVs to acquire distinct roles, depending on their repertoire of proteins and miRNAs,
suggest that they may be used as biomarkers with diagnostic and therapeutic implications [175].
For example, plasma levels of platelet MVs, together with VEGF, IL-6 and RANTES, have been found to
be increased in patients with stage IV gastric cancer [176]. Elevated amounts of endothelial and platelet
MVs (that significantly decreased after chemotherapy) have been found in the plasma of non-small cell
lung cancer patients, thus suggesting a predictive role for prognostic clinical outcome [177].

5. Conclusions

Although some symptoms of cancer, such as breast lumps, are classic “alarm” symptoms,
others are ambiguous and more likely caused by other conditions. Accordingly, different studies
demonstrated that alterations in platelet number or/and activity often occur in cancer patients. This
finding, together with the evidence that platelets may basically affect all steps of tumor development,
prompts researchers to carry out more studies for fully understanding the mechanisms underlying
cancer-related platelet dysfunction.

Environmental cancer-related stimuli encountered by platelets are intricate, as are the intracellular
signaling pathways regulating platelet responses to the stimuli themselves. Moreover, due to
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heterogeneity in the cargo of growth factors, cytokines, microRNAs and other bioactive molecules and
platelets may potentially release either stimulators or inhibitors in all cancer steps (Figure 1).

Figure 1. Schematic representation of the main platelet effects on tumor biology. See text for details.
In black: platelet-derived bioactive molecules with positive effects. In blue: platelet-derived compounds
with negative effects. In red: platelet-derived compounds with both positive and negative effects. Lines
with dot indicate either stimulation or inhibition, depending on the platelet-derived bioactive molecule.
12/15 HETEs: 12 and 15 hydroxyeicosatraenoic acid; Ang-1: Angiopoietin; LPA: lysophosphatidic
acid; EGF: Endothelial Growth Factor; P-sel: P-selectin; PDGF: Platelet-Derived Growth Factor; TGF-β:
tumor growth factor-β; VEGF: vascular endothelial growth factor.

Accordingly, on one hand, there are a great deal of proofs of deadly interaction between platelets
and cancer cells, but, on the other hand, some experimental and clinical data also indicate a protective
role. Besides to complexity of platelet signaling in cancer, the scenario is further complicated by
other confounding factors extrinsically related to platelets: (i) most of results come from retrospective
studies, analyzing a wide range of patients with heterogeneous characteristics, such as age, sex, race,
cancer type and stage, as well as treatments not always related to cancer; (ii) some studies have been
carried out in cancer patients post-diagnosis and changes in platelets have not been monitored with
respect to cancer progression over time, so that it is difficult to establish the exact contribution of
platelets and if their changes are the cause or rather a consequence of tumor; and (iii) some of the
bioactive compounds, whose plasma concentrations have been shown to be correlated with cancer
progression, are also released by other cells, including cancer cells themselves; therefore, the effect on
cancer, whether positive or negative, is not necessarily due to platelets.

Other questions still need to be answered: Why do platelet changes occur in some types of
cancer and not in others? How does the platelet–cancer relationship change with age, sex and
cancer progression over time? Although the heterogeneity and adaptive potential of the tumor
features make a “one-size-fits-all” approach for targeting platelet–cancer interactions difficult, a better
understanding of the interplay might provide efficient tools for cancer prevention, screening, risk
assessment and management.
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Abbreviations

Ang-1 Angiopoetin-1
COX Cyclooxygenase
EGF Epidermal growth factor
G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte-macrophage colony-stimulating factor
GRO Growth-regulated oncogene
HETE Hydroxyeicosatraenoic acid
HGF Hepatocyte growth factor
HOA Homeobox
HR Hazard ratio
JAK Janus kinase
IBC Inflammatory breast cancer
IL Interleukin
LOX Lipoxygenase
LPA Lysophosphatidic acid
M-CSF Macrophage colony-stimulating factor
miRNA MicroRNA
MMP Matrix metalloproteinase
MV Microvesicle
PDGF Platelet-derived growth factor
PUFA Polyunsaturated fatty acid
SNP Single nucleotide polymorphisms
STAT Signal transducer and activator of transcription
TF Tissue factor
TGF Transforming growth factor
TPO Thrombopoietin
VEGF Vascular endothelial growth factor
VTE Venous thromboembolism
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Abstract: Platelet concentrates (PCs), mostly represented by platelet-rich plasma (PRP) and
platelet-rich fibrin (PRF) are autologous biological blood-derived products that may combine
plasma/platelet-derived bioactive components, together with fibrin-forming protein able to create a
natural three-dimensional scaffold. These types of products are safely used in clinical applications
due to the autologous-derived source and the minimally invasive application procedure. In this
narrative review, we focus on three main topics concerning the use of platelet concentrate for treating
musculoskeletal conditions: (a) the different procedures to prepare PCs, (b) the composition of PCs
that is related to the type of methodological procedure adopted and (c) the clinical application in
musculoskeletal medicine, efficacy and main limits of the different studies.

Keywords: platelet-rich plasma; platelet-rich fibrin; preparation; composition; musculoskeletal diseases

1. Introduction

In the last 10 years, autologous biological blood-derived products have been largely investigated
as useful therapeutic tools for treating musculoskeletal conditions (such as osteoarthritis, muscle
injuries, tendinopathies and intervertebral disc degeneration) [1–3]. Platelet concentrates (PCs), mostly
represented by platelet-rich plasma (PRP) and platelet-rich fibrin (PRF), are included in this type of
biology-oriented autologous therapeutic strategy that may combine plasma/platelet-derived bioactive
components (cytokines, chemokines, growth-factors and enzymes) with fibrin-forming protein able to
create a natural three-dimensional scaffold [4].

This approach allows us to deliver biomolecules released by a concentrated pool of activated
platelets to the target tissue site of injury, thus effectively contributing to the modulation of inflammatory
process, angiogenesis and immune response, as well as promoting the healing and repair of injured
tissues [5,6]. Moreover, biological blood-derived products have been recognized to have antimicrobial
effects, such as being able to inhibit and/or to inactivate different bacterial strains [6–8].

The potential clinical application of these biologic products in musculoskeletal medicine relies
on their capability of modulating the joint environment and their beneficial role in reducing the local
inflammation and promoting cartilage and synovium anabolism [5,9–12].
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These types of therapeutic strategies provide advantages in clinical applications due to the
autologous-derived source, safety profile, easiness to obtain and the minimally invasive application
procedure. On the other hand, clinical efficacy is still controversial, and solid evidence and consensus
supporting the therapeutic application are still to be achieved.

Indeed, there are already some issues to be addressed concerning the high variability
of platelet concentrate products, which mainly depends on patients’ characteristics (age, sex,
circadian rhythms and drug regimen) [13–16], as well as on the lack of standardized methods
for platelet isolation/collection/activation and on heterogeneity among therapeutic protocols applied in
clinical practice.

In this narrative review, we focus on three main challenging topics concerning the use of platelet
concentrate for treating musculoskeletal conditions: (a) the different procedures to prepare platelet
concentrate, (b) the composition of these products that is mainly related to the type of methodological
procedure adopted and (c) the clinical application in musculoskeletal conditions and level of efficacy.

Short History of Platelet Concentrates

The concept of PRP originally was developed in transfusion medicine. In this field, the PRP
term was used in 1954 by Kingsley [17] to identify thrombocyte concentrate for treating patients with
severe thrombopenia.

The history of the techniques to obtain blood-derived products for improving tissue healing
started in 1970 with the studies of Matras [18] on fibrin glue use in a rat model.

Subsequently, an autologous product termed “platelet–fibrinogen–thrombin mixture” was
developed, including, in fibrin glue, a significant concentration of platelets, in order to reinforce
the fibrin polymerization [19].

In the following years, the role of platelets in supporting tissue healing was confirmed and
clinically demonstrated by using a blood-derived product called “platelet-derived wound healing
factors or formula-PDWHF” [20] for treating skin ulcers.

About ten years later, Whitman et al. [21] published a clinical study on the results obtained in oral
and maxillofacial surgery by using a “platelet gel” obtained by a gradient density cell separator.

However, the term of PRP in regenerative medicine associated to the notion of platelet growth
factors to promote tissue healing was truly introduced by Marx et al. in 1998 [22], in a study that
reported the effect of platelet-rich product on bone healing in maxillofacial surgery.

After these publications, the term “PRP” was generically associated with all the multiple
formulations of platelet concentrates. Afterward, an end-product characterized by a fibrin matrix
denser and more stable than in other PRP formulations was produced and called platelet-rich fibrin
matrix (PRFM) or pure platelet-rich fibrin (P-PRF).

In 2001, a different form of platelet concentrates was proposed and identified as leukocyte- and
platelet-rich fibrin (L-PRF) [23]. These preparations are organized as a high-density fibrin and were
considered as a “second generation” platelet concentrates. This family of platelet concentrates appears
to be particularly suitable for oral clinical application.
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2. Preparation Procedure

2.1. Platelet-Rich Plasma

PRP is obtained from autologous blood by using commercial kits or “in-house techniques”, aiming
to provide a product characterized by a supra-physiological platelet concentration that can be used as
liquid or activated gel form [14,24–26].

Despite the broad spectrum of protocols for PRP preparation, a common sequence of key
steps [27,28] can be identified involving peripheral blood drawing from the patients by venipuncture,
blood centrifugation to retrieve platelet-enriched fraction and platelet stimulation to release
bioactive molecules.

In each of these phases, potential sources of variability may be identified, mainly ascribed to
volume of blood samples drawn, type of anticoagulant, centrifugation protocols, material of collection
tubes and type of platelet-activating agents [14,24].

The great variability in the different procedures results in a wide heterogeneity among PRP
preparations in terms of platelet concentration, presence/absence of leukocytes and erythrocytes, and
ultimately in terms of biological potential [14,24].

2.1.1. Anticoagulants

There are multiple choices of anticoagulants (ethylene diamine tetra-acetic acid-EDTA, citrate
dextrose-A, tri-sodium citrate and heparin) that are used for blood collection and that can differently
affect PRP quality [29].

Lei and colleagues [30] investigated the effect of heparin, citrate, acid citrate dextrose (ACD) and
citrate-theophylline-adenosine-dipyridamole (CTAD) on platelet-rich plasma quality, to determine the
appropriate anticoagulants for PRP production.

ACD and CTAD appear to be more effective compared to heparin and citrate in maintaining
the integrity of platelet structures and in preventing their spontaneous activation. ACD-PRP and
CTAD-PRP released more TGF-beta1 and significantly increased the proliferation rate of human
marrow stromal cells compared to heparin- and citrate-PRP, thus showing ACD and CTAD appropriate
anticoagulants for PRP production [30].

An animal model study, aiming to investigate the influence of sodium citrate and ACD- solution
A anticoagulants on cell count and growth factor concentration in pure platelet-rich gel supernatants,
reported an increased number of platelets and leukocytes in sodium citrate PRP compared to
homologous acid–citrate–dextrose solution A PRP fraction, but no difference concerning growth
factor concentration [31].

Another “in vitro” study explored the effects of sodium citrate (SC), EDTA, or anticoagulant
ACD- solution A, on PRP characteristics and on mesenchymal stromal cell (MSC) culture [29]. A
higher platelet count was observed in blood collected with EDTA, even if an increase of mean platelet
volume has been reported after the two centrifugation steps. Conversely, following the centrifugation
procedure, platelet yield was higher in SC product. SC and ACD showed similar efficacy in inducing
MSC proliferation [29].
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These findings support the most frequent use of citrate-based anticoagulants for PRP
preparations [29].

A very recent comparative study [32] evaluated the effects of EDTA, heparin sodium (HS) and SC
on PRP quality and on bone marrow stem cells’ functionality.

Compared to HS and SC, EDTA has been shown to preserve platelet structure, minimize their
spontaneous activation and sustain growth factor release for a more extended time.

Overall, these findings underline that also the choice of the best anticoagulant represents an open
issue to address for optimizing PRP formulation.

To overcome this criticism, a study published in 2018 described a novel approach of PRP preparation
without any additive, named temperature controlled PRP (t-PRP), by which the coagulation was
previously inhibited in hypothermic environment. In this study, t-PRP was compared to PRP obtained
by ACD-A blood.

Overall, t-PRP showed a more physiologic pH, higher platelet yield, slower release and degradation
of growth factors. Furthermore, animal model experiments demonstrated that t-PRP was able to
promote wound healing [33].

2.1.2. Isolation Protocols

PRP can be obtained according to two basic protocols designed as plasma-based and
buffy-coat-based procedures [14,34]. Plasma-based methods retrieve platelets, while minimizing
leukocyte and erythrocyte fractions. For this purpose, a slower and shorter spin regimen is applied
in plasma-based protocols. Platelets concentration is usually twofold to threefold increased above
baseline whole blood levels (300,000 to 500,000 platelets/μL) [14,34].

Alternatively, the main goal of protocols for buffy-coat systems is to maximize platelet isolation
during the centrifugation procedure, by high spin rates and long spin regimens. PRP obtained by this
method is characterized by a high platelet recovery, increasing about threefold to eightfold compared
to baseline levels (500,000 to 1,500,000 platelets/μL) and by the presence of variable concentrations of
leukocytes and erythrocytes [14,34]. This type of PRP preparation is generally called leucocyte-rich
PRP (L-PRP).

Specific protocols developed to obtain PRP by using either a commercial device/kit or
manual/homemade procedures derive from multiple modifications of these two basic protocols
(plasma-based and buffy-coat-based).

Most of commercially available systems produce PRP by buffy-coat-based method [35], and
several comparative studies were reported, aiming to analyze different common commercial separation
systems, essentially evaluating final PRP products in terms of platelets concentrations and growth
factors release [24,35] (Table 1).
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As expected, overall findings underlined that commercially buffy-coat-based systems (such as
SmartPrep, GPS III and Magellan systems) yield higher concentrations of platelets and leukocytes
compared to plasma-based systems (such as ACP and Cascade). Among buffy-coat systems, generally,
GPS III preparations demonstrated the highest concentration of platelets and leukocytes [35].

Wide variations of centrifugal force and total centrifugation time among the different common
commercial systems were described, respectively, ranging from about 350 to 2000 g, and from 5 to
20 min [35]. The majority of the systems use a dual-spin method; the first centrifugation usually has a
lower speed compared to the second one [24,35].

Conflicting results were reported concerning optimal centrifugation rate to maximize platelet
concentration, avoiding their activation or damage. Indeed, there is evidence underlining that
increasing centrifugation force results in higher platelet concentration [37]. Conversely, other studies
reported an inverse relationship between platelet yields and gravitational force [38,39]; furthermore,
an elevated centrifugal speed could induce platelet activation [40].

Very recently, Croisè et al. [40] performed a literature review, aiming to check multiple studies
focused on PRP protocol optimization. Fourteen included studies were commented upon, and each of
them suggested different centrifugation procedures in terms of speed and duration time, number of
centrifugations and, consequently, variable platelet concentration enrichments (from no enrichment
to about 8.5 times more than peripheral blood). Overall these results underline that, to date, there is
no consensus on the optimal centrifugation regimen to obtain a good-quality PRP, in terms of best
platelet yields, avoiding structural and/or functional alterations and optimal relative concentration of
blood components.

Recently, in order to obtain a standardized PRP formulation, Gato-Calvo et al. [41] developed
a novel methodology, defining the optimal content of PRP, based on absolute platelet concentration.
This approach allows us to obtain an end-product not influenced by the variability of the donor basal
platelet counts, thus improving the reproducibility of PRP effects.

Another source of variability may derive from the material of blood-collection tubes. Some studies
have demonstrated that PCs obtained by blood collected in glass or silica-coated tubes presented
different buffy-coat morphology, fibrin architecture and platelet/leukocyte distribution in the PC
matrix [42]. Furthermore, silica micro-particles may be released by tube walls during centrifugation
procedures, entrapped in PC matrix, thus modifying platelet distribution in the end-product [43].

2.1.3. Activation Process

Activation triggers two responses during PRP preparation: the release of the bioactive molecules
stored in platelet alpha-granules, and the matrix formation by fibrinogen cleavage [44]. Clot formation
entraps released growth factors (GFs), thus enabling bioactive molecules to be delivered and confined
at the injured target site.

Activation process may be induced by endogenous and exogenous factors. Among exogenous
factors, the most common activators are thrombin, calcium chloride and a mixture of calcium chloride
plus thrombin [14,34,45]. Endogenous activation relies on the exposure of native collagen or other
coagulation factor (such as adenosine diphosphate-ADP, thrombospondin and platelet-activator factor),
spontaneously inducing clot formation at injured site [45].

In general, thrombin triggers a rapid platelet aggregation and stimulates a fast release of
GFs [14,34,46]. Calcium chloride and collagen sustain a slower long-term release [34,46,47].
Furthermore, some findings reported that collagen activation results in a lower amount of released
GFs compared to thrombin and calcium chloride [47].

A very recent study compared the effects of three different activation factors, thrombin, collagen
I and ADP, on PRP quality and on bone marrow stem cells’ (BMSCs) functionality. Collagen
I-PRP has been shown to induce the most rapid increasing of BMSC number compared to the rate
observed with ADP- or thrombin-activated PRP. In addition, BMSC seeded in Collagen-I-activated
PRP induced a significantly higher gene expression of osteogenic differentiation markers, osteocalcin
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and RUNX2, compared to thrombin and ADP. Thrombin induced a rapid and direct GF release, while
collagen-I-activated PRP showed a sustained and slow GF release. The lowest total release was
observed for ADP-activated PRP [32].

The different kinetic release is a crucial issue that might influence the availability of bioactive
molecules, so affecting treatment outcome. Indeed, given GFs’ short half-life (from minutes to hours),
if they are not promptly used upon platelet release, their degradation may occur before additional
receptors, that are involved in the repair process, become available on cell surfaces [34].

Photo-activation has been suggested as an alternative method to trigger platelet activation: a very
recent paper [48] described in vitro characterization of platelet photo-activation (polychromatic light
source, in the range near-infrared region), in comparison with resting platelets and calcium chloride
mediated PRP activation. That study showed that photo-activation of PRP induced a significantly more
prolonged release and higher amount of platelet-derived growth factor (PDGF), basic fibroblast growth
factor (FGF), and transforming growth factor (TGF)-beta than PRP activated with calcium chloride.
Future clinical studies should be performed to verify the potential of using the photo-activation
approach in PRP formulation.

2.2. Platelet-Rich Fibrin

This type of PC essentially includes two categories of different preparations organized as a
high-density fibrin solid form: leukocyte-poor or pure platelet-rich fibrin (P-PRF) and leukocyte- and
platelet-rich fibrin (L-PRF) [25,49]

Concerning P-PRF preparation, there is only one formulation, commercially known as Fibrinet
(Platelet Rich Fibrin Matrix-PRFM, Cascade medical, Wayne, NJ, USA,) [25,49]. P-PRF is obtained by a
double-centrifugation method analogous to other PRP protocol, but it differs since the clotting phase is
a dynamic process occurring during the second centrifugation, after adding CaCl2 [25,49].

L-PRF is a leukocyte-rich product, and compared to PRP, L-PRF preparation is easier and lacks
biochemical modifications (no exogenous activation or anticoagulant are required), and unlike PRP,
PRF end-products are characteristically organized in tridimensional architecture [25,49].

L-PRF protocol was developed by Choukroun et al. [23] as an open-access technique, based
on one-step centrifugation without anticoagulant and blood activators. L-PRF is considered to be a
second- generation platelet concentrate [25,50]. Briefly, venous blood collected in glass tube without
anticoagulants is centrifuged at low speed, and clot formation is immediately triggered. Three layers
become evident after centrifugation: the red blood cells (RBCs) bottom layer, a PRF clot in the middle
and the acellular plasma top layer [50].

This procedure allows to harvest almost all the platelets and more than 50% of the leukocytes
from the peripheral blood [50]. L-PRF clot appears to be organized in a strong fibrin architecture and
presents a specific tridimensional distribution of the platelets and leukocytes [50].

The original open-access experimental method has evolved into a regulated medical device
system and is marketed with CE/FDA clearance (Intra-Lock, Boca-Raton, FL, USA). This system is
the only certificated L-PRF system available on the market, and it uses the original protocol and
devices [51]. This method shows a high efficiency in platelet and leukocyte collection and in leukocyte
preservation [25].

Many variations of the original method were proposed, using different centrifuges and/or different
protocols. These modifications result in modified-PRF product compared to the original L-PRF.

P-PRF procedure is more expensive and complex compared to L-PRF protocol. Furthermore, this
latter procedure allows to simultaneously obtain a large number of end-products [25].

To the best of our knowledge only one paper [52] compared PRFM and PRF products, in terms of
growth factor release. In this study, PRFM and PRF were obtained by “home-made” protocols and
appeared to have a different kinetic release. PRFM presented an early robust boost of growth factors,
while PRF release was more gradual and constant up to 23 days. On the contrary, Lucarelli et al. [53]
has shown that Fibrinet PRFM releases elevated levels of growth factors (such as PDGF, TGFβ and
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VEGF) in the first 24 h, whereas other growth factors, such as bone morphogenic protein (BMP)-2 and
-7 were undetectable.

Conversely, L-PRF products sustained a large growth factor release for up to seven days [50].
Interestingly, BMP-2 was detected in L-PRF releasate strengthening the regenerative potential of this
PC [51]. It is hypothesized that the presence of leukocytes may have a relevant impact on the amount
and the pattern of the released growth factors, and a potential synergistic effect between leukocytes
and platelets has been suggested [25,50,51].

Centrifuge characteristics and centrifugation protocols have been shown to impact fibrin
architecture, cellular distribution and growth factor release. Therefore, various PRF preparations
could be associated to different biological profile and clinical potential [51]. Up to now, the different
PRF preparations are not clearly characterized, and further investigations on the effects of protocol
modifications need to be provided.

3. Classification Systems

The heterogeneity of PC preparation methods can impact on the functional characteristics and on
the potential therapeutic efficacy of the final products, giving each PC formulation unique properties.
The majority of the studies do not provide a full characterization of the various PC composition, so a
reliable comparison among studies still remains a challenging issue [54].

Several classification systems (Table 2) have been developed over the years in attempt to help
comparison among studies and to foster standardization of PC preparation process. However currently,
no consensus on classification systems has yet been achieved [54].

Table 2. Summary of classification systems for platelet concentrates (PCs).

Study Classification Parameters

Dohan Ehrenfest et al.
(2009) [25]
(2012, 2014) [49,55]

Pure PRP, Leukocyte-rich PRP;
Pure PRF, Leukocyte-rich PRF

• Leukocyte content
• Presence/absence of fibrin

DeLong et al.
(2012) [34]

PAW
(Platelet Activation, White blood

cells)

• Platelet absolute number (from
baseline to above 1250 × 103/μL

• Activation method
• White Blood Cells and neutrophil

content (above/below baseline)

Mishra et al.
(2012) [56]

Sports medicine classification of
platelet rich plasma.

• Platelet concentration (< or ≥5
times baseline)

• White Blood Cell presence/absence
• Activation or no activation prior

to application

Mautner et al.
(2015) [57]

PLRA
(Platelet Leukocyte Red blood cells

and activation)

• Platelet count (absolute number/μL)
• Leukocyte content (as

positive/negative)
• Percentage of neutrophils
• Red Blood Cells contents (as

positive/negative)
• Activation (yes or no for

exogenous activation)
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Table 2. Cont.

Study Classification Parameters

Magalon et al.
(2012) [58]

DEPA
(Dose of platelet Efficiency, Purity

and activation)

• Dose (platelet number × PRP volume)
• Efficiency (proportion of

platelet recovery)
• Purity (proportion of platelet

compared with Red Blood Cells
and leukocytes)

• Exogenous activation (yes/no)

Lana et al.
(2017) [59]

MARSPILL
(Method, Activation, Red blood

cells, Spin, Platelets, Image
guidance, Leukocytes and Light

activation)

• Method (automated manner
or manually)

• Number of spins
• Platelet concentration (Fold basal)
• Leukocyte content (< or ≥15

times baseline)
• Red Blood Cell content (< or

>baseline)
• Photo-activation (yes/no)
• Image guidance (yes/no)

Harrison P
(2018) [60]

ISTH (International Society on
Thrombosis and Hemostasis)

classification

• Activation
• Platelet count (<900 × 103 μL;

900–1700 × 103 μL; >1700 × 103 μL)
• Preparation method
• Leukocyte contents (as

positive/negative)
• Red Blood Cells contents (as

positive/negative)

4. Composition

4.1. Platelets

The human blood platelet normal concentration ranges from 150,000 to 400,000/μL [61]. There is
no consensus on the optimal concentration of platelets in PCs.

Platelet concentration was compared for its healing effect, and different optimal levels were
identified for different applications [14,34].

PRP platelet concentration greatly differs in PRP obtained by the various commercial systems.
Plasma-based PRP systems usually contain a platelet concentration between baseline and 3x

baseline (less or equal to 750 × 103 platelets/μL), and they are defined as low-yielding devices (such
as ACP, Cascade, Endoret and RegenPrep) [35]. On the other hand, buffy-coat-based systems yield
platelet concentration above 3x, ranging from 4x to 6x (greater than 750 × 103platelets/μL to 1800 × 103

platelets/μL). These systems are classified as high-yielded devices that produce PRP (GPS III, SmartPrep
and Magellan) [35].

In vitro, in vivo and clinical studies have demonstrated successful results for PRP formulations
with both a moderate (2× and 3×) and high platelet concentrations (from 4× to 6×) [14]. In particular,
an in vitro study evidenced that the best angiogenic effect of PRP was obtained with 1500 × 103

platelets/μL, thus underlining the role of platelet concentrations on the clinical application when the
increased angiogenesis contributes to the healing process [14,62].

Platelet concentration greater than 6x (>1800 × 103 platelets/μL) may be detrimental or have side
effects [63]. In fact, an excessive platelet amount may lead to cellular apoptosis, downregulation and
desensitization of growth factor receptors, resulting in a paradoxical inhibitory effect [34].
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Another source of variation is the platelet-counting mode. Indeed, it has been reported that,
to achieve accurate platelet count, proper sample preparation is required and manual mode in the
hematology analyzer is recommended, because automatic mode, allowing the sample to settle, may
underestimate the absolute platelet count [34,64].

4.2. Leukocytes

As previously stated, leukocyte content in PCs depends on PRP preparation procedures.
Plasma-based process reduced leukocyte count up to 22 times the baseline, almost eliminating

this cellular fraction. Buffy-coat-based procedures actively concentrate leucocytes from threefold to
fivefold the baseline [65]. Furthermore, different buffy-coat methods produce a PRP formulation
with different proportions of neutrophils, lymphocytes and monocytes [65]. Indeed, it has recently
been reported that different centrifugation regimens, in terms of spin numbers and speed, modified
lymphocyte/granulocyte ratio in the final products [66].

The inclusion of leukocytes in PC preparations remains a widely debated concern, as both
beneficial and detrimental effects have been suggested.

Deleterious effects are mainly ascribed to leukocyte capacity to release inflammatory cytokines
and metallo-proteinases, which can promote pro-inflammatory and catabolic effects on targeted
tissue [67–70]. Furthermore, the massive release of reactive oxygen species by neutrophils causes tissue
damage, by inhibiting healing process [71,72].

On the other hand, potential beneficial effects rely on leukocyte’s role in tissue healing, in regulating
inflammatory process [73–75] and in antibacterial activity [76,77] that may switch the inflammatory
process toward a regenerative phase.

These potential effects are suggested and corroborated by the following main evidence:

• The presence of leukocytes contributes to potentiate total amount of released GFs [35].
Indeed, several studies have reported a positive correlation between leukocyte count and GF
concentration [35,78–80].

• Leukocytes have anti-nociceptive action by releasing anti-inflammatory cytokines (IL-4, IL-10 and
IL-13) and opioid peptides (beta-endorphin, Met-enkephalin and dynorphin-A) [25,81].

• Circulating monocytes differentiate into macrophage once they migrate into connective tissue and
may switch from M1 (pro-inflammatory) to M2 (anti-inflammatory) phenotype [82,83] in response
to micro-environmental signals and stimuli (such as neutrophil-derived micro-vesicles [4,84]).

• M2 macrophages have several functions in tissue remodeling, promoting angiogenesis, cell
proliferation and extracellular matrix deposition [83,85], and they may contribute to resolution of
inflammation [4].

• Proteinases secreted by leukocytes are able to modulate the activity of secreted growth
factors, converting inactive form to active one and contributing to matrix remodeling in tissue
healing [71,75].

• Neutrophils are essential for killing bacteria and other microorganisms [86]. Since platelets
also contribute to the antibacterial response [6–8], leukocytes may synergize with platelets and
potentiate PRP antimicrobial effects.

Furthermore, growing evidence on the relevance of leucocyte–platelet interaction and of their
relative proportions in PRP preparation has been reported [4,44,50,66,87]. Indeed, leucocyte–platelet
interaction may promote biosynthesis of other factors that facilitate the resolution of inflammation,
such as lipoxins that are potent anti-inflammatory proteins able to limit neutrophil activation, so
promoting the resolution phase of the healing process [44,88,89].

In addition, the interrelationship between platelets, blood cellular components and fibrin may
have a key role in proper platelet function and growth factor release [4,50,87], and the relative
platelet/leukocyte and lymphocyte/granulocyte ratios might drive the balance between catabolic and
anabolic factors [66].
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Therefore, future research efforts should not focalize on the concentrations of single PC component
but on the optimal relative combination of platelets, leukocytes, growth factors and fibrin within the
final preparation for the different clinical application fields.

4.3. Red Blood Cells

Red Blood Cells (RBCs) can be damaged as a result of high shear force during blood collection
or during inadequate centrifugation process, so causing hemolysis with the release of hemoglobin
and its degradation products, hemin and iron. The presence of these hemolytic-related products
lead to several deleterious effects, such as radical oxygen reactions, endothelial disfunction, vascular
endothelium damage, pro-inflammation response and tissue injury [90].

RBC damage also causes the release of migration inhibitory factor (MIF), which has been
recognized as a very strong inflammatory cytokine [90]. MIF concentration in whole blood is 1000-fold
increased than in plasma. Since leukocytes and platelets have been shown to minimally contribute to
MIF concentration, RBCs represent the major reservoir of this factor [91], which is also functionally
active [91].

MIF plays a pathophysiological role in promoting and maintaining OA pain [92]. Furthermore,
MIF levels in plasma and synovial fluid have been found to be positively correlated to disease severity
in knee OA [93]. Blood-induced joint damage has been highlighted by various in vitro studies. In
fact, blood exposure results in increased synoviocyte cell death and pro-inflammatory mediator
production [94], induction of chondrocyte apoptosis and cartilage degradation [95–97].

On the other hand, effects of free heme may be inhibited by its degradation or by specific binding
proteins. The heme–heme oxygenase (HO) system is formed after HO-mediated heme degradation.
Growing evidence support the protective HO system activity and its effector molecules against
oxidative and inflammatory responses and cell damage and suggest that the heme-HO system may
represents a novel and important target in the control of wound healing [98–100].

Even if RBC content is reduced or absent in PC preparations, the detrimental effect of RBCs should
be addressed for optimization of PC performance.

4.4. Growth Factors

GFs and protein are stored in the platelet alpha-granules and are released by activation of the
platelets. Over 300 proteins were identified in the platelet releasate [101].

Multiple pieces of evidence have suggested that platelet-derived growth factor (PDGF),
transforming growth factor beta (TGF-beta), vascular endothelial growth factor (VEGF), insulin-like
growth factor (IGF) and epidermal growth factor (EGF) are the most crucial factors implicated in tissue
repair [102]. PDGF, TGF-beta and VEGF appear to be the most investigated, and the concentration of
these GFs is often considered as a marker of PC preparation quality [24,35,102].

In PRP preparations, approximately 70% of platelet growth factors are secreted within the first 10
min following activation, and almost 95% within the first hour [103,104]. Platelets may continue to
produce small amounts of growth factors during the residual life span (8–10 days) [103,104]. Conversely,
PRF presents a more intense, slow and constant long-term release, up to 5–7 days [50,105].

Together with platelets, leukocytes also contribute to the release of some growth factors, as
highlighted by several studies that reported a positive correlation between the amounts of released
GFs and the number of leukocytes [35,78,79].

Multiple comparative studies have investigated GF released by PRP obtained by various
commercial separation systems. A large heterogeneity in the GF concentrations and kinetic release have
been shown when comparing multiple PRP preparations obtained by different commercial separation
systems [106].

A recently published review underlined that growth-factor concentrations reported by the different
studies appeared to be hardly comparable, due to wide variations of these results, not only among
the different systems but also when comparing the same separation systems among the different
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studies [35]. This variability may be essentially ascribed to two criticisms: the different commercial
kits used for growth-factor dosage [35], and the incomplete removal of platelets and erythrocytes that
may impact the results [107]. Due to these limitations, a comparison between studies appears to be
barely reliable, not allowing consistent evidence-based results concerning growth factor content profile
of different PRP preparations.

Furthermore, the great inter-individual variability of GF concentration needs to be taken into
consideration [107,108]. A study performed on a large number of OA patients (n = 105) showed a wide
individual variation of PRP growth factors, with a coefficient of variation ranging from 5.30 to 78.45. In
particular, basic FGF and TGF-beta1 showed, respectively, the highest and the lowest variation [109].

Concerning PRF, different GF releases by different formulations have been shown. Comparing
original L-PRF to modified-PRF formulations, conflicting results were reported. Kobayashi et al. [105]
demonstrated that significantly higher GF levels were released by advanced-PRF (A-PRF) compared to
original L-PRF. On the other hand, Dohan Ehrenfest et al. [51] reported a much stronger release of GFs
from original L-PRF than from A-PRF membrane.

Nowadays, the literature data highlights that biological profiles in terms of content, amount and
release kinetics associated to different PCs need to be further investigated, in order to better understand
GF potentiality of the various PCs in clinical applications.

5. Clinical Efficacy

5.1. Osteoarthritis

Osteoarthritis (OA) is a debilitating osteo-articular disease, triggered by a trauma to the joint, and
it is associated with a progressive erosion of articular cartilage, subchondral bone sclerosis, excessive
stiffness and pain.

Numerous clinical trials and case series, carried out using PRP administration in patients with
OA, supported PRP for the symptomatic effect, reduction of pain, improvement in the degenerative
injuries and safety of administration, but they have not reached an univocal consensus.

5.1.1. Knee Osteoarthritis

Knee OA is a chronic disease of joints that is characterized by pain and progressive disabilities,
usually developing as the sufferer ages [110]. The most common treatments, both non-pharmacological
and pharmacological, show positive outcomes, but their effectiveness is not long-lasting. Thus, surgical
knee replacement is often the last chance for the relief of symptoms [111,112]

One of the first PRP studies establishing the safety of intra-articular use of this autologous
preparation dates back to 2008 [113] (Table 3).
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Table 3. Evidence of PRP treatment in knee OA (reported by year of study and grouped by treatment).

Treatment/
Control

Reference Patient Number Main Results

PRGF/HA Sanchez et al. [113] 60 Significantly higher rate of response to PRGF than HA treatment as
concerning knee pain, stiffness and physical function scores, up to 24
and 48 weeks

Sanchez et al. [114] 176
Vaquerizo et al.

[115] 96

Raeissadat et al.
[116] 69 No difference between PRGF and HA treatments in alleviating pain and

improving function

PRGF Wang-Saegusa et al.
[117] 261 Improvement in function and QoL were described

PRGF (1
cycle)/PRGF (2
cycles)

Vaquerizo et al.
[118] 48 PRGF 2 cycles showed improved stiffness and QoL, but not pain

decrease

PRP Kon et al. [119] 100 Significant improvement of knee pain, function and QoL during
therapy; improvement has been described to last for a short (2 months)
or a medium/long period (6–12 months) follow-up and subsequently
worsen; however, the improvement remained higher than the basal
condition; further improvement at 18 months can be obtained by yearly
repetition of PRP injection; better results were obtained in younger
patients, lower degree of cartilage degeneration and short disease
duration; worse results were observed in over-80-years-old patients;
PRP injection was associated with inflammation decrease and
anti-ageing physiological function increase; improved symptoms and
pain were not dependent on the cartilage damage degree, as
determined by MRI

Filardo et al. [120] 90
Gobbi et al. [121] 50

Halpern et al. [122] 22
Gobbi et al. [123] 93

Hassan et al. [124] 20
Bottegoni et al.

[125] 60

Chen et al. [126] 24
Huang et al. [127] 127
Fawzy et al. [128] 60

Taniguchi et al.
[129] 10

Burchard et al.
[130] 59

Socuoğlu et al.
[131] 42

PRP/HA Cerza et al. [132] 120

PRP compared with HA showed better clinical outcomes and QoL;
clinical improvement was evident at 3–6 months and up to 12 months
of follow-up; PRP treatment was effective in initial stages/low grade of
knee OA but not in patients with grade III arthrosis; in middle-aged
subjects with moderate OA, PRP and HA induced similar
improvements

Filardo et al. [133] 109
Spakova et al. [134] 120

Say et al.
[135] 90

Guler et al. [136] 132
Raeissadat et al.

[137] 160

Montanez-Heredia
et al. [138] 55

Ahmad et al. [139] 89
Louis et al. [140] 56

Filardo et al. [141] 192 Both treatments were effective in improving knee clinical scores. PRP
did not demonstrate a clinical superiority compared with HA at any
follow-up (up to 6 years, at least)

Di Martino et al.
[142] 192

PRP/High
MWHA
/Low MW HA

Kon et al. [143] 150

PRP displayed greater and longer efficacy than HA, as concerning pain,
symptom and function improvement; better outcomes were obtained in
young and active subjects and lower degree of cartilage damage; worse
results were achieved in older patients and more damaged cartilage; in
older patients, effects similar to viscosupplementation were obtained

PRP/
PRP+HA/HA Lana et al. [144] 105

PRP was effective in mild/moderate knee OA; PRP+HA displayed a
greater pain and functional limitation decrease than HA alone at 1 year
post-injection; increased function compared to PRP alone at 1 and 3
months

PRP/
PRP+HA/HA
/normal saline

Yu et al. [145] 360 Combined PRP + HA treatment improved pain, stiffness and physical
function compared with PRP or HA alone

PRP/HA
/normal saline Lin et al. [146] 87 Leukocyte-poor PRP provided functional improvement for at least 1

year in mild/moderate OA

PRP/HA/
ozone Duymus et al. [147] 102 PRP was more effective than HA and ozone

PRP/
PRP+ozone Dernek et al. [148] 80

Similar efficacy was demonstrated by PRP alone or PRP+ozone;
PRP+ozone-treated patients experienced less post-injection pain and a
faster recovery
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Table 3. Cont.

Treatment/
Control

Reference Patient Number Main Results

PRP/HA
/CS Huang et al. [149] 120

Pain decrease was significant in all groups compared to baseline; PRP
showed a better recovery in physical function and decreasing pain at 6,
9 and 12 months

MP+PRP/
PRP/MP

Camurcu et al.
[150] 115 MP+PRP injection determined better clinical improvement compared to

PRP and MP alone

PRP double
spinning/
PRGF single
spinning

Filardo et al. [151] 144

Both treatments displayed similar clinical improvement compared to
the baseline and at the follow-up; more pain and swelling reaction were
present in PRP patients; younger patients with a low degree of cartilage
degeneration showed better results

PRP (6x) +
maintenance
dose (3x)

Hart et al. [152] 50 PRP decreased pain and improved QoL in low-degree cartilage
degeneration. MRI did not confirm cartilage improvement

PRP (1x)
/PRP (2x)/
normal saline

Patel et al. [153] 78 Improvement in clinical parameters in both PRP groups; no difference
between 1 or 2 injections; results deteriorated after 6 months

PRP (1x)
/PRP(3×)/
HA/normal
saline

Gormeli et al. [154] 162
PRP and HA treatments are proposed for all OA stages; multiple PRP
injections achieved better clinical results in early OA, but did not
influence results in advanced OA

PRP large
volume

Guillibert et al.
[155] 57 Large PRP volume was associated with functional and pain

improvement. No MRI difference was reported

PRP+exercise/
exercise

Rayegani et al.
[156] 62 Short-term improvement of pain, stiffness and QoL in PRP-treated

patients compared to the control group was shown

LP-PRP Duif et al. [157] 58 Improvement of pain and knee function was reported

LP-PRP
/saline Smith et al. [158] 30 Scores in the LP-PRP group were better than in the saline group,

starting at 2 weeks throughout

LP-PRP/
acetaminophen

Simental-Mendia et
al. [159] 65 Better clinical outcomes following LP-PRP treatment were reported

LP-PRP
/HA Cole et al. [160] 99

Similar primary outcomes between HA and PRP were observed at any
time point; patient-reported outcome favored PRP; mild OA and low
BMI displayed better outcome.

LP-PRP/
HA/NSAID

Buendia-
Lopez et al. [161] 106 PRP decreased pain and improved physical function; PRP displayed

better results; no modification in cartilage MRI was observed

PRP/
normal saline

Huang et al. [162]
Elik et al.

[163]

366
60

PRP improved clinical symptoms, improved QoL, decreased joint
inflammation and did not increase thickness of cartilage

PRP/SH Li et al. [164]
(Chinese) 30 Significant differences pre- and post-injection in both groups; PRP was

better than SH at 6 months

PRP/CS Forogh et al. [165] 41 Pain, ADL and QoL improvement in the PRP-treated group was greater
than in the CS group

PRP/PRL Rahimzadeh et al.
[166] 42 Decreased pain and improved physical function and QoL were

observed after both treatments; PRP was more effective

Photo-
activated
PRP/HA

Paterson et al. [167] 23
Feasibility and safety of PA-PRP treatment were demonstrated; PA-PRP
improved pain, symptoms and function; no differences between
PA-PRP and HA were observed

PRP+SVF from
adipose tissue Bansal et al. [168] 10 PRP+SVF decreased pain, particularly after 3 months

PRP+intra
osseous Sanchez et al. [169] 14 Knee-joint function improvement and pain decrease were observed in

patients with severe OA

PRP+intra-
osseous/PRP Sanchez et al. [170] 60 Intraosseous +intra-articular PRP injections induced better clinical

outcome

PRP+intra-
osseous/PRP/HA Su et al. [171] 86 Intra-articular +intraosseous PRP infiltrations were not superior at 2

months, but they were superior at 6 and 12 months

Afterward, different studies demonstrated the positive effects of PRGF/PRP injection,
either when used alone or when compared to hyaluronic acid (HA) one, in the knee OA
patients [114,115,117,119–140]. These PCs were reported not only to have an effect on clinical symptoms
(by decreasing pain and improving function), but also on synovial fluid and protein amounts, as well
as on cartilaginous degeneration.
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However, a recent study reporting results of a follow-up up to six years does not confirm
superiority of PRP [142].

The superiority of PRP was also established by comparison with normal saline (physiological
control), as indicated by early improving WOMAC (the Western Ontario and McMaster Universities
Osteoarthritis) scores, and maintained up to six months [153,158,163], but slightly decreased afterward,
in agreement with the anti-inflammatory action supposed for PRP [172].

Similarly, in a trial including 366 young patients (18–30 years old), positive outcomes were
reported after intra-lesional PRP administration [162]. In general, better results were obtained in young
patients, with low body mass index [117,122].

PRP was reported as better in terms of clinical improvement compared to oral NSAID
administration [161], as synergistic and protective, when added to methylprednisolone [150] and
comparable to HA and corticosteroids after three months, superior to both the other treatments in the
long-term [149].

Both PRP and HA have a biological origin and may be critical for tissue healing at the beginning
of OA development. In in vitro studies, the combination of PRP with HA may display synergistic
effects on fibroblast migration [173,174], thus suggesting a better effect of PRP–HA combination than
PRP alone [175].

In agreement, a recent randomized clinical trial in mild/moderate knee OA reported better
outcomes of the patients treated with PRP–HA combination when compared to PRP (up to three
months) or to HA (up to 12 months) groups [144].

Furthermore, the synergy between combined PRP and HA treatment was further investigated
and compared with each of them alone and with a placebo, via intra-articular injections in a total of
360 patients with knee osteoarthritis [145], demonstrating significantly reduced pain and decreased
immune response, as well as PRP treatment compared with low and high molecular weight HA [143].

Even if clinical studies on PRP–HA combined therapy are limited and there are several peculiar
aspects of HA alone (such as molecular weight), of the PRP–HA mix (such as ideal combination and
dosage schedule), the preliminary data are worth of being deepened.

The PRP administration schedule in OA knee, widely reported with different numbers of injections,
different time intervals and duration, represents a further aspect to be defined.

Patel [153], first compared the effect of one with two PRP injections and showed similarly improved
WOMAC scores. A following double-blind placebo-controlled randomized trial demonstrated that the
patient group that had undergone three PRP injections presented a better score than groups treated
with a single dose of PRP or HA [154].

A clinical efficacy of PRP was also described when PRP was alternatively used at annual intervals
or at the request of the patient when the effect ended [123]. Moreover, the administration in two phases
foreseeing six doses at weekly intervals, and then a three month suspension and a maintenance dose
(three injections at three-month intervals), presented interesting functional improvements [152].

A single administration of very pure PRP offered a significant clinical benefit as one injection
of HA [140], and a similar improvement was obtained by a single administration of about 9 mL of
PRP [155].

An enlarged delivery approach was also described, firstly for the treatment of severe OA [169] and
more recently for the treatment of mild to moderate forms [170,171]. In these studies, the intra-articular
injection of PRP was associated with concomitant intraosseous PRP injections into the subchondral
bone, obtaining significant results.

A significant improvement of pain and functional scores, as well as decreases of the inflammatory
response, were also obtained by the concomitant injection of PRP both intra-articular and in
peri-meniscal soft tissue structures, thus widening the PRP effect on pes anserine tendons, bursa,
medial collateral ligament and medial meniscus [176].

A systematic review on PRGF [177] reported the efficacy of PRGF in pain improvement, but
also pointed out the limits of the included studies that prevented to perform a meta-analysis. The
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heterogeneity of the primary outcomes, PRGF and HA administration schedules, HA molecular weight,
the small number of studies fulfilling the eligibility criteria and the lack of placebo treated group were
the main drawbacks.

PRP was described as effective, alternative and superior to HA treatment for long-term
improvement of joint function and pain in patient with knee osteoarthritis, mainly in early-moderate
disease compared to advanced disease. The limits reported in a narrative review [178], in a recent
meta-analyses [179,180] and in a systematic review [181] evidenced the variability of OA severity (K-L
I-IV), as well as age, sex and BMI in patients treated in the different studies. In addition, main criticisms
concerned the number of injections, optimal dosage of PRP, administration schedule, heterogeneous
PRP preparations and formulation discrepancies, absence of published studies supporting specific
protocols of injection and lack of indications on the appropriate regimen for different OA severity
degrees. The limited size of pooled patients that can under-power the statistical analysis to reach a
significant threshold of difference in outcome measures, and the lack of a placebo group shades the
evidence of PRP effects.

5.1.2. Hip Osteoarthritis

Although various trials have faced up to the use of on PRP use for knee OA, few studies have
focused on the treatment of hip OA with PRP. These studies are summarized in Table 4.

Table 4. Evidence of PRP treatment in hip osteoarthritis (reported by year of study and grouped by
treatment).

Treatment/
Control

Reference Patient Number Main Results

PRP Sanchez et al.
[182] 40 Study supported safety, tolerability and efficacy of PRP

treatment; PRR improved pain and function in mild/moderate
OA, up to six monthsSingh et al.

[183] 36

PRP/HA Battaglia et al.
[184] 100 PRP showed immediate short-term improvement of pain and

function; at 12 months, HA effect was more evidentDi Sante et al.
[185] 43

Doria et al.
[186] 80 PRP did not display better results than HA in patients with

moderate OA

PRP/PRP+
HA/HA

Dallari et al.
[187] 111

PRP induced a significant stable pain relief, functional
recovery and QoL improvement, up to 12 months; side effects
were not observed; improvement was better than PRP+HA or
HA alone

PRP+intra-osseous/
PRP

Fitz et al.
[188] Not reported Intra-articular + intraosseous PRP infiltrations induced

improvements at 6 months, but not in the long-term

A recent study [188] described the intraosseous infiltration of PRP for the treatment of hip
osteoarthritis, in agreement with knee reported ones. Future studies are required to confirm the
potential advantage of this new application of PRP.

Meta-analysis results of a randomized clinical trial that compared the effectiveness of PRP versus
hyaluronic acid (HA) in hip OA underlined that PRP treatment was related to a significant reduction of
VAS at two months. Both PRP and hyaluronic acid appeared to be comparable in terms of functional
recovery [189].
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The systematic review on the use of ultrasound-guided PRP injections in the treatment of hip
osteoarthritis concluded that this route of administration appears to be well tolerated. Furthermore,
though the level of evidence is relatively low, PRP treatment may lead to efficacious long-term and
clinically significant reduction of pain and functional improvement [190].

Overall, intra-articular injection of PRP in hip OA patients has been demonstrated to be safe
and have some efficacy in pain reduction and in functional improvement. When compared with
HA, PRP showed to induce a better early pain relief; however, over 12 months, PRP and HA had
comparable effects.

Future large-size trials that include a placebo group are needed. These studies should increase the
level of evidence for the actual potential efficacy of PRP as an alternative conservative treatment to
delay surgery in hip OA patients.

5.1.3. Ankle Osteoarthritis

Osteoarthritis of the ankle is less common than the previously described localization of OA.
Data concerning the use of PRP in ankle OA are obtained by case series. Four injections of PRP at
weekly intervals induced improvement of function, pain and patient satisfaction [191], and similar
improvements in pain and function up to 24 weeks after treatment were obtained after the administration
of three injections every two weeks [192].

The limited data show some benefit in short–medium time, demonstrate the safety of the therapy
and can be considered to be an alternative to postpone the need for surgery, but the comparisons with
other injectable controls are lacking; therefore, no definitive conclusion can be made about the benefit
of PRP in ankle OA.

5.2. Tendinopathies

Tendon tissue is poorly vascularized, and this characteristic is responsible for the limited
healing capacity and the lesion irreversibility resulting in tendinopathies, which frequently occur in
athletes [193].

5.2.1. Achilles Tendinopathy

Achilles tendinopathy is a painful condition. Physical stress leads to tendon micro-trauma, and
the inflammatory and degenerative responses that follow are responsible for local pain, swelling and
stiffness [194]. Its treatment is difficult, and sufferers easily relapse due to the poor curative effects
of the conservative treatment approach. The reason for PRP application lies in the tendency of the
tendinopathy to became chronic after the use of nonsurgical approaches.

The outcomes after PRP administration are variable, and the main results are reported in Table 5.
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Table 5. Evidence of PRP treatment in Achilles tendinopathy (reported by year of study and grouped
by treatment).

Treatment/
Control

Reference Patient number Main results

PRP Gaweda et al.
[195] 14 Lasting improvement of the clinical symptoms and imaging results

were obtained; improvement was maintained at least for two years from
treatment; low complication rate was reported; US-guided tenotomy,
followed by PRP treatment, was safe, effective and associated with US
improvement; PRP led to tendon matrix healing; effective also in
patients who failed to respond to traditional non operative techniques;
retrospective study demonstrated that 78% of PRP-injected patients
presented clinical improvement and averted surgical intervention at
6-month follow-up; response was less evident in old subjects

Volpi et al. [196] 15
Finoff et al. [197] 41
Deans et al. [198] 26

Ferrero et al.
[199] 30

Monto et al. [200] 30
Murawski et al.

[201] 32

Guelfi et al. [202] 73
Salini et al. [203] 44

Owens et al. [204] 10 Moderate improvement in functional outcome was reported; MRI
remained largely unchanged

PRP repeated Filardo et al.
[205] 27

Repeated PRP injections produced overall good outcomes, with stable
results up to a midterm follow-up; prolonged symptomatology
indicated a difficult return to sport

PRP/normal saline de Jonge et al.
[206] 54 PRP injection in addition to eccentric exercises did not result in clinical

and/or ultra-sonographic improvement; tendon diameter increased
Krogh et al. [207] 24

LP-PRP/
LR-PRP

Hanisch et al.
[208] 84 No significant differences were observed between patients treated with

LR-PRP and LP-PRP

PRP+HA Gentile et al.
[209] 10 Treatment was efficacious for tissue healing and regeneration in

post-surgical complications of Achilles tendon

PRP+ (ESWT) Erroi et al. [210] 45 Both PRP and ESWT treatments were similarly efficacious and safe in
physically active people

PRP/surgery+ PRP Oloff et al. [211] 26 Both PRP alone or PRP+ surgical debridement improved clinical
outcomes and MRI

PRP/eccentric
loading

Kearney et al.
[212] 20 No differences between PRP and eccentric loading program as

concerning clinical effectiveness

PRP+ eccentric
exercise/normal
saline+ eccentric
exercise

de Vos et al. [213]
de Vos et al. [214]

54
54

Patients treated with PRP+ eccentric exercises did not present greater
improvement in pain and activity; PRP did not increment tendon
structure or modified neovascularization degree

PRP/HVI steroid/
normal saline

Boesen et al.
[215] 60

Both HVI steroid or PRP seemed efficacious in improving pain and
activity and in decreasing tendon thickness and intra-tendinous
vascularity

Case series for chronic Achilles tendinopathy [195–200,211], retrospective studies [201,204] and
prospective studies [208–210,215] have described promising efficacy of PRP treatment with lasting
improvements [205].

Other studies did not show a superiority of PRP injection over saline solution [206,207,213] and
no differences between patients treated with leukocyte-rich or -poor PRP [208]

Evidence for the efficacy of PRP in Achilles tendinopathy is not in agreement, and despite the
important clinical significance, a strong basis for the use of PRP for Achilles tendinopathy was not
demonstrated by meta-analyses and a systematic review [216–219].

5.2.2. Lateral Epicondyle Tendinopathy

Lateral epicondyle tendinopathy, also known as “tennis elbow” is a common cause of pain and
disability. Symptoms have been attributed to micro-trauma to extensor carpi radialis brevis tendon
and the resulting angiofibroblastic tendinosis [220].

Different therapeutic approaches have been used, and steroid injections are considered to be the
gold standard. Recently, PRP also became popular in treating this disease, with effects opposite to
those of steroids, by stimulating the healing process and down-modulating inflammatory response.

The majority of the studies compared PRP efficacy with steroid one; however, other treatment
comparisons have been reported (Table 6).
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Table 6. Evidence of PRP treatment in lateral epicondyle tendinopathy (reported by year of study and
grouped by treatment).

Treatment/
Control

Reference Patient Number Main Results

PRP Mishra et al. [221] 140 PRP was successful in refractory forms and preventing the need for surgery; it
was safe and improved function, with effects lasting five years after the initial
injection

Hachtman et al. [222] 31
Brkljac et al. [223] 34
Brkljac et al. [224] 31

PRP/Autologous
blood Creaney et al. [225]

Thanasas et al. [226]
150
28

PRP seemed to be an effective treatment, superior to autologous blood in
short-term, but not in long-term, follow-up; PRP appeared useful in patients
resistant to first-line physical therapy

Raeissadat et al. [227] 75 Both PRP and autologous blood were effective methods; PRP effect was similar
to autologous blood

PRP/normal saline Montalvan et al.
[228] 50 PRP treatment was not more effective than saline until 6- and 12-month follow-up

Schöffl et al. [229] 50

LR-PRP/LP-PRP Yerlikaya et al. [230] 90
Neither LR-PRP nor LP-PRP did not seem to affect pain and function in the
short-term; leukocyte number was not associated with local inflammation
post-injection

PRP/active control Mishra et al. [231] 230 No differences between treatments were observed at 12 weeks; clinical
improvements in PRP-treated patients were observed at 24 weeks

PRP/CS Peerbooms et al.
[232] 100

PRP reduced pain and significantly increased function, exceeding the effect of
corticosteroid injection, up to 2 years of follow-up; PRP enabled lesion heling; CS
induced a short-term relief at 6 weeks, but favored tendon degeneration

Gosens et al. [233] 100
Gautam et al [234] 30
Khaliq et al. [235] 102

Varshney et al. [236] 83
Gupta et al. [237] 80

PRP/beta-methasone Lebiedzinski et al.
[238] 120 PRP allowed better results at 12 months; PRP therapeutic effect was long-lasting;

betamethasone gave more rapid improvement

PRP/
dexa-methasone Palacio et al. [239] 60 Both treatments were similarly effective

PRP/
methyl-prednisolone Yadav et al. [240] 65 Both PRP and methyl-prednisolone were effective; PRP showed a more

prolonged efficacy

PRP/bupivacaine Behera et al. [241] 25 Leukocyte-poor PRP injection enabled good improvement in pain and function

PRP/laser therapy Tonk et al. [242] 81 Better results were obtained following PRP injection on the long-term period;
low-level laser therapy was better in the short-term

PRP/ESWT Alessio-Mazzola et al.
[243] 63 PRP injection showed a more rapid efficacy than ESWT

PRP/triamcinolone/
normal saline

Seetharamaiah et al.
[244] 80 Better pain relief were obtained following PRP injection over a short-term period

PRP/glucocorticoids/
normal saline Krogh et al. [245] 60

No treatment was superior to saline in regard to pain reduction; glucocorticoids
had a short-term pain-relief effect and reduced both color Doppler activity and
tendon thickness, compared with PRP and saline

PRP+dry
needling/dry
needling

Stenhouse et al. [246] 28 Additional PRP showed a trend to greater clinical improvement in the short-term;
no difference between the two treatments was demonstrated at each follow-up

PRP+arthroscopic
debridement Merolla et al. [247] 101

Both PRP injections and arthroscopic debridement were efficacious in
short-/medium-term; pain intensified at 2 years in PRP patients; arthroscopic
administration favored pain and grip-strength improvement

PRP/
US-guided
percutaneous
tenotomy

Boden et al. [248] 62 PRP and US-guided percutaneous tenotomy were both successful in improving
pain, function and QoL

Initial results have been promising [221,222]. The first randomized controlled trials displayed
PRP treatment improvements in function and pain, exceeding the effect of steroid injections up to
one [232] and two [233] years

Following trials, comparing PRP treatment with saline [228,229,245], steroid [232–240,245]
autologous whole blood [225–227] and bupivacaine [241] showed variable effectiveness in reducing
pain and improving function.

Studies showing similar therapeutic effects between PRP and whole blood [225–227] suggest that
circulating platelet concentrations are enough for obtaining recovery. However, the limited patient
number and the absence of placebo arm make questionable these results.

As far as we know, the results of a multicenter randomized controlled IMPROVE trial are not yet
available. The four-arms of lateral epicondylitis treatment will compare PRP, whole blood injection
and tendon fenestration, each associated with physical therapy and sham superficial subcutaneous
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soft tissue injection, plus physical therapy. Expected results should significantly impact clinical
practice [249].

Despite the heterogeneity of data, a seven-year retrospective study [250] and several meta-analyses,
differing for inclusion criteria are available for evaluation the effectiveness of PRP in the treatment of
lateral epicondylitis [251–255].

These reviews demonstrated short-term benefits for corticosteroids, but a long-term effectiveness
for PRP in regard to improving functional capacity and alleviating pain. The critical factors identified
mostly mirror those evidenced in other anatomical sites. Volume and number of administrations,
various treatment combination, lack of standardization for PRP preparation and for exercise protocol,
different measures for outcome evaluation and different follow-up times need deeper assessments.

5.2.3. Plantar Fasciopathy

Plantar fasciopathy (PF), also known as “plantar fasciitis”, affects the proximal insertion of the
plantar fascia in the os calcis, causing pain. Tissue thickening and degenerative structural changes are
more common than inflammatory findings, so the “plantar fasciopathy” definition better identifies this
disorder [256].

The fascia plays a role of primary importance in the transmission of body weight to the foot while
walking and running. Plantar fasciitis is very common in athletes, but can also occur in overweight or
obese subjects.

Corticosteroids, autologous blood injection and extracorporeal shock wave therapy (ESWT)
represent treatment options that have been used with varying results.

At present, a uniform therapy for the management of Plantar fasciopathy is missing; therefore,
many studies have considered PRP to be an intriguing alternative option to favor healing in the plantar
fascia without significant risk [257] (Table 7).

Table 7. Evidence of PRP treatment in plantar fasciitis (reported by year of study and treatment type).

Treatment/
Control

Reference Patient Number Main Results

PRP Ragab et al. [258] 25 PRP injection may have a reparative effect, leading to resolution of
symptoms; findings indicated a role in the management of chronic
intractable plantar fasciitis; QoL improved; PRP injection was safe; it
cannot impair the biomechanical function of the foot; no side effects
were reported

Kumar et al. [259] 44
Martinelli et al. [260] 14
O’Malley et al. [261] 23

Wilson et al. [262] 24

PRP/PPP Malahias et al. [263] 36 PRP and PPP gave similar results; both treatments provided
improvement at 3- and 6-month follow-up

PRP/normal saline Johnson-Lynn et al. [264] 28 PRP and placebo gave similar improvement in symptoms

PRP/CS Aksahin et al. [265] 60
Both treatments were safe and effective in improving pain and function
at 3 and 6 months; at 12 months, PRP was significantly more effective,
making it better and more durable than CS injection; taking into
consideration the potential complication of corticosteroid treatment,
PRP injection seemed to be safer and had, at least, the same effectivity
in the treatment

Tiwari et al. [266] 60
Omar et al. [267] 30
Shetty et al. [268] 60

Jain et al. [269] 60
Sherpy et al. [270] 50

Vahdatpour et al. [271] 32
Acosta-Olivo et al. [272] 28

Jain et al. [273] 80

Monto et al. [274] 40 PRP appeared more effective and durable than CS injection in
improving pain and function for the treatment of chronic recalcitrant
cases

Say et al. [275] 50
Peerbooms et al. [276] 115

PRP/
methyl-prednisolone Jiménez-Pérez et al. [277] 40 PRP injection showed better, long-lasting clinical and imaging effects

than methylprednisolone

PRP/CS/ normal
saline Mahindra et al. [278] 75 PRP was as effective as, or more effective than, corticosteroid injection

at 3-months follow-up

Shetty et al. [279] 90
PRP and corticosteroids showed superior results to placebo; long-term
results and low reinjection and/or surgery rate make PRP more
attractive than CS

PRP+ct/ESWT+ct Chew et al. [280] 54

Either PRP or ESWT treatment resulted in modestly and similarly
improved pain and functional scores, compared with conventional
treatments alone, over a 6-month follow-up; PRP demonstrated greater
improvements in plantar fascia thickness reduction
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Table 7. Cont.

Treatment/
Control

Reference Patient Number Main Results

PRP/DP Kim et al. [281] 21 Each treatment was effective in chronic recalcitrant cases; PRP also may
lead to a better initial improvement compared with DP

PRP/KT Gonnade et al. [282] 64
PRP injection of high platelet counts was more effective and
long-lasting than phonophoresis with kinesiotaping; no adverse effects
were reported

PRP/LDR Gogna et al. [283] 40 PRP and LDR showed similar improvement in pain, functional activity
and fascia thickness

Early cohort studies have described the positive effect of PRP injection on relieving pain [260] and
improving function [259], as well as on tissue structure [258] for chronic plantar fasciopathy.

The most recent randomized controlled trials comparing PRP, corticosteroids and normal saline
administration describe a similar or a superior effect of PRP compared to corticosteroid injection and
normal saline in reducing pain and increasing functional scores for chronic plantar fasciopathy [278,279].

Numerous other studies obtained variable results by the comparison of PRP and corticosteroid
treatments: PRP was described as being either able to favor early pain relief and functional
improvement [267,275] with prolonged effects [266,269,271,274,278] or to be likewise effective up
to six months [265,268,270,272,273,276].

Trials comparing PRP with other treatment options for plantar fasciopathy showed a better initial
PRP response but similar effects at six months; when PRP was compared with prolotherapy [281], no
significant differences compared to extracorporeal shockwave [280] or plasma injection [263], superior
and long-lasting effects compared to KT [282].

The latest systematic reviews and meta-analyses comparing PRP to other therapeutic approaches
supported the use of PRP for the lack of complications or side effects [284], but, above all, for its
superiority to corticoids, especially in long-term pain relief [285,286]; however, small sample number,
study heterogeneities, adverse events and the lack of recording PF recurrence following treatment may
decrease reliability of outcome measures.

5.2.4. Patellar Tendinopathy

Inferior pole patellar tendinopathy, generally known as jumper’s knee, is mostly common among
athletes who engage in sports involving frequent jumping, such as volleyball and basketball, but it is
also observed in people who do not carry out sporting activities [287]. The main evidence on PRP
treatment in patellar tendinopathy is reported in Table 8.
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Table 8. Evidence of PRP treatment in patellar tendinopathy (reported by year of study and treatment
type).

Treatment/
Control

Reference Patient Number Main Results

PRP Volpi et al. [196] 15
Significant pain and clinical improvement after 3 months,
lasting results up to 2 years; MRI improvement in patellar
tendon structure was observed

Ferrero et al. [199] 28
Mautner et al. [288] 27

Crescibene et al. [289] 7
Kaux et al.[290] 20

Bowman et al. [291] 3 Symptoms worsening were described following PRP
treatment; poor benefit at 4 monthsManfreda et al. [292] 17

PRP (multiple) Filardo et al. [293] 43
Multiple injections provided good clinical outcomes and stable
results, up to medium-term follow-up; patients with bilateral
disease and a long history of pain obtained poorer results

PRP(3x) Charousset et al. [294] 28 Satisfactory results in athletes with chronic tendinopathy and
faster return to previous sport practice were reported

PRP(2x)/PRP(1x) Zayni et al. [295] 40 PRP (2x) determined better results than a single one injection

Kaux et al. [296] 20 No differences between PRP (2x) and one injection were
observed

PRP/Physiotherapy Filardo et al. [297] 31 PRP treatment significantly improved knee function and
quality of life

PRP/PRP+ previous
treatment Gosens et al. [298] 36 PRP provided a significant improvement; no differences were

observed between groups

PRP/ESWT Vetrano et al. [299] 46 PRP led to better midterm clinical results

PRP/HVI image guided
saline Abate et al. [300] 54 Association of both resulted in greater improvement and

tendon repair

PRP+dry needling/dry
needling Dragoo et al. [301] 23 PRP provided faster recovery at 12 weeks; no clinical

difference at the final 26-week follow-up was observed

LR-PRP/
LP-PRP/
normal saline

Scott et al. [302] 38 LR-PRP or LP-PRP were no more effective than saline for the
improvement of symptoms

PRP has been administered in several studies as a biological therapy for patellar tendinopathy,
improving pain and MRI tendon structure, and significantly increasing functional outcomes, with
long-lasting stable results up to two years, thus improving quality of life [196,199,288–290,303],

Multiple injections were found to be better than a single one for patellar tendinopathy, either
in case series [293,294] or in a randomized prospective study [295], but the effect of two repeated
injections or one single injection was also reported to be similar [296].

PRP treatment displayed better results than ESWT [299] and physiotherapy [297]. Dry-needling
used for PRP administration made recovery faster than dry-needling alone; however, beneficial effects
on pain and function only lasted three months, without improvement in QoL [301]. Furthermore,
no clinical differences were observed when PRP was administered following other inefficacious
treatments [298], or among leukocyte-rich or -poor PRP and saline [302].

Not long ago, no randomized controlled quality studies supported the use of PRP over conservative
therapies, except in therapy-resistant cases [293,304]. However, recently, a systematic review [305] and
meta-analyses of randomized trials have recommended the use of PRP for the management of patellar
tendinopathy, due to its superiority to other nonsurgical therapies [306], in long-term pain relief and
improvement in knee function [307]. Even if eccentric exercises seem to be the strategic choice in
the short-term, in complexes cases, multiple PRP injections can be considered to be an option [308].
Variability on follow-up length, or its absence, and number of interventions are the main limitations of
these studies.

5.3. Muscle Injuries

The use of PRP for the treatment of muscle injuries raised significant interest in the last years.
Similar to tendon healing, the initial muscle healing begins with an inflammatory response,

followed by proliferation and differentiation of cells and tissue remodeling.
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Acute hamstring injury is one of the most common muscle injuries affecting athletic patients,
causing a decline in competition performance [309,310].

Some studies described positive results after injection of PRP in patients with injured skeletal
muscles, and no negative side effects were reported [311,312] (Table 9).

Table 9. Evidence of PRP treatment in muscle injuries (reported by year of study and treatment type).

Treatment/
Control

Reference Patient Number Main Results

PRP Bernuzzi et al.
[311] 53 PRP injection under US guide induced a complete muscle-function

recovery; pain disappeared; PRP did not accelerate healing but showed
excellent muscle repair and small scarZanon et al. [312] 25

PRP/normal saline

Reurink et al.
[313] 80 PRP injection did not demonstrate superiority to normal saline on

short-term; no benefits were found up to 12 months in subjective,
clinical, MRI measures, return to play and rate of re-injuryReurink et al.

[314] 80

Punduk et al.
[315] 12 PRP administration improved inflammatory response induced by

high-intensity muscle exercise

PRP/control Martinez-Zapata
et al. [316] 71 PRP did not significantly shorten the time of healing compared to the

control group

PRP+conservative
treatment/ conservative
treatment

Bubnov et al.
[317]

Wetzel et al. [318]

30
15

PRP induced a better physical recovery, decreased pain and promoted
faster regeneration than conventional conservative treatment

PRP/CS Park et al. [319] 56 PRP injection induced more favorable response than CS one week after
injection

PRP+rehabilitation/
rehabilitation

A Hamid et al.
[320]

Rossi et al. [321]
Borrione et al.

[322]

28
75
61

PRP injection+ rehabilitation program induced an earlier full recovery
than rehabilitation alone; lower score of pain severity was observed in
PRP group;
PRP reduced time and costs to reach a complete functional recovery

Guillodo et al.
[323] 34 PRP injection+rehabilitation did not reduce the time to return to play

PRP+rehabilitation/PPP+
rehabilitation/
rehabilitation

Hamilton et al.
[324] 90

PRP injection+rehabilitation did not show benefit on intensive
standardized rehabilitation program alone; PRP induced a more rapid
return to sport than PPP

Contrasting results were obtained when PRP was compared to saline [313–315].
In general, an earlier comeback to sports activity, together with lower scores of pain severity and

no significant increase of the re-injury risk, has been observed in patients/athletes who have undergone
PRP administration, combined with a rehabilitation program, compared to patients treated with a
rehabilitation program alone [320–322].

In particular, as a randomized clinical trial, this study showed positive outcomes in the PRP group
as concerning convalescence time and returning to play [321].

Despite some favorable results, these studies do not have enough statistical power to support
evidence-based adoption of PRP administration for skeletal muscle injury in clinical practice, as recently
widely debated [325,326]. In general, current clinical evidence are conflicting, and univocal findings
on the efficacy of PRP injections in the treatment of muscle injuries have not been achieved. Therefore,
further human studies are strongly required to assess and validate the effectiveness of PRP for skeletal
muscle regenerative purposes.

Platelet growth factors, specifically myostatin and TGF-β1, have been shown to have harmful
effects to muscle regeneration. Indeed, TGF-beta1 is involved in the regulation of the level of
fibrosis during muscle-injury repair, which is an important link in the complete restoration of muscle
function [327]. An vitro study [328] demonstrated that platelet-poor plasma (PPP) or PRP with a
second spin to remove the platelets induced differentiation of myoblasts into muscle cells.

However, since experimental evidence has not received a large consensus [329,330], further studies
are needed to define the exact PPP-growth-factor content, its effect on myogenic precursors and its role
on skeletal muscle regeneration. In addition, human clinical trials will be required to further explore
the potential beneficial effects of muscle injuries treated with PPP.
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These overall findings underline that none of the therapeutic options so far adopted have led to
reliable results [325,326]. Even if skeletal muscle tissue exhibits an intrinsic remarkable regenerative
potentiality in response to injury, in the case of extended damage, a dysregulated activity of different
muscle interstitial cells occurs, resulting in aberration of tissue repair and maladaptive fibrotic scar or
adipose tissue infiltration [331]. In this context, the morpho-functional recovery of injured skeletal
muscle still remains a scientific challenge, and the identification of strategies that efficaciously improve
the endogenous skeletal muscle regenerative mechanisms represents an unmet need.

6. Conclusions and Future Perspectives

PC use has gained popularity for the treatment of musculoskeletal diseases, even if conflicting
results have been reported concerning clinical efficacy. Inconsistencies of clinical results rely on
the huge heterogeneity of PC preparations, mainly ascribed to individual characteristics, different
preparation protocols and variability in composition, as well as on different methodological limits of
the protocols adopted in the clinical studies that have been previously underlined.

In addition to the different critical aspects already considered, the indistinct employment of words
to refer to fresh, frozen/thawed or activated preparations increases confusion. Therefore, also a simple
aspect such as a classification nomenclature comprehensive of all PCs, with the same characteristics
allowing an overall clinical outcome comparison, could contribute to define the clinical use and
improve our knowledge of PRP.

Besides being a paramount component of PRP, platelets have been proposed as carriers of
pharmacological or biological molecules [332]; therefore, “future” PRP could be implemented with
suitable molecules favoring specific biological functions.

The possibility of encapsulating PRP with a combination of HA, gelatin and biodegradable
scaffolds displayed interesting results in in vitro studies of bone regeneration [333], and a new delivery
system linking fibrinogen with high molecular weight HA (RegenoGel™) (merging the respective
regenerative/wound healing properties and viscoelastic characteristics) showed positive outcomes in
mild/severe osteoarthritis. In addition, this system can be used as a carrier for microRNA or inhibitory
molecules (ADAMTs), allowing the preparation of specifically targeted custom-made devices [334,335].

Encouraging in vitro and in animal model studies has demonstrated that PRP combined with
different biomaterials prolonged and improved growth factor release [336]; however, the possibility to
translate these engineered biomaterials in the clinical practice to develop novel therapeutic strategies
remains a future perspective.
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Abbreviations

ACD acid citrate dextrose
ADL activities of daily living
ADP adenosine diphosphate
A-PRF advanced-platelet-rich fibrin
ACP autologous conditioned plasma
BMSCs bone marrow stem cells
BMP bone morphogenic protein
CTAD citrate-theophylline-adenosine-dipyridamole
ct conventional treatment
CS Corticosteroid
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DP dextrose prolotherapy
DEPA dose of platelet efficiency, purity and activation
EGF epidermal growth factor
EDTA ethylene diamine tetra-acetic acid
ESWT extracorporeal shock wave therapy
FG fibroblast growth factor
GFs growth factors
HO heme oxygenase
HS heparin sodium
HVI high volume injection
HA hyaluronic acid
IGF insulin-like growth factor
ISTH International Society on Thrombosis and Haemostasis
KT kinesio therapy
KOOS knee injury and osteoarthritis outcome score
LE lateral epicondyle
L-PRF leukocyte- and platelet-rich fibrin
LP-PRP leukocyte-poor PRP
L-PRP leukocyte-rich PRP
LR-PRP leukocyte-rich PRP
MRI magnetic resonance imaging
MSC mesenchimal stem cells
MARSPILL method, activation, red blood cells, spin, platelets, image guidance, leukocytes and light activation
MIF migration inhibitory factor
OA osteoarthritis
PAW photoactivated
PDWHF platelet-derived wound healing factors or formula-
PF plantar fasciopathy
PRFM platelet-rich fibrin matrix
PRGF plasma rich in growth factors
PAW platelet activation, white blood cells
PCs platelet concentrates
PLRA platelet leukocyte red blood cells and activation
PRP platelet rich-plasma
PDGF platelet-derived growth factor
PPP platelet-poor plasma
PRF platelet-rich fibrin
P-PRF pure platelet-rich fibrin
QoL quality of life
RBCs red blood cells
SC sodium citrate
t-PRP temperature controlled PRP
TGF transforming growth factor
US ultra-sound
VEGF vascular endothelial growth factor
VAS visual analogue scale
WOMAC the Western Ontario and McMaster Universities Osteoarthritis Index
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Abstract: Background: With the increase in aging population, the rising prevalence of osteoporosis
(OP) has become an important medical issue. Accumulating evidence showed a close relationship
between OP and hematopoiesis and emerging proofs revealed that platelets (PLTs), unique blood
elements, rich in growth factors (GFs), play a critical role in bone remodeling. The aim of this review
was to evaluate how PLT features, size, volume, bioactive GFs released, existing GFs in PLTs and PLT
derivatives change and behave during OP. Methods: A systematic search was carried out in PubMed,
Scopus, Web of Science Core Collection and Cochrane Central Register of Controlled Trials databases
to identify preclinical and clinical studies in the last 10 years on PLT function/features and growth
factor in PLTs and on PLT derivatives during OP. The methodological quality of included studies was
assessed by QUIPS tool for assessing risk of bias in the clinical studies and by the SYRCLE tool for
assessing risk of bias in animal studies. Results: In the initial search, 2761 studies were obtained, only
47 articles were submitted to complete reading, and 23 articles were selected for the analysis, 13 on
PLT function/features and growth factor in PLTs and 10 on PLT derivatives. Risk of bias of almost all
animal studies was high, while the in the clinical studies risk of bias was prevalently moderate/low
for the most of the studies. The majority of the evaluated studies highlighted a positive correlation
between PLT size/volume and bone mineralization and an improvement in bone regeneration ability
by using PLTs bioactive GFs and PLT derivatives. Conclusions: The application of PLT features as OP
markers and of PLT-derived compounds as therapeutic approach to promote bone healing during OP
need to be further confirmed to provide clear evidence for the real efficacy of these interventions and
to contribute to the clinical translation.

Keywords: platelet function; platelet derivatives; osteoporosis; bone

1. Introduction

Although the bone tissue has the exclusive ability to self-repair and regenerate, in several situations
this capability results inadequate or linked to complications. Osteoporosis (OP) is defined by the World
Health Organization (WHO) as a “progressive systemic skeletal disease characterized by low bone mass and
microarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and susceptibility to
fracture” [1] (Figure 1).

Affecting about 200 million people in the world, with considerable morbidity and mortality, OP is
one of the main epidemics of the 21st century (International Osteoporosis Foundation [2]). Fractures
resulting from OP are the main cause of morbidity and mortality, bringing elevated social-economic
burden on both families and health care system [3].

Several risk factors, i.e., clinical, medical, behavioral, nutritional and genetic, are related to
OP [4]. One of the main causes of OP is the postmenopausal state which involves increased degree of
imbalance of bone resorption and formation in favor of bone resorption [5]. Osteoclasts, originating
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from hematopoietic cells, are mainly responsible for bone resorption. Despite the hematopoietic
origin of osteoclasts, the hematological changes occurring during OP are not yet well elucidated. In
the last decade, some studies found that platelet (PLT), fragments of cytoplasm derived from the
megakaryocytes of the bone marrow, have a critical role in skeletal homeostasis, modulating bone
formation and resorption [6–8].

Figure 1. Schematic representation of osteoporosis disease.

PLTs are 2–3 μm in diameter and around their periphery a contractile microtubules ring containing
actin and myosin is present. PLTs have several intracellular structures, i.e., lysosomes and two types of
granules, dense granule organelles, containing adenosine triphosphate (ATP), adenosine diphosphate
(ADP), serotonin, and calcium, and the alpha (α) granules, containing growth factors (GFs), clotting
factors, and other proteins (Figure 2) [9]. PLTs also act as a reserve for glycogen [9].

Figure 2. Schematic overview of PLT structure (diagrammatic representation) in the equatorial plane.

208



Int. J. Mol. Sci. 2020, 21, 1762

These GFs play a central role in the healing process and tissue regeneration, being used
as messengers to regulate various processes [10]. Tissue repair begins with PLT clot formation,
activation of the coagulation cascade and PLT degranulation, and release of platelets growth factors
(PGFs). These PGFs join to specific target tyrosine growth factor receptors, which then activate
intracellular signal transduction pathways [11,12]. Several preclinical and clinical studies highlighted
the supportive effect of PLTs on bone formation showing that platelet-derived growth factors (PDGFs)
favor bone formation by affecting cell proliferation, chemotaxis differentiation, and extracellular
matrix synthesis [13,14]. On the other hand, preclinical in vitro studies showed the role of PLTs in
osteoclastogenesis and bone resorption, but the exact mechanism has not been yet proposed [13,14].
These unique biological properties of PLTs emphasize why their derivatives were increasingly used
in the clinical scenario to support the healing process in different pathological conditions, including
musculoskeletal diseases [15–17]. In comparison to the use of a single recombinant GF in high
concentrations, the employment of PLT derivatives have the advantage of offering several synergistic
GFs able to cooperate in a specific site and for a specific goal. For this reason PLT derivatives (i.e., platelet
poor plasma, PPP; platelet-rich plasma, PRP; platelet-rich fibrin, PRF; leucocyte and platelet-rich fibrin,
L-PRF) [18] are considered an attractive option for bone tissue regeneration (Figure 3), containing a
high concentration of local GFs including PDGF, transforming growth factor (TGF), platelet-derived
angiogenesis factor (PDAF), platelet-derived endothelial growth factor (PDEGF), vascular endothelial
growth factor (VEGF) and many others able to modulate the regenerative process [19].

Figure 3. PLT concentrates preparation, types/classes, and illustration/presentation of PLT derivatives.
Schematic drawing of the classical preparation protocols of PRP and PRF.

It has been observed that PLT derivatives (e.g., PRF, PPP, PRF) improved proliferation and
osteogenic activity of bone marrow mesenchymal stem cells (BMSCs) and osteoblasts [20–22].
Additionally, in vivo studies have revealed that clots of PLT derivatives, also in combination with
different materials/scaffolds, improved bone regeneration by promoting the expression of TGF-β
and bone morphogenic protein-2 (BMP-2) [23–27]. Several clinical studies have also applied PLT
derivatives, alone and in association with natural and synthetic biomaterials, in patients with different
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grades of bone defects, reporting improved bone regeneration, early bone formation, bone-depth
reduction and more mature bone [28–31]. However, the exact function of PLTs and its derivatives
on bone resorption and bone formation is still complex to understand because of the multifaceted
interactions between GFs, inflammatory mediators, and cytokines. Consequently PLTs role and skills
during OP and their relationship with bone loss are even more complex to understand and conflicting
results have been obtained [32–34].

To date, many key questions remain unanswered and controversial, in particular concerning
PLT function, size, volume, role of bioactive GFs released and use of PLT derivatives during OP
pathogenesis. Thus, we carried out a systematic review in which we wondered: How do PLTs work
and what changes occur in their function, features and/or structure (volume, size, number) during OP?
How do GFs released by PLTs or GFs existing in PLTs and PLT derivatives “work” during OP? Which
are the main derivatives used in OP? and How are they used? In the present systematic review we
tried to highlight and answer to these points, attempting to give an up-to-date tool for researchers and
clinicians involved in PLT-mediated bone tissue regenerative applications in OP condition.

2. Methods

2.1. Eligibility Criteria

The PICOS model was used to formulate the questions for this study: (1) studies that considered
cells, animals and patients with OP (Population), (2) studies where one of the primary aims were to
evaluate PLTs and PLTs derivatives during OP (Interventions), (3) studies that presented a control
interventions (Comparisons), (3) studies that reported the effects/functions/roles of PLTs and PLTs
derivatives during OP (Outcomes) and (4) preclinical (in vitro and in vivo) and clinical studies (Study
design). Studies from 27 July 2009 to 27 July 2019 were included in this review if they met the
PICOS criteria.

We excluded studies investigating (1) PLTs functions and/or PLTs derivatives in pathological
conditions different from OP, (2) pathological conditions where OP is a bone manifestation of
another disease (i.e., diabetes, Gaucher disease, cancer, rheumatic diseases), (3) osteonecrosis of
the jaw due to OP therapy, (4) PLT functions and/or PLT derivatives during the administration of
drugs active on bone metabolism (e.g., alendronate, zolendronate, denosumab, raloxifene), (5) drug
(e.g., glucocorticoid)-induced osteoporosis. Additionally, we excluded case reports, abstracts, editorials,
letters, comment to Editor, reviews, meta-analysis, book chapters and articles not written in English.

2.2. Information Source and Search Strategies

Our literature review involved a systematic search conducted on 27 July 2019. We performed
our review according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement [35]. The search was carried out on PubMed. MEDLINE, ProQuest, Scopus, Web
of Science Core Collection and Cochrane Central Register of Controlled Trials databases to identify
preclinical and clinical studies on PLT functions/features and use of PLT derivatives in OP condition.
Search was conducted combining the terms “Osteoporosis” AND “Platelets”; for each of these terms,
free words and controlled vocabulary specific to each bibliographic database were combined using
the operator “OR”. The combination of free-vocabulary and/or MeSH terms for the identification
of studies in PubMed/MEDLINE, ProQuest, Scopus, Web of Science Core Collection and Cochrane
Central Register of Controlled Trials were reported in Table 1. In addition, reference lists of relevant
studies were searched for other potentially appropriate publications.
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Table 1. Search terms used in the PubMed, ProQuest, Scopus, Web of Science Core Collection and
Cochrane Central Register of Controlled Trials.

Database Search Items

PubMed

((((((“blood platelets”[MeSH Terms] OR (“blood”[All Fields] AND “platelets”[All Fields]) OR
“blood platelets”[All Fields] OR “platelet”[All Fields]) OR (“blood platelets”[MeSH Terms] OR

(“blood”[All Fields] AND “platelets”[All Fields]) OR “blood platelets”[All Fields] OR “platelets”[All
Fields])) OR ((“blood platelets”[MeSH Terms] OR (“blood”[All Fields] AND “platelets”[All Fields])
OR “blood platelets”[All Fields] OR “platelet”[All Fields]) AND functions[All Fields])) OR ((“blood

platelets”[MeSH Terms] OR (“blood”[All Fields] AND “platelets”[All Fields]) OR “blood
platelets”[All Fields] OR “platelet”[All Fields]) AND (“Changes”[Journal] OR “changes”[All

Fields]))) OR ((“blood platelets”[MeSH Terms] OR (“blood”[All Fields] AND “platelets”[All Fields])
OR “blood platelets”[All Fields] OR “platelet”[All Fields]) AND (“Structure”[Journal] OR

“structure”[All Fields]))) OR ((“blood platelets”[MeSH Terms] OR (“blood”[All Fields] AND
“platelets”[All Fields]) OR “blood platelets”[All Fields] OR “platelet”[All Fields]) AND size[All

Fields])) AND ((((((((“osteoporosis, postmenopausal”[MeSH Terms] OR (“osteoporosis”[All Fields]
AND “postmenopausal”[All Fields]) OR “postmenopausal osteoporosis”[All Fields] OR

“osteoporosis”[All Fields] OR “osteoporosis”[MeSH Terms]) OR (“bone demineralization,
pathologic”[MeSH Terms] OR (“bone”[All Fields] AND “demineralization”[All Fields] AND

“pathologic”[All Fields]) OR “pathologic bone demineralization”[All Fields] OR (“bone”[All Fields]
AND “demineralization”[All Fields]) OR “bone demineralization”[All Fields])) OR (“bone

density”[MeSH Terms] OR (“bone”[All Fields] AND “density”[All Fields]) OR “bone density”[All
Fields])) OR (“osteoporotic fractures”[MeSH Terms] OR (“osteoporotic”[All Fields] AND

“fractures”[All Fields]) OR “osteoporotic fractures”[All Fields])) OR (“bone diseases,
metabolic”[MeSH Terms] OR (“bone”[All Fields] AND “diseases”[All Fields] AND “metabolic”[All
Fields]) OR “metabolic bone diseases”[All Fields] OR “osteopenia”[All Fields])) OR (“bone diseases,
metabolic”[MeSH Terms] OR (“bone”[All Fields] AND “diseases”[All Fields] AND “metabolic”[All
Fields]) OR “metabolic bone diseases”[All Fields] OR (“bone”[All Fields] AND “loss”[All Fields])

OR “bone loss”[All Fields])) OR (“bone density”[MeSH Terms] OR (“bone”[All Fields] AND
“density”[All Fields]) OR “bone density”[All Fields])) OR bmd[All Fields]) AND

(“2009/07/27”[PDAT]: “2019/07/27”[PDAT])

ProQuest

(platelet AND (bdl(1007527) AND pd(20090727-20190727))) AND (osteoporosis AND (bdl(1007527)
AND pd(20090727-20190727)))

Applied limits:
Database:

Biological Science Collection
British Nursing Database

Health Research Premium Collection
Part of the search defined by the query is performed in these databases.

Restricted based on:
Database: Biological Science Collection; Health Research Premium Collection; Biological Science

Index; MEDLINE®; TOXLINE

Web of Science
Core Collection

(TS = platelet OR TS = platelets OR TS = platelet functions OR TS = platelet changes OR TS =
platelet structure OR TS = platelet size) AND (TS = osteoporosis OR TS = bone demineralization OR
TS = bone density OR TS = Osteoporotic Fractures OR TS = osteopenia OR TS = bone loss OR TS =

bone density OR TS = bmd)—with Publication Year from 2009 to 2019

Scopus

(TITLE-ABS-KEY (platelet) OR TITLE-ABS-KEY (platelets) OR TITLE-ABS-KEY (platelet AND
functions) OR TITLE-ABS-KEY (platelet AND changes) OR TITLE-ABS-KEY (platelet AND

structure) OR TITLE-ABS-KEY (platelet AND size) AND TITLE-ABS-KEY (osteoporosis) OR
TITLE-ABS-KEY (bone AND demineralization) AND TITLE-ABS-KEY (bone AND density) OR

TITLE-ABS-KEY (osteoporotic AND fractures) OR TITLE-ABS-KEY (osteopenia) OR
TITLE-ABS-KEY (bone AND loss) OR TITLE-ABS-KEY (bone AND density) OR TITLE-ABS-KEY

(bmd) OR TITLE-ABS-KEY (bone AND mass)) AND DOCTYPE (ar) AND PUBYEAR > 2008

Cochrane
Central Register

of Controlled
Trials

((((((platelet) OR platelets) OR platelet functions) OR platelet changes) OR platelet structure) OR
platelet size)) AND (((((((((osteoporosis) OR bone demineralization) OR bone density) OR

Osteoporotic Fractures) OR osteopenia) OR bone loss) OR bone density) OR bmd) in All Text—with
Publication Year from 2009 to 2019
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2.3. Study Selection and Data Extraction

Possible relevant articles were screened using title and abstract by one reviewer (FS) and articles
that did not meet the inclusion criteria were excluded. After screening the title and abstract, articles were
submitted to a public reference manager (Mendeley; “www.mendeley.com”) to eliminate duplicates.
Subsequently, the remaining full text articles were retrieved and examined by two reviewers (FS,
MM). Any disagreement was resolved through discussion until a consensus was reached, or with the
involvement of a third reviewer (MF).

Data from the retrieved studies were tabulated taking into consideration studies that evaluated
PLT functions/features and growth factor in PLTs (Table 2) during OP and studies that evaluated PLT
derivatives in OP (Table 3). Each table was split-up based on preclinical and clinical studies. We
extracted the following data from the articles on PLT functions/features and growth factor in PLTs
during OP: Reference, Aim, Study design, Methodology, Platelet function, Link between platelet and
OP, Main results (Table 2). The extracted data for the studies on PLT derivatives in OP were: Reference,
Aim, Study type, Platelet formulation, Platelets concentration, White blood cells content, Activation
method, Platelet application, Experimental design, Main results.

2.4. Assessment of Methodological Quality

Two reviewers (FS and MM) independently assessed the methodological quality of selected studies
(Tables 4 and 5). In case of disagreement, they attempted to reach consensus; if this failed, a third
reviewer (MF) made the final decision. The methodological quality of the clinical studies was assed
using the Quality in Prognosis Studies (QUIPS) tool [36,37]. Studies were assessed on six domains:
study participation, study attrition, prognostic factor measurement, outcome measurement, study
confounding, and statistical analysis and reporting. Methodological quality appraisal of included
in vivo studies was performed according to the Systematic Review Centre for Laboratory Animal
Experimentation (SYRCLE) tool [38], which has been specifically designed to assess the risk of bias of
animal studies. We have not assessed risk of bias for in vitro studies because, to our knowledge, no
standard quality assessment tool exists for the type of in vitro studies included in this review.

3. Results

3.1. Study Selection and Characteristics

The initial literature search retrieved 2928 studies. Of those, 1169 studies were identified using
PubMed/MEDLINE, 167 using ProQuest, 134 using Scopus, 1141 were found in Web of Science Core
Collection and 317 using Cochrane Central Register of Controlled Clinical Trials. After screening the
title and abstract107 articles were run through Mendeley to eliminate duplicate articles. The resulting
49 complete articles were then reviewed to establish whether the publication met the inclusion criteria
and 23 were considered eligible for this review. From the reference lists of the selected articles no
additional publications were found. Search strategy and study inclusion and exclusion criteria are
detailed in Figure 4.

We divided the extracted data in two tables, taking into consideration studies that evaluated PLT
functions/features and growth factor in PLTs during OP (n = 13) (Table 2) and studies that used PLT
derivatives in OP (n = 10) (Table 3). Each table was split-up based on preclinical and clinical studies.
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Figure 4. PRISMA flowchart for the selection of studies.
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3.2. Assessment of Methodological Quality

Risks of bias assessments for each clinical study were summarized in Table 4. The overall risk of
bias across studies was low to moderate for the majority of the studies (n = 8; 75%), with the exception
of two studies that have high risk due the lack of information [33,45], for at least one aspect of study
attrition [45], prognostic factor measurement [33] and outcome measurement [45].

Risks of bias assessments for each in vivo study were summarized in Table 5. Risk of bias of
animal studies was high for almost all the examined studies. Among the 13 included in vivo studies,
three for PLT functions during OP and 10 for PLT derivatives in OP, 10 of them have not declared
the method of sequence generation [41,42,49–53,56,57], in one study the method was unclear [55] and
in the remaining two studies the method of sequence generation was clearly declared [40,58]. The
majority (n = 7) of the studies showed that groups were similar concerning baseline characteristics
(i.e., age, weight, sex) and two studies showed that allocation was adequately concealed [40,58]. One
study reported that animals were housed randomly during the experiment [40] and another reported
the blinding of investigators [52]. Only one study reported that the animals were selected at random
for outcome assessment [41] and another one reported the blinding of outcome assessors [52]. Almost
all the studies included all the animals in the analyses (n = 10), reported and detailed the primary
outcome (n = 12) and were apparently free of other problems that could result in high risk of bias
(n = 8) (Table 5).
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4. Study Results

4.1. Platelet Functions/Features and Growth Factor in PLTs in Osteoporosis

Articles that evaluated PLT functions/features and growth factor in PLTs during OP were
prevalently clinical (n = 9), two were in vivo studies, one was both in vivo and clinical and another
was exclusively in vitro (Table 2). In this last [39], starting from the evidence of the reduced healing
capability of MSCs during OP, a comparison between the effect of BMP-2, BMP-7, parathyroid hormone
(PTH) and PDGF on proliferation and osteogenic differentiation of MSCs derived from OP patients
was performed. MSCs isolated from trabecular bone showed to be more sensitive to high dose of
PDGF-BB, as well of BMP-7 in comparison to the other stimulations, in terms of alkaline phosphatase
(ALP) activity and calcium release, in a dose dependent manner. The critical role of the PDGF-BB
was also investigated in two in vivo studies [40,41]. Zhang et al. showed that the immobilization
of PDGF-BB on titanium nanotube arrays was effective in stimulating osteogenesis both in vitro, on
BMSCs isolated from OVX rats, and in an in vivo model of osteointegration in OVX rat femurs [41].
Exploiting the use of a Ctsk–/– mouse model, in which higher levels of PDGF-BB have been found to be
secreted by pre-osteoclasts, Xie et al. [40] investigated instead the bone remodeling rate in relationship
with angiogenesis stimulation. Results showed that PDGF-BB promotes angiogenesis, recruiting MSCs
and endothelial progenitor cells (EPCs) and stimulating CD31hiEmcnhi vessel and bone formation
in OVX mice [40]. Additionally, in vitro tube formation assays performed with conditioned medium
from pre-osteoclasts and osteoclasts isolated after bone marrow flushing confirmed the results. Always
focusing on the PDGF-BB function Tang et al. [42], in an in vivo study on OVX rats and in a prospective
clinical study involving young woman, postmenopausal and OP postmenopausal woman, showed
that the levels of oestradiol and PDGF-BB correlate with patients age and that the lowest levels are
found in the postmenopausal OP cohort.

Several clinical studies evaluated the relationship between PLT and OP status based on Bone
Mineral Density (BMD) value considering different cohorts of woman, i.e., healthy, osteopenic and
OP [44,46,47]. The investigation on mean PLT volume (MPV) [46,47] and PLT distribution width
(PDW) [46] showed that the levels of these markers were reduced in OP patients and that they correlated
with BMD T-score. In addition, in a bigger clinical study (175 patients, 72% osteoporotic) it was also
seen that MPV inversely correlate with body mass index [46]. On the contrary, performing the same
evaluation on the same cohorts of patients, Vural et al. found no differences in MPV and PLT, neither
founded any possible relationship between vitamin D levels and MPV [47]. However, D’Amelio et
al. [45] evaluating woman with postmenopausal OP and using as control healthy man and woman
matched for age and postmenopausal period, showed that PLT vitamin D receptor was less expressed
in OP patients. Additionally PLT vitamin D receptor level can be related to the variation of BMD
independently form the health status of patients. The lower expression of the receptor also induced a
worst response to vitamin D and a consequent increase in PTH levels [45]. In addition, evaluating
postmenopausal OP patients, the PLT/lymphocyte ratio was found to correlate with low BMD [33,48],
in particular in reference to the femoral and lumbar district [48], which is also related to low vitamin
D levels, supporting the hypothesis that inflammation correlates with vitamin D levels [48]. The
relationship between peripheral blood cell count and BMD in OP was investigated also by Kim et al.
which observed that PLTs count, as well as white and red blood cells counts, correlate with BMD in
OP patients [43]. Finally, Kim et al. evaluated the level of plasma PLT activating factor (PAF) in OP
woman with radiological evident vertebral fracture. After assessing BMD and serum calcium levels,
results showed that PAF levels correlated with the presence of vertebral fracture, as well as with BMD
in all sites except for femoral neck, and that PAF levels increase in parallel with ALP levels [34].

4.2. Platelet Derivatives in Osteoporosis

All 10 articles on PLT derivatives in OP were about vivo or both in vivo and in vitro studies.
With the exception of the study by Rocha et al. [56] that used rabbits submitted to elective
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ovariosalpingohysterectomy as OP animal model all the other studies employed ovariectomized
(OVX) mice and rats to induce OP (Table 3). All studies used PRP as PLT products with the exception
of a study which used L-PRF [58]. Six of these studies (60%) also employed a scaffold/biomaterial
(calcium phosphate, calcium aluminate/calcium aluminate-melatonin, β-tricalcium phosphate, bovine
bone graft, nanoporous TiO2, hemostatic sponge) to incorporate the PLTs derivatives and subsequently
evaluated bone regeneration in calvaria [51,58], tibia [54,56] and in caudal and lumbar vertebrae [53,57].
Clafshenkel et al. [51] evaluating a calcium aluminate and calcium aluminate-melatonin scaffolds
implanted in a critical size calvaria defect of OVX rats, showed that the addition of PRP did not
significantly improve degree, intensity and abundance of osteoid tissue mineralization and bone
formation in either of the two scaffolds [51]. Differently, Engler-Pinto et al. [58] using the same animal
model to evaluate L-PRF alone, blood clot alone, bovine bone graft alone, or a combination of L-PRF
with bovine bone graft, showed that the association of L-PRF to bovine bone graft potentiate the bone
healing and the production of VEGF, osteocalcin (OCN) and BMP-2/4 [58]. Increased osteogenetic
efficiency were also observed evaluating the healing of a long bone defect (tibia) in OVX animals
treated with TiO2 nanoporous implant associated with PRP [54]. Additionally, it was seen that PRP
in association with TiO2 not only promoted the osteogenesis but also increased the expression of
RUNX2 and COL1 genes and suppressed osteoclastogenesis with increased expression of OPG and
decreased levels of RANKL [54]. Despite calvaria defects and long bones defects are the most frequently
models used to evaluate bone regeneration and healing during OP, also vertebrae, despite the higher
cancellous bone content and the different anatomical and biomechanical properties, were used to
evaluate the role of scaffold/biomaterial in association to PRP [53,57]. Two in vivo studies in OVX
animals showed that incorporating PRP into calcium phosphate cement [53] and β-TCP sponge [57]
accelerated osteoconduction in the caudal [53] and lumbar [57] site, also demonstrating an improvement
of the trabecular bone microarchitecture. Additionally, calcium phosphate cements associated to PRP
improve the bone mineral density [53] and increase the stiffness of the affected vertebral bodies [57].
Finally, Rocha et al. [56] used a hydrolyzed collagen sponge made from freeze-dried sterile porcine
gelatine as carrier for allogenic BMSCs and PRP, alone or in combination, to evaluate the repair
of bone failure in tibiae of osteoporotic rabbits secondary to estrogenic deprivation and iatrogenic
hypercortisolism [56]. Results suggested that PRP contributed positively to repair of bone failure, but
less than the group treated with BMSC and similarly to the association of both [56].

Differently from the above mentioned studies, four studies (40%) used PRP without
scaffold/biomaterial to analyze the balance between adipogenesis and osteogenesis in bone
regeneration [50], to induce bone regeneration from embryonic fibroblasts [49], to evaluate PRP
association to BMSCs [55], to analyze PRP effect in the treatment of OP fractures and to clarify PRP
best concentration of use [52]. By using an OVX senescence-accelerated mice (SAMP8) model in which
genetically modified NIH3T3 embryonic fibroblasts (pre-differentiated into osteoblast-like cells using
PRP) were injected into the bone marrow cavity, an improvement in BMD scores and in the skeletal bone
architecture were detected [49]. Using the same animal model it was also seen that PRP alone exerted
its action by promoting bone regeneration and suppressing adipogenesis within the marrow [50].
PRP-induced osteogenesis was confirmed by simultaneously up-regulating osteogenesis-promoting
genes RUNX2, OPN and OCN and down-regulating adipogenesis regulators such as PPAR-γ2 and
leptin in bone marrow cells of PRP treated animals [50]. Allogenic BMSCs in combination with PRP
were also used for the treatment of OP bone defects in an OVX rat model showing that bone defects of
OVX rats treated with PRP and BMSCs were completely repaired, whereas those treated with PRP or
BMSCs alone exhibited slower healing [55]. In addition, higher expression levels of RUNX2, OSX, and
OPN were found in rats treated with PRP and BMSCs [55]. Autologous BMSCs cultured with high-,
medium-, low-concentration PRP and with PPP from OVX rats were also used to treat fracture healing
in an OVX animal model [52]. Results highlighted that the medium-concentration of PRP showed
faster healing than the other groups, with a faster bridging of the fracture gaps and higher bridging
rate [52].
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5. Discussion

To date OP management still remains a difficult task for clinicians and based on the progressively
increase of aging population the global implications of OP and impaired bone healing are considerable.
In the past decade, an increasing number of studies explored the use of new and advanced markers as
well as of bioactive factors able to promote bone formation/regeneration during OP [59,60]. Although
promising results have been documented both for OP markers and bioactive factors, the available
evidence does not yet support their use and further investigation for their clinical use, in particular
for PLTs and their derivatives, are mandatory [61]. Thus, the aim of the present systematic review
was to evaluate the PLT function, i.e., size, volume, bioactive GFs released, and the usage of their
derivatives during OP in order to understand the potential of PLT function as OP markers and the
physiopathological mechanisms that underlie the regenerative effects of their derivatives.

In this review, preclinical studies on PLTs function/features and growth factor in PLTs during OP
mainly deal with PDGF, a naturally molecule released from the α-granules of PLTs, as part of the clotting
process that occurs in response to injury [62]. Homodimer BB constitutes a dimeric glycoprotein of
PDGF and is considered the universal PDGF isoform, rendering it the most logical form of the protein to
develop as a therapeutic [62]. The ability to simultaneously influence cellular chemotaxis, mitogenesis
and angiogenesis gives to PDGF a fundamental role in musculoskeletal repair and regeneration also
in OP condition [63]. In this review, PDGF-BB administered in vitro in OP MSCs and in vivo in OVX
small animal models respectively stimulated osteogenesis, proliferation and improve angiogenesis and
implant osteointegration. In addition, it was found that in OVX animal model, bone marrow levels of
PDGF-BB, which was partially produced by preosteoclasts, were drastically decreased. This probably
occurred because an increase in mature bone resorption by osteoclasts reduced preosteoclasts and
consequently PDGF-BB secretion in OVX animals. Therefore, PDGF-BB is likely mediated by oestrogen
in bone metabolism. In fact, it was demonstrated that plasma PDGF-BB levels are maintained by
oestrogen in normal young women and play a major role in postmenopausal OP [42]. However, despite
numerous studies suggested PDGF-BB as potential therapeutic target during OP, before moving toward
the next step, further studies will ascertain the exact mechanisms of PDGF-BB on increasing new bone
formation and improving angiogenesis in OP conditions. In addition, clinical studies for dose, delivery
site and mode optimization will be mandatory in order to examine the side effects, overall safety and
effectiveness of PDGF-BB. In this review the examined clinical studies also found a positive correlation
between PLT size, distribution width, volume changes and low BMD due to OP with also a correlation
with low levels of PLT vitamin D receptor that underlined a lower ability to respond to vitamin D in
OP condition. On the other hand, some other studies demonstrated that PLT size cannot be used as a
predictive marker of vitamin D status and BMD during OP. However, as reported by Varol et al. [64]
accurate measurements of PLT count and volume are fundamental factors for diagnostic, therapeutic,
and research purposes, thus to avoid artefactual results. Unfortunately, not all the studies analyzed
detail the procedures used to obtain PLT count and volume and not all used a standardized procedure.
An additional mechanism always available with routine blood counts, which explains the relation
between PLTs and OP, was found in the correlation between PLT/lymphocyte ratio and OP, since
PLT/lymphocyte ratio seems to be a discriminative factor for low BMD. The possibility to exploit
data related to PLT size, distribution width, volume changes and PLT/lymphocyte ratio, obtained
from a simple and routine investigation, to diagnose and correlate a specific pathological condition is
undoubtedly fascinating. However, despite in this review the clinical studies suggested that these
parameters may be used as potential OP predictors, a consensus has not been reached and there are
still limited results. To date, these aspects strongly restrict the clinical translation and further studies,
including larger patient groups, are mandatory and could allow identifying a subset of patients who
are at greater risk for developing OP and who may benefit from early screening, intervention, and
additional research.

Another key question concerning PLTs regards the role and use of their derivatives during OP.
The rationale for PLT derivatives use in bone healing process is due to the abundance and accessibility
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of key GFs and other signaling molecules in PLTs [65–67]. To date, PLT derivatives have been used for
the improvement of bone fracture healing, such as common fracture healing, diabetic fracture healing,
and nonunion [16,68]. Although not yet definite, it appears that most research supports a positive role
for PLT derivatives in bone regeneration. However, the majority of these studies were done in non-OP
condition and consequently it is not clear whether the impact of PLT derivatives would be compromised
by OP. Thus, in the present review we searched preclinical and clinical studies on PLT derivatives
employed in OP condition. However, our search strategy provided only preclinical studies and this
is probably due to the fact that the use PLTs derivatives in OP still requires a better understanding
of the physiopathological mechanisms that underlie their real regenerative effects. All preclinical
studies examined in this review used PRP as PLT products with the exception of one study which
used L-PRF and most of them used a scaffold/biomaterial to incorporate the PLTs derivatives. Most
of the examined studies demonstrated that PRP improve overall bone quality in OP animal models
by promoting osteogenesis while suppressing adipogenesis in bone marrow. Moreover, PRP seems
to stimulate the differentiation of embryonic fibroblasts into osteoblast-like cells; the transplantation
of these PRP-treated cells also significantly improved bone architecture in OP animal models. It has
also been demonstrated that PRP treatment combined with BMSCs may enhance the formation of
new bone. However, a minority of studies (2/10) reported that the use of PRP associated to a scaffold
and/or to BMSCs did not improve degree, intensity, mineralization and bone formation. Thus, in spite
of numerous experimental evidences showed in this review, the use of PLT derivatives during OP
is still subject of controversy also considering the high risk of bias of most animal studies. Several
explanations for this dispute could be first of all due to the different interval between implantation and
investigation as well as to the volume of whole blood and final volume of PLT derivative, final PLT and
GFs concentration, methods that PLT derivatives is produced, activator agents, presence or absence
of leukocytes and red blood cells, the origin of platetelet derivative used (autologous, allogeneic or
xenogeneic). Additionally, specific factors associated to the surgical approach, i.e., size of the bone
defect, type and nature of the bone implant, bone graft substitute and bone fixation device could also
affect the efficacy. Thus, despite the use of PLT derivatives increased in the past years mainly due to
the easy use and biosafety that facilitates the translation in humans, to date further research should be
performed to fully reveal the characteristics of the relationship between PLT derivatives and OP. These
researches would be of fundamental importance as they would allow a rapid clinical translation of the
PLT derivatives in the clinical theatre, leading to an improvement in the patient’s quality of life and a
reduction in the ever-increasing financial burden for governments and society due to OP.

6. Conclusions

Given the fundamental role of PLT features (size, volume, width distribution, GFs released and
growth factor that exists in the PLTs) and PLT derivatives in musculoskeletal repair and regeneration,
their future role in OP is expected to expand. Additional researches are under way to further improve
our understanding on PLT as markers for OP and on PLT derivatives as therapeutic treatment to
enhance bone healing and control inflammation during OP. These future investigations will hopefully
continue to shed more light on how PLTs could best used to further improve the outcomes of OP
patients in the clinical scenario.
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