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Preface

Mammalian platelets are small (2–4 um), discoid, short-lived fragments derived 
from megakaryocyte precursors. They play a crucial role not only in the formation 
of a normal hemostatic plug but also in the formation of a pathologic thrombus, 
particularly within arteries subjected to high shear stress. Platelets circulate in 
a resting state through blood vessels lined by an endothelial layer. Following an 
insult to the endothelial layer platelets undergo a series of changes that ultimately 
lead to them changing shape, secreting their granule contents, and aggregating 
to prevent blood loss. Thus, platelets rely on specific adhesive interactions with 
extracellular matrices (e.g., collagen, von Willebrand factor, fibronectin). In order 
to achieve firm adhesion, platelets possess many receptors specific for extracellular 
matrix proteins. As our basic knowledge in platelet biology has improved through 
the years, it is has become evident that the role of platelets extends beyond that of 
thrombosis and hemostasis. Current state of the art suggests that platelets play a key 
role in a much wider repertoire of physiological processes such as inflammation, 
innate immunity, cancer, infection, neurobiology, and tissue repair/regeneration.

The individual chapters in this book identify one particular aspect of platelet 
function, dysfunction, or application. The book is not intended to be read from 
cover to cover as the reader seeks authoritative information on any one given aspect 
of platelets. Therefore, for ease of reading, the book is divided into three main 
sections: “Platelet Function” and “Platelet Dysfunction” and “Platelet Application.” 
The authors of each of the focused chapters are leaders in their respective fields. 
As significant advances continue to develop our thinking of the functional role 
of platelets in health and disease, this book elevates awareness and enthusiasm in 
further investigating platelet functions.

Steven W. Kerrigan
Professor,

Head of the Cardiovascular Infection Research Group,
RCSI University of Medicine and Health Sciences,

Dublin, Ireland
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Chapter 1

Platelet Imaging
Zachary A. Matthay and Lucy Zumwinkle Kornblith

Abstract

The knowledge gained through imaging platelets has formed the backbone 
of our understanding of their biology in health and disease. Early investigators 
relied on conventional light microscopy with limited resolution and were primar-
ily able to identify the presence and basic morphology of platelets. The advent of 
high resolution technologies, in particular, electron microscopy, accelerated our 
understanding of the dynamics of platelet ultrastructure dramatically. Further 
refinements and improvements in our ability to localize and reliably identify plate-
let structures have included the use of immune-labeling techniques, correlative-
fluorescence light and electron microscopy, and super-resolution microscopies. 
More recently, the expanded development and application of intravital micros-
copy in animal models has enhanced our knowledge of platelet functions and 
thrombus formation in vivo, as these experimental systems most closely replicate 
native biological environments. Emerging improvements in our ability to charac-
terize platelets at the ultrastructural and organelle levels include the use of platelet 
cryogenic electron tomography with quantitative, unbiased imaging analysis, and 
the ability to genetically label platelet features with electron dense markers for 
analysis by electron microscopy.

Keywords: platelets, platelet disorders, electron microscopy, confocal microscopy, 
fluorescence microscopy, intravital microscopy

1. Introduction

Platelets are small, anucleate cells with central roles in hemostasis, endothelial 
regulation, inflammation, and immune responses [1–5]. Critical to these biologic 
processes, platelets undergo several dynamic morphologic changes in overall 
shape and size. Furthermore, at the organelle level they alter and differentially 
release their cellular contents in signal dependent manners [6–10]. Detailed 
knowledge of these changes is essential for understanding platelet biology, 
including in the contexts of hemostasis and thrombosis, cellular and pathogen 
interactions, and intracellular signaling mechanisms [9, 11–14]. Within this 
chapter, we will review the methods and applications of multiple modalities of 
platelet imaging including light transmission, super-resolution, electron, and 
intravital microscopy. Advances in our ability to image platelets have enabled 
a more complete understanding of platelet biology in health and disease, and 
these techniques remain powerful clinical and research tools [15–19]. We will also 
detail the challenges of these imaging methods specific to platelets, and future 
barriers that should to be addressed.
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2. Light and fluorescence microscopy

2.1 Overview

Owing to their small size, platelets were not discovered until long after red blood 
cells and leukocytes had been visualized with traditional microscopy. With the 
development of compound and achromatic microscopes, they were finally observed 
by several scientists in the nineteenth century, including the Italian scientist Giulio 
Bizzozero, who began to identify their roles in hemostasis and thrombosis [14, 20]. 
In their resting state, platelets are 2–3 μm in diameter and discoid in shape, appear-
ing as small blue circular structures on traditional light microscopy with Giemsa 
staining (Figure 1). Despite the resolution limitations of light microscopy, many 
important advances have been made in our understanding of platelet structure 
and function with this technique. In fact, light microscopy remains an important 
diagnostic and research tool today [21, 22].

2.2 Diagnosis of platelet disorders with light and fluorescence microscopy

Many heritable platelet disorders can be diagnosed using light microscopy 
of blood smears when used in conjunction with immunofluorescent staining. 
Typically, light microscopy is initially used to identify abnormalities in platelet 
shape and size, narrowing the differential diagnosis, which is then followed by spe-
cific staining or flow cytometry to make a final diagnosis (Figure 2) [21]. This may 
be diagnostic in approximately 25–35% of cases of suspected inherited thrombocy-
topenia, and can obviate the need for further expensive genetic testing or complex 
imaging modalities such as electron microscopy [21, 22].

2.3 Platelet spreading assays

Differential interference contrast microscopy is a specialized form of light 
microscopy used to characterize platelet spreading and adhesion to proteins on 
transparent surfaces [24]. For example, the role of actin proteins in the platelet 

Figure 1. 
Standard light microscopy of platelets. Image from a light microscope (500×) from a Giemsa-stained peripheral 
blood smear showing platelets (blue dots) surrounded by red blood cells (pink circular structures). Image and 
caption by Dr. Graham Beards, reproduced under Creative Commons GNU Free Documentation 1.0 Generic 
license (https://creativecommons.org/licenses/by-sa/1.0/deed.en).
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responses to collagen or fibrinogen can be studied (Figure 3) [25]. This form of 
microscopy enhances contrast in unstained platelet samples thereby allowing 
adequate visualization of shape change [24]. Platelet spreading experiments have led 
to several important advances in platelet biology such as the identification of sex dif-
ferences in platelet adhesion [26], discovery of novel platelet structures such as actin 
nodules [27], and delineation of platelet-extracellular matrix interaction [25, 28].

2.4 Imaging platelets under flow

In order to study platelet behavior in conditions that more closely replicate 
human vascular biology, techniques that incorporate the imaging of platelets under 
flow conditions have been developed [8, 29–31]. These include in vitro methods 
such as “flow chambers” and in vivo intravital microscopy (detailed in Section 5). 
Flow chambers include a wide range of home-made and commercially available 

Figure 2. 
Light microscopy of peripheral blood smear. Performed with Giemsa staining, showing a giant platelet 
characteristic of Bernard-Soulier syndrome. Diagnosis can then be confirmed by either immune-fluorescent 
microscopy or flow cytometry demonstrating defects in glycoprotein Ib. Image reproduced with permission from 
Sandrock et al. [23].

Figure 3. 
Analysis of platelet spreading and actin organization. Washed platelets (2 × 107 platelets/ml) from wild type 
and HS1 (actin binding protein) −/− mice were added to cover slips coated with collagen (100 μg/ml), collagen 
related peptide (10 μg/ml) or fibrinogen (100 μg/ml) ± thrombin (1 U/ml) and allowed to settle for 45 or 
90 min at 37°C. Spread platelets were fixed in formalin and imaged using differential interference contrast 
microscopy. Representative images of platelets at 45 min are shown. Image and caption reproduced with 
permission from Thomas et al. [25] under Creative Commons Attribution License (http://creativecommons.
org/licenses/by/2.0).
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devices such as parallel-plate flow chambers or biochips with micro channels 
through which fluid is passed at arterial or venous shear stresses [32, 33]. Confocal 
and fluorescence microscopy is then used to visualize platelet adhesion, aggregation 
and thrombus formation [30, 33]. Investigators can create a range of experimental 
conditions to study platelet behavior which has led to many advances in our under-
standing of platelet biology, thrombus formation, and responses to antiplatelet 
therapies [29, 32]. Most recently, for example, Tunstromer et al. used platelet 
staining and time-lapse microscopy to track the movements of individual platelets 
during thrombus formation using a flow chamber [29]. This model was applied to 
quantitatively study the effects of platelet inhibitors on platelet contraction, reveal-
ing differential impacts on platelet subpopulations [29].

3. Super-resolution microscopy

3.1 Overview

Standard light microscopy offers a maximum resolution of about 200–300 nm 
due to the limits on resolution to about half of the wavelength of visible light [34]. 
This allows platelets to be identified, but it is difficult to distinguish and examine 
intracellular structures. However, recent advances in fluorescence light microscopy 
with the development of super-resolution microscopy techniques have improved 
upon conventional light microscopy resolution by 2–10 fold, to the 10–200 nm 
range, and the pioneers of these advances were awarded Nobel prize in chemistry 
in 2014 [34, 35]. These novel techniques all utilize fluorescent labeling but broadly 
apply three different imaging techniques (wide-field microscopy, total internal 
reflection fluorescence, or confocal microscopy) to overcome the resolution limit 
of light microscopy, with resolutions at the 10–200 nm range [36, 37]. Further, 
they can be coupled to automated image analysis to systematically evaluate platelet 
granules and reveal three dimensional structural details [34, 37].

3.2  Localization microscopy or pointillist imaging by single-molecule 
localization (SMLM)

Localization microscopy or pointillist imaging by single-molecule localization 
(SMLM) entails using many cycles of detecting and localizing single fluorescent 
labels within the cell achieving up to 10 nm resolution. By repeating the fluorescent 
imaging cycles thousands of times in conjunction with an on/off mechanism for 
fluorescence, the positions of molecules are precisely mapped out [37]. However, 
this process is quite slow given the need for several cycles of images to be taken. 
Sub-variants include photoactivation localization microscopy (PALM) and stochas-
tic optical reconstruction microscopy (STORM) [34].

3.3 Target based inhibition of fluorescence emission by stimulated emission

Target based inhibition of fluorescence emission by stimulated emission 
uses an excitation and a depletion laser beam to manipulate fluorescent signals 
to further improve resolution, relying on diffraction properties of light from 
the microscope’s focal point [37, 38]. Some examples of this include stimulated 
emission depletion (STED), reversible saturable optical fluorescence transitions 
(RESOLFT), and conical diffraction [34]. This method requires a narrow field and 
imaging an entire sample is a lengthy process, though the resolution is excellent at 
up to 20 nm [34].
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3.4 Structured illumination microscopy

Structured illumination microscopy only improves resolution by approximately 
2 fold (up to 120 nm) compared to light microscopy, but this is a more efficient, 
faster method [35]. It employs mathematical processing of a series of illumination 
and laser interference patterns to improve resolution [37]. As a proof of concept, 
Westmoreland and colleagues used structured illumination microscopy to dis-
criminate between three patients with Hermansky-Pudlak Syndrome (a platelet 
storage defect whereby dense granules are absent) and healthy controls [35]. This 
work highlights some of the inherent limitations of super-resolution microscopy. 
Because it relies upon fluorescent labeling of structures of interest, there are risks 
of mislabeling and therefore misidentification of structures. For example, in their 
paper, the authors noted that in order to stain dense granules fluorescently, a CD63 
marker was used, however, off target effects such as identification of lysosomes 
were seen as these are also known to be CD63 positive. The description of platelet 
actin nodules required for platelet-platelet interactions and their potential relevance 
to Wiskot-Aldrich syndrome is another advance that was made using structured 
illumination microscopy [39].

In summary, super-resolution microscopy is a recent and notable advance over 
traditional light microscopy techniques in the identification and visualization of 
platelet ultrastructural features. Despite some limitations, it does offer the advan-
tage, particularly for structured illumination microscopy, of being relatively less 
time consuming and intensive than other advanced imaging techniques (such as 
electron microscopy), and as such may ultimately become more widely available.

4.  Electron microscopy of platelets: transmission, scanning, and 
cryogenic

4.1 Overview of electron microscopy

Electron microscopy (EM) utilizes a beam of accelerated electrons as the source 
of illumination, and because the wavelength of an electron is up to 100,000 times 
shorter than that of visible light, this provides resolution at the nanometer level 
with excellent visualization of platelet ultrastructural details (see Figure 4). EM 
was first developed in the 1930s, and much of our detailed knowledge of platelets 
has been gleaned through application of EM, including through transmission, 
scanning, and cryogenic EM [40, 41]. Substantial early contributions were made by 
James White who analyzed platelet ultrastructure in health and disease states using 
EM [13, 14, 16, 42–48], and by Marcel Bessis, who studied both megakaryocyte and 
platelet ultrastructure in addition to other blood cell morphologies [49, 50]. In this 
section, we will explore the applications of EM in clinical and research settings and 
discuss their respective advantages and drawbacks.

4.2 Scanning and transmission electron microscopy

Scanning (SEM) and transmission electron microscopy (TEM) can magnify up 
to a resolution of 0.2 nm [15]. In SEM, detailed topographical images are obtained 
of the platelet surface. However, to examine the contents of platelets, TEM is used 
which sends a beam of electrons through ultrathin sections, providing excellent 
internal details. EM relies on differences in electron density to differentiate indi-
vidual structures; however, some structures may have similar electron densities. 
For example, the identification and study of platelet lysosomes with EM requires 
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3.4 Structured illumination microscopy

Structured illumination microscopy only improves resolution by approximately 
2 fold (up to 120 nm) compared to light microscopy, but this is a more efficient, 
faster method [35]. It employs mathematical processing of a series of illumination 
and laser interference patterns to improve resolution [37]. As a proof of concept, 
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criminate between three patients with Hermansky-Pudlak Syndrome (a platelet 
storage defect whereby dense granules are absent) and healthy controls [35]. This 
work highlights some of the inherent limitations of super-resolution microscopy. 
Because it relies upon fluorescent labeling of structures of interest, there are risks 
of mislabeling and therefore misidentification of structures. For example, in their 
paper, the authors noted that in order to stain dense granules fluorescently, a CD63 
marker was used, however, off target effects such as identification of lysosomes 
were seen as these are also known to be CD63 positive. The description of platelet 
actin nodules required for platelet-platelet interactions and their potential relevance 
to Wiskot-Aldrich syndrome is another advance that was made using structured 
illumination microscopy [39].

In summary, super-resolution microscopy is a recent and notable advance over 
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platelet ultrastructural features. Despite some limitations, it does offer the advan-
tage, particularly for structured illumination microscopy, of being relatively less 
time consuming and intensive than other advanced imaging techniques (such as 
electron microscopy), and as such may ultimately become more widely available.

4.  Electron microscopy of platelets: transmission, scanning, and 
cryogenic

4.1 Overview of electron microscopy

Electron microscopy (EM) utilizes a beam of accelerated electrons as the source 
of illumination, and because the wavelength of an electron is up to 100,000 times 
shorter than that of visible light, this provides resolution at the nanometer level 
with excellent visualization of platelet ultrastructural details (see Figure 4). EM 
was first developed in the 1930s, and much of our detailed knowledge of platelets 
has been gleaned through application of EM, including through transmission, 
scanning, and cryogenic EM [40, 41]. Substantial early contributions were made by 
James White who analyzed platelet ultrastructure in health and disease states using 
EM [13, 14, 16, 42–48], and by Marcel Bessis, who studied both megakaryocyte and 
platelet ultrastructure in addition to other blood cell morphologies [49, 50]. In this 
section, we will explore the applications of EM in clinical and research settings and 
discuss their respective advantages and drawbacks.

4.2 Scanning and transmission electron microscopy

Scanning (SEM) and transmission electron microscopy (TEM) can magnify up 
to a resolution of 0.2 nm [15]. In SEM, detailed topographical images are obtained 
of the platelet surface. However, to examine the contents of platelets, TEM is used 
which sends a beam of electrons through ultrathin sections, providing excellent 
internal details. EM relies on differences in electron density to differentiate indi-
vidual structures; however, some structures may have similar electron densities. 
For example, the identification and study of platelet lysosomes with EM requires 
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staining with acid phosphatase or by using arylsulfatase reactive granules to dif-
ferentiate them from alpha granules [52]. EM has also been used to demonstrate 
how platelets may release organelles encapsulated in vesicles, such as mitochondria, 
to drive pathologic inflammation [53, 54].

Despite the significant advances SEM and TEM contributed to the understanding 
of platelet structure and biology, they have important limitations. Both SEM and 
TEM require extensive processing of the samples. This includes fixation, dehydra-
tion, hardening or embedding, as well as sectioning. Given that platelets are prone to 
activation, degranulation, and microparticle release with even modest environmen-
tal stimuli, the concern is that these fixation processes risk significantly altering and 
activating platelets. The most common fixative used for SEM and TEM of platelets is 
glutaraldehyde, which preserves morphology best of the agents used. Despite these 
limitations, SEM and TEM have significantly contributed to our understanding 
of the intracellular organization of platelet contents with nanometer resolutions. 
Critically, SEM and TEM can be combined with immune-gold labeling to further 
localize structures [7]. For example, this labeling approach has been used to delineate 
the intracellular distribution of vWF [10], and to demonstrate that thrombin but not 
adenosine diphosphate treated platelets have upregulated GLUT-3 receptors [55].

4.3 Cryogenic-electron microscopy

Cryogenic electron microscopy (Cryo-EM), developed in the 1980s, is a tech-
nique in which EM is applied to samples which are nearly instantaneously cooled 
to cryogenic temperatures in aqueous solution [56]. This process (typically done by 
plunging into liquid ethane) occurs so rapidly that water molecules do not rearrange 
into crystalline form (also known as amorphous or vitreous ice). This preserves 
cellular structures such as lipid membranes in their near native states [41]. This is 
a particularly important advantage over TEM and SEM which require extensive 
fixation as described above because platelets are known to activate with minimal 
stimuli. Furthermore, samples can then be stored for long periods of time in liquid 

Figure 4. 
Resting platelet shape and structural components. (a) Transmission electron microscopy in the equatorial plane 
of a resting, discoid platelet, with showing the peripheral MTC in the equatorial plane. (b) A scheme of a 
platelet in the equatorial plane (upper image) and in cross section (image at the bottom). Abbreviations: MTC, 
microtubular coil DTS dense tubular system; Gly, glycogen; α, α-granules; δ, δ-granules or dense bodies; λ, 
λ-granules or lysosomes; GR, Golgi remnants; MF, microfilaments; Mit, mitochondria; OCS, open canalicular 
system; P, pores of the OCS; Rib, ribosomes. Figure and caption reproduced from Neumüller et al. [51], under 
open access Creative Commons 3.0 Licensing (https://creativecommons.org/licenses/by-sa/3.0/deed.en).
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nitrogen. Once cryogenically preserved, standard TEM techniques are applied 
to the samples. Additionally, multiple “tilt-series” or tomograms are obtained, 
in which images are captured at multiple angles, which can then be built into 3D 
reconstructions (also called cryogenic electron tomography or cryo-ET), which 
can detail internal structures such as the open canalicular system, organelles, and 
granules [57, 58] (Figure 5).

4.4 Diagnostic and research applications of electron microscopy

There are several important diagnostic applications of EM for assisting in the 
diagnosis of a variety of platelet disorders, particularly for granule defects [15]. 
Further, there have been recent increases in interest in utilizing EM for platelet 
research, in particular with the advent of cryo-ET paired with quantitative image 
analysis of platelet ultrastructural features.

The diagnosis of several granule defects is assisted or can even be made using 
EM. For example, in Gray Platelet Syndrome, which consists of a rare, heterogenous 
group of inherited platelet disorders, “gray” and enlarged platelets are observed by 
EM after Wright staining [59, 60]. More specifically, EM is able to reliably demon-
strate the absence of alpha granules and presence of empty vacuoles (which are the 
immature alpha granule precursors), a key diagnostic criterion [15]. Furthermore, 
cryogenic electron microscopy studies have revealed different alpha granule sub-
types, some of which are in fact tubular in nature and lack vWF [7]. Paris Trousseau 
syndrome is a rare platelet bleeding disorder also present in nearly all patients with 
Jacobsen syndrome (chromosomal disorder with multiple anomalies), and the 
diagnosis can be confirmed by detecting the presence of giant alpha granules by 
EM with immune-gold labeling [16]. Similarly, for Hermansky-Pudlak syndrome, 

Figure 5. 
Electron tomographic 3D model of the open canalicular system (OCS). The OCS is shown with a pore (P) 
connecting it with the surrounding milieu. The DTS is indicated by arrowheads. One virtual slice is shown 
in background. Abbreviations: MTC, microtubular coil DTS dense tubular system; α, α-granules; Mit, 
mitochondria; OCS, open canalicular system; P, pores of the OCS. Figure and caption reproduced from 
Neumüller et al. [51], under open access Creative Commons 3.0 Licensing (https://creativecommons.org/
licenses/by-sa/3.0/deed.en).
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nitrogen. Once cryogenically preserved, standard TEM techniques are applied 
to the samples. Additionally, multiple “tilt-series” or tomograms are obtained, 
in which images are captured at multiple angles, which can then be built into 3D 
reconstructions (also called cryogenic electron tomography or cryo-ET), which 
can detail internal structures such as the open canalicular system, organelles, and 
granules [57, 58] (Figure 5).

4.4 Diagnostic and research applications of electron microscopy

There are several important diagnostic applications of EM for assisting in the 
diagnosis of a variety of platelet disorders, particularly for granule defects [15]. 
Further, there have been recent increases in interest in utilizing EM for platelet 
research, in particular with the advent of cryo-ET paired with quantitative image 
analysis of platelet ultrastructural features.

The diagnosis of several granule defects is assisted or can even be made using 
EM. For example, in Gray Platelet Syndrome, which consists of a rare, heterogenous 
group of inherited platelet disorders, “gray” and enlarged platelets are observed by 
EM after Wright staining [59, 60]. More specifically, EM is able to reliably demon-
strate the absence of alpha granules and presence of empty vacuoles (which are the 
immature alpha granule precursors), a key diagnostic criterion [15]. Furthermore, 
cryogenic electron microscopy studies have revealed different alpha granule sub-
types, some of which are in fact tubular in nature and lack vWF [7]. Paris Trousseau 
syndrome is a rare platelet bleeding disorder also present in nearly all patients with 
Jacobsen syndrome (chromosomal disorder with multiple anomalies), and the 
diagnosis can be confirmed by detecting the presence of giant alpha granules by 
EM with immune-gold labeling [16]. Similarly, for Hermansky-Pudlak syndrome, 

Figure 5. 
Electron tomographic 3D model of the open canalicular system (OCS). The OCS is shown with a pore (P) 
connecting it with the surrounding milieu. The DTS is indicated by arrowheads. One virtual slice is shown 
in background. Abbreviations: MTC, microtubular coil DTS dense tubular system; α, α-granules; Mit, 
mitochondria; OCS, open canalicular system; P, pores of the OCS. Figure and caption reproduced from 
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the absence of dense granules on EM is criteria for diagnosis [17], while Chediak-
Higashi syndrome can be confirmed by observing decreased dense bodies, normal 
alpha granules, and giant cytoplasmic inclusions [46]. While the clinical use of EM 
is not widely available, it remains an important tool for the diagnosis of rare, but 
important platelet disorders described above, as well as for several others [15, 46].

In addition to the current clinical applications of platelet EM for the diagnosis 
of platelet disorders, emerging research using cryo-ET shows promise for expand-
ing our understanding of the role of platelets in a range of disease states including 
cancer [61], thrombo-inflammatory conditions, and for monitoring the quality of 
blood banking strategies for platelets [51, 58]. In a recent investigation using cryo-
ET of platelets from patients with ovarian cancer, the authors identified important 
morphological changes in nine parameters between those with and without malig-
nancy, including shortened microtubules, and increases in both size and number of 
platelet mitochondria [61]. These differences were then incorporated into a predic-
tion model which accurately identified 20 out of 23 patients with ovarian cancer, 
demonstrating exciting potential for future diagnostic purposes.

Electron microscopy has also been used to characterize the properties of plate-
let microparticles, patterns of platelet activation, as well as the structure of plate-
let plug formation in in vivo models [18, 58, 62, 63]. For example, Ponomareva 
et al used both SEM and TEM to study the generation of microparticles from 
platelets in response to stimulation from adenosine diphosphate, arachidonic 
acid, and thrombin, and found that many microparticles were in fact smaller (less 
than 300 nm) than those typically able to be detected by flow cytometry [18]. 
Furthermore, they found that microparticles isolated from patients with condi-
tions such as disseminated intravascular coagulation, heparin induced thrombo-
cytopenia, or lupus were larger and displayed pathologic properties [18]. Lastly, 
in an in vivo mouse model of vascular injury, Tomaiuolo et al used a combination 
of fluorescence microscopy and SEM to detail different levels of platelet activa-
tion within a forming thrombus, and the effects of antiplatelet agents on the 
hemostatic plug’s architecture [63].

4.5 Current limitations and future directions in electron microscopy

Despite its clear potential as both a research and clinical tool, EM has impor-
tant drawbacks. In addition to high costs, it requires specialized equipment and 
highly trained personnel, and therefore is neither widely available nor easy to 
automate. Furthermore, from a technical perspective, sample thickness is lim-
ited, as resolution dramatically decreases with increasing diameters, though this 
presents more of a challenge for imaging larger cells than it does for platelets [41]. 
Further, if an intracellular structure takes on an unexpected shape or localization, 
it can be very difficult to identify without the aid of immuno-labeling, which is 
not always feasible. Currently, techniques to label intracellular structures require 
fluorescent tagging and light microscopy, which can be correlated to electron 
microscopy images (correlative light and electron microscopy or CLEM). These 
have been improved upon with the use of super-resolution light microscopies as 
described above, but still does not reach the resolution of EM (super-resolution 
correlated light and electron microscopy) [35, 36, 41, 64]. However, emerging 
techniques using cloneable, genetic, electron dense markers, for direct localization 
with EM could have important applications if used with EM of platelets [65, 66]. 
Lastly, expanding the use of EM for diagnostic purposes, not just of rare platelet 
disorders, but in other conditions which affect platelets such as malignancy may 
provide important insights into disease processes as well as novel diagnostic 
approaches [61].
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5.  Intravital microscopy: imaging thrombus formation and platelet 
function in vivo

5.1 Overview

Intravital microscopy is a well-established research tool that has been increas-
ingly applied to study platelets, real-time, in vivo. In this technique, the role of 
platelets in thrombus formation and other cellular activities such as interactions 
with leukocytes can be directly observed by the surgical creation of “imaging win-
dow” in anesthetized rat or mouse models. The major advantage of this approach 
is that it allows for observation of platelets in an environment that most closely 
matches what occurs in vivo in humans compared to other assays of platelet func-
tion. Imaging cells in living organisms has been practiced since the early twentieth 
century [67]. However, it was not until recently with the development of multi-
photon or non-linear optical microscopy that has allowed for imaging in tissues at 
deeper depths (up to 1 mm) whereas conventional confocal microscopy can only be 
used up to depths of 50–60 μm [68, 69]. Lastly, with the advent of advanced com-
putational power and digital image acquisition technology integrating with micro-
scopes, quantitative analysis of fluorescent markers and other image properties can 
now be performed to more comprehensively evaluate properties of clot formation, 
and distinctive platelet activation and signaling patterns [9, 11, 70, 71].

5.2 Choice of site and imaging technique

The cremaster muscle and mesenteric veins of mice are the most commonly used 
imaging windows for intravital microscopy, but other possible sites include carotid 
artery, brain, skin, bones, or liver [11, 72, 73]. In order for visualization and subsequent 
quantitative analyses, platelets must be labeled with fluorescent antibodies or geneti-
cally modified mouse models which express fluorescent platelet proteins. Both of these 
approaches provide adequate capacity to visualize platelets in vivo, however, at least 
for some of the genetic approaches in mice, there may be untoward effects on platelet 
aggregation compared to antibody labeling approaches [74]. While any vascular bed 
theoretically may be used to study platelet function, the primary limitations include 
the anatomic challenges of isolating the vessels while minimizing trauma and inflam-
mation, as well as vessel caliber, since it must be sufficiently transparent for light 
penetration [75]. Pros and cons of each anatomic site are summarized below (Table 1).

The essential imaging equipment includes a microscope, an illumination light 
source for fluorescence excitation, an ablation laser (to generate endothelial injury), 
an image intensifier, and a camera [75]. Endothelial injury and thrombosis can also 
be induced by mechanical or chemical means, but laser injury offers the advantage of 
greater temporal and spatial control than the other methods [75]. There are a num-
ber of different microscopes that may be used, depending on the type of imaging 
required, which is in large part dictated by the depth of penetration required by type 
of tissue being examined, see Masedunskas et al. [69]. Recommendations for camera 
characteristics include that they be sensitive enough to detect the lowest expected 
fluorescent signals and to be able to reset fast enough to allow frame rates of 10 per 
second [75]. For further details on methods of performing intravital microscopy to 
study platelet function, see Stalker et al. [9], Herr et al. [11], and Falati et al. [70].

5.3 Applications and examples

Intravital microscopy has several applications to identify underlying mechanisms 
of disease and new aspects of platelet biology. A few illustrative examples of the value 
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and versatility of the technique include studies demonstrating mechanisms of micro-
vascular thrombosis, platelet production, and for examining platelet leukocyte inter-
actions [19, 72, 73, 76]. For example, in a murine model of arteriolar thrombosis, Lu 
et al employed cranial intravital microscopy to study anti-platelet properties of caffeic 
acid (Figure 6) [72]. It can also be used to better characterize platelet interactions 
with other cell types. Using liver intravital microscopy to examine pathways involved 
in steatohepatitis, Malehmir et al. showed that platelet colonization depended on 
Kupffer cells and CD44 binding, and that treatment with anti-platelet therapy 
reduced infiltration of platelets into liver cells as well as platelet immune interactions 
and trafficking, ultimately leading to attenuation of liver damage [73]. Lastly, the 
identification of the lung microvasculature as a site of platelet production is another 
remarkable discovery made possible by the use of intravital microscopy [19].

5.4 Limitations and future advances

The main limitations of intravital microscopy include the depth of penetration 
depending on the type of microscope used, technical challenges, heterogeneous 
features and low transparency of certain tissues, and limitations on the number 
of fluorescent tags that can be used simultaneously [68, 69, 75]. Future advances 
may include incorporation of correlative light and electron microscopy (CLEM) to 
intravital approaches, technical advances in miniaturization of lenses and imaging 
equipment, and improvements in the array of genetic and molecular markers used 
to track platelet-cellular and platelet-ultrastructural processes [68].

Site General approach Advantages Limitations

Cremaster 
Muscle

Muscle is exteriorized 
through scrotal 
incision in mice

Quick preparation (5–7 min)
Thin, transparent
Multiple vessels can be 
studied simultaneously

Vessels are too small to assess 
flow by Doppler

Mesentery Mesentery 
exteriorized through 
midline incision

Mesenteric vessels large 
enough for easy ligation or 
glass pipette mechanical 
injury

Older mice (>3–4 weeks) 
have too much fat around 
vessels to allow for 
brightfield microscopy
Fewer vessels can be studied 
simultaneously
Greater trauma during 
sample preparation

Ear Ear is shaved and 
trans-illuminated to 
identify vessels

Simple preparation Difficult to produce 
reliable injury models due 
to variation in vascular 
anatomy

Carotid 
Artery

Neck incision with 
dissection of carotid 
artery

Vessel large enough for 
Doppler flow monitoring

Only amenable to fluorescent 
microscopy, no bright field 
images can be obtained

Brain Cranial window on 
dorsal surface of skull

Good for studying 
microvasculature

Technically challenging

Liver Lateral abdominal 
incision with liver 
exteriorization

Amenable to conventional 
confocal microscopy

Technically challenging

*See Merrill-Skoloff et al. [75], Falati et al. [70], and Masedunskas et al. [69] for further descriptions of approaches 
to each site.
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6. Conclusions and future directions

An increasingly versatile armamentarium of imaging modalities is avail-
able for research and diagnostic purposes to study platelets [11, 61, 68, 71]. We 
anticipate these will continue to play instrumental roles in further discoveries in 
the field of platelet biology, revealing new insights into the dynamics of platelet 
signaling, ultrastructure, and function. Understanding how to utilize these 
evolving imaging technologies to best suit the visualization of platelets is essen-
tial. Given the inherently highly reactive nature of platelets, newer approaches 
that cause minimal manipulation and processing offer significant advantages, 
including intravital microscopy for studying the roles of platelets roles in throm-
bus formation and cellular interactions [70], and cryogenic electron tomography 
which preserves platelets in a near native state for ultrastructural analysis [61]. 
Important advances continue to be made in labeling approaches that can be 
paired with imaging modalities, including correlative light and electron micros-
copy, and genetically inducible fluorescent or electron dense markers [34, 65, 
66, 77]. In addition to the technical advances in our imaging capabilities, their 
integration with advanced statistical and computational power will continue 
to reveal new opportunities to analyze and better understand platelet structure 
and function.
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Figure 6. 
Cranial intravital microscopy of thrombus formation in a mouse model. (A) Representative images of 
thrombus formation in mouse cerebral arterioles induced by photochemical injury in different conditions and at 
different time points. In order to compare the activities of CA and clopidogrel at a similar blood concentration, 
5 mg/kg of CA (MW: 180.16) and 12 mg/kg of clopidogrel (MW: 419.90) were continuously infused through the 
catheterized femoral vein starting from 20 min prior to the vessel wall injury. This resulted in approximately 
the same blood concentration of CA and clopidogrel in mice in vivo. Arrows indicate irreversible arteriolar 
vessel occlusion. (B) Dot plots of arteriolar occlusion time from five to six experiments. p < 0.05 vs Model 
group. Abbreviations: CA, caffeic acid; MW, molecular weight. Figure and caption reproduced from Lu 
et al. [76], under the Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by-sa/4.0/deed.en).
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and versatility of the technique include studies demonstrating mechanisms of micro-
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images can be obtained
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dorsal surface of skull
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Chapter 2

Molecular Aspects of 
Pathophysiology of Platelet 
Receptors
Mrinal K. Poddar and Soumyabrata Banerjee

Abstract

Receptor is a dynamic instrumental surface protein that helps to interact with 
specific molecules to respond accordingly. Platelet is the smallest in size among 
the blood components, but it plays many pivotal roles to maintain hemostasis 
involving its surface receptors. It (platelet) has cell adhesion receptors (e.g., inte-
grins and glycoproteins), leucine-rich repeats receptors (e.g., TLRs, glycoprotein 
complex, and MMPs), selectins (e.g., CLEC, P-selectin, and CD), tetraspanins 
(e.g., CD and LAMP), transmembrane receptors (e.g., purinergic—P2Y and 
P2X1), prostaglandin receptors (e.g., TxA2, PGH2, and PGI2), immunoglobulin 
superfamily receptors (e.g., FcRγ and FcεR), etc. on its surface. The platelet 
receptors (e.g., glycoproteins, protease-activated receptors, and GPCRs) during 
platelet activation are over expressed and their granule contents are secreted 
(including neurotransmitters, cytokines, and chemokines) into circulation, which 
are found to be correlated with different physiological conditions. Interestingly, 
platelets promote metastasis through circulation protecting from cytolysis and 
endogenous immune surveillance involving several platelets receptors. The 
updated knowledge about different types of platelet receptors in all probable 
aspects, including their inter- and intra-signaling mechanisms, are discussed with 
respect to not only its (platelets) receptor type but also under different patho-
physiological conditions.

Keywords: platelet receptors, thrombus, cancer, aging, cardiovascular disease, viral 
infection

1. Introduction

Platelets including other blood components were first time drawn by George 
Gulliver in 1841 (though it was not named platelet at that time) when he was work-
ing with a newly made compound microscope with twin lens [1]. Giulio Bizzozero 
at the end of the nineteenth century [2] first time coined the term and identified as 
platelets. Blood platelet in its form is found in mammals, but in birds and amphib-
ians, it is present in circulation as intact mononuclear thrombocytes [3]. Platelets 
are not true cells, and it is classified as cell fragments (from megakaryocyte by the 
megakaryocytopoiesis) having no nucleus inside. Platelets circulate in the blood-
stream and remain alive for 7–10 days. They (platelets) principally survey the inner 
lining of blood vessels. If they detect any breaches, they seal them in the vascu-
lature by the creation of thrombi [4]. Platelets generally remain in inactive state 
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Sl. 
no.

Classes of 
receptors

Types of 
receptors

Family Ligands Involvement References

1. GP GPIb-IX-V 
complex

Type I 
membrane 
spanning GP 
and leucine-rich 
repeat

vWF, 
thrombin, 
P-selectin, 
αMβ2, and 
Mac-1

Initiation 
of platelet 
recruitment

[5–22]

GPVI Immunoglobulin 
(Ig)

Collagen and 
laminin

Platelet 
aggregation

[23–26]

GPVI-FcRγ Transmembrane Collagen and 
laminin

Adhesion 
with collagen

[7, 27, 28]

Integrins 
(αIIbβ3, 
αvβ3, α2β1, 
α5β1, and 
α6β1)

Transmembrane Fibrinogen 
or vWF, 
vitronectin, 
collagen, 
fibronectin, 
and laminin, 
respectively

Platelet 
aggregations

[7, 29–35]

2. C-type lectin 
receptor

CLEC-2 Type II 
membrane 
protein C-type 
lectin receptor

Podoplanin 
and rhodocytin

Platelet 
aggregation

[36, 37]

3. Throm boxane TP  
(α and β)

Transmembrane 
and GPCR

TXA2 Platelet 
aggregation

[38–40]

4. Prostaglandin 
(PG)

PGE2 and 
PGI2

GPCR PG Aggregation 
as well as 
inhibition of 
aggregation

[41–45]

5. Thrombin PAR-1  
and -4

Transmembrane Thrombin Adhesion, 
spreading, 
and secretion

[19, 46]

6. Ephrin  
kinase

EphA  
and EphB

Tyrosine kinase Ephrins Inhibition in 
aggregation

[47, 48]

7. Purinergic P2Y1 and 
P2Y12

Transmembrane 
and GPCR

ADP Amplification 
of aggregation

[49–51]

P2X1 ATP

8. TAM TAM TAM tyrosine 
kinase

Gas6 Stabilization 
of aggregation

[7, 52, 53]

9. Tetraspanin CD151 Tetraspanin Fibrinogen Aggregation, 
stabilization 
of aggregates

[7, 54–65]

TSSC6 Not known

TLT-1 Not known

CD36 vWF, oxPL, 
TSP1, and 
oxLDL

PEAR1 FcεR1α

10. P-selectin P-selectin Selectin PSGL-1 Clot 
formation 
with 
leukocytes

[7, 65]
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and get activated only when a blood vessel is damaged. But hemostasis or blood 
coagulation is not the sole function of platelets; rather, it is employed in several 
multifunctional attributes monitoring the homeostasis of the body. The advance-
ment of understanding of platelet pathology has leaded scientists to go through 
the receptors for its instrumental role in different pathological conditions. There 
are 16 different classes of platelet receptors. Each class of some of these receptors 
has subtypes (Table 1). Platelet receptors (Figure 1), the surface proteins, are at 
the forefront of the recent research, and major advances have been made in under-
standing their molecular functions as well as their downstream signaling pathways. 
The experimental strategies with pharmacological inhibition and knocking out 

Sl. 
no.

Classes of 
receptors

Types of 
receptors

Family Ligands Involvement References

11. ITIM PECAM-1 Transmembrane 
and Ig

PECAM Inhibition 
in thrombus 
formation

[66–68]

G6b-B Transmembrane 
and Ig

HS Platelet 
production 
and activation

VPAC1 Transmembrane 
and Ig

PACAP Inhibition 
in platelet 
activation

12. TLR TLR-1, -2, 
-3, and -4

Lipoprotein Peptidoglycan 
and pathogen

Inflammatory 
response

[69–72]

13. Serotonin 
(5-HT)

5-HT 2A 
and 5-HT3

Transmembrane Serotonin Thrombus 
formation, 
vasodilation

[72–76]

14. Leucine-rich 
receptors

GPIb-IX-V 
complex

Transmembrane 
and Ig

vWF, 
thrombin, 
P-selectin, 
αMβ2, and 
Mac-1

Initiation 
of platelet 
recruitment

[5–22, 
69–72]

TLRs Lipoprotein Peptidoglycan 
and pathogen

Inflammatory 
response

15. Complement 
receptors

CR2, 
CR3, CR4, 
C3aR, 
C5aR, 
gC1qR, 
and cC1qR

Complement Pathogens Antimicrobial 
host defense

[69, 77]

16. DC-SIGN DC-SIGN Non-integrin Viral 
pathogens

Binding 
platelet 
with viral 
pathogens

[69, 78]

GP: glycoprotein; vWF: von Willebrand factor; TP: TXA2/PGH2 receptor; CLEC-2: C-type lectin-like type II 
transmembrane receptor; GPCR: G protein-coupled receptor; TX: thromboxane; PAR: protease-activated receptors; 
Eph: ephrin; TAM: Tyro 3, Axl, and Mer; TSSC6: tumor suppressing STF cDNA 6; Gas: growth arrest specific; TLT: 
TREM-like transcript-1; PEAR: platelet endothelial aggregation receptor-1; PECAM-1: platelet endothelial cell 
adhesion molecule; VPAC1: vasoactive intestinal peptide/pituitary adenylate cyclase-activating peptide receptor 1; 
PACAP: pituitary adenylate cyclase-activating polypeptide; TLR: Toll-like receptor; 5-HT: 5-hydroxytryptamine, 
serotonin; DC-SIGN: dendritic cell-specific ICAM3-grabbing non-integrin.
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Classes of platelet receptors and their involvement in the maintenance of physiological hemostasis.
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Sl. 
no.

Classes of 
receptors

Types of 
receptors

Family Ligands Involvement References

1. GP GPIb-IX-V 
complex

Type I 
membrane 
spanning GP 
and leucine-rich 
repeat

vWF, 
thrombin, 
P-selectin, 
αMβ2, and 
Mac-1

Initiation 
of platelet 
recruitment

[5–22]

GPVI Immunoglobulin 
(Ig)

Collagen and 
laminin

Platelet 
aggregation

[23–26]

GPVI-FcRγ Transmembrane Collagen and 
laminin

Adhesion 
with collagen

[7, 27, 28]

Integrins 
(αIIbβ3, 
αvβ3, α2β1, 
α5β1, and 
α6β1)

Transmembrane Fibrinogen 
or vWF, 
vitronectin, 
collagen, 
fibronectin, 
and laminin, 
respectively

Platelet 
aggregations

[7, 29–35]

2. C-type lectin 
receptor

CLEC-2 Type II 
membrane 
protein C-type 
lectin receptor

Podoplanin 
and rhodocytin

Platelet 
aggregation

[36, 37]

3. Throm boxane TP  
(α and β)

Transmembrane 
and GPCR

TXA2 Platelet 
aggregation

[38–40]

4. Prostaglandin 
(PG)

PGE2 and 
PGI2

GPCR PG Aggregation 
as well as 
inhibition of 
aggregation

[41–45]

5. Thrombin PAR-1  
and -4

Transmembrane Thrombin Adhesion, 
spreading, 
and secretion

[19, 46]

6. Ephrin  
kinase

EphA  
and EphB

Tyrosine kinase Ephrins Inhibition in 
aggregation

[47, 48]

7. Purinergic P2Y1 and 
P2Y12

Transmembrane 
and GPCR

ADP Amplification 
of aggregation

[49–51]

P2X1 ATP

8. TAM TAM TAM tyrosine 
kinase

Gas6 Stabilization 
of aggregation

[7, 52, 53]

9. Tetraspanin CD151 Tetraspanin Fibrinogen Aggregation, 
stabilization 
of aggregates

[7, 54–65]

TSSC6 Not known

TLT-1 Not known

CD36 vWF, oxPL, 
TSP1, and 
oxLDL

PEAR1 FcεR1α

10. P-selectin P-selectin Selectin PSGL-1 Clot 
formation 
with 
leukocytes

[7, 65]
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and get activated only when a blood vessel is damaged. But hemostasis or blood 
coagulation is not the sole function of platelets; rather, it is employed in several 
multifunctional attributes monitoring the homeostasis of the body. The advance-
ment of understanding of platelet pathology has leaded scientists to go through 
the receptors for its instrumental role in different pathological conditions. There 
are 16 different classes of platelet receptors. Each class of some of these receptors 
has subtypes (Table 1). Platelet receptors (Figure 1), the surface proteins, are at 
the forefront of the recent research, and major advances have been made in under-
standing their molecular functions as well as their downstream signaling pathways. 
The experimental strategies with pharmacological inhibition and knocking out 
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Classes of platelet receptors and their involvement in the maintenance of physiological hemostasis.
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of nearly all known receptors and many signaling molecules have helped to reveal 
new mechanisms for how the thrombotic and hemorrhagic propensity of platelets 
is controlled in health and disease [79]. The firm adhesion of platelets to the injury 
site forms first a monolayer. This monolayer acts like a reactive site for other free 
moving platelets to replenish further. The accumulation of platelets is found to 
depend on vWF and fibrinogen that act like cross-linking adjacent to the platelets 
and promotes a stable aggregated platelets or clot [80, 81]. This process is essential 
for the formation of primary hemostatic clot and also for the development of patho-
logical thrombi at site ruptured [82]. Further activation in developing thrombus 
converts platelets to a procoagulant phenotype, from a proaggregatory phenotype, 
which enables the assembly of the coagulation reaction complexes (the tenase and 
prothrombinase complex) on the platelet surface, necessary for thrombin and fibrin 
generation. These fibrins form a fibrin network and trap the RBCs and convert the 
white thrombus to the red clot [83]. This supports secondary hemostasis or red clot 
[83]. However, physiological thrombus formations or mural thrombi are found to 
be tightly regulated to avoid the excessive platelet accumulation at the site of injury. 
The vascular obstructions that are the principal pathological processes, to some 
extent, cause heart attacks and/or ischemic stroke as well [84]. During initiation, 
progression, and termination of this physiological thrombus formation, several 
receptors of platelet get involved as soon as the damage on the blood vessel wall 
happens. There are different surface receptors on the platelet which are involved not 
only in blood coagulation process but also in other immunogenic and/or pathogenic 
responses, even in neurodegeneration. In this chapter, the molecular aspects of 
different classes of platelet receptors and their contribution in different pathophysi-
ological conditions are discussed.

2. Glycoprotein (GP) receptors

On the membrane of platelet, a class of glycoprotein (GP) receptors is present 
which plays a key role in hemostasis. In fact, the blood vessel wall damage initiates 
the event of interaction of GP receptors with the extracellular matrix (Figure 1).

Figure 1. 
Different predominant platelet receptors and their physiological role. DC-SIGN: dendritic cell-specific ICAM3-
grabbing non-integrin; 5-HT: 5-hydroxytryptamine, serotonin. Other receptor details are same as described in 
the legends of Table 1.
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The GP receptors include:

• GPIb-IX-V complex,

• GPVI,

• GPVI-FcRγ, and

• integrins.

2.1 GPIb-IX-V complex

The GPIb-IX-V complex consists of glycoproteins (GP) Ibα, Ibβ, IX, and V, 
which are known as GPIbα (~135 kDa), GPIbβ (~25 kDa), GPIX (~20 kDa), and 
GPV (~85 kDa), respectively. The GPIbα is linked with a disulfide bond to GPIbβ 
and non-covalently associated with GPIX and GPV in a ratio of 2:2:2:1 [5, 6]. 
GPIbα, GPIbβ, and IX are present at almost 25,000 copies per platelet, whereas 
GPV at 12,500 copies which can be calculated easily by their abundance ratio in 
a complex. GPIbα, GPIbβ, and GPIX are found to be closely associated and the 
arrangements of these subunits are essential for an efficient bioavailability of GPIb 
to its ligand. Lack of any of the single subunits is significantly able to decrease the 
surface expression of the whole complex (GPIb), whereas GPV is more loosely 
associated with the complex and its absence does not interfere with the expres-
sion of GPIb as well as its interaction with its ligand, vWF. GPV has been found to 
be active only during the binding of thrombin to GPIbα subunit. It (complex) is 
found to be assembled in the megakaryocyte in the bone marrow (the origin site 
of platelet) as a functional unit [7]. These are type I membrane spanning GP and 
are members of the leucine-rich repeat family, with one or more approximately 
24-residue leucine-rich repeats, with their N- and C-terminal disulfide-looped 
flanking sequences, in their extracellular domains [5]. The four subunits are 
encoded by genes mapping to chromosomes 17p12 (GPIBA), 22q11.2 (GPIBB), 
3q29 (GP5), and 3q21 (GP9) [7]. GPIbα, the major ligand-binding subunit, has 
a globular N-terminal ligand-binding domain elevated from the cell surface by 
a sialomucin core [5]. This N terminal (282 residues) contains the leucine-rich 
repeats (LRR), the flanking sequences, and an anionic sequence (residues 269–282) 
with the sulfation (Tyr 276–279, except 277). The 1–282 sequence contains overlap-
ping, but distinct binding sites for (a) vWF, (b) leukocyte integrin αMβ2, and (c) 
P-selectin, a granule-membrane receptor expressed on the surface of activated 
platelets or activated endothelial cells [5, 8, 9]. The adhesion of vWF to GPIbα 
under shear stress involves electrostatic interactions between a negative patch 
(centered on residues 59–128) within the leucine-rich repeats of GPIbα and a 
complementary positive patch (centered on residues 496–709) on the vWF-A1 
domain [5, 10, 11]. The residues of N- and C-terminal to this region directly 
contact vWF in a co-crystal structure of a GPIbα fragment which lacks N-linked 
glycosylation sites at Asn21 and Asn159 [12]. The point mutations in either GPIbα 
(Met239/Val) or vWF-A1 (Arg543/Gln) alter their conformation producing subtle 
differences in their ligation as gain of function [12, 13]. More preciously, in the case 
of vWF-A1, the mutation is 415A from a GPIbα contacting sequence, emphasizing 
the sensitivity of interaction to the conformational regulations [12]. The gain-of-
function mutation at Arg543/Gln and Met239/Val enhances affinity for GPIbα by 
virtue of almost 6-fold. The Met239/Val gain-of-function mutation of GPIbα is 
within a b-hairpin structure in the C-terminal flank, which undergoes significant 
structural alteration in a complex with vWF-A1. This Met239/Val gain-of-function 
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of nearly all known receptors and many signaling molecules have helped to reveal 
new mechanisms for how the thrombotic and hemorrhagic propensity of platelets 
is controlled in health and disease [79]. The firm adhesion of platelets to the injury 
site forms first a monolayer. This monolayer acts like a reactive site for other free 
moving platelets to replenish further. The accumulation of platelets is found to 
depend on vWF and fibrinogen that act like cross-linking adjacent to the platelets 
and promotes a stable aggregated platelets or clot [80, 81]. This process is essential 
for the formation of primary hemostatic clot and also for the development of patho-
logical thrombi at site ruptured [82]. Further activation in developing thrombus 
converts platelets to a procoagulant phenotype, from a proaggregatory phenotype, 
which enables the assembly of the coagulation reaction complexes (the tenase and 
prothrombinase complex) on the platelet surface, necessary for thrombin and fibrin 
generation. These fibrins form a fibrin network and trap the RBCs and convert the 
white thrombus to the red clot [83]. This supports secondary hemostasis or red clot 
[83]. However, physiological thrombus formations or mural thrombi are found to 
be tightly regulated to avoid the excessive platelet accumulation at the site of injury. 
The vascular obstructions that are the principal pathological processes, to some 
extent, cause heart attacks and/or ischemic stroke as well [84]. During initiation, 
progression, and termination of this physiological thrombus formation, several 
receptors of platelet get involved as soon as the damage on the blood vessel wall 
happens. There are different surface receptors on the platelet which are involved not 
only in blood coagulation process but also in other immunogenic and/or pathogenic 
responses, even in neurodegeneration. In this chapter, the molecular aspects of 
different classes of platelet receptors and their contribution in different pathophysi-
ological conditions are discussed.

2. Glycoprotein (GP) receptors

On the membrane of platelet, a class of glycoprotein (GP) receptors is present 
which plays a key role in hemostasis. In fact, the blood vessel wall damage initiates 
the event of interaction of GP receptors with the extracellular matrix (Figure 1).

Figure 1. 
Different predominant platelet receptors and their physiological role. DC-SIGN: dendritic cell-specific ICAM3-
grabbing non-integrin; 5-HT: 5-hydroxytryptamine, serotonin. Other receptor details are same as described in 
the legends of Table 1.
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The GP receptors include:

• GPIb-IX-V complex,

• GPVI,

• GPVI-FcRγ, and

• integrins.

2.1 GPIb-IX-V complex

The GPIb-IX-V complex consists of glycoproteins (GP) Ibα, Ibβ, IX, and V, 
which are known as GPIbα (~135 kDa), GPIbβ (~25 kDa), GPIX (~20 kDa), and 
GPV (~85 kDa), respectively. The GPIbα is linked with a disulfide bond to GPIbβ 
and non-covalently associated with GPIX and GPV in a ratio of 2:2:2:1 [5, 6]. 
GPIbα, GPIbβ, and IX are present at almost 25,000 copies per platelet, whereas 
GPV at 12,500 copies which can be calculated easily by their abundance ratio in 
a complex. GPIbα, GPIbβ, and GPIX are found to be closely associated and the 
arrangements of these subunits are essential for an efficient bioavailability of GPIb 
to its ligand. Lack of any of the single subunits is significantly able to decrease the 
surface expression of the whole complex (GPIb), whereas GPV is more loosely 
associated with the complex and its absence does not interfere with the expres-
sion of GPIb as well as its interaction with its ligand, vWF. GPV has been found to 
be active only during the binding of thrombin to GPIbα subunit. It (complex) is 
found to be assembled in the megakaryocyte in the bone marrow (the origin site 
of platelet) as a functional unit [7]. These are type I membrane spanning GP and 
are members of the leucine-rich repeat family, with one or more approximately 
24-residue leucine-rich repeats, with their N- and C-terminal disulfide-looped 
flanking sequences, in their extracellular domains [5]. The four subunits are 
encoded by genes mapping to chromosomes 17p12 (GPIBA), 22q11.2 (GPIBB), 
3q29 (GP5), and 3q21 (GP9) [7]. GPIbα, the major ligand-binding subunit, has 
a globular N-terminal ligand-binding domain elevated from the cell surface by 
a sialomucin core [5]. This N terminal (282 residues) contains the leucine-rich 
repeats (LRR), the flanking sequences, and an anionic sequence (residues 269–282) 
with the sulfation (Tyr 276–279, except 277). The 1–282 sequence contains overlap-
ping, but distinct binding sites for (a) vWF, (b) leukocyte integrin αMβ2, and (c) 
P-selectin, a granule-membrane receptor expressed on the surface of activated 
platelets or activated endothelial cells [5, 8, 9]. The adhesion of vWF to GPIbα 
under shear stress involves electrostatic interactions between a negative patch 
(centered on residues 59–128) within the leucine-rich repeats of GPIbα and a 
complementary positive patch (centered on residues 496–709) on the vWF-A1 
domain [5, 10, 11]. The residues of N- and C-terminal to this region directly 
contact vWF in a co-crystal structure of a GPIbα fragment which lacks N-linked 
glycosylation sites at Asn21 and Asn159 [12]. The point mutations in either GPIbα 
(Met239/Val) or vWF-A1 (Arg543/Gln) alter their conformation producing subtle 
differences in their ligation as gain of function [12, 13]. More preciously, in the case 
of vWF-A1, the mutation is 415A from a GPIbα contacting sequence, emphasizing 
the sensitivity of interaction to the conformational regulations [12]. The gain-of-
function mutation at Arg543/Gln and Met239/Val enhances affinity for GPIbα by 
virtue of almost 6-fold. The Met239/Val gain-of-function mutation of GPIbα is 
within a b-hairpin structure in the C-terminal flank, which undergoes significant 
structural alteration in a complex with vWF-A1. This Met239/Val gain-of-function 
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mutation stabilizes the β-hairpin and increases the affinity of vWF binding [12]. 
These conformational changes of native GPIbα and vWF with isolated ligand and 
receptor fragments might regulate the affinity of the adhesive interaction and 
result in an on-rate/off-rate for platelet adhesion in either rolling or firm adhesion 
in flowing blood, though the in vivo study is still under progress to understand. 
Thrombin binding to GPIbα subunit presents the thrombin to its receptor, the 
protease activated receptor 1 (PAR-1). GPV acts as a negative modulator (as GPV 
cleaves by thrombin) of thrombin-induced platelet activation, which unmasks 
GPIb-IX complex and facilitates the binding of thrombin to GPIbα [13]. GPIb 
interacts with vascular P-selectin, pointing to its function in inflammatory platelet 
pathways [9]. Depending on the orientation of the active site on GPIbα-bound 
thrombin, thrombin-mediated proteolysis of platelet surface substrates (including 
GPV or PAR-1) may be regulated by interaction with GPIbα. GPIbα is a cofactor for 
PAR-1 activation [9]. In turn, thrombin can regulate GPIb-IX-V signaling directly 
by engagement of GPIbα under conditions where GPV is absent [9–15]. GPIbα-
associated thrombin also regulates Factor XI; the latter also binds to GPIbα [16]. 
The extracellular domain comprises the binding site for vWF, P-selectin, and Mac-1 
(Table 1). In addition to its dynamic role in platelet recruitment onto vWF, the 
GPIb membrane complex functions as a receptor for coagulation factor XII [17], XI 
[18], thrombin [19, 20], and HK (high-molecular-weight kininogen) [21]. Hence, 
GPIb is a receptor linking primary and secondary hemostasis [7]. The Src and Lyn 
of the Src family kinases (SFKs) are associated with the GPIbα subunit to initiate 
the inside-out signaling. Binding of vWF to the extracellular region of GPIbα sub-
unit induces SFK activation and phosphorylation of downstream substrates. These 
include immunoreceptor tyrosine-based activation motif (ITAM)-containing FcR 
γ-chain (FcRγ) and FcγRIIA. Both of them are found to be acted as high-affinity 
docking sites for the tandem SH2 domain-containing protein-tyrosine kinase Syk. 
Fc receptors (FcRγ chain and FcγRIIA) may also be associated with GPIb-IX-V on 
platelets and contribute to GPIb-IX-V-dependent platelet activation. Intracellular 
signals emanates from GPIb-IX-V [5, 6, 11, 22]. It promotes elevation of cytosolic 
Ca2+, cytoskeletal changes, secretion of agonists such as ADP (that activates G 
protein-coupled receptors, P2Y1 and P2Y12), and activation of the integrin αIIbβ3 
that binds vWF or fibrinogen and mediates platelet aggregation. In vivo, plasma 
vWF is not recognized by GPIb-IX-V on resting platelets, thus preventing platelet 
aggregation in the normal circulation, with the interaction being triggered when 
sub-endothelial vWF is exposed following injury. GPIb-IX-V complex, in fact, 
plays a leading role in the elimination of high-stress injury. However, GPIb-IX-V 
can be induced to bind vWF in plasma at high pathological shear stress (e.g., 
coronary artery is blocked by atherosclerotic plaque) [7].

2.2 GPVI

Platelet GPVI is a member of the T cell receptor family and immunoglobulin 
superfamily. It has two extracellular Ig domains: (a) mucin-like domain, a transmem-
brane domain, and (b) cytoplasmic tail (Table 1). These are expressed constitutively 
on platelets and are engaged during the exposure of collagen in the subendothelial 
matrix after disruption of the endothelium in vivo. Ligands for GPVI including colla-
gen, cross-linked collagen-related peptides, and the snake toxin, convulxin [85] may 
bind distinct sites of the Ig domains [23, 24]. GPVI can signal in response to collagen 
or other ligands by FcRγ receptor-dependent or receptor-independent pathways. 
The dependent pathway involves activation of Syk, and the independent pathway 
is regulated by calmodulin (via Ca2+ signaling pathways) or Fyn/Lyn kinase [7]. 
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The interaction of calmodulin with GPVI produces a soluble GPVI fragment [25].
Engagement of GPVI, the platelet integrins along with the collagen-binding recep-
tors α2β1 and αIIβ3 are found to be up regulated in the process of platelet aggregation 
[26]. The interaction between GPVI and collagen may be involved in the initiation of 
thrombus formation either at low or high shear rates. Further in the latter case, this 
thrombus formation possibly supports platelet aggregation, mediated by the GPIb-
IX-V complex and the vWF [26]. These signaling pathways result in secretion of 
agonists such as ADP and inside-out activation of platelet integrins, primarily αIIbβ3 
that binds fibrinogen or vWF and mediates platelet aggregation [26].

2.3 GPVI-FcRγ

Glycoprotein VI (GPVI), a transmembrane protein (63 kDa) consisting of two 
Ig-like domains in the extracellular region in platelets (Table 1). It connects to a 
highly glycosylated linker (a transmembrane domain) and a cytoplasmic tail. GPVI is 
expressed exclusively in platelets and megakaryocytes. In platelets, it expressed with 
around 3700 copies per platelet. The transmembrane adapter protein FcRγ is found 
to be associated with this. Surface expression of GPVI depends on FcRγ stabilization. 
This stabilization occurs through a salt bridge between the GPVI transmembrane 
domain residue Arg272 and FcRγ (Asp residues). The FcRγ is a covalent-linked 
homodimer containing one copy of an ITAM in each chain. It has two YxxL sequences 
separated by seven amino acids [27]. Phosphorylation of the ITAM motif by two 
Src kinases (Fyn and Lyn) associated with GPVI initiates platelet signaling, lead-
ing to potent platelet activation. SFKs for signal transmission are either associated 
with or in close proximity to their cytoplasmic tails. SFKs’ downstream effectors 
(adaptors, enzymes, and cytoskeletal proteins) collectively coordinate cytoskeletal 
remodeling, degranulation, membrane flipping, and integrin activation, and hence 
platelet activation. It has also been found that the SFKs act via the GPCRs. The Gq 
coupled with PAR-1 and PAR-4, and the Gi coupled with ADP receptor, P2Y12 which 
synergizes with the primary activation, signal to maximally activate platelets. GPVI 
is expressed in platelets as a mixture of monomers and dimers, with a stoichiometry 
of one GPVI to each FcRγ-chain covalent dimer. The dimeric GPVI forms a unique 
conformation with higher affinity for collagen to mediate activation at the physiologi-
cal concentrations of collagen, but not the monomeric GPVI due to its low affinity 
toward collagen [28]. F(αβ)2 fragments of antibodies to this structure induce platelet 
activation, while Fab fragments block activation by collagen, indicating a minimal 
signaling model in which activation is achieved through cross-linking of two GPVI 
dimmers [7]. Ligand-mediated clustering of different platelet receptors (GPIb-IX-V 
complex, GPVI-FcR γ, integrins α2β1 and αIIbβ3, hemi-ITAM-containing podoplanin 
receptor CLEC-2, ITAM-containing low-affinity immunoglobulin receptor FcγRIIA) 
trigger transmission of primary activation signals through the phosphorylation of 
downstream tyrosine residues in proteins. These receptors depend on the family of 
protein-tyrosine kinases, known as Src, but not on the intrinsic kinase activity.

2.4 Platelet integrins

Integrins play an important role in the cell metabolism of every cell, including 
platelets. The integrin ligands of platelets are partly extracellular matrix bound 
and insoluble, and partly soluble. Platelet adhesion and aggregation are mediated 
by the heterodimeric receptors, the β1 and β3 of integrins family. Integrins are 
expressed in a low-affinity state in the resting platelets, but to bind to their ligands 
efficiently in response to the cellular activation they (integrins) are found to be 
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mutation stabilizes the β-hairpin and increases the affinity of vWF binding [12]. 
These conformational changes of native GPIbα and vWF with isolated ligand and 
receptor fragments might regulate the affinity of the adhesive interaction and 
result in an on-rate/off-rate for platelet adhesion in either rolling or firm adhesion 
in flowing blood, though the in vivo study is still under progress to understand. 
Thrombin binding to GPIbα subunit presents the thrombin to its receptor, the 
protease activated receptor 1 (PAR-1). GPV acts as a negative modulator (as GPV 
cleaves by thrombin) of thrombin-induced platelet activation, which unmasks 
GPIb-IX complex and facilitates the binding of thrombin to GPIbα [13]. GPIb 
interacts with vascular P-selectin, pointing to its function in inflammatory platelet 
pathways [9]. Depending on the orientation of the active site on GPIbα-bound 
thrombin, thrombin-mediated proteolysis of platelet surface substrates (including 
GPV or PAR-1) may be regulated by interaction with GPIbα. GPIbα is a cofactor for 
PAR-1 activation [9]. In turn, thrombin can regulate GPIb-IX-V signaling directly 
by engagement of GPIbα under conditions where GPV is absent [9–15]. GPIbα-
associated thrombin also regulates Factor XI; the latter also binds to GPIbα [16]. 
The extracellular domain comprises the binding site for vWF, P-selectin, and Mac-1 
(Table 1). In addition to its dynamic role in platelet recruitment onto vWF, the 
GPIb membrane complex functions as a receptor for coagulation factor XII [17], XI 
[18], thrombin [19, 20], and HK (high-molecular-weight kininogen) [21]. Hence, 
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Ca2+, cytoskeletal changes, secretion of agonists such as ADP (that activates G 
protein-coupled receptors, P2Y1 and P2Y12), and activation of the integrin αIIbβ3 
that binds vWF or fibrinogen and mediates platelet aggregation. In vivo, plasma 
vWF is not recognized by GPIb-IX-V on resting platelets, thus preventing platelet 
aggregation in the normal circulation, with the interaction being triggered when 
sub-endothelial vWF is exposed following injury. GPIb-IX-V complex, in fact, 
plays a leading role in the elimination of high-stress injury. However, GPIb-IX-V 
can be induced to bind vWF in plasma at high pathological shear stress (e.g., 
coronary artery is blocked by atherosclerotic plaque) [7].

2.2 GPVI

Platelet GPVI is a member of the T cell receptor family and immunoglobulin 
superfamily. It has two extracellular Ig domains: (a) mucin-like domain, a transmem-
brane domain, and (b) cytoplasmic tail (Table 1). These are expressed constitutively 
on platelets and are engaged during the exposure of collagen in the subendothelial 
matrix after disruption of the endothelium in vivo. Ligands for GPVI including colla-
gen, cross-linked collagen-related peptides, and the snake toxin, convulxin [85] may 
bind distinct sites of the Ig domains [23, 24]. GPVI can signal in response to collagen 
or other ligands by FcRγ receptor-dependent or receptor-independent pathways. 
The dependent pathway involves activation of Syk, and the independent pathway 
is regulated by calmodulin (via Ca2+ signaling pathways) or Fyn/Lyn kinase [7]. 
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The interaction of calmodulin with GPVI produces a soluble GPVI fragment [25].
Engagement of GPVI, the platelet integrins along with the collagen-binding recep-
tors α2β1 and αIIβ3 are found to be up regulated in the process of platelet aggregation 
[26]. The interaction between GPVI and collagen may be involved in the initiation of 
thrombus formation either at low or high shear rates. Further in the latter case, this 
thrombus formation possibly supports platelet aggregation, mediated by the GPIb-
IX-V complex and the vWF [26]. These signaling pathways result in secretion of 
agonists such as ADP and inside-out activation of platelet integrins, primarily αIIbβ3 
that binds fibrinogen or vWF and mediates platelet aggregation [26].

2.3 GPVI-FcRγ

Glycoprotein VI (GPVI), a transmembrane protein (63 kDa) consisting of two 
Ig-like domains in the extracellular region in platelets (Table 1). It connects to a 
highly glycosylated linker (a transmembrane domain) and a cytoplasmic tail. GPVI is 
expressed exclusively in platelets and megakaryocytes. In platelets, it expressed with 
around 3700 copies per platelet. The transmembrane adapter protein FcRγ is found 
to be associated with this. Surface expression of GPVI depends on FcRγ stabilization. 
This stabilization occurs through a salt bridge between the GPVI transmembrane 
domain residue Arg272 and FcRγ (Asp residues). The FcRγ is a covalent-linked 
homodimer containing one copy of an ITAM in each chain. It has two YxxL sequences 
separated by seven amino acids [27]. Phosphorylation of the ITAM motif by two 
Src kinases (Fyn and Lyn) associated with GPVI initiates platelet signaling, lead-
ing to potent platelet activation. SFKs for signal transmission are either associated 
with or in close proximity to their cytoplasmic tails. SFKs’ downstream effectors 
(adaptors, enzymes, and cytoskeletal proteins) collectively coordinate cytoskeletal 
remodeling, degranulation, membrane flipping, and integrin activation, and hence 
platelet activation. It has also been found that the SFKs act via the GPCRs. The Gq 
coupled with PAR-1 and PAR-4, and the Gi coupled with ADP receptor, P2Y12 which 
synergizes with the primary activation, signal to maximally activate platelets. GPVI 
is expressed in platelets as a mixture of monomers and dimers, with a stoichiometry 
of one GPVI to each FcRγ-chain covalent dimer. The dimeric GPVI forms a unique 
conformation with higher affinity for collagen to mediate activation at the physiologi-
cal concentrations of collagen, but not the monomeric GPVI due to its low affinity 
toward collagen [28]. F(αβ)2 fragments of antibodies to this structure induce platelet 
activation, while Fab fragments block activation by collagen, indicating a minimal 
signaling model in which activation is achieved through cross-linking of two GPVI 
dimmers [7]. Ligand-mediated clustering of different platelet receptors (GPIb-IX-V 
complex, GPVI-FcR γ, integrins α2β1 and αIIbβ3, hemi-ITAM-containing podoplanin 
receptor CLEC-2, ITAM-containing low-affinity immunoglobulin receptor FcγRIIA) 
trigger transmission of primary activation signals through the phosphorylation of 
downstream tyrosine residues in proteins. These receptors depend on the family of 
protein-tyrosine kinases, known as Src, but not on the intrinsic kinase activity.

2.4 Platelet integrins

Integrins play an important role in the cell metabolism of every cell, including 
platelets. The integrin ligands of platelets are partly extracellular matrix bound 
and insoluble, and partly soluble. Platelet adhesion and aggregation are mediated 
by the heterodimeric receptors, the β1 and β3 of integrins family. Integrins are 
expressed in a low-affinity state in the resting platelets, but to bind to their ligands 
efficiently in response to the cellular activation they (integrins) are found to be 
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shifted to a high-affinity state [29]. The integrin receptor for collagen on platelets, 
the α2β1, bears important roles at their disposal. A major downstream consequence 
of engagement of primary platelet adhesive receptors such as GPIb-IX-V and GPVI 
does rapidly activate platelet integrins.

Platelet integrins (Table 1 and Figure 1) are:

• αIIbβ3 (binds fibrinogen or vWF),

• αvβ3 (binds vitronectin),

• α2β1 (binds collagen),

• α5β1 (binds fibronectin), and

• α6β1 (binds laminin).

The Ca2+-dependent “inside-out” activation of αIIbβ3 to bind vWF is critically 
involved in stable thrombus formation at high shear stress. In the absence of αIIbβ3, 
activation of other integrins (e.g., α5β1-binding fibronectin) can at least partly 
compensate for this role [7]. Recent structural studies provide insight into the 
molecular mechanism of integrin activation [30]. Simultaneous with these confor-
mational changes, altered attachment of the cytoplasmic domain with cytoskeletal 
components (e.g., αIIbβ3 binding to talin) facilitates integrin-dependent cell adhe-
sion, signaling, and contraction.

2.4.1 αIIbβ3

The αIIbβ3 is the most abundant and dominant surface-expressed integrin in 
platelets (Figure 1). It may vary from 40,000 to 80,000 copies per platelet. Additional 
pool of this receptor can be recruited from internal membranes upon agonist-induced 
platelet activation. It is also the major functional integrin receptor on the platelet 
surface. The mature αIIb and β3 subunits are 148 and 95-kDa proteins, respectively. 
The αIIbβ3 binds with several RGD (Arg-Gly-Asp) motif containing ligands including 
fibrinogen, fibrin, vWF, vitronectin, fibronectin, and thrombospondin. During ligand 
recognition on platelet surface through RGD tract, fibrinogen (the major platelet 
αIIbβ3 ligand) promotes cell attachment by initiating αIIbβ3 clustering and recruit-
ment of intracellular proteins. The RGD motif subsequently acts as a molecular switch 
on the β3 subunit to induce a conformational change necessary for full cell spreading 
[31]. This integrin mediates platelet aggregation via the SFK signaling pathways 
through the binding of plasma fibrinogen. It serves as the principal receptor for platelet 
adhesion in vivo [7, 26] with the inside-out signaling. The shifting from a low- to a 
high-affinity state of integrin αIIbβ3 is being considered the “final common pathway” 
of platelet activation. It (shifting) is essential for platelet αIIbβ3 to interact with the 
fibrinogen during platelet adhesion. Needless to mention a well-known fact that 
fibrinogen itself is a ligand with two receptor interaction sites: (a) enabling interaction 
with separate platelets and (b) constituting the basis of platelet aggregation. At this 
stage of transmitting signals, the Src is found to be the most abundant SFK in human 
platelets and is essential for propagation of signals from the activated αIIbβ3 integrins.

2.4.2 αvβ3

The αvβ3 receptors express widely in endothelial cells, osteoblasts, smooth 
muscle cells, and leukocytes, and throughout the vascular bed. It is present in only 
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a few hundred copies per platelet. A distinguished difference lies between αvβ3 and 
αIIbβ3 in platelets. The αvβ3 can bind several RGD containing ligands, including 
osteopontin (a class of protein which involves diverse physiological functions) and 
adenovirus penton base (a major capsid protein of human adenovirus), but vitro-
nectin (a glycoprotein, binds to integrin αvβ3, and thus promotes cell adhesion and 
spreading) is a preferred ligand for αvβ3 [7]. High-affinity αvβ3 can be induced by 
agonists (adenosine diphosphate, ADP) and by direct integrin modulators (dithio-
threitol and MnCl2). This high affinity and activated αvβ3 on platelets can bind 
osteopontin in atherosclerotic plaques and in the wall of only injured arteries [27, 32].

2.4.3 α5β1

It has been found to be the crucial one to involve the resting platelet to bind with 
the fibronectin. The α5β1 is the principal platelet receptor which supports resting 
platelet to adhere with the matrix fibronectin through its RGD sequence in static 
conditions. However, this interaction is unable to promote calcium oscillation, tyro-
sine phosphorylation, and/or lamellipodia formation. The interaction of α5β1 with 
fibronectin is sensitive to shear stress (the tangential force of the flowing blood 
on the endothelial surface of the blood vessel), and it has been found that it loses 
its avidity quickly with the increase of the shear stress. Therefore, α5β1 may have 
the limited role to initiate the interaction of resting platelets with the fibronectin 
matrix. Especially during injuries in the larger blood vessels, where shear forces are 
low, it promotes the engagement of other subsequent integrins and also receptors to 
amplify platelet-induced responses [7].

2.4.4 α6β1

The α6β1, a principal laminin receptor of platelets, does not require any platelet 
activation in order to bind laminin (a fibrous protein present in the basal lamina of the 
epithelia, influencing cell differentiation and migration) to promote adhesion. Some 
cations (Mn2+, Co2+, and Mg2+) support adhesion, while few others (Ca2+, Zn2+, and 
Cu2+) do not help. Binding of platelets to laminin through α6β1 does not induce platelet 
aggregation but adherent of platelets to laminin triggers signaling pathways. These 
signaling pathways induce filopodia formation with PI3K and cdc42 activities in higher 
rate than in platelets which activates through αIIbβ3 involvement. Laminin has been 
known for many years to support adhesion of platelets through integrin α6β1, but it has 
the ability to activate GPVI. The interaction of laminin with GPVI depends on the initial 
interaction with integrin α6β1. This is just in contrast to the event of collagen interac-
tion which initiates platelet activation through GPVI. This difference between these 
interactions of these two matrix proteins may reflect the lower affinity (approximately 
10-fold) of laminin for GPVI or the presence of a subpopulation of constitutively active 
α6β1. The weak nature of the GPVI activation (by laminin) argues against a significant 
role in the prevention of major bleeds. It is suited ideally to facilitate vessel repair after 
minor damage without the risk of forming occlusive thrombi in the blood vessels [33].

Collagens are not only the most abundant proteins (20–40% of total proteins in 
the aorta) in the subendothelial extracellular matrix but also it is essential in platelet 
adherence and platelet plug formation to provide a mechanical strength to the blood 
vessel wall. There are nine types of collagen resides in the vasculature. Among 
those, only fibrillar collagens of types I, III, V, and VI and nonfibrillar collagens 
of types IV and VIII are thrombogenic. Although platelets have various types of 
receptors for collagen, the receptors (e.g., GPVI, α2β1, p65, p47, TIIICBP, GPIV, the 
integrin α2β1, and GPVI) are considered as its (platelets) major receptors for bind-
ing to collagens and activation of platelets [34].
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shifted to a high-affinity state [29]. The integrin receptor for collagen on platelets, 
the α2β1, bears important roles at their disposal. A major downstream consequence 
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αIIbβ3 ligand) promotes cell attachment by initiating αIIbβ3 clustering and recruit-
ment of intracellular proteins. The RGD motif subsequently acts as a molecular switch 
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a few hundred copies per platelet. A distinguished difference lies between αvβ3 and 
αIIbβ3 in platelets. The αvβ3 can bind several RGD containing ligands, including 
osteopontin (a class of protein which involves diverse physiological functions) and 
adenovirus penton base (a major capsid protein of human adenovirus), but vitro-
nectin (a glycoprotein, binds to integrin αvβ3, and thus promotes cell adhesion and 
spreading) is a preferred ligand for αvβ3 [7]. High-affinity αvβ3 can be induced by 
agonists (adenosine diphosphate, ADP) and by direct integrin modulators (dithio-
threitol and MnCl2). This high affinity and activated αvβ3 on platelets can bind 
osteopontin in atherosclerotic plaques and in the wall of only injured arteries [27, 32].

2.4.3 α5β1

It has been found to be the crucial one to involve the resting platelet to bind with 
the fibronectin. The α5β1 is the principal platelet receptor which supports resting 
platelet to adhere with the matrix fibronectin through its RGD sequence in static 
conditions. However, this interaction is unable to promote calcium oscillation, tyro-
sine phosphorylation, and/or lamellipodia formation. The interaction of α5β1 with 
fibronectin is sensitive to shear stress (the tangential force of the flowing blood 
on the endothelial surface of the blood vessel), and it has been found that it loses 
its avidity quickly with the increase of the shear stress. Therefore, α5β1 may have 
the limited role to initiate the interaction of resting platelets with the fibronectin 
matrix. Especially during injuries in the larger blood vessels, where shear forces are 
low, it promotes the engagement of other subsequent integrins and also receptors to 
amplify platelet-induced responses [7].

2.4.4 α6β1

The α6β1, a principal laminin receptor of platelets, does not require any platelet 
activation in order to bind laminin (a fibrous protein present in the basal lamina of the 
epithelia, influencing cell differentiation and migration) to promote adhesion. Some 
cations (Mn2+, Co2+, and Mg2+) support adhesion, while few others (Ca2+, Zn2+, and 
Cu2+) do not help. Binding of platelets to laminin through α6β1 does not induce platelet 
aggregation but adherent of platelets to laminin triggers signaling pathways. These 
signaling pathways induce filopodia formation with PI3K and cdc42 activities in higher 
rate than in platelets which activates through αIIbβ3 involvement. Laminin has been 
known for many years to support adhesion of platelets through integrin α6β1, but it has 
the ability to activate GPVI. The interaction of laminin with GPVI depends on the initial 
interaction with integrin α6β1. This is just in contrast to the event of collagen interac-
tion which initiates platelet activation through GPVI. This difference between these 
interactions of these two matrix proteins may reflect the lower affinity (approximately 
10-fold) of laminin for GPVI or the presence of a subpopulation of constitutively active 
α6β1. The weak nature of the GPVI activation (by laminin) argues against a significant 
role in the prevention of major bleeds. It is suited ideally to facilitate vessel repair after 
minor damage without the risk of forming occlusive thrombi in the blood vessels [33].

Collagens are not only the most abundant proteins (20–40% of total proteins in 
the aorta) in the subendothelial extracellular matrix but also it is essential in platelet 
adherence and platelet plug formation to provide a mechanical strength to the blood 
vessel wall. There are nine types of collagen resides in the vasculature. Among 
those, only fibrillar collagens of types I, III, V, and VI and nonfibrillar collagens 
of types IV and VIII are thrombogenic. Although platelets have various types of 
receptors for collagen, the receptors (e.g., GPVI, α2β1, p65, p47, TIIICBP, GPIV, the 
integrin α2β1, and GPVI) are considered as its (platelets) major receptors for bind-
ing to collagens and activation of platelets [34].
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2.4.5 α2β1

The integrin α2β1 (or VLA2, CD49b/CD29, GPIa/IIa) is a collagen receptor 
composed of a α2 chain (150 kDa) and a β1 chain (130 kDa). This α2β1 has the 
expression profile ranging from 900 to 4000 copies/platelet and is expressed per 
platelet at about 2000 copies. The α2, inserted with 200-residue sequence, is the 
only platelet subunit with I domain. The crystal structure depicts that this domain 
comprises (a) seven helices surrounding a core of five parallel β-strands, (b) a short 
anti-parallel β-strand, and (c) a C-terminal helix [27]. The α2β1 integrin of this I 
domain binds with collagen and preferably Mg2+/Mn2+, in presence of the metal 
ion coordinating residues (D151, T221, and D254) in this site. Several recogni-
tion sequences (GFOGER, GLOGER, GASGER, GROGER, and GLOGEN) have 
been identified in collagens I and III. Their recognition profile in this recognition 
sequences have hierarchy and affinity differently [35]. This interaction is dependent 
on Mg2+ and the GER sequence. α2β1 recognizes these sequences in the resting 
state, but platelet activation by classical agonists via intracellular signal transduc-
tion pathways activates α2β1 via a structural rearrangement of the α2β1 domains 
[36], causing them to upregulate their affinity for their preferred ligand sequences, 
stereochemically positioned at regular positions on bundled collagen fibrils [35].

3. C-type lectin-like receptor

Another type of adhesion receptor is C-type lectin (CLEC), a type of carbo-
hydrate-binding protein domain. It requires calcium (that is why “C” comes) for 
binding. Proteins that contain C-type lectin domains have a diverse range of functions 
including cell-cell adhesion, immune response (to pathogens), and apoptosis. This 
kind of receptor is present on platelet to help in adhesion as another adhesion receptor.

3.1 CLEC-2

CLEC-2 is highly expressed in megakaryocytes and platelets, and at low 
level in mouse neutrophils. The CLEC-2 gene (on chromosome 12) codes for a 
type II membrane protein C-type lectin receptor family with an extracellular 
carbohydrate-like recognition domain (CRD-like). It has a cytoplasmic tail 
of 31 amino acids that contain a single conserved YxxL sequence (known as a 
hem-ITAM). CLEC-2 was discovered from the snake (the Malayan pit viper, 
Calloselasma rhodostoma) venom rhodocytin (Table 1), known as aggretin. 
Previously it (rhodocytin) was considered to be a platelet activator through 
the action of α2β1 and GPIbα. This concept was based on the ability of high 
concentrations of antibodies to block the activation. Now it has been found that 
rhodocytin does not bind to the recombinant α2β1, as it has the ability to activate 
platelets even in the deficiency of integrin α2β1, GPIbα, and GPVI. Thus, it is a 
proven fact now that this rhodocytin appears to activate platelets through a novel 
receptor, CLEC-2. The CLEC-2 antibody establishes CLEC-2 as a novel platelet 
activation receptor as it has the ability to induce the potent activation to human 
platelets [37]. Experimenting with ligand and anti-CLEC-2 antibody, it has been 
found that Syk mediates phosphorylation of CLEC-2 with Src family kinases 
plays a critical role in further downstream signaling [7]. The rhodocytin-induced 
platelet aggregation also previously known to depend on secondary mediators 
(e.g., thromboxane A2, TXA2, and ADP) acted as agonists for GPCRs on platelets. 
Recently, it has been found that CLEC-2-induced Syk and PLCγ2 phosphorylation 
potentiates by the TxA2 by playing a critical role in the most proximal event of 
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CLEC-2 signaling (i.e., CLEC-2 receptor tyrosine phosphorylation). In addition, 
it may be mentioned that the ADP receptors and protease-activated receptors can 
also potentiate CLEC-2 signaling during the process of thrombosis formation. The 
PLCβ-PKCα pathway possibly is regulating the activation of SFKs (mentioned 
earlier), which are crucial for initiation of CLEC-2 signaling by the Gq-coupled 
receptors, not other G-proteins.

Amplification of platelet activation by TXA2 synthesis and binding to the TXA2/
prostaglandin H2 (TP) receptor are the process of the aspirin-sensitive platelet acti-
vation (Figure 1). On the other hand, prostacyclin (PGI2) and PGD2 are known to 
inhibit platelet aggregation, whereas PGE2 potentiates or inhibits platelet response 
in a dose-dependent manner [7]. In this context, it may be mentioned that bioactive 
lipid mediators, prostanoids, formed from arachidonic acid by the cyclooxygenase 
enzyme is known to liberate from the cell membrane. They are involved in numer-
ous physiological activities, including platelet aggregation, local inflammatory 
response, leucocyte-endothelial cell adhesion, and vasorelaxation as well as vaso-
constriction. So, the thromboxane as well as PGs are other types of platelet adhesion 
receptors to discuss with.

4. Thromboxane receptor

TXA2 is produced from its precursor arachidonic acid through the cyclooxygen-
ase pathway [38]. The TP receptor or TXA2/PGH2 receptor (57 kDa) is a membrane-
bound seven transmembrane spanning G protein-coupled (including Gq and 
G12/13) receptor and widely present in the cardiovascular system (Table 1). Human 
TP receptors (TPα and TPβ) are encoded by the same gene, but different from 
each other as they produce from alternative splicing and have different C-terminal 
intracytoplasmic regions. Both TPα and TPβ mRNAs are found in platelets, but in 
endothelial cells, only TPβ has been found to be expressed. TP receptors are also 
expressed in other cell types related to atherothrombosis (smooth muscle cells, 
macrophages, and monocytes) [39, 40].

5. Prostaglandin (PG) receptors

The PG receptors, especially PGE2 and PGI2, bear a pivotal responsibility in 
platelet aggregation phenomena to maintain hemostasis, as mentioned earlier.

5.1 Prostaglandin E2 receptors (PGE2)

The biosynthesis of PGE2 is enhanced by inflammatory mediators in vas-
cular smooth muscle cells and macrophages (Table 1). PGE2 shows a biphasic, 
concentration-dependent effect on platelet aggregation as (a) high concentrations 
of PG inhibit platelet aggregation, whereas (b) lower concentrations enhance it. 
PGE2 activates four types (PGE2 type 1 or EP1, PGE2 type 2 or EP2, PGE2 type 3 
or EP3, and PGE2 type 4 or EP4) of its G protein-coupled receptors. Each of these 
receptors has a distinct pharmacological signature and intracellular signal transduc-
tion. Stimulation of EP3 receptors results in elevation of free intracellular calcium 
levels, whereas stimulation of EP2 and EP4 receptors usually decreases intracellular 
calcium levels due to increase in intracellular cAMP levels through the activation of 
Gas (growth arrest-specific) protein [41]. It may further be mentioned that except 
EP2 receptor, the mRNA for EP1, EP3, and EP4 receptors is present in human 
platelets [41].
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platelets even in the deficiency of integrin α2β1, GPIbα, and GPVI. Thus, it is a 
proven fact now that this rhodocytin appears to activate platelets through a novel 
receptor, CLEC-2. The CLEC-2 antibody establishes CLEC-2 as a novel platelet 
activation receptor as it has the ability to induce the potent activation to human 
platelets [37]. Experimenting with ligand and anti-CLEC-2 antibody, it has been 
found that Syk mediates phosphorylation of CLEC-2 with Src family kinases 
plays a critical role in further downstream signaling [7]. The rhodocytin-induced 
platelet aggregation also previously known to depend on secondary mediators 
(e.g., thromboxane A2, TXA2, and ADP) acted as agonists for GPCRs on platelets. 
Recently, it has been found that CLEC-2-induced Syk and PLCγ2 phosphorylation 
potentiates by the TxA2 by playing a critical role in the most proximal event of 
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CLEC-2 signaling (i.e., CLEC-2 receptor tyrosine phosphorylation). In addition, 
it may be mentioned that the ADP receptors and protease-activated receptors can 
also potentiate CLEC-2 signaling during the process of thrombosis formation. The 
PLCβ-PKCα pathway possibly is regulating the activation of SFKs (mentioned 
earlier), which are crucial for initiation of CLEC-2 signaling by the Gq-coupled 
receptors, not other G-proteins.

Amplification of platelet activation by TXA2 synthesis and binding to the TXA2/
prostaglandin H2 (TP) receptor are the process of the aspirin-sensitive platelet acti-
vation (Figure 1). On the other hand, prostacyclin (PGI2) and PGD2 are known to 
inhibit platelet aggregation, whereas PGE2 potentiates or inhibits platelet response 
in a dose-dependent manner [7]. In this context, it may be mentioned that bioactive 
lipid mediators, prostanoids, formed from arachidonic acid by the cyclooxygenase 
enzyme is known to liberate from the cell membrane. They are involved in numer-
ous physiological activities, including platelet aggregation, local inflammatory 
response, leucocyte-endothelial cell adhesion, and vasorelaxation as well as vaso-
constriction. So, the thromboxane as well as PGs are other types of platelet adhesion 
receptors to discuss with.

4. Thromboxane receptor

TXA2 is produced from its precursor arachidonic acid through the cyclooxygen-
ase pathway [38]. The TP receptor or TXA2/PGH2 receptor (57 kDa) is a membrane-
bound seven transmembrane spanning G protein-coupled (including Gq and 
G12/13) receptor and widely present in the cardiovascular system (Table 1). Human 
TP receptors (TPα and TPβ) are encoded by the same gene, but different from 
each other as they produce from alternative splicing and have different C-terminal 
intracytoplasmic regions. Both TPα and TPβ mRNAs are found in platelets, but in 
endothelial cells, only TPβ has been found to be expressed. TP receptors are also 
expressed in other cell types related to atherothrombosis (smooth muscle cells, 
macrophages, and monocytes) [39, 40].

5. Prostaglandin (PG) receptors

The PG receptors, especially PGE2 and PGI2, bear a pivotal responsibility in 
platelet aggregation phenomena to maintain hemostasis, as mentioned earlier.

5.1 Prostaglandin E2 receptors (PGE2)

The biosynthesis of PGE2 is enhanced by inflammatory mediators in vas-
cular smooth muscle cells and macrophages (Table 1). PGE2 shows a biphasic, 
concentration-dependent effect on platelet aggregation as (a) high concentrations 
of PG inhibit platelet aggregation, whereas (b) lower concentrations enhance it. 
PGE2 activates four types (PGE2 type 1 or EP1, PGE2 type 2 or EP2, PGE2 type 3 
or EP3, and PGE2 type 4 or EP4) of its G protein-coupled receptors. Each of these 
receptors has a distinct pharmacological signature and intracellular signal transduc-
tion. Stimulation of EP3 receptors results in elevation of free intracellular calcium 
levels, whereas stimulation of EP2 and EP4 receptors usually decreases intracellular 
calcium levels due to increase in intracellular cAMP levels through the activation of 
Gas (growth arrest-specific) protein [41]. It may further be mentioned that except 
EP2 receptor, the mRNA for EP1, EP3, and EP4 receptors is present in human 
platelets [41].
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The activation of the EP3 receptor by leading to inhibition of the increase in 
cAMP increases the mobilization of calcium and elevates P-selectin expression in 
platelets ascribing the proaggregatory effect of PGE2. Lacking of this receptor has 
been found to show an increased bleeding tendency and a decreased susceptibil-
ity to thromboembolism [42], but PGE2 produced by atherosclerotic plaques can 
further facilitate arterial thrombosis via EP3 [43]. Interestingly, no defects in 
the EP3 receptor gene have been found in humans [7]. The platelet aggregation, 
calcium mobilization, and upregulation of P-selectin are found to be inhibited 
by the selective EP4 agonist, ONO AE1-329. Additionally, the EP4 antagonists, 
GW627368x and ONO AE3-208, have been found to repeal the inhibitory effect 
of ONO AE1-329 on platelet aggregation [44]. Thus, the EP4 receptors might 
play an important role mediating the inhibitory effect of PGE2 in the control 
of hemostasis by balancing out the proaggregatory effect of EP3 receptors. EP4 
agonists might constitute a novel class of antithrombotic agents and also might be 
clinically useful in those cases where aspirin or ADP antagonists are not war-
ranted or are insufficient, as the EP4 activation enhances the inhibitory effect of 
aspirin [44].

5.2 Prostaglandin I2 (PGI2) or prostacyclin receptor

Prostaglandin I2 (PGI2) or prostacyclin is a derivative of arachidonic acid, 
released by vascular endothelial cells (Table 1). It is an effective (a) vasodilator, 
(b) platelet aggregation inhibitor, and (c) moderator of vascular smooth muscle 
cell proliferation-migration-differentiation (anti-atherosclerotic). It acts through 
a specific membrane-bound receptor, the prostacyclin receptor (IP receptor). The 
IP receptor belongs to the prostanoid family of GPCR. The receptor (37–41 kDa, 
depending upon different states of glycosylation) are class A rhodopsin-like GPCR. 
The glycosylation of the extracellular domain is necessary for (a) ligand bind-
ing, (b) receptor activation, and (c) membrane localization. A number of serine 
residues (S328 and S374) are thought to be phosphorylated by GPCR kinases or 
second-messenger-activated kinases (PKC and PKA) in the cytoplasmic domain. 
It might play a potential role in either agonist-induced phosphorylation or kinase-
mediated receptor desensitization [45]. Cyclopentane ring and side chains are the 
two structural features of prostaglandins. Among these, the side chains are found 
to be recognized by their receptor to stabilize ligand binding, and the binding 
pocket of the receptor can accommodate the cyclopentane rings (PGI2, PGE1, and 
PGE2). The IP is the most common to be associated with the Gas subunit of the 
heterotrimeric G-protein. Upon receptor activation, it has been found to catalyze 
the formation of the second messenger, cAMP by stimulating the membrane-bound 
adenylyl cyclase [7].

The discussion with GP, TX, and PG lead us to discuss with thrombin receptor as 
stimulation of thrombin activates the thrombin receptors in vivo.

6. Thrombin receptors

As explained earlier, platelet activation by thrombin partially depends on GPIb-
IX-V, but is primarily assured by two protease-activated receptors (PAR), i.e., PAR-1 
and PAR-4. Binding of thrombin (immobilized, proteolytically inactive) to GPIb 
induces platelet adhesion as well as spreading and secretion [19], being an enhancer 
(GPIb) of the thrombin response (see Section 2.1). PAR-1 and PAR-4 (Table 1) are 
activated by a unique irreversible proteolytic cleavage (within the first extracel-
lular loop exposing an N-terminus) by serving as a tethered ligand to GPIb. Short 
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synthetic peptide mimetic of the N-terminus sequences, corresponding to the new 
N-terminus, reproducing most of the action of thrombin on platelets upon cleavage 
by thrombin (SFLLR for PAR-1 and GYPGQV for PAR-4) can activate these recep-
tors directly. This dual-receptor (PAR-1 and PAR-4) signaling for thrombin implies 
that PAR-1 is the primary mediator that activates platelets at low concentration, 
whereas PAR-4 as a back-up receptor is found to be activated at higher thrombin 
concentrations. For sustained optimal platelet responses to thrombin, the qualita-
tive differences in the dynamics of PAR-1 and PAR-4 activation might be relevant. 
The signaling for PAR-4 at high thrombin concentrations acts very slowly, as the 
PAR-4-mediated Ca2+ mobilization is found to be slower and more prolonged than 
that of PAR-1, and also, this activity terminates more slowly. Interestingly, there is 
no such report with congenital deficiencies of PAR receptors in any individuals. The 
pharmacological invention of PAR-1 inhibitors will be very helpful to prevent the 
platelet-dependent thrombosis in the first stage [46].

On the surface of platelet membrane a type of kinase receptors are present which 
are specific to its ligand and associated with integrin receptors to act with, known as 
ephrin kinase receptor.

7. Ephrin (Eph) kinase receptors

Eph kinases are receptors expressed on the surface of cells. It activates in 
response to binding with Eph receptor-interacting proteins, ephrins. Eph kinases are 
known to be a member of receptor tyrosine kinases subfamily with an extracellular 
ligand binding domain and an intracellular tyrosine kinase domain (Table 1). The 
EphB is distinguished from the EphA subfamily by an insertion within the extracel-
lular domain that helps to define the ligand preferences for the receptor. EphrinA to 
EphA interaction (Table 1) occurs typically with higher affinity than ephrinB (to 
EphB) interactions. This may be due to the fact that EphAs bind via a “lock-and-
key” mechanism with little conformational change with less energy, in contrast to 
EphBs which utilizes an “induced fit” mechanism with a greater amount of energy 
to alter the conformation of EphBs for binding to ephrinBs [47]. The Eph kinase and 
ephrin interactions on adjacent cells play a pivotal role in neuronal patterning and 
vasculogenesis. Eph subtypes of EphA4, EphB1, and also ephrinB1 are found to be 
expressed by the human platelets. In both resting and activated platelets, the EphA4 
is constitutively associated with αIIbβ3. Fine tuning between the Eph and ephrin is 
very much essential as clustering of either EphA4 or ephrinB1 causes platelet adhe-
sion to immobilize fibrinogen, whereas by blocking this (Eph/ephrin) interaction, 
the clot retraction can be hampered. This may cause platelet aggregation inhibition 
at low agonist concentrations and may form smaller thrombi on collagen-coated 
surfaces during normal conditions of arterial flow. This can develop premature 
disaggregation. It acts partially due to the ability of ephrin B1 to activate Rap1 (a Ras 
family member)-mediated signaling which supports platelets activation, especially 
the integrin in platelets [48].

There are also purinergic (P) receptors, present on the platelet membrane, 
which are basically ADP or ATP dependents.

8. Purinergic receptors

These purinergic receptors reside in coupled form, that is why it represents 
as P2. These P2 (purinergic coupled) receptors are of mainly three types—P2Y1, 
P2Y12, and P2X1 (Table 1).
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The activation of the EP3 receptor by leading to inhibition of the increase in 
cAMP increases the mobilization of calcium and elevates P-selectin expression in 
platelets ascribing the proaggregatory effect of PGE2. Lacking of this receptor has 
been found to show an increased bleeding tendency and a decreased susceptibil-
ity to thromboembolism [42], but PGE2 produced by atherosclerotic plaques can 
further facilitate arterial thrombosis via EP3 [43]. Interestingly, no defects in 
the EP3 receptor gene have been found in humans [7]. The platelet aggregation, 
calcium mobilization, and upregulation of P-selectin are found to be inhibited 
by the selective EP4 agonist, ONO AE1-329. Additionally, the EP4 antagonists, 
GW627368x and ONO AE3-208, have been found to repeal the inhibitory effect 
of ONO AE1-329 on platelet aggregation [44]. Thus, the EP4 receptors might 
play an important role mediating the inhibitory effect of PGE2 in the control 
of hemostasis by balancing out the proaggregatory effect of EP3 receptors. EP4 
agonists might constitute a novel class of antithrombotic agents and also might be 
clinically useful in those cases where aspirin or ADP antagonists are not war-
ranted or are insufficient, as the EP4 activation enhances the inhibitory effect of 
aspirin [44].

5.2 Prostaglandin I2 (PGI2) or prostacyclin receptor

Prostaglandin I2 (PGI2) or prostacyclin is a derivative of arachidonic acid, 
released by vascular endothelial cells (Table 1). It is an effective (a) vasodilator, 
(b) platelet aggregation inhibitor, and (c) moderator of vascular smooth muscle 
cell proliferation-migration-differentiation (anti-atherosclerotic). It acts through 
a specific membrane-bound receptor, the prostacyclin receptor (IP receptor). The 
IP receptor belongs to the prostanoid family of GPCR. The receptor (37–41 kDa, 
depending upon different states of glycosylation) are class A rhodopsin-like GPCR. 
The glycosylation of the extracellular domain is necessary for (a) ligand bind-
ing, (b) receptor activation, and (c) membrane localization. A number of serine 
residues (S328 and S374) are thought to be phosphorylated by GPCR kinases or 
second-messenger-activated kinases (PKC and PKA) in the cytoplasmic domain. 
It might play a potential role in either agonist-induced phosphorylation or kinase-
mediated receptor desensitization [45]. Cyclopentane ring and side chains are the 
two structural features of prostaglandins. Among these, the side chains are found 
to be recognized by their receptor to stabilize ligand binding, and the binding 
pocket of the receptor can accommodate the cyclopentane rings (PGI2, PGE1, and 
PGE2). The IP is the most common to be associated with the Gas subunit of the 
heterotrimeric G-protein. Upon receptor activation, it has been found to catalyze 
the formation of the second messenger, cAMP by stimulating the membrane-bound 
adenylyl cyclase [7].

The discussion with GP, TX, and PG lead us to discuss with thrombin receptor as 
stimulation of thrombin activates the thrombin receptors in vivo.

6. Thrombin receptors

As explained earlier, platelet activation by thrombin partially depends on GPIb-
IX-V, but is primarily assured by two protease-activated receptors (PAR), i.e., PAR-1 
and PAR-4. Binding of thrombin (immobilized, proteolytically inactive) to GPIb 
induces platelet adhesion as well as spreading and secretion [19], being an enhancer 
(GPIb) of the thrombin response (see Section 2.1). PAR-1 and PAR-4 (Table 1) are 
activated by a unique irreversible proteolytic cleavage (within the first extracel-
lular loop exposing an N-terminus) by serving as a tethered ligand to GPIb. Short 
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synthetic peptide mimetic of the N-terminus sequences, corresponding to the new 
N-terminus, reproducing most of the action of thrombin on platelets upon cleavage 
by thrombin (SFLLR for PAR-1 and GYPGQV for PAR-4) can activate these recep-
tors directly. This dual-receptor (PAR-1 and PAR-4) signaling for thrombin implies 
that PAR-1 is the primary mediator that activates platelets at low concentration, 
whereas PAR-4 as a back-up receptor is found to be activated at higher thrombin 
concentrations. For sustained optimal platelet responses to thrombin, the qualita-
tive differences in the dynamics of PAR-1 and PAR-4 activation might be relevant. 
The signaling for PAR-4 at high thrombin concentrations acts very slowly, as the 
PAR-4-mediated Ca2+ mobilization is found to be slower and more prolonged than 
that of PAR-1, and also, this activity terminates more slowly. Interestingly, there is 
no such report with congenital deficiencies of PAR receptors in any individuals. The 
pharmacological invention of PAR-1 inhibitors will be very helpful to prevent the 
platelet-dependent thrombosis in the first stage [46].

On the surface of platelet membrane a type of kinase receptors are present which 
are specific to its ligand and associated with integrin receptors to act with, known as 
ephrin kinase receptor.

7. Ephrin (Eph) kinase receptors

Eph kinases are receptors expressed on the surface of cells. It activates in 
response to binding with Eph receptor-interacting proteins, ephrins. Eph kinases are 
known to be a member of receptor tyrosine kinases subfamily with an extracellular 
ligand binding domain and an intracellular tyrosine kinase domain (Table 1). The 
EphB is distinguished from the EphA subfamily by an insertion within the extracel-
lular domain that helps to define the ligand preferences for the receptor. EphrinA to 
EphA interaction (Table 1) occurs typically with higher affinity than ephrinB (to 
EphB) interactions. This may be due to the fact that EphAs bind via a “lock-and-
key” mechanism with little conformational change with less energy, in contrast to 
EphBs which utilizes an “induced fit” mechanism with a greater amount of energy 
to alter the conformation of EphBs for binding to ephrinBs [47]. The Eph kinase and 
ephrin interactions on adjacent cells play a pivotal role in neuronal patterning and 
vasculogenesis. Eph subtypes of EphA4, EphB1, and also ephrinB1 are found to be 
expressed by the human platelets. In both resting and activated platelets, the EphA4 
is constitutively associated with αIIbβ3. Fine tuning between the Eph and ephrin is 
very much essential as clustering of either EphA4 or ephrinB1 causes platelet adhe-
sion to immobilize fibrinogen, whereas by blocking this (Eph/ephrin) interaction, 
the clot retraction can be hampered. This may cause platelet aggregation inhibition 
at low agonist concentrations and may form smaller thrombi on collagen-coated 
surfaces during normal conditions of arterial flow. This can develop premature 
disaggregation. It acts partially due to the ability of ephrin B1 to activate Rap1 (a Ras 
family member)-mediated signaling which supports platelets activation, especially 
the integrin in platelets [48].

There are also purinergic (P) receptors, present on the platelet membrane, 
which are basically ADP or ATP dependents.

8. Purinergic receptors

These purinergic receptors reside in coupled form, that is why it represents 
as P2. These P2 (purinergic coupled) receptors are of mainly three types—P2Y1, 
P2Y12, and P2X1 (Table 1).
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8.1 P2Y1

The P2Y1 receptors (42-kDa, contain 373 amino acid residues) are widely 
distributed in many tissues (heart, blood vessels, smooth muscle cells, neural tissue, 
testis, prostate, and ovary) including platelets. About 150 P2Y1 receptor-binding 
sites are expressed per platelet, and it is also abundantly represented in membranes 
of α-granules and elements of the open canalicular system. The P2Y1 receptor is 
absolutely required for ADP-induced platelet aggregation. ADP is a more potent 
agonist than ATP, and its 2-methylthio derivatives are more potent than the parent 
compounds. ATP is a partial agonist for the P2Y1 receptor, and at the low levels 
of receptor expression, it acts as an antagonist. Overall, P2Y1 accounts for about 
20–30% of the total ADP-binding sites on the platelet surface [49]. At the P2Y1 
locus, a common genetic variant (dimorphism, 1622AG) exist which is associated 
with platelet reactivity to ADP. However, this can partly explain the interindividual 
variation in platelet’s response to ADP and may have clinical implications in relation 
to the thrombus formation [7].

8.2 P2Y12

The purinergic P2Y12, the Gi-coupled platelet receptor, exists in platelets, 
smooth muscle cells, endothelial cells, and glial cells. This surface protein is 
expressed from the chromosome 3q21–25 containing 342 amino acid residues 
which includes extracellular Cys residues at four different locations (17, 97, 175, 
and 270, respectively). The Cys 97 and Cys 175 are found to be linked by a disulfide 
bridge, and this link is important for receptor expression in platelets. P2Y12 recep-
tor exists predominantly on the platelet surface among the purinergic receptors as 
homo-oligomers placed in lipid rafts. The active metabolite of clopidogrel (which 
covalently inhibits P2Y12) application as treatment disrupts the homo-oligomers 
into nonfunctional dimers and monomers which are sequestered outside the lipid 
rafts [7]. ADP and its analogs (e.g., 2-methylthio-ADP and N-methanocarba-2-
methylthio-ADP) stimulate the P2Y12 receptor, while ATP and its triphosphate 
analogs act as antagonists to it [7]. P2Y12 plays a central role for ADP in platelet 
function. The congenital P2Y12 defective patients display a mild to moderate bleed-
ing diathesis with the conditions of mucocutaneous bleedings and postsurgical and 
posttraumatic excessive blood loss. Any defects of P2Y12 can also be thought of 
even when high concentrations (10 mM) of ADP is unable to induce full, irrevers-
ible aggregation of platelets [49].

8.3 P2X1

P2X1 is a widely distributed ligand-gated ion channel, highly expressed in 
human megakaryocytes and platelets. It is well known that ATP is the physiologi-
cal agonist and ADP is an antagonist. Platelet dense granules release ATP upon its 
activation with an ion channel (cationic and/or anionic) present on platelets, i.e., 
P2X1. During platelet preparation under in vitro condition, a rapid desensitization 
of the P2X1 receptor occurs which made this receptor unnoticed. The P2X1 gene 
lies on the chromosome 17p13.2. It encodes 399 amino acids which are organized 
into two transmembrane domains (TM1 and TM2). These are separated by a large 
extracellular domain containing 10 cysteine residues. Three molecules of ATP 
bind to the extracellular domain of P2X1 and trigger conformational changes. This 
results in the opening of a cationic pore for monovalent and divalent cations (e.g., 
Ca2+, Na+, and K+) allowing rapid changes in the membrane permeability. P2X1 
receptor activation triggers transient shape change of a platelet from a discoid to 
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spherical shape; furthermore, in presence of low concentrations of other platelet 
agonists, it (activation of P2X1) amplifies platelet responses. The P2X1 receptor 
contributes equally to low and high levels of thromboxane A2 receptor activation. 
More significantly, P2X1 receptor activation has been shown to be essential for 
enhanced platelet adhesion and thrombus formation under high shear rates [50]. 
P2X1 is distinguished as a potential new drug target for antithrombotic therapy, 
especially for the mild long-term risk management. As inhibition of P2X1 causes 
mild effects on different platelet function, it (P2X1) seems to be a so-called “safe” 
target clinically [51].

As mentioned earlier (see Section 5.1), Gas receptors also have some important 
role in the stabilization of platelet aggregation to maintain internal hemostasis.

9. TAM receptor and Gas6

Gas6 has its interactions with Tyro 3, Axl, and Mer (TAM) tyrosine kinase 
receptors (Figure 1). It is a vitamin K-dependent protein implicated in cell 
growth, adhesion, and migration, through its TAM receptor. These three related 
protein receptors (TAM) were cloned (in 1991) as orphan receptors and have 
been found to be widely expressed in the vertebrate nervous system [7]. They 
(TAM receptors) have two N-terminal immunoglobulin domains, followed by 
two fibronectin-III-like domains to mediate binding to the ligand. These domains 
are found to be attached to an intracellular tyrosine kinase domain, via a single-
pass α-helical transmembrane domain. The functional receptors form both the 
hetero- and homo-dimers, which is common with other receptor tyrosine kinases 
(Table 1 and Figure 1).

It (Gas6) is found in plasma and platelet granules, but in human, it is present 
predominantly in plasma. It is secreted upon platelet activation, as mentioned ear-
lier. Deficiency in Gas6 or one of its receptors (TAM) in mice has shown abnormal 
platelet responses to agonists and prevents thrombosis, suggesting a major role of 
this Gas6-TAM receptor-coupled axis in thrombus formation as well as in vascular 
wall homeostasis. The role of Gas6 in human platelet function has been clarified 
with the fact that the Gas-6 reinforced αIIbβ3 integrin with the outside-in signal-
ing by the activation of PI3K and Akt and therefore clot retraction by promoting 
the β3 phosphorylation [52]. These effects constitute in fact an enhancement and 
perpetuation of the thrombus-stabilizing role of ADP. The inhibition of Gas6 
signaling has been proposed as an attractive target for novel antithrombotic 
drugs [53].

Many receptors are known of transmembrane family. There is also a unique tet-
raspan transmembrane receptors on the platelet membrane, known as tetraspanin 
receptors.

10. Tetraspanin receptors

Tetraspans, mean four transmembrane domains, called as tetraspanins belong 
to the transmembrane 4 superfamily (TM4SF) receptors. Usually, tetraspanins are 
found to act as scaffolding proteins. It has intracellular (N- and C-) termini and two 
extracellular domains (EC1 and EC2), arranged in a way of one short and one long 
with typically 100 amino acid residue long loop. Its EC2 domain with four or more 
cysteine residues are its main feature, among which two are in a highly conserved 
“CCG” pattern. It can anchor multiple proteins to one area of platelet cell mem-
brane [7].
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8.1 P2Y1

The P2Y1 receptors (42-kDa, contain 373 amino acid residues) are widely 
distributed in many tissues (heart, blood vessels, smooth muscle cells, neural tissue, 
testis, prostate, and ovary) including platelets. About 150 P2Y1 receptor-binding 
sites are expressed per platelet, and it is also abundantly represented in membranes 
of α-granules and elements of the open canalicular system. The P2Y1 receptor is 
absolutely required for ADP-induced platelet aggregation. ADP is a more potent 
agonist than ATP, and its 2-methylthio derivatives are more potent than the parent 
compounds. ATP is a partial agonist for the P2Y1 receptor, and at the low levels 
of receptor expression, it acts as an antagonist. Overall, P2Y1 accounts for about 
20–30% of the total ADP-binding sites on the platelet surface [49]. At the P2Y1 
locus, a common genetic variant (dimorphism, 1622AG) exist which is associated 
with platelet reactivity to ADP. However, this can partly explain the interindividual 
variation in platelet’s response to ADP and may have clinical implications in relation 
to the thrombus formation [7].

8.2 P2Y12

The purinergic P2Y12, the Gi-coupled platelet receptor, exists in platelets, 
smooth muscle cells, endothelial cells, and glial cells. This surface protein is 
expressed from the chromosome 3q21–25 containing 342 amino acid residues 
which includes extracellular Cys residues at four different locations (17, 97, 175, 
and 270, respectively). The Cys 97 and Cys 175 are found to be linked by a disulfide 
bridge, and this link is important for receptor expression in platelets. P2Y12 recep-
tor exists predominantly on the platelet surface among the purinergic receptors as 
homo-oligomers placed in lipid rafts. The active metabolite of clopidogrel (which 
covalently inhibits P2Y12) application as treatment disrupts the homo-oligomers 
into nonfunctional dimers and monomers which are sequestered outside the lipid 
rafts [7]. ADP and its analogs (e.g., 2-methylthio-ADP and N-methanocarba-2-
methylthio-ADP) stimulate the P2Y12 receptor, while ATP and its triphosphate 
analogs act as antagonists to it [7]. P2Y12 plays a central role for ADP in platelet 
function. The congenital P2Y12 defective patients display a mild to moderate bleed-
ing diathesis with the conditions of mucocutaneous bleedings and postsurgical and 
posttraumatic excessive blood loss. Any defects of P2Y12 can also be thought of 
even when high concentrations (10 mM) of ADP is unable to induce full, irrevers-
ible aggregation of platelets [49].

8.3 P2X1

P2X1 is a widely distributed ligand-gated ion channel, highly expressed in 
human megakaryocytes and platelets. It is well known that ATP is the physiologi-
cal agonist and ADP is an antagonist. Platelet dense granules release ATP upon its 
activation with an ion channel (cationic and/or anionic) present on platelets, i.e., 
P2X1. During platelet preparation under in vitro condition, a rapid desensitization 
of the P2X1 receptor occurs which made this receptor unnoticed. The P2X1 gene 
lies on the chromosome 17p13.2. It encodes 399 amino acids which are organized 
into two transmembrane domains (TM1 and TM2). These are separated by a large 
extracellular domain containing 10 cysteine residues. Three molecules of ATP 
bind to the extracellular domain of P2X1 and trigger conformational changes. This 
results in the opening of a cationic pore for monovalent and divalent cations (e.g., 
Ca2+, Na+, and K+) allowing rapid changes in the membrane permeability. P2X1 
receptor activation triggers transient shape change of a platelet from a discoid to 
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spherical shape; furthermore, in presence of low concentrations of other platelet 
agonists, it (activation of P2X1) amplifies platelet responses. The P2X1 receptor 
contributes equally to low and high levels of thromboxane A2 receptor activation. 
More significantly, P2X1 receptor activation has been shown to be essential for 
enhanced platelet adhesion and thrombus formation under high shear rates [50]. 
P2X1 is distinguished as a potential new drug target for antithrombotic therapy, 
especially for the mild long-term risk management. As inhibition of P2X1 causes 
mild effects on different platelet function, it (P2X1) seems to be a so-called “safe” 
target clinically [51].

As mentioned earlier (see Section 5.1), Gas receptors also have some important 
role in the stabilization of platelet aggregation to maintain internal hemostasis.

9. TAM receptor and Gas6

Gas6 has its interactions with Tyro 3, Axl, and Mer (TAM) tyrosine kinase 
receptors (Figure 1). It is a vitamin K-dependent protein implicated in cell 
growth, adhesion, and migration, through its TAM receptor. These three related 
protein receptors (TAM) were cloned (in 1991) as orphan receptors and have 
been found to be widely expressed in the vertebrate nervous system [7]. They 
(TAM receptors) have two N-terminal immunoglobulin domains, followed by 
two fibronectin-III-like domains to mediate binding to the ligand. These domains 
are found to be attached to an intracellular tyrosine kinase domain, via a single-
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hetero- and homo-dimers, which is common with other receptor tyrosine kinases 
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10.1 CD151

The CD151, a tetraspanin superfamily member, previously termed as PETA-3/
SFA-1 has been found to express broadly in hematopoietic, vascular, and immune 
compartments, and especially abundant in cardiac muscle, endothelia, epithelia, 
megakaryocytes, smooth muscle, and the platelets. It is found to functionally link 
with the integrin trafficking, cell migration, cancer metastasis, neurite outgrowth, 
hemidesmosome formation, vascular morphogenesis, wound healing, immune 
responsiveness, and hemostasis. CD151 has been found to appear to regulate 
fibrinogen-binding proteins (e.g., integrin αIIbβ3) (Table 1). In addition, the 
absence of CD151 in vivo leads to smaller, unstable thrombi formation [54].

10.2 TSSC6

The TSSC6 or tumor-suppressing subchromosomal transferable fragment 
cDNA 6 also called as pan-hematopoietic expression (Phemx). It is a member of 
tetraspanin superfamily. Its C-terminal cytoplasmic domain is relatively large (33 
amino acids in mouse and 99 amino acids in human) than the other members of 
the tetraspanin superfamily [55]. TSSC6 may modulate hematopoietic cell function 
specifically when expressed in hematopoietic organs and tissues. It is expressed on 
the surface of murine platelets and is upregulated by thrombin stimulation. The 
secondary stability of arterial thrombi formation (by regulating integrin αIIbβ3 
outside-in signaling events) has been found to affect upon vascular injury dur-
ing the lack of platelet TSSC6 receptors in vivo (Figure 1) [55]. The proliferation 
of T lymphocytes has also been observed in the TSSC6-deficient mice, due to the 
increase in interleukin 2 production following T-cell receptor stimulation, providing 
a clue to the negative regulation of peripheral T-lymphocyte proliferation by TSSC6.

10.3 CD36

CD36 (80–90 kDa) is known to be a scavenger receptor. This CD36 along with 
other receptors and their corresponding subunits (GPIIIb, GPIV, GP88, FAT, 
SCARB3, or PASIV) are expressed on the surface of the platelets and other cells 
(e.g., monocytes, endothelial cells, smooth muscle cells, and cardiomyocytes). 
Approximately 10,000–25,000 molecules are present in a single platelet. Its gene is 
located on the chromosome 7, in case of human.

It consists of a single peptide chain (consisting of 474 amino acids). Its two 
transmembrane domains (one near the N-terminus and the other near the 
C-terminus) are configured like a “hairpin-like” structure. The domains of CD36 
are separated by a large, glycosylated extracellular loop. It (CD36) was initially 
described as a collagen receptor of types I and III on platelets, but later, it has been 
found that it is not a primary collagen receptor as its binding to the nonfibril-
lar type V collagen has been documented [56]. The interaction of CD36 with its 
various ligands (e.g., thrombospondin 1 or TSP1, long chain fatty acids, oxidized 
phospholipids or oxPL, and oxidized low-density lipoprotein or oxLDL) is found to 
modulate the platelet activation (Table 1). TSP-1 is found to promote platelet aggre-
gation through the modulation of an inhibitory signaling pathway. TSP-1 binding 
to its receptor CD36 prevents cAMP/protein kinase A (PKA) signaling. Indeed, 
TSP1 triggers CD36-dependent signals that reduce platelet sensitivity to PGE1. 
It (CD36-dependent signaling) diminished its (PGE1) ability to inhibit platelet 
aggregation and arrest under conditions of flow [57]. Other CD36 ligand, oxLDL, 
formed during hyperlipidemia and atherosclerosis can also activate platelets in 
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a CD36-dependent manner, as stated in TSP1. The level of platelet CD36 surface 
expression is highly variable among individuals within general population with 
inheritance of specific genotypic polymorphisms at the CD36 locus (Figure 1) [58].

10.4 TLT-1

Another member of this tetraspan superfamily is the triggering receptors 
expressed in myeloid cells or TREMs, which are found to be involved in the acti-
vation of various cell types of the innate immune system. It includes platelets, 
monocytes, macrophages, microglia, and neutrophils. The family is characterized 
by a single V-set immunoglobulin (Ig) domain, a short cytoplasmic tail, and a 
charged residue in the transmembrane domain. TREM-like transcript-1 (TLT-1 or 
TREML-1) is a type I single Ig domain orphan receptor. It is specific to platelet and 
megakaryocyte alpha-granules. It only relocates to the platelet surface upon platelet 
stimulation. Its longer cytoplasmic tail carries a canonical ITIM (immunoreceptor 
tyrosine-based inhibition motif) which is capable of becoming phosphorylated 
and of binding to the Src homology-containing protein tyrosine phosphatase-1 
(SHP-1). It (ITIM) can identify TLT-1 as the only putative inhibitory member of the 
TREM cluster. During storage, the ability of anti-TLT-1 scFv (single chain variable 
fragment) to block aggregation of washed platelets suggested that TLT-1 facilitates 
thrombosis by interacting with ligand(s) in activated platelets. TLT-1 acts in col-
laboration with αIIbβ3 to facilitate fibrinogen/platelet interactions and/or higher 
order platelet aggregation following the same signaling mechanism (Figure 1 and 
Table 1) [59, 60].

10.5 PEAR1

The PEAR1 or platelet endothelial aggregation receptor-1 (150 kDa) is known 
as multiple epithelium growth factor 12 (MEGF12) or Jedi-1. Interestingly, “Jedi” 
is not a scientific name here, which is being used by the scientists. It is a myth to 
describe the power and devotion of a knight, known as Jedi knights who respect all 
life by defending and protecting those who cannot do encounter for themselves, 
and in any altercations, they remain ready to encounter and fight only in self-
defense and for the defense of those they protect. Based on this myth’s symbolic 
importance and strength of PEAR-1 receptor in the maintenance of homeostasis, it 
was named so.

It is a transmembrane protein of the MEGF-like domain protein family. It is 
mainly expressed in platelets, endothelial cells, and also in satellite glial cell precur-
sors. During development, it is necessary for the clearance of apoptotic neurons via 
phagocytosis in the embryonic dorsal root ganglia (DRG). PEAR1 is composed of (a) 
an extracellular Emilin domain (EMI domain), (b) 15 extracellular EGF-like repeats, 
and (c) multiple cytoplasmic tyrosines and pralines, (d) intracellular domain struc-
ture, containing 5 proline-rich domains and an NPXY motive (serving as a phos-
photyrosine-binding site and an internalization signal). During platelet aggregation, 
PEAR1 is phosphorylated at Tyr-925 and Ser-953/1029 in an αIIbβ3-dependent man-
ner of signaling mechanism, as described previously. The PEAR1 has been hypoth-
esized as a platelet-platelet contact receptor, due to its (PEAR1) αIIbβ3-independent 
phosphorylation [61]. The high-affinity immunoglobulin E receptor subunit α 
(FcεR1α) has been found as PEAR1 ligand (Table 1). PEAR1 promoter-region variant 
(rs2768759) was associated with increased aggregation in PRP, most strongly in 
response to epinephrine, in both pre- and post-aspirin treatment conditions [62]. 
Increased expression of PEAR1 might be an important cause of hyperactivity [62] 
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a CD36-dependent manner, as stated in TSP1. The level of platelet CD36 surface 
expression is highly variable among individuals within general population with 
inheritance of specific genotypic polymorphisms at the CD36 locus (Figure 1) [58].
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monocytes, macrophages, microglia, and neutrophils. The family is characterized 
by a single V-set immunoglobulin (Ig) domain, a short cytoplasmic tail, and a 
charged residue in the transmembrane domain. TREM-like transcript-1 (TLT-1 or 
TREML-1) is a type I single Ig domain orphan receptor. It is specific to platelet and 
megakaryocyte alpha-granules. It only relocates to the platelet surface upon platelet 
stimulation. Its longer cytoplasmic tail carries a canonical ITIM (immunoreceptor 
tyrosine-based inhibition motif) which is capable of becoming phosphorylated 
and of binding to the Src homology-containing protein tyrosine phosphatase-1 
(SHP-1). It (ITIM) can identify TLT-1 as the only putative inhibitory member of the 
TREM cluster. During storage, the ability of anti-TLT-1 scFv (single chain variable 
fragment) to block aggregation of washed platelets suggested that TLT-1 facilitates 
thrombosis by interacting with ligand(s) in activated platelets. TLT-1 acts in col-
laboration with αIIbβ3 to facilitate fibrinogen/platelet interactions and/or higher 
order platelet aggregation following the same signaling mechanism (Figure 1 and 
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as multiple epithelium growth factor 12 (MEGF12) or Jedi-1. Interestingly, “Jedi” 
is not a scientific name here, which is being used by the scientists. It is a myth to 
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defense and for the defense of those they protect. Based on this myth’s symbolic 
importance and strength of PEAR-1 receptor in the maintenance of homeostasis, it 
was named so.

It is a transmembrane protein of the MEGF-like domain protein family. It is 
mainly expressed in platelets, endothelial cells, and also in satellite glial cell precur-
sors. During development, it is necessary for the clearance of apoptotic neurons via 
phagocytosis in the embryonic dorsal root ganglia (DRG). PEAR1 is composed of (a) 
an extracellular Emilin domain (EMI domain), (b) 15 extracellular EGF-like repeats, 
and (c) multiple cytoplasmic tyrosines and pralines, (d) intracellular domain struc-
ture, containing 5 proline-rich domains and an NPXY motive (serving as a phos-
photyrosine-binding site and an internalization signal). During platelet aggregation, 
PEAR1 is phosphorylated at Tyr-925 and Ser-953/1029 in an αIIbβ3-dependent man-
ner of signaling mechanism, as described previously. The PEAR1 has been hypoth-
esized as a platelet-platelet contact receptor, due to its (PEAR1) αIIbβ3-independent 
phosphorylation [61]. The high-affinity immunoglobulin E receptor subunit α 
(FcεR1α) has been found as PEAR1 ligand (Table 1). PEAR1 promoter-region variant 
(rs2768759) was associated with increased aggregation in PRP, most strongly in 
response to epinephrine, in both pre- and post-aspirin treatment conditions [62]. 
Increased expression of PEAR1 might be an important cause of hyperactivity [62] 
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and genetic variation within PEAR1, particularly rs41299597, seems to lead to an 
increased membrane expression of PEAR1 in activated platelets and elevated respon-
siveness to GPVI ligands [63]. A genome-wide meta-analysis linked the minor allele 
of the PEAR1 SNP (rs12566888) to a drop in aggregation response toward ADP and 
epinephrine in the European and African-ancestry sample [64].

Cell-cell adhesion is very important in the process of thrombus formation and 
obviously to extend the formation into proper stability until the proper clot forms. In 
this process, a specific adhesion molecule and its specific ligand have been found to 
play an important and interesting role to maintain hemostasis. P-selectin is a member 
of the selectin family of adhesion molecules. P-selectin glycoprotein ligand-1 (PSGL-
1) on the plasma membranes of neutrophils or monocytes, which are key effector 
cells of the innate immune system, binds to P-selectin translocated to the surfaces 
(Figure 1 and Table 1) of the inflamed endothelial cells or activated platelets [65].

11. P-selectin

Selectins are a family of cell adhesion molecules (CAMs). It is also known as 
clusters of differentiation 62 or CD62. It is present in endothelium (as E-selectin, 
58.6 kDa), leukocyte (as L-selectin, 30 kDa), and platelets (as P-selectin). P-selectin 
has a molecular weight of 86 kDa based on the prediction from its cDNA, but 
from reducing SDS-PAGE, it is about 140 kDa. The primary ligand for P-selectin is 
P-selectin glycoprotein ligand-1, known as PSGL-1 which is found constitutively on 
all leukocytes (Table 1). The transient interactions between P-selectin of activated 
platelets and PSGL-1 of leukocytes allow them to roll along the venular endothelium. 
During this activation of the coagulation cascade, the formation of a fibrin network 
is found to be a critical event in thrombus stability (Figure 1). A laser injury-induced 
thrombosis is found to express a low level of tissue factor (TF) in mice. It has also 
been shown that this fibrin formation depends on the monocyte-derived TF, carried 
by microvesicules, with minimal contribution of vessel wall TF. These microve-
sicules are captured onto the thrombus through the interaction between P-selectin 
and PSGL-1 (as mentioned before) present on microvesicules, hence delivering TF 
to the growing thrombus. Based on this observation, studies with mice, deficient 
in either PSGL-1 or P-selectin display thrombi with little TF and reduced thrombin 
generation, resulting in hampered thrombus size [7, 65]. Elevated plasma P-selectin 
(normal value 100 ng/ml in man) is a major predictive factor of cardiovascular 
events related to platelet turnover and its activation as well as function. So, the 
increase in P-selectin expression is expected to develop the artery diseases of periph-
eral tissues, stroke, and even the acute myocardial infarctions [7].

Being a dynamic process, a state of surface is preferable in the arterial thrombus 
formation to limit thrombus growth passively. In this context, it is not unreasonable 
to mention here that the essential roles of nitric oxide (NO) and PGI2 in the negative 
regulation of platelets to prevent uncontrolled thrombosis have been well established 
[7]. However, the inhibitory role of various receptors with and without immunore-
ceptor tyrosine-based inhibition motif (ITIM) domain for active thrombus forma-
tion is well recognized [7, 65]. It is very important to limit the thrombus formation 
within the blood vessels. These receptors are now in focus of our discussion.

12. ITIM-containing receptors

Immunoreceptor tyrosine-based inhibition motifs or ITIMs are defined by a 
consensus sequence of (L/I/V/S)-X-Y-X-X-(L/V); ITIM-containing receptors are 
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found in pairs, separated from each other by 15–30 amino acid residues, were 
originally identified by their ability to inhibit signaling by its activation counterpart 
(immunoreceptor tyrosine-based activation motif or ITAM) receptors. The ITAM 
and ITAM-like receptors, GPVI and CLEC-2 in the presence of thrombin (a GPCR 
agonist), cause mild inhibition of platelet activation by the platelet endothelial cell 
adhesion molecule or PECAM-1. The action of this inhibition by the thrombin, 
GPVI, CLEC-2, and PECAM-1 is similar to that of G6b-B in which it (G6b-B) can 
inhibit the SFK (Src and Syk) signaling to prevent unwanted platelet activation. 
This signaling mechanism also shows the inhibition of platelet activation by the 
GPVI-specific agonist (collagen-related peptide) and ADP (an agonist of GPCR) 
(Table 1 and Figure 1).

12.1 PECAM-1

PECAM-1 (or CD31, molecular weight 130 kDa), the adhesion molecule, bears 
a pivotal role in the negative regulation of platelet aggregation by inhibiting the 
platelet activation. PECAM-1 is expressed on the cell surface of hematopoietic 
and immune cells, which include platelets, neutrophils, monocytes, megakaryo-
cytes, natural killer cells, some T cells, and on endothelial cells, particularly at the 
borders of the adjacent cells. PECAM-1 is a member of the Ig superfamily (like 
GPVI receptor), consists of (a) six extracellular Ig domains, (b) transmembrane 
domain, and (c) cytoplasmic tail. The cytoplasmic domain contains an ITIM, 
which becomes phosphorylated upon stimulation by homophilic interactions 
and/or clustering. PECAM-1 is found to ease the recruitment of tyrosine, serine/
threonine, sometimes possibly the lipid phosphatases, and consequent kinase-
dependent signaling inhibition to inhibit the platelet activation by attenuating 
the thrombus formation and thrombin-mediated platelet activation (by means 
of negative regulation) involving GPVI and GPIb (Table 1) [66]. PECAM-1 is an 
efficient signaling molecule in platelet and is capable of exhibiting both outside-
in and inside-out signaling. PECAM-1 is also implicated in numerous other 
biological functions including apoptosis, platelet aggregation, thrombosis, and 
angiogenesis.

12.2 G6b-B

Among the novel plasma membrane proteins (identified via proteomics study), 
the immunoglobulin superfamily member G6b is one of them. It consists of 241 
amino acids (26 kDa). It is found to undergo extensive alternate splicing. In stimu-
lated platelets, G6b-B undergoes tyrosine phosphorylation in association with the Src 
homology-2 (SH2) domain-containing phosphatase (SHP-1). It suggests its impor-
tance to play a novel role in limiting platelet activation. Only the G6b-B is found to 
have both (a) a transmembrane region and (b) two ITIM. This ITIM supports bind-
ing to the two SHPs, i.e., SHP1 and SHP2. Heparan sulfate has recently been found 
as a ligand for G6b-B receptors (Table 1). The second ITIM, with a slightly different 
sequence (TXYXXV), is located around 20 amino acids downstream of the first 
ITIM of G6b-B [67]. In addition, G6b-B is encoded by a gene that is variously called 
G6b, C6orf25, or MPIG6B. It is a platelet and megakaryocyte-specific receptor.

12.3 VPAC1

VPAC1 is the vasoactive intestinal peptide (VIP)/pituitary adenylate cyclase-
activating peptide (PACAP) receptor 1. The PACAP is a neuropeptide of the VIP, 
a member of secretin/glucagon superfamily. The PACAP receptor (vasoactive 
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12.3 VPAC1

VPAC1 is the vasoactive intestinal peptide (VIP)/pituitary adenylate cyclase-
activating peptide (PACAP) receptor 1. The PACAP is a neuropeptide of the VIP, 
a member of secretin/glucagon superfamily. The PACAP receptor (vasoactive 
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intestinal peptide/pituitary adenylate cyclase-activating peptide receptor 1) or 
VPAC1 in platelets is coupled to adenylyl cyclase activation. The VPAC1 and VPAC2 
are found to couple with the G-protein (Gs) resulting in the stimulation of cell 
adenylyl cyclase. The VPAC1, together with the VPAC2 receptor subtype, mediates 
a large array of VIP or pituitary adenylate cyclase activating peptide actions on dif-
ferent physiological functions including exocrine secretions, release of hormones, 
relaxation of muscles, metabolism, growth control of fetuses, and embryonic brain 
development. Patients with severe mental retardation have found to have a bleed-
ing tendency with mild thrombocytopenia. Increased basal cAMP level in platelets 
is providing a basis for the reduced platelet aggregation. Megakaryocyte-specific 
transgenic overexpression of PACAP consequently increased the PACAP release 
from platelets to reduce the platelet activation and thereby prolongation of the 
bleeding time. In the management of arterial thrombosis and arterial bleeding, the 
therapeutic potential of PACAP is now considering clinical practices as inhibitor of 
thrombus formation [68].

13. Toll-like receptors (TLRs)

These are transmembrane proteins consisting of a lipoprotein receptor-related 
protein (LRP) extracellular domain, a transmembrane region, and a Toll-IL-1R 
domain, present on the surface of platelets. These exist in smaller amounts than 
GPIb-IX-V complex. Human platelet TLRs are similar to Toll receptor in Drosophila 
with four types (TLR-1, TLR-2, TLR-4, and TLR-6). However, platelets and 
megakaryocytes express mRNA and/or protein for different TLRs (e.g., TLR-1, 
TLR-2, TLR-3, TLR-4, TLR-6, TLR-7, TLR-8, and TLR-9) that detect and bind viral 
components and nucleic acids at the cell surface [69]. These TLRs (Table 1) play an 
important role in innate immunity by their ability to identify the products of bacte-
ria, viruses, protozoa, and fungi, and important for their clearance (Table 2). After 
identification of these products, TLRs activate intracellular signaling pathways to 

Receptors Viruses

αvβ3 Hantaviruses, coxsackieviruses A9 and A16, human 
adenovirus type 2, echovirus 9, and human parechovirus

αIIbβ3 Human parechovirus

α 2β1 Echovirus 1 and rotavirus

DC-SIGN Lentivirus, HIV, and Ebola virus

Axl Lassa fever virus (LASV)

Tyro3; CCR-3 and -4; CXCR-1, -2, and -4; 
CLEC-2; DC-SIGN

HIV

GP-VI HCV

CR2 EBV

α2β1 Rotavirus

α2bβ3 (GPIIbβ3a) Adenovirus

CLEC-2: C-type lectin-like type II transmembrane receptor; CR: complement receptor; CCR: C-C chemokine 
receptor; CXCR: C-X-C chemokine receptor; DC-SIGN: dendritic cell-specific intercellular adhesion molecule-3-
grabbing; non-integrin; GP-VI: glycoprotein VI. Other details of platelet receptors are same as presented in Table 1. 
(This table is adopted from Seyoum et al. [69].)

Table 2. 
Different classes of platelet receptors for viruses.
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induce an inflammatory response [70]. TLR-4 promotes platelet-neutrophil interac-
tion and also causes activation of the neutrophils [71]. However, the involvement of 
FcγRIIA and serotonin may not be ignored [72].

14. Serotonin receptors

Serotonin (5-hydroxytryptamin) receptor of 2A type or 5-HT2A and 5-HT3A 
has also been found on platelet membrane [73, 74]. Platelet activation has been 
found to release stored serotonin from dense granules by amplifying release 
reaction and thereby promoting platelet aggregation. However, serotonin itself 
does not cause platelet aggregation but enhances platelet aggregation, induced 
by its other agonists (e.g., ADP and thrombin) [75]. It has been depicted that 
the interaction of 5-HT2A with serotonin initiates calcium signaling. The 5-HT3 
receptor has been found to increase immunoreactivity with the platelet activation 
(with ADP and thrombin receptor activating peptide, TRAP). Serotonin is also 
known to cause vasoconstriction of the blood vessels with damaged endothelium 
and promotes thrombus formation. It has the ability to attach to a large number 
of substrates including fibrinogen, vWF, thrombospondin, and fibronectin 
[76]. The release of serotonin precedes the neutrophil contribution to shock, 
consistent with the reported role of serotonin in neutrophil activation (Table 1 
and Figure 1). The vasodilation was also present in the absence of neutrophils, 
suggesting that the platelets orchestrate neutrophil activation and endothelial 
cell functions through serotonin and this event can occur independently critically 
with the FcγRIIA and serotonin [72].

15. Leucine-rich repeat receptors (LRRs)

The LRR is a protein structural motif with a repetition of 20–30 amino acids 
which are rich in leucine, a hydrophobic amino acid. It is involved in the forma-
tion of protein-protein interactions. This LRR includes GPIb-IX-V complex (see 
Section 2) and TLRs (see Section 13) of platelets. Though these receptors have 
their own class, they also have similarities or common factors between them 
(Table 1).

16. Complement receptors

Several types of complement receptors (CRs) are also expressed by the platelets 
(e.g., CR2, CR3, CR4, C3aR, C5aR, gC1qR, and cC1qR) [77]. These complements 
act as receptor for pathogens (Table 2) and implement multiple functions with both 
direct and indirect antimicrobial host defense (including cell lysis, opsonization, 
and chemotaxis) [69].

17. DC-SIGN

Recently, it has been found that the platelet granules can express the dendritic 
cell-specific ICAM3-grabbing non-integrin (DC-SIGN) receptor (Figure 1 and 
Table 2), like other cells which are used for the interaction with HIV-1 [78]. Platelet 
surface DC-SIGN receptors or enhancement of the receptor FcγII play an important 
role in binding of platelets with Dengue virus (DENV). DC-SIGN and heparin 
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induce an inflammatory response [70]. TLR-4 promotes platelet-neutrophil interac-
tion and also causes activation of the neutrophils [71]. However, the involvement of 
FcγRIIA and serotonin may not be ignored [72].

14. Serotonin receptors

Serotonin (5-hydroxytryptamin) receptor of 2A type or 5-HT2A and 5-HT3A 
has also been found on platelet membrane [73, 74]. Platelet activation has been 
found to release stored serotonin from dense granules by amplifying release 
reaction and thereby promoting platelet aggregation. However, serotonin itself 
does not cause platelet aggregation but enhances platelet aggregation, induced 
by its other agonists (e.g., ADP and thrombin) [75]. It has been depicted that 
the interaction of 5-HT2A with serotonin initiates calcium signaling. The 5-HT3 
receptor has been found to increase immunoreactivity with the platelet activation 
(with ADP and thrombin receptor activating peptide, TRAP). Serotonin is also 
known to cause vasoconstriction of the blood vessels with damaged endothelium 
and promotes thrombus formation. It has the ability to attach to a large number 
of substrates including fibrinogen, vWF, thrombospondin, and fibronectin 
[76]. The release of serotonin precedes the neutrophil contribution to shock, 
consistent with the reported role of serotonin in neutrophil activation (Table 1 
and Figure 1). The vasodilation was also present in the absence of neutrophils, 
suggesting that the platelets orchestrate neutrophil activation and endothelial 
cell functions through serotonin and this event can occur independently critically 
with the FcγRIIA and serotonin [72].

15. Leucine-rich repeat receptors (LRRs)

The LRR is a protein structural motif with a repetition of 20–30 amino acids 
which are rich in leucine, a hydrophobic amino acid. It is involved in the forma-
tion of protein-protein interactions. This LRR includes GPIb-IX-V complex (see 
Section 2) and TLRs (see Section 13) of platelets. Though these receptors have 
their own class, they also have similarities or common factors between them 
(Table 1).

16. Complement receptors

Several types of complement receptors (CRs) are also expressed by the platelets 
(e.g., CR2, CR3, CR4, C3aR, C5aR, gC1qR, and cC1qR) [77]. These complements 
act as receptor for pathogens (Table 2) and implement multiple functions with both 
direct and indirect antimicrobial host defense (including cell lysis, opsonization, 
and chemotaxis) [69].

17. DC-SIGN

Recently, it has been found that the platelet granules can express the dendritic 
cell-specific ICAM3-grabbing non-integrin (DC-SIGN) receptor (Figure 1 and 
Table 2), like other cells which are used for the interaction with HIV-1 [78]. Platelet 
surface DC-SIGN receptors or enhancement of the receptor FcγII play an important 
role in binding of platelets with Dengue virus (DENV). DC-SIGN and heparin 
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sulfate proteoglycan are receptors for DENV [69]. DENV infection leads to throm-
bocytopenia by increasing phagocytosis of DENV-induced platelets apoptosis by 
macrophages via a phosphatidylserine-recognizing pathway [69].

This detailed description of different platelet receptors will help us to under-
stand the molecular changes of platelet receptors in different conditions.

18. Molecular changes of platelet receptors in different conditions

18.1 During platelet storage

In the cases of thrombocytopenia and bleeding complications, transfusion of 
platelet concentrates (PCs) is one of the most important therapeutic approaches 
and its management formula. Regardless of preparation techniques, stored plate-
lets gradually experience inevitable deleterious changes called as platelet storage 
lesion (PSL). It may lead to a progressive structural and functional damage of 
platelet adhesion receptors from the time of platelets isolation till the transfusion 
to a recipient. It is induced mainly by either reversible or irreversible increases in 
the basal levels of platelet activation, and with the irreversible changes in platelet 
morphology and function the most important phase of PSL is associated with. 
These changes of platelet are significantly initiated with platelet α granules release 
(as mentioned in Sections 11 and 12) and its conversion from pro-aggregatory 
status to pro-inflammatory phenotypes which is identified by the P-selectin and 
CD40L expression [86]. The platelet activation increases the intracellular Ca2+ 
levels and acts as the main modulator of signaling events. This results in platelet 
receptor ectodomain shedding and membrane loss due to microparticulation. 
Both of these phenomena (ectodomain shedding and membrane loss) can cause 
progressive loss of platelet adhesive receptors during platelet storage [4, 87] and 
may affect its proper function required for therapeutic uses. During the storage 
of platelet concentrates (PCs), the GPIbα expression levels have been found to 
be decreased [77, 78]. The continuous shedding can lead to a significant decrease 
in GPIbα expression in 5-day-stored platelets [86]. More old platelets with the 
lower GPIbα expression may show less functionality after transfusion. The 
metalloproteinase-dependent loss of surface GPIbα plays a role in the clearance 
of aged platelets from the circulation. In older PCs, these receptors with higher 
levels of shedding could also be associated with a rapid clearance of transfused 
platelets leading to reduced platelet recovery and survival. In addition to this, the 
GPVI receptor expression also showed to be modulated during storage. A negative 
correlation between GPVI expression and shedding was also observed, a finding 
that verifies the main role of ectodomain shedding in the modulation of GPVI 
expression. There is a direct correlation between the shedding levels of P-selectin 
and GPVI during platelet storage. It suggests that this adhesion receptor is a valid 
marker of PSL [87]. The levels of soluble GPVI have been correlated with soluble 
P-selectin in patients with acute coronary syndrome and/or with acute ischemic 
stroke [88]. Considerable shedding of GPVI and its association with decreasing 
expression of this receptor on the surface of stored platelets can affect GPVI-
dependent platelet function during storage. There is a direct correlation between 
this observed decreased adhesive capacity with the increasing levels of GPVI 
shedding during storage [4].

This enucleated blood component (platelet) may have a chance to interact 
with or interacts definitely under different pathophysiological conditions. Now, 
we will focus on those pathophysiological changes in relation to the platelet 
receptors.
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18.2 During different pathophysiology

18.2.1 Inflammation

Platelets do not only play a role in thrombus formation but are also important in 
atherogenesis, and deficiency of an individual receptor or ligand has been found to 
be compensated by other receptors [89–92]. The inhibition of platelet adhesion in 
atherosclerosis-prone mice impedes the development of atherogenesis in it (these 
models of study) [93]. Platelet adhesion receptors discussed above in the context 
of thrombosis also support interactions between platelets, endothelial cells, and 
leukocytes involved in other vascular processes [94, 95]. Activated platelets with a 
potential mechanism adhered (by GPIbα binding) to the vessel wall with the sup-
port of leukocyte adhesion (with integrin, αMβ2). The GPIbα-binding site of the 
GPIb-IX-V complex similarly involves in the insertion of αM I domain of the αMβ2 
to the vWF, homologous to the vWF-A1 domain [8]. Another mechanism involved 
here is the interaction between the platelet P-selectin and leukocyte PSGL-1 bind-
ing, as mentioned previously [9], and finally, a link between platelets and endothe-
lial cells forms by the fibrinogen or vWF via the engagement of integrins on both 
platelets (such as αIIbβ3) and endothelium (such as αvβ3) [96]. Understanding of 
the involvement of the networking of these platelet-specific receptors in thrombosis 
pathophysiology in vivo is yet to confirm.

18.2.2 Bernard-Soulier syndrome

The Bernard-Soulier syndrome (BSS) is the defect in the three GPIb encod-
ing genes (as mentioned earlier), which gives rise to a serious bleeding diathesis, 
accompanied by anomalies in platelet morphologies, especially giant platelets. It is 
a rare hereditary thrombocytopathy, first described in 1948 by Jean Bernard and 
Jean-Pierre Soulier, two French hematologists, in a young male patient who had 
severe mucocutaneous bleeding, prolonged bleeding time with normal platelet 
count, and abnormally large platelets (macrothrombocytopenia) [90]. In view of 
these defects, the disorder was named as “Dystrophie thrombocytaire-hémorra-
gipare congénitale” (hemorrhagiparous thrombocytic dystrophy) [97]. In most 
cases, bleeding symptoms manifest rapidly after birth or during early childhood. 
Clinical manifestations usually include purpura, epistaxis, gingival bleeding and 
menorrhagia (menstrual periods with abnormally heavy or prolonged bleeding), 
and more rarely gastrointestinal bleeding and hematuria (presence of blood in a 
person’s urine). Severe bleeding episodes are associated with trauma and surgical 
procedures (e.g., tonsillectomy, appendectomy, splenectomy, during dental extrac-
tions), gastric ulcers, and menses. However, indeed the severity and frequency of 
bleeding vary between individuals [21]. Ultrastructural studies of affected platelets 
show a dilated open canalicular system, prominent dense tubular system, and 
vacuolization. It is rare with a reported prevalence of 1 in 1,000,000. Patients have 
a prolonged bleeding time, thrombocytopenia, and larger platelets than the normal 
individual due to defective thrombopoiesis in GPIb defective megakaryocytes [98]. 
Few mutations were reported that cause a gain-of-function in the GPIbα chain, 
leading to the so-called platelet-type GPIB [99], showing a phenotype similar to 
that of certain subtypes of von Willebrand disease [100]. The syndrome, as an 
autosomal recessive trait, is found to be transmitted with an underlying defect of 
deficiency or dysfunction of the GPIb-V-IX complex, required for normal primary 
hemostasis. The GPIb-V-IX complex binds to vWF, allowing platelet adhesion and 
platelet plug formation at sites of vascular injury (as mentioned in Section 2.1) 
(Table 1) [21].
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Few mutations were reported that cause a gain-of-function in the GPIbα chain, 
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18.3 Aging and aging-related pathophysiogical conditions

During aging, the platelet receptor expression levels have also been investi-
gated and found that the platelet responsiveness to collagen decreases with age 
with an aging-dependent decrease in GPVI-dependent platelet activation [101]. 
Adhesion receptor levels on nucleated thrombocytes have also been found to 
decrease during aging in correlation with the decrease in participation in throm-
bus formation. The younger thrombocytes contain more adhesive receptors with 
a higher propensity to form the thrombi than the aging counterpart [102]. The 
mechanism of platelet shedding in regulation of aging-related changes in adhe-
sion receptor levels has not been demonstrated yet [103]. Aging with the different 
biochemical alterations due to alteration in cellular microenvironments positively 
associates with the downregulation of different receptors, its consequent signal-
ing pathways, biochemical cascade mechanisms, formation of abnormal proteins, 
its related neurodegeneration, immunosuppression, susceptibility to viral infec-
tion (e.g., COVID-19), etc. and negatively associates with the survival from the 
diseased condition.

18.3.1 Thromboxane alterations

Thromboxane (A2 and B2) is produced from arachidonic acid through endo-
peroxidase by the cyclooxygenase and thromboxane synthase enzyme activity, 
respectively [104]. It plays a pivotal role in platelet aggregation in vivo. It has been 
found that thromboxane production is enhanced in diabetic subjects resulting 
in platelet aggregation, which further provides a higher risk of cardiovascular 
disease [104]. A number of risk factors have been proposed to elevate CVD risk 
in type 1 diabetes mellitus (T1DM) patients, including hyperglycemia, dyslip-
idemia, inflammation, oxidative stress, and genes among others. A significant 
contributing factor to the diabetic prothrombotic state is the aberrant regulation 
of antiplatelet-activating mechanisms that normally maintain high levels of 
inhibitory cAMP to prevent aggregation. Molecules directly affecting platelet 
cAMP production are the arachidonic acid metabolites TXA2 and prostacyclin 
(PGI2). TXA2 is produced in the platelets themselves and is a positive-feedback 
mediator of platelet activation, while PGI2 is produced in endothelial cells and is 
an inhibitor of platelet aggregation. The platelet activator TXA2 is synthesized by 
cyclooxygenase 1 (COX-1) in the platelets; the inhibition of COX-1 (with aspirin), 
which is irreversible and semi-selective, could improve platelet reactivity of 
T1DM subjects [104].

18.3.2 Cardiovascular diseases

The numbers of platelet GP receptors are found to enhance in cardiovascular 
patients and diabetic subjects. The HbA1c is the useful marker to detect the diabetes 
in individuals. The CD40L on platelets has been found to be correlated with this 
HbA1c concentration, as an upregulation of the CD40-CD40L system has been 
observed in diabetes mellitus [56] along with an increase in GPIa/IIa, GPIIb/IIIa, 
P-selectin (CD62), vWF, and CD63 [105]. Patients with ischemic heart disease and 
depression concomitantly may have increased risk of thrombosis due to abnormal 
platelet activation. Moreover, high vWF may increase the chance of cardiovascular 
disease. Elevated plasma levels of vWF are associated with established cardiovascu-
lar risk factors such as age, smoking, cholesterol, diabetes mellitus, and hyperten-
sion [105, 106]. Moreover, raised levels of vWF are predictive of stroke and vascular 
events among patients with atrial fibrillation [106].
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18.3.3 Neurodegeneration

Platelet dysfunctions associated with aging can be linked to molecular altera-
tions affecting several cellular systems that include cytoskeleton rearrangements, 
signal transduction, vesicular trafficking, and protein degradation. Aging in 
platelets and their age-dependent dysfunctions are of interest when evaluating 
the contribution of aging to the onset of aging-dependent pathologies, such as 
those affecting the nervous system linked to neurodegenerative diseases includ-
ing Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), 
Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS) [107, 108].

It is well understood from the above information that the platelets have two 
important types of granules, dense granules and alpha granules. The dense granules 
are loaded with proaggregatory factors (e.g., serotonin, calcium, and ADP), and 
during platelet activation, these granules release their content to the open canalicu-
lar system to be expelled out by the platelet, whereas the alpha granules have many 
hemostatic proteins (e.g., platelet-derived growth factor, vWF, and fibrinogen) 
[108]. Aging-related variations in the expression of specific platelet receptors and 
platelet activators have been reported and exemplified by a decrease in the number 
of receptors for PGI2 potent inhibitor of platelet function and high levels of TXA2 
activator of platelet function in older individuals [109]. Even though the most 
important function of platelets is to prevent bleeding, they also play an important 
function in pathological conditions including neurological and neurodegenerative 
diseases (e.g., PD, schizophrenia, and AD). It is also important that platelets show 
high expression of several proteins associated with the development of AD, such as 
the APP amyloid precursor protein (APP) and tau protein. Additionally, platelets 
express enzymes involved in protein modifications such as glycogen synthase kinase 
3 β (GSK-3β), α-, β-, and γ-secretases. Platelets have been compared with neurons 
because they have many biochemical similarities [108], as they have the storage and 
release capacity of neurotransmitters from platelets such as serotonin, glutamate, 
and dopamine [110, 111] and the expression of neuron-related proteins such as 
NMDA receptors [112]. Together, this makes it interesting to consider the contribu-
tion of platelets to the hallmarks of neurodegeneration.

It is very imperative to note that the brains of cerebral amyloid angiopathy 
(CAA) patients (a disorder characterized by deposits of Aβ40 in cerebral arteries 
and capillaries) is estimated its prevalence in 90–98% of AD patients and this AD 
is present in 30% of individuals without dementia over 60 years old. It is need-
less to mention here that AD is related with the amyloid-beta (Aβ) pathogenesis. 
Aβ40 peptide activates and promotes platelet adhesion and aggregation [113] by 
different receptors such as CD36 and GPIbα, triggering several signal transduction 
pathways involving p38MAPK and COX1 and synthesis of TXA2, which ultimately 
increase Ca2+ levels, activates calpain, and increases Aβ40 peptide secretion [114]. 
The thrombin receptor PAR1 could also have a role in the consequent activation of 
p38 MAPK and cytosolic phospholipase A2 (PLA2), and TXA2 formation. Aβ40 
peptides modify platelet shape change and granule release through activation of the 
small GTPase RhoA and phosphorylation of its downstream effector, myosin light 
chain kinase, involving cytoskeletal reorganization [113]. In platelets, the produc-
tion of Aβ40 peptides also regulates the platelets phosphatidylserine exposure 
which has been found to be involved for further increase in platelet Aβ40 levels. A 
correlation between increased ROS formation in AD platelets and increased oxida-
tive stress in AD patients has been demonstrated [108].

The coagulation cascade plays the critical role in the development of an inflam-
matory response in MS. Platelets are trapped in chronic active demyelinating MS 
lesion. The paralysis and experimental autoimmune encephalomyelitis were found 
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18.3 Aging and aging-related pathophysiogical conditions
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(CAA) patients (a disorder characterized by deposits of Aβ40 in cerebral arteries 
and capillaries) is estimated its prevalence in 90–98% of AD patients and this AD 
is present in 30% of individuals without dementia over 60 years old. It is need-
less to mention here that AD is related with the amyloid-beta (Aβ) pathogenesis. 
Aβ40 peptide activates and promotes platelet adhesion and aggregation [113] by 
different receptors such as CD36 and GPIbα, triggering several signal transduction 
pathways involving p38MAPK and COX1 and synthesis of TXA2, which ultimately 
increase Ca2+ levels, activates calpain, and increases Aβ40 peptide secretion [114]. 
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to be ameliorated and reduced after inhibiting (the GPIIb/IIIa blocker, abciximab) 
the main platelets integrin GPIIb/IIIa [115]. A role of thrombin cascade in the 
development of inflammation in MS has also pointed out [116]. This multifunc-
tional cell (platelets) is activated by different endogenous, physiological agonists, 
including ADP, collagen, or thrombin, due to the vast number of receptors present 
on the surface of platelets, as discussed previously. During the vessel wall injury, 
the circulating platelets are found to (a) immobilize immediately, (b) interact with 
the vWF binding to collagen and the glycoprotein GPIb-V-IX complex [117], and 
(c) initiate adhesion of free moving platelets of circulation to the subendothelial 
extracellular matrix. The information about involvement and changes of platelet 
receptors in other aging-induced neurodegenerative disorders is yet to be studied.

18.4 Cancer

The knowledge in the last decade on how tumor cells exploit platelets for 
survival, arrest, and finally extravasation from blood vessels to distant organs has 
tremendously increased [118]. Platelets protect circulating tumor cells (CTCs) 
by encasing tumor cells in a thrombus (Figure 2), protecting them from cytolysis 
by natural killer cells [119]. Tumor cells activate platelets for a stable adhesion 
between platelets and tumor cells by distinct mechanisms, which are the reasons 
for hypercoagulation and increased risks of thrombosis in cancer patients [107]. 
Tumor cells release soluble mediators such as ADP, TXA2, or high-mobility group 
box 1 (HMGB1), which ligates with Toll-like receptor 4 (TLR4) to instigate local 
platelet activation [120]. The heterogeneous cloaks of platelets and tumor cells 
protect tumor cells from high shear forces in the blood circulation and from attack 
by leukocytes by a pseudonormal phenotype, and allow tumor cells to downregulate 
MHC class I molecules to escape T cell immune surveillance [118]. This finally leads 
to tumor growth and angiogenesis with a deposition of platelets in tumors by the 
engagement of the P-selectin-αIIbβ3-talin complex [121]. This P-selectin binding 
to its ligands can also activate pro-survival kinases, resulting in enhanced tumor 
growth in mice neuroblastoma cells [122]. Platelets, those bind to colorectal cancer 
cells by means of P-selectin in the presence of polymorphonuclear leukocytes, were 
able to activate human microvascular endothelial cells. This in turn is found to 
express inflammatory proteins, e.g., chemokine CCL5 most abundantly [123]. CCL5 
recruited monocytes to the metastatic microenvironment that finally culminated 
in an augmented number of metastatic foci in the lungs. It suggests that platelets 
and platelet-derived P-selectin seem to be crucially involved in cancer immunity 
(Figure 2).

After platelet activation, αIIbβ3 can switch to at least one of the two different 
active ligand-binding states; both differ in their affinity for fibrinogen, which 
indicates the contribution of αIIbβ3 to tumor cell platelet interaction and aggrega-
tion [118, 124]. Hence, integrin αIIbβ3 is for several reasons an attractive target in 
hematogenous cancer cell dissemination. Different kinds of drugs which efficiently 
inhibit integrin αIIbβ3 have been approved for reduction or prevention of throm-
botic cardiovascular events. Furthermore, integrin αIIbβ3 is capable of mediating 
bidirectional signaling [118]. On the one hand, binding of integrin αIIbβ3 to tumor 
cells can finally culminate in platelet activation, while on the other hand, platelet 
activation by, e.g., ADP, TXA2, or thrombin, can transfer αIIbβ3 to an active 
binding state [107]. These inside-out signaling confers the ability to bind several 
ligands (e.g., melanoma cell expressed αѵβ3), which can induce protumorigenic and 
proangiogenic signals [125].

In different types of cancers, for instance in squamous cell carcinoma, 
lung and skin cancer, mesotheliomas, and cancer-associated fibroblasts, an 
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upregulated expression of podoplanin was detected [118, 126], converting an 
epithelial to mesenchymal transition (EMT) in MDCK cells, by increasing cell 
migration, and was associated with tumor invasion [127]. In healthy human 
tissues, podoplanin is expressed in lymphatic endothelial cells, osteocytes, 
keratinocytes, podocytes, and myofibroblasts among many other cell entities 
[128]. Podoplanin deficiency leads to form defective lymphatic vessels and causes 
death due to respiratory failure after birth [129]. Thus, the CLEC-2-podoplanin 
axis is an interesting target in course of hematogenous metastasis (especially for 
those patients with podoplanin-positive tumors), though more study is needed. 
Meanwhile, the tumor cell-induced platelets aggregating effect of the podoplanin 
CLEC-2 interplay has been revealed in several animal models, and by this way, 
different antibodies targeting different epitopes are generated [118, 130]. CLEC-2 
ligand responsible for pronounced platelet aggregation and a podoplanin recogni-
tion domain in CLEC-2 was elucidated [131]. Podoplanin contains three platelet 
aggregation-stimulating domains in the extracellular section which is crucial 
for the aggregating function [132]. GPVI cytoplasmic tail is associated through 
a salt bridge with the Fc receptor γ chain (FcRγ), and upon ligand-mediated 
GPVI crosslinking and clustering, ITAM motif in FcRγ chains are unmasked 
and phosphorylated. This phosphorylated ITAM is sequentially found to recruit 
and activate Syk downstream signaling complex (composed of LAT and SLP76) 
to activate platelet and spreading of this platelet activation [133]. However, 
the study on the role of this ITAM-containing receptor in the interaction of 
platelets with tumor cells is very limited. Indeed, it has been observed that in 
C57BL/6J mice, deficiency in GPVI leads to decrease in thrombus formation 
with a prolongation of bleeding time [134]. Furthermore, an IgG-independent 
FcγRIIa-mediated cooperation between GPVI, GPIb-IX-V, and αIIbβ3 for platelet 
activation and spreading has been suggested. Studies dealing with the participa-
tion of FcγRIIa in tumor metastasis are barely available [135].

Figure 2. 
Role of platelets in the metastatic cascade. Cells from the primary tumors are detached and invaded into 
the blood circulation. Platelets are activated immediately by their invasion and encasing the invaded tumor 
cells. These activated platelets are able to shift tumor cells to the vascular wall on another site of a distant 
organ and got arrested via interaction of P-selectin and PSGL-1 by facilitating tumor cell extravasation 
to the subendothelial matrix by endothelial P2Y2 receptor activation. (This diagram is adopted from 
Schlesinger [118].)
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to be ameliorated and reduced after inhibiting (the GPIIb/IIIa blocker, abciximab) 
the main platelets integrin GPIIb/IIIa [115]. A role of thrombin cascade in the 
development of inflammation in MS has also pointed out [116]. This multifunc-
tional cell (platelets) is activated by different endogenous, physiological agonists, 
including ADP, collagen, or thrombin, due to the vast number of receptors present 
on the surface of platelets, as discussed previously. During the vessel wall injury, 
the circulating platelets are found to (a) immobilize immediately, (b) interact with 
the vWF binding to collagen and the glycoprotein GPIb-V-IX complex [117], and 
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recruited monocytes to the metastatic microenvironment that finally culminated 
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for the aggregating function [132]. GPVI cytoplasmic tail is associated through 
a salt bridge with the Fc receptor γ chain (FcRγ), and upon ligand-mediated 
GPVI crosslinking and clustering, ITAM motif in FcRγ chains are unmasked 
and phosphorylated. This phosphorylated ITAM is sequentially found to recruit 
and activate Syk downstream signaling complex (composed of LAT and SLP76) 
to activate platelet and spreading of this platelet activation [133]. However, 
the study on the role of this ITAM-containing receptor in the interaction of 
platelets with tumor cells is very limited. Indeed, it has been observed that in 
C57BL/6J mice, deficiency in GPVI leads to decrease in thrombus formation 
with a prolongation of bleeding time [134]. Furthermore, an IgG-independent 
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Figure 3. 
Schematic presentations of clinical courses of major symptoms and outcomes and duration of viral shedding in 
the COVID-19 patients. ICU: intensive care unit; ARDS: acute respiratory distress syndrome; SARS-CoV-2: 
severe acute respiratory syndrome coronavirus 2; and COVID-19: coronavirus disease 2019. (This diagram is 
adopted from Zhou et al. [136].)

18.5 Platelet receptors and viral pathogens

There are different platelet receptors including TLRs, CRs, and DC-SIGN (as 
described in Sections 13, 16, and 17) that facilitate the direct interaction of platelets 
with viral pathogens. This interaction through different receptors causes both 
quantitative and qualitative dysfunctions of platelets associated with viral patho-
gens (Table 2). Platelets play a role in defending viral pathogen by binding of viral 
pathogen with platelets, which results not only in clearance of platelets but also 
clearance of viral pathogens [69].

18.5.1 Coronavirus disease-2019 (COVID-19)

Recent worldwide outbreak of COVID-19 is known to us as a flu-like disease, 
in which the respiratory illness (like the flu) with symptoms such as cough, fever, 
and in more severe cases, difficulty in breathing occurs. Early during its initiation 
(December, 2019) of infection, it was named as novel coronavirus disease-2019 or 
nCOVID-19. But in the next month (January, 2020), it was named as severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), which was later (February, 
2020) designated as coronavirus disease 2019 or in short “COVID-19” by WHO 
(World Health Organization). Despite of its acute respiratory symptom, it is being 
reported that in more severe cases, abnormal clotting is a common phenomenon 
that culminates into the risk of cardiovascular disease (CVD), and this fact is the 
most crucial one here to discuss with (Figure 3). In severe cases of COVID-19 
patients, clots in the small vessels of all organs, not only in the lungs but also in 
heart, liver, and kidney, have been found [136]. Though the involvement of any 
platelet receptor has not been found yet, the presence of clot indicates toward the 
involvement of platelet receptors for sure, as there are different platelet receptors 
already existing which can bind with different viruses (Table 2). Scientists have 
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noticed till date about the presence of the biomarker of clot, known as D-dimer 
in the blood samples of COVID-19 patients with severity [136]. The presence of 
D-dimer in the circulation has its normal range of <0.5 μg/ml. D-dimers are not 
normally present in human blood plasma, except when the coagulation system 
has been activated (Figure 4). The structure of D-dimer is either a 180- or 195-
kDa molecule of two D domains or a 340-kDa molecule of two D domains and 
one E domain of the original fibrinogen molecule [137]. D-dimer levels over 1 μg/
ml at the time of admission predicted an almost 18-fold increase in odds of dying 
before discharge of nCOVID-19 patients seen at two hospitals in Wuhan, China 
[136]. D-dimer, a fibrin degradation product indicating thrombosis, can exceed 
70 or 80 μg/ml, which clearly can indicate the severity of the illness. In that case, 
the anticoagulation therapy (with the anticoagulation, regardless of the underly-
ing mechanism) may be initiated for severe COVID-19 patients, unless otherwise 
contraindicated the consequences [136].

19. Conclusion

Platelet receptors, particularly their adhesion receptors, execute an important 
role in the regulation of circulatory hemostasis. A rapid transition of circulating rest-
ing platelets to the activated state, adhesion, and aggregation in thrombus formation 
happen by the cascades of events. Briefly, these events are: (i) initial contact adhe-
sion with the platelet GPIb-IX-V and GPVI, and collagen or collagen-bound vWF; 
(ii) activation, spreading, and secretion, involving GPIb-IX-V- and GPVI-dependent 
signaling pathways; (iii) secretion of agonists (e.g., ADP), the P2Y1/P2Y12 recep-
tors activation, and upregulation of integrin αIIbβ3; and (iv) αIIbβ3-dependent 
aggregation, involving vWF or fibrinogen (Table 1 and Figure 1). These processes 

Figure 4. 
Schematic diagram of D-dimer formation as a risk factor for the development of CVD in the COVID-19. 
Fibrinogen is made up of one E domain and two D domain, whereas D-dimer has the same number of 
domains but with different structural orientation with cross-linked D domain.
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signaling pathways; (iii) secretion of agonists (e.g., ADP), the P2Y1/P2Y12 recep-
tors activation, and upregulation of integrin αIIbβ3; and (iv) αIIbβ3-dependent 
aggregation, involving vWF or fibrinogen (Table 1 and Figure 1). These processes 

Figure 4. 
Schematic diagram of D-dimer formation as a risk factor for the development of CVD in the COVID-19. 
Fibrinogen is made up of one E domain and two D domain, whereas D-dimer has the same number of 
domains but with different structural orientation with cross-linked D domain.
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happen very fast, and to imagine their rate of reactions, it may be informed that the 
initiation of thrombus formation starts within seconds after an injury, and complete 
thrombus is formed within minutes. Consequent to the aggregation process by 
recruiting free flowing inactivated platelets, the coagulation process accelerates on 
the activated platelet surface with the involvement of leukocytes and RBCs (red 
clot), followed by stabilization of the thrombus with the polymerized fibrin, and 
finally the αIIbβ3-mediated clot contraction in vivo. The dysfunction of GPIb-IX-V 
in humans (Bernard-Soulier syndrome) or mice (GPIbα gene knockouts) throm-
bus formation under high shear conditions is specifically impaired [5, 6]. Recent 
evidence also reveals a requirement for GPVI in stable thrombus formation at high 
shear rates, which provides the evidence of functional co-association of GPVI and 
GPIb-IX-V [6, 25]. The recent discovery of 5-HT receptors (2A and 3) and their role 
on platelet aggregation added a special attention on the interaction of neurotrans-
mitter with the platelet adhesion receptors (Table 1), which may open a new avenue 
in geriatrics research. New molecular insights into the role of primary platelet 
adhesion receptors in vascular biology would be beneficial in pathophysiology study. 
GPIb-IX-V and GPVI together form a multifunctional adhesive cluster of proteins 
on the platelet surface that control thrombus formation at high shear and are also 
central to other vascular processes including inflammation and atherogenesis. Other 
platelet receptors including GPs, integrins, GPCRs, and Ig superfamily also play a 
pivotal role to maintain normal physiology. The physiology and pathophysiology 
of different platelet surface receptors at the molecular level have been described in 
this chapter. The molecular pathophysiology of different platelet receptors under 
different pathological conditions has been described. The recent advancement of the 
knowledge of how platelet is being considered as a biomarker of neurodegeneration 
and how far it is reliable to consider it (platelet) with central nervous system (CNS) 
has been pointed out with its updated information. The molecular aspects of inflam-
mation, cancer (Figure 2), and even viral pathogens (Table 2), especially COVID-19 
pathology (Figures 3 and 4) in relation to platelet receptors, are also taken under 
consideration to present in this chapter. This updated information will enlighten and 
motivate researchers to advance and carry forward their research with platelet at the 
molecular level of its receptor in different pathophysiological conditions. Finally, it 
may be stated that all of these information and thoughts may help to find out differ-
ent biomarkers and treatment for different diseases in the near future.
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Chapter 3

Procoagulant Platelets
Andaleb Kholmukhamedov

Abstract

There are two well-known subpopulations of activated platelets: pro-aggregatory 
and procoagulant. Procoagulant platelets represent a subpopulation of activated 
platelets, which are morphologically and functionally distinct from pro-aggregatory 
ones. Although various names have been used to describe these platelets in the liter-
ature (CoaT, CoaTed, highly activated, ballooned, capped, etc.), there is a consensus 
on their phenotypic features including exposure of high levels of  phosphatidylserine 
(PSer) on the surface; decreased aggregatory and adhesive properties; support of 
active tenase and prothrombinase complexes; maximal generation by co-stimulation 
of glycoprotein VI (GPVI) and protease-activated receptors (PAR). In this  chapter, 
morphologic and functional features of procoagulant platelets, as well as the 
 mechanisms of their formation, will be discussed.

Keywords: procoagulant, platelet, mitochondria, necrosis, apoptosis, coagulation

1. Introduction

Blood has different components, like plasma, red blood cells (RBC), white 
blood cells (WBC), and platelets. Platelets, although being only “tiny fragments 
of megakaryocytes (mother cell),” are essential for life. We need them, together 
with about two dozen of coagulation factors, to keep all that nutrient-rich liquid 
plasma, infection-fighting WBCs, and oxygen-carrying RBCs in our bodies in the 
case of trauma and bleeding. Platelets and coagulation get activated immediately 
upon being exposed to things they normally do not have contact with (e.g., during 
blood vessel wall rupture, collagen gets exposed and activates platelets). Upon 
activation, platelets form a mesh-like structure using another plasma protein called 
fibrinogen as bridges between them. This process forms a so-called “unstable clot.” 
At later stages of blood clotting, generated thrombin converts soluble fibrinogen to 
insoluble fibrin, stabilizing the initial platelet plug. These processes are collectively 
called hemostasis. Every aspect of hemostasis has its history. Although exploring 
history can sometimes be tedious, studying the bridge between past and present is 
essential in basic understanding of the subject, the subject of procoagulant platelets 
in this case.

Unlike WBCs, which exist as functionally and morphologically distinct sub-
populations, it has been thought for years that platelets are rather simple in their 
function, being just “cell particles.” It was later revealed that platelets, although 
lacking nuclear material, are indeed very complex not only in their nature but also 
in function. Nowadays, the existence of two different subpopulations of activated 
platelets, pro-aggregatory and procoagulant, is a widely accepted fact. Pro-
aggregatory platelets, historically known as activated, have been a major focus since 
the initiation of platelet research. The history of procoagulant platelets, on the other 
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the initiation of platelet research. The history of procoagulant platelets, on the other 
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hand, can be subdivided into two periods. The first one is the discovery of platelet 
procoagulant functionality, whereas in the second period, procoagulant platelets 
were discovered and characterized as a distinct subpopulation of activated platelets.

In 1912, long before we learned that prothrombinase supporting platelets are 
distinct from pro-aggregatory ones, Howell discovered that unsaturated cephalin 
is a phospholipid factor that triggers clotting [1]. This discovery was followed by 
decades of controversial results of what phospholipid or what mixture of phos-
pholipids is responsible for this effect until, in 1960, Karl Slotta demonstrated the 
presence of phosphatidylserine (PSer) is an absolute requirement [2]. This discov-
ery established the central role of PSer in prothrombinase activity, which in a way, 
paused research activities in the procoagulant platelet field.

The history was resumed when two decades later, Bevers and colleagues spec-
trophotometrically showed that thrombin and collagen co-stimulated platelets 
possessing about 5-fold higher prothrombinase activity than those stimulated with 
thrombin or collagen alone. This effect was even more pronounced in the presence 
of exogenous factor Va [3]. Later that year, the same group confirmed their spectro-
photometric observations in one-stage prothrombinase assay [4]. In 1985, Rosing 
et al. more thoroughly described the role of platelet PSer exposure in prothrombin 
(FII) and factor X (FX) activation [5]. They revealed that collagen and thrombin 
co-stimulation significantly increases prothrombinase and tenase activity, while 
this increase was abolished in the presence of phospholipase A2 (PLA2) from N. 
naja. Also observing no cellular lysis in these conditions, they concluded that PSer 
exposure, which is followed by thrombin and collagen co-stimulation, is responsible 
for this phenomenon. In 1993, with the discoveries of annexin V and advancement 
in flow cytometry, Dachary-Prigent et al. established a protocol to detect PSer 
exposing platelets, the methodology that has overtime become fundamental in pro-
coagulant platelet field and has been widely used since then [6]. In 1997 Heemskerk 
and colleagues discovered that a percentage of platelets adhering to collagen, but 
not fibrinogen, balloon and expose PSer [7]. In parallel to these findings, there was 
a series of publications determining the extent and ultrastructure of PSer exposure, 
as well as the essential role of calcium in this process [8–10].

Although numerous studies described platelet procoagulant function in 
response to dual stimulation [3, 5, 11, 12], a breakthrough discovery that identi-
fied procoagulant platelets as a distinct subpopulation of activated platelets is the 
work by Alberio et al., where they demonstrated that only a certain percentage of 
activated platelets retain factor Va (FVa) on their surface [13]. This subpopulation 
was generated by co-stimulation with convulxin/collagen (GPVI agonists) and 
thrombin; hence they were named CoaT platelets. A few years down the road, 
Kulkarni and Jackson introduced a new term—‘sustained calcium-induced platelet 
morphology (SCIP)’ by discovering the fact that procoagulant platelets require 
prolonged elevation in cytosolic calcium to form [14]. Diversifying terminology 
of procoagulant platelets did not stop there, in 2005 revealing that procoagulant 
platelets retain multiple α-granule proteins on their surface in transglutaminase-
dependent manner led to the introduction of a new term—‘coated’ (by α-granule 
proteins) platelets [15, 16]. Further studies by Panteleev et al. revealed that this 
subpopulation of activated platelets binds high levels of factors IXa and Xa [17]. 
In 2008, Jobe et al., characterizing molecular mechanisms of procoagulant platelet 
formation, introduced another term—highly activated platelets [18]. There are few 
more terms used in the literature like ballooned [7], ballooned and procoagulant-
spread [19], and super-activated platelets [20].

Just like in a famous Indian parable, where blind men try to describe an elephant 
they have never encountered before by touching different parts of it, research-
ers have been describing different (morphological and functional) features of 
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procoagulant platelets and introducing different terms based on their discover-
ies. Whereas indeed, everyone has been describing “different parts of the same 
elephant.”

2. Mechanisms of procoagulant platelet formation

The discovery of procoagulant platelets as a distinct subpopulation of activated 
platelets at the beginning of the twenty-first century triggered research activities 
into cellular and molecular mechanisms of their formation. As shown by Alberio 
et al. and confirmed in later studies, procoagulant platelets are maximally generated 
upon co-stimulation of glycoprotein VI and PAR1/4. In 2005, Jobe and colleagues 
discovered that the absence of FcRγ, a key component responsible for glycoprotein 
VI signaling, ablates procoagulant platelet formation almost to baseline levels, 
evidencing GPVI stimulation is the major component of their generation [21]. The 
same year, Remenyi et al. demonstrated the role of mitochondrial permeability 
transition (MPT) in procoagulant platelet formation [16]. MPT is a Ca2+-dependent 
molecular process that leads to mitochondrial swelling and cell death [22, 23]. 
During the onset of MPT, large pores are formed on the mitochondrial inner 
membrane making it non-specifically permeable to all solutes and molecules of 
molecular weight up to 1500 Da [24, 25]. It is a very well-known fact that mitochon-
drial Ca2+ overload can induce MPT, although the structure of MPT pore remains 
unknown.

Ca2+, being a key signaling molecule in most cells, is important for many pro-
cesses including platelet shape change and integrin α2bβ3 activation [26, 27]. In 
resting platelets, free Ca2+ is tightly regulated and maintained at about 100 nM 
in both the cytosol and mitochondria through the action of Ca2+-ATPases in the 
plasma and cell membranes. Thus, platelet cytosolic-free Ca2+ is substantially lower 
than the blood Ca2+ levels, which are around 2 mM. With stimulation, however, 
cytosolic Ca2+ increases instantaneously. As outlined in Figure 1, this increase is 
mediated by activated phospholipase C (PLC). There are two major isoforms of 
PLC in human platelets, PLCβ and PLCγ. PLCβ is only activated downstream of 
Gq protein-coupled receptors (GPCRs). Whereas, PLCγ is activated downstream 
of numerous receptors like GPVI, glycoprotein Ib-IX complex (GPIb-IX), Fcγ 
receptor IIa (FcγRIIa), and C-type lectin-like receptor 2 (CLEC-2). As illustrated 
in Figure 1, both isoforms of PLC induce the release of Ca2+ from the dense tubular 
system (DTS) as well as activating transient receptor potential channel 3 (TRPC3). 
DTS release of Ca2+, in turn, triggers its extracellular entry through store-operated 
calcium entry (SOCE). For some time, it remained mysterious on how the release 
of DTS calcium stores into the cytosol induces more Ca2+ to flow into the cell, 
further increasing its cytosolic concentrations. However, with the discovery of core 
components of SOCE, everything falls into place. STIM1 and ORAI1 are parts of the 
same complex. When STIM1 senses drop in Ca2+ levels within the DTS, it signals to 
ORAI1 located on a cell membrane to allow Ca2+ passage from extracellular space 
into the cell. As evidenced by the study in the early 2000s, increased cytosolic Ca2+ 
levels are one of the requirements of procoagulant formation [14]. Mitochondria, 
being the major and perhaps the only Ca2+ buffering system within platelets, 
equilibrate increased cytosolic Ca2+ following PAR and GPVI co-stimulation. The 
ensuing fate of mitochondrial Ca2+ overload is the opening of the mitochondrial 
permeability transition pore (MPTP), followed by PSer exposure and integrin 
deactivation (Figure 1), ultimately leading to a cell death. However, in this case cell 
death shall be considered physiologic considering the essential role of procoagulant 
platelets in hemostasis.
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It brings us to another aspect of procoagulant platelet research, debated since 
their discovery, which is whether procoagulant platelets are necrotic or apoptotic. 
Cell death, both necrosis and apoptosis, is an essential event in the normal life 
of many cells in the human body, including platelets. Apoptosis, or programmed 
cell death, occurs in many organs throughout human lifetime. Necrosis, although 
considered to be mostly a catastrophic uncontrolled cell death, can also occur 
physiologically, as in the shedding of decidual endometrium during human menses. 
Necrosis and apoptosis differ in many aspects. The ultimate event during necrotic 
cell death is the osmotic swelling of the cell followed by the rupture of a cell mem-
brane, whereas in apoptosis, cell shrinkage with preserved cell membrane is evident 
in later stages of this process.

Although the proposal that PSer is not homogeneously distributed on the 
surface of activated platelets was made back in 1985 [5], it took three decades to 
visualize that experimentally due to the complex nature of procoagulant plate-
lets. In 2016, Podoplelova et al. presented a detailed structure of procoagulant 
platelets and cellular changes that give them the characteristic morphology. They 
elegantly demonstrated how the balloon is blown out from the platelet, leav-
ing it as a “cap” [29]. The existence of bulges in a phospholipid bilayer, known 
as the open canalicular system (OCS), is essential, as it provides platelet a fair 
amount of surface reserve for ballooning. Morphologic appearance, in this case, 
resembles the classical osmotic swelling of necrotic cell death, as schematically 
presented on the left side of Figure 2. Another feature of necrosis, which is a 
collapse of energy production, is present in procoagulant platelets, as they lack 
energy-requiring contractile function [18]. Moreover, depletion of oxidative 

Figure 1. 
Molecular mechanisms of physiologic agonist-induced procoagulant platelet formation. In resting platelets, 
low cytosolic Ca2+ is maintained by cell and plasma membrane Ca2+-ATP-ases. Co-stimulation of protease-
activated receptor 1/4 and glycoprotein VI leads to a sustained increase of cytosolic Ca2+ through activation 
of PLCβ and PLCγ, respectively. Increased cytosolic Ca2+ drives mitochondrial Ca2+ entry through the 
mitochondrial calcium uniporter complex. The resulting increase in mitochondrial Ca2+ opens mitochondrial 
permeability transition pore, which in turn leads to necrotic cell death and exposure of phosphatidylserine 
accompanied by integrin inactivation. DTS, dense tubular system; GPVI, glycoprotein VI; MCU, 
mitochondrial calcium uniporter; MPTP, mitochondrial permeability transition pore; PAR, protease-activated 
receptor; PSer, phosphatidylserine; SOCE, store-operated calcium entry; TRPC3, transient receptor potential 
channel 3. Adapted from [28] with modifications.
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phosphorylation due to MPT, deactivates flippases that normally maintain the 
asymmetry of phospholipids. After the onset of MPT, contents of mitochondrial 
matrix get released to the cytosol leading to the second wave of cytosolic Ca2+ 
increase. This in turn leads to scramblase activation. Synergistically with deacti-
vated flippases, scramblase performs its raison d’etre, which is flipping negatively 
charged PSer out in order to equilibrate its concentration. And finally, recent 
work demonstrated that platelets undergoing cell death through necrotic pattern 
and not apoptotic are functionally procoagulant as measured by prothrombinase 
support [30].

Platelet apoptosis (Figure 2, right side), on the other hand, has been widely 
implicated in platelet lifespan via the action of the intrinsic mitochondrial apop-
tosis pathway [31, 32]. Normally, antiapoptotic members of the BCL-2 family 
(e.g., BCL-xL) restrain the activity of proapoptotic Bax and Bak proteins, which 
are present within the cytosolic fraction of a platelet. When BCL-xL wears off, 
oligomerized Bax and Bak translocate to the mitochondrial outer membrane and 
permeabilize it, which leads to cytochrome C leakage into the cytosol, triggering 
apoptosome formation and eventually cell death. This is supported by the fact that 
the genetic ablation of murine BCL-xL reduces platelet life span from about 5 days 
to 5 hours [33, 34].

Thus, procoagulant platelets are indeed necrotic, while apoptosis is essential in 
platelet clearance. It should, however, be mentioned that the presence of PSer on 
the surface of a platelet is a signal for the reticuloendothelial system in the spleen 
and liver for clearance. Therefore, any procoagulant platelet that happened to 
escape the site of the active hemostatic process will be cleared out of the system by 
liver or spleen, just like aged apoptotic platelets do.

Figure 2. 
Cellular mechanisms of platelet cell death. Cyt C, cytochrome C; GPVI, glycoprotein VI; mPTP, mitochondrial 
permeability transition pore; PSer, phosphatidylserine. PSer exposure is shown in red.
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3. Functions of procoagulant platelets

The physiological relevance of procoagulant platelets had been questioned for 
a long time. In recent years, however, after the demonstration of a procoagulant 
platelet being predictive of bleeding or ischemic complications in patients with 
coronary artery disease, brain hemorrhage, traumatic brain injury, stroke, etc. 
[35–42] it is gaining more and more recognition. The importance of this subpopula-
tion is further highlighted on a novel ex vivo model (which integrates all the core 
components of hemostasis [43]), where pharmacologic inhibition of platelet transi-
tion to a procoagulant state without affecting pro-aggregatory phenotype results in 
a decreased thrombus stability [44].

It was initially thought that the only function of procoagulant platelets is to sup-
port coagulation. However, with recent advances in the field, we learn that depend-
ing on their localizations, procoagulant platelets can play different functions within 
the thrombus. For general consideration, these two functionalities will be discussed 
separately here.

3.1 Coagulation support

Coagulation, a cascade of serine protease enzymatic reactions, is achieved by 
cleaving fibrinogen to fibrin, which transforms blood from a liquid to a gel-like 
state. Although platelet contribution to coagulation has been known for decades, 
the exact role of platelet phospholipids has been a matter of major debate. 
Dependence of hemostasis on biological membranes is very extensive, ranging from 
subendothelial membranes triggering coagulation and platelet activation to proco-
agulant platelet surface assembling tenase and prothrombinase complexes. It is very 
well known that at least two coagulation reactions are highly dependent on phos-
pholipid surface, namely the activation of factor X and prothrombin by intrinsic 
tenase and prothrombinase, respectively. Both intrinsic tenase and prothrombinase 
are composed of the serine protease (FIXa for tenase and FXa for prothrombinase) 
and its protein cofactor (FVIIIa for tenase and FVa for prothrombinase). It is 
important to know that although both proteases alone are capable of activating their 
substrates, the presence of cofactors profoundly amplifies the catalytic process for 
up to 10,000 fold.

The current understanding of this process, based on numerous studies including 
mathematical modeling, is that phospholipid surface increases the rate of reactions 
by increasing the local concentration of coagulation factors, and thus increasing the 
probability of their interaction [29, 45–51]. This increase in a local concentration of 
factors, essential for tenase and prothrombinase complexes, is accomplished by the 
interaction of negatively charged gamma-carboxyglutamic acid (GLA) residues of 
the coagulation factors with negatively charged phosphatidylserine on the surface 
of procoagulant platelets. It is supported by the fact that GLA domain-containing 
(also known as vitamin K-dependent) factors predominantly bind to a procoagulant 
subpopulation of activated platelets [17, 29, 30]. Both enzymatic factors for intrinsic 
tenase (FIX) and prothrombinase (FX) are GLA domain-containing proteins and 
bind to PSer in a calcium-dependent manner. Whereas cofactors (FVIII and FV) 
structurally are not GLA proteins and bind to a procoagulant surface by different 
mechanisms.

In the case of FVIII, it has been shown by Gilbert et al. that it is not specific to 
a procoagulant surface [52]. It was further confirmed by Podoplelova et al. in their 
efforts exploring procoagulant platelet characteristics, they demonstrated that both 
(pro-aggregatory and procoagulant) subpopulations of activated platelets bind 
FVIIIa [29]. The fact that PS increases the catalytic activity of the intrinsic tenase 
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complex by about 1500-fold [53] can be explained by FIXa’s specificity to PSer. As 
outlined in Figure 3A, initially FIXa and FX bind PSer. This binding reaction is 
calcium-dependent for all GLA domain-containing proteins. FIXa possesses enzy-
matic activity to convert X to Xa, whereas in the presence of its cofactor (FVIIIa), 
the catalytic activity raises 100,000-fold.

As for the FV—there are two different probabilities of binding to the procoagu-
lant surface, as demonstrated in Figure 3B. In the first one, prothrombinase forms 
by the surface Xa reacting with factor Va in solution. Whereas, in the second case, 
both FVa and FXa form binary complexes with PSer first, and then lipid-protein 
rearrangement leads to prothrombinase formation [50]. The addition of exogenous 
FVa to procoagulant platelets increases the velocity of prothrombinase reaction [4], 
whereas in the absence of exogenous FVa, procoagulant platelets are still prothrom-
binase active [54]. These findings indicate that both pathways are physiologically 
important.

3.2 Limiting thrombus growth

During hemostasis, there is a time point when a thrombus needs to stop growing 
in order not to occlude the lumen of the vessel, which may compromise the blood 
supply to an end organ. Stoppage of the thrombus growth is probably the most 
intriguing part of thrombogenesis, although being the most understudied at the 
same time. When coagulation is initiated by subendothelial tissue factor, it leads to 
the formation of small amounts of thrombin. Thrombin then, via a positive feed-
back mechanism, by activating FXI and FVIII triggers the contact activation path-
way and amplifies its production. This self-accelerating process is essential within 
the hemostatic plaque as it is the only way to overcome the anticoagulant nature 
of plasma, which is due to the presence of antithrombin III (ATIII). Besides the 
presence of ATIII in the active form, other mechanisms limit coagulation beyond its 
border zone. Another one of high importance is the presence of thrombomodulin, 
an integral membrane protein that is expressed ubiquitously on the surface of  
endothelial cells. Thrombomodulin converts procoagulant thrombin to an antico-
agulant enzyme. Not only these mechanisms limit coagulation to the injured site  
but also degrade activated factors that happened to escape the hemostatic plaque. 

Figure 3. 
Factor X activation (A) and prothrombinase assembly (B) on the “cap” of procoagulant platelet. (A). Initially 
FIXa and FX are bound to PSer on the surface of procoagulant platelet in calcium-dependent manner 
(①), whereas co-factor VIII binding is not specific to PSer and does not require calcium (②). FIXa possesses 
enzymatic activity to convert X to Xa (③). Although reaction ③ is very slow in the absence of factor VIIIa, it is 
efficient to generate small amounts of FXa. Initial FXa then activates VIII to VIIIa (④), this leads to intrinsic 
tenase complex assembly, which in turn amplifies Xa formation (⑤). (B). There are two possibilities for the 
assembly of prothrombinase on the surface of procoagulant platelet. Pathway Ⓐ forms prothrombinase by the 
surface Xa reacting with factor Va in solution. Pathway Ⓑ depicts the possibility for prothrombinase complex 
formation by already bound Xa and Va. In this case, both FVa and FXa form binary complexes with PSer first 
and then lipid-protein rearrangement leads to prothrombinase formation.
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well known that at least two coagulation reactions are highly dependent on phos-
pholipid surface, namely the activation of factor X and prothrombin by intrinsic 
tenase and prothrombinase, respectively. Both intrinsic tenase and prothrombinase 
are composed of the serine protease (FIXa for tenase and FXa for prothrombinase) 
and its protein cofactor (FVIIIa for tenase and FVa for prothrombinase). It is 
important to know that although both proteases alone are capable of activating their 
substrates, the presence of cofactors profoundly amplifies the catalytic process for 
up to 10,000 fold.

The current understanding of this process, based on numerous studies including 
mathematical modeling, is that phospholipid surface increases the rate of reactions 
by increasing the local concentration of coagulation factors, and thus increasing the 
probability of their interaction [29, 45–51]. This increase in a local concentration of 
factors, essential for tenase and prothrombinase complexes, is accomplished by the 
interaction of negatively charged gamma-carboxyglutamic acid (GLA) residues of 
the coagulation factors with negatively charged phosphatidylserine on the surface 
of procoagulant platelets. It is supported by the fact that GLA domain-containing 
(also known as vitamin K-dependent) factors predominantly bind to a procoagulant 
subpopulation of activated platelets [17, 29, 30]. Both enzymatic factors for intrinsic 
tenase (FIX) and prothrombinase (FX) are GLA domain-containing proteins and 
bind to PSer in a calcium-dependent manner. Whereas cofactors (FVIII and FV) 
structurally are not GLA proteins and bind to a procoagulant surface by different 
mechanisms.

In the case of FVIII, it has been shown by Gilbert et al. that it is not specific to 
a procoagulant surface [52]. It was further confirmed by Podoplelova et al. in their 
efforts exploring procoagulant platelet characteristics, they demonstrated that both 
(pro-aggregatory and procoagulant) subpopulations of activated platelets bind 
FVIIIa [29]. The fact that PS increases the catalytic activity of the intrinsic tenase 
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complex by about 1500-fold [53] can be explained by FIXa’s specificity to PSer. As 
outlined in Figure 3A, initially FIXa and FX bind PSer. This binding reaction is 
calcium-dependent for all GLA domain-containing proteins. FIXa possesses enzy-
matic activity to convert X to Xa, whereas in the presence of its cofactor (FVIIIa), 
the catalytic activity raises 100,000-fold.

As for the FV—there are two different probabilities of binding to the procoagu-
lant surface, as demonstrated in Figure 3B. In the first one, prothrombinase forms 
by the surface Xa reacting with factor Va in solution. Whereas, in the second case, 
both FVa and FXa form binary complexes with PSer first, and then lipid-protein 
rearrangement leads to prothrombinase formation [50]. The addition of exogenous 
FVa to procoagulant platelets increases the velocity of prothrombinase reaction [4], 
whereas in the absence of exogenous FVa, procoagulant platelets are still prothrom-
binase active [54]. These findings indicate that both pathways are physiologically 
important.

3.2 Limiting thrombus growth

During hemostasis, there is a time point when a thrombus needs to stop growing 
in order not to occlude the lumen of the vessel, which may compromise the blood 
supply to an end organ. Stoppage of the thrombus growth is probably the most 
intriguing part of thrombogenesis, although being the most understudied at the 
same time. When coagulation is initiated by subendothelial tissue factor, it leads to 
the formation of small amounts of thrombin. Thrombin then, via a positive feed-
back mechanism, by activating FXI and FVIII triggers the contact activation path-
way and amplifies its production. This self-accelerating process is essential within 
the hemostatic plaque as it is the only way to overcome the anticoagulant nature 
of plasma, which is due to the presence of antithrombin III (ATIII). Besides the 
presence of ATIII in the active form, other mechanisms limit coagulation beyond its 
border zone. Another one of high importance is the presence of thrombomodulin, 
an integral membrane protein that is expressed ubiquitously on the surface of  
endothelial cells. Thrombomodulin converts procoagulant thrombin to an antico-
agulant enzyme. Not only these mechanisms limit coagulation to the injured site  
but also degrade activated factors that happened to escape the hemostatic plaque. 

Figure 3. 
Factor X activation (A) and prothrombinase assembly (B) on the “cap” of procoagulant platelet. (A). Initially 
FIXa and FX are bound to PSer on the surface of procoagulant platelet in calcium-dependent manner 
(①), whereas co-factor VIII binding is not specific to PSer and does not require calcium (②). FIXa possesses 
enzymatic activity to convert X to Xa (③). Although reaction ③ is very slow in the absence of factor VIIIa, it is 
efficient to generate small amounts of FXa. Initial FXa then activates VIII to VIIIa (④), this leads to intrinsic 
tenase complex assembly, which in turn amplifies Xa formation (⑤). (B). There are two possibilities for the 
assembly of prothrombinase on the surface of procoagulant platelet. Pathway Ⓐ forms prothrombinase by the 
surface Xa reacting with factor Va in solution. Pathway Ⓑ depicts the possibility for prothrombinase complex 
formation by already bound Xa and Va. In this case, both FVa and FXa form binary complexes with PSer first 
and then lipid-protein rearrangement leads to prothrombinase formation.
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Figure 4. 
Schematic representation of platelet translocation within the evolving hemostatic plug. After vascular injury, 
platelets adhere and aggregate at the wound site. A subpopulation of platelets within the hemostatic plug 
transitions to a procoagulant state. Procoagulant and pro-aggregatory platelets have opposing vectors of 
translocation. Clot retraction, driven by platelets with a pro-aggregatory phenotype, squeezes procoagulant 
platelets to the periphery. Adapted from [56] with minor modification.

These processes outline the general principles of limiting coagulation to its bor-
der zone. However, not only coagulation but also processes of platelet adhesion, 
aggregation, and activation have to stop in order at a certain timepoint. How and 
when thrombus stops growing concerning cellular component had been a mystery 
for a long time.

In 2007, Maroney et al. demonstrated that procoagulant platelets express active 
tissue factor pathway inhibitor (TFPI) on their surface [55]. But why platelets 
expressing procoagulant PSer would also need a strong anticoagulant (TFPI) on 
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their surface remained a question for about a decade until in 2019 a breakthrough 
work by Nechipurenko et al. characterized a phenomenon, together with its mecha-
nisms, of procoagulant platelets translocating to the thrombus periphery [57]. 
They demonstrated that during clot retraction procoagulant platelets are squeezed 
out to the periphery of the thrombus, as shown in Figure 4. Another important 
study in this context is the 2008 work by Jobe et al., which demonstrated that 
procoagulant platelets do not possess contractile function [18]. This explains why 
pro-aggregatory and procoagulant platelets have different translocation vectors 
within the hemostatic plaque (Figure 4). Being bound to the thrombus by its “cap,” 
procoagulant platelets do not get detached but rather are squeezed out during pro-
aggregatory platelets contraction. At the luminal surface of the hemostatic plaque, 
procoagulant platelets limit its further growth not only by expressing low adhesive 
and aggregatory surfaces [58–60], but also with TFPI terminating any extrinsic 
tenase and prothrombinase activity.

The fact of procoagulant platelet being non-adhesive, however, gives rise to a 
legitimate question. If procoagulant platelets are not capable of adhesion and aggre-
gation, how do they get attracted to a thrombus? It turns out to be, as described in 
recent studies, that procoagulant platelets do not form de novo from a resting state, 
but rather temporally transitioning from pro-aggregatory phenotype by the onset 
of the MPT and regulated necrosis within a hemostatic plaque [61, 62].

Many are aware of an ancient Roman god of duality — Janus, who had two faces 
as he was able to look to the future and the past. Procoagulant platelets can also 
demonstrate a functional duality by supporting coagulation on one side and limit-
ing thrombus growth on the other, making them be “Janus” of hemostasis.
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MicroRNAs in Platelets: Should I 
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Sonia Águila, Ernesto Cuenca-Zamora, 
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Abstract

In this chapter, we discuss different topics always using the microRNA as the 
guiding thread of the review. MicroRNAs, member of small noncoding RNAs 
 family, are an important element involved in gene expression. We cover different 
issues such as their importance in the differentiation and maturation of megakaryo-
cytes (megakaryopoiesis), as well as the role in platelets formation (thrombopoi-
esis) focusing on the described relationship between miRNA and critical myeloid 
lineage transcription factors such as RUNX1, chemokines receptors as CRCX4, or 
central hormones in platelet homeostasis like TPO, as well as its receptor (MPL) 
and the TPO signal transduction pathway, that is JAK/STAT. In addition to platelet 
biogenesis, we review the microRNA participation in platelets physiology and 
function. This review also introduces the use of miRNAs as biomarkers of platelet 
function since the detection of pathogenic situations or response to therapy using 
these noncoding RNAs is getting increasing interest in disease management. Finally, 
this chapter describes the participation of platelets in cellular interplay, since extra-
cellular vesicles have been demonstrated to have the ability to deliver microRNAs 
to others cells, modulating their function through intercellular communication, 
redefining the extracellular vesicles from the so-called “platelet dust” to become 
mediators of intercellular communication.

Keywords: platelets, megakaryocytes, microRNAs, intercellular communication, 
microvesicles

1. Introduction

The discovery of noncoding RNAs, apart from raising new questions about the 
central dogma of molecular biology, has greatly contributed to the basic knowl-
edge of numerous diseases, and to their therapeutic utility [1]. Nowadays, nobody 
doubts that the so-called “junk genome,” a large DNA proportion of the genome 
[2], undoubtedly participates in the flow of genomic information [3] that gives rise 
to cellular functions and that frequent diseases are associated with malfunction of 
noncoding RNAs [4].

Although essential processes are common to all kind of cells, in physiological 
condition, each tissue or cell has unique features or responses that define their 
phenotype. These functions will be controlled by the gene expression patterns 
of that tissue and therefore by the regulatory mechanisms of such expression. 



77

Chapter 4

MicroRNAs in Platelets: Should I 
Stay or Should I Go?
Sonia Águila, Ernesto Cuenca-Zamora, 
Constantino Martínez and Raúl Teruel-Montoya

Abstract

In this chapter, we discuss different topics always using the microRNA as the 
guiding thread of the review. MicroRNAs, member of small noncoding RNAs 
 family, are an important element involved in gene expression. We cover different 
issues such as their importance in the differentiation and maturation of megakaryo-
cytes (megakaryopoiesis), as well as the role in platelets formation (thrombopoi-
esis) focusing on the described relationship between miRNA and critical myeloid 
lineage transcription factors such as RUNX1, chemokines receptors as CRCX4, or 
central hormones in platelet homeostasis like TPO, as well as its receptor (MPL) 
and the TPO signal transduction pathway, that is JAK/STAT. In addition to platelet 
biogenesis, we review the microRNA participation in platelets physiology and 
function. This review also introduces the use of miRNAs as biomarkers of platelet 
function since the detection of pathogenic situations or response to therapy using 
these noncoding RNAs is getting increasing interest in disease management. Finally, 
this chapter describes the participation of platelets in cellular interplay, since extra-
cellular vesicles have been demonstrated to have the ability to deliver microRNAs 
to others cells, modulating their function through intercellular communication, 
redefining the extracellular vesicles from the so-called “platelet dust” to become 
mediators of intercellular communication.

Keywords: platelets, megakaryocytes, microRNAs, intercellular communication, 
microvesicles

1. Introduction

The discovery of noncoding RNAs, apart from raising new questions about the 
central dogma of molecular biology, has greatly contributed to the basic knowl-
edge of numerous diseases, and to their therapeutic utility [1]. Nowadays, nobody 
doubts that the so-called “junk genome,” a large DNA proportion of the genome 
[2], undoubtedly participates in the flow of genomic information [3] that gives rise 
to cellular functions and that frequent diseases are associated with malfunction of 
noncoding RNAs [4].

Although essential processes are common to all kind of cells, in physiological 
condition, each tissue or cell has unique features or responses that define their 
phenotype. These functions will be controlled by the gene expression patterns 
of that tissue and therefore by the regulatory mechanisms of such expression. 



Platelets

78

Thus microRNAs (miRNAs), which are a family of small noncoding RNAs, are an 
important element in gene-expression-regulation [5]. This function of miRNAs, 
which is exerted through repression of gene expression, is related to the specific 
miRNA expression, in a spacial and timely manner; in other words, it is tissue and/
or developmental stage-specific [6].

This becomes more important in a cell that lacks a nucleus, such as platelets, and 
therefore lacks the ability to regulate gene expression through canonical mecha-
nisms such as transcription factors (TFs) or epigenetic mechanisms of genome 
modification, for example, cytosine methylation or histone acetylation. In this 
scenario, miRNAs may acquire more prominence in the processes of gene regulation 
at a post-transcriptional level [7], not only during platelet production (throm-
bopoiesis), but also providing to the platelets with certain capacity to modulate 
their phenotype and consequently contribute to their ability to respond to external 
stimuli.

Historically, the study of hematopoiesis has been focused in general on the 
investigation of cytokine receptors and TFs, which ultimately govern the different 
membrane marker characteristics of each hematopoietic lineage, in a continu-
ous change in gene expression patterns. The TFs expressed by megakaryocyte 
(MK) progenitors that enable their engagement with the lineage are increasingly 
understood. During MK differentiation, the progression to specific hematopoietic 
pathways is influenced by changes in the levels of these factors. These changes are 
dynamic, and in this scenario, it is clear that the repressive action exerted by miR-
NAs on their targets, for example, TFs, may be one more element to pay attention to 
in hematopoiesis [8, 9].

Finally, as mentioned above, there is a certain specificity of miRNA expression 
at the tissue-cell level, but in recent years cellular communication mechanisms have 
also been described in which a transfer of content from cell to cell [10], through 
extracellular vesicles (EVs), for example, microvesicles or exosomes, can occur. 
Within the content of EVs, we can find genetic material such as miRNAs [11], thus 
making possible the regulation of gene expression at a distance. If we add to this the 
fact that platelets provide a large proportion of the total cellular miRNAs found in 
blood [12], in addition to the high correlation observed in miRNA profiles expres-
sion between plasma and platelets [13] and that most of the EVs that circulate in 
bloodstream come from platelets [14], their study from a pathophysiological point 
of view, as well as their possible use as a therapeutic tool, is very relevant.

In summary, in this chapter we intend to discuss different topics, always using 
the miRNA as the guiding thread of the review, which would cover issues such 
as their importance in the platelet biogenesis, as well as their participation in 
their (platelets’) physiology and function. This review will also introduce issues 
such as the use of miRNAs as biomarkers of platelet function, and the detection 
of pathogenic situations. Finally, this chapter will describe the participation of 
platelets in cellular interplay, since EVs have been demonstrated to have the ability 
to deliver their cargo to other cells, modulating their function through intercellular 
communication.

2. Biogenesis and function of miRNA

2.1 Biogenesis

The synthesis of miRNAs begins in the nucleus, through their transcription 
by RNA polymerase II, giving rise to a product called pri-miRNA, which has 
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a size range from several hundred nucleotides (nt), to several kilobases; this 
may depend on the miRNA gene location, that is, polycistronic, intronic, or 
introgenic. Still in the nucleus, pri-miRNA is processed into pre-miRNA by the 
Microprocessor catalytic complex, composed by Drosha and DGCR8. The first 
component is a nuclease with two RNAse III domains, which are responsible 
for cutting the pri-miRNAs. DGCR8, on the other hand, contains RNA-binding 
domains that stabilize the pri-miRNA for being processed by Drosha [15]. The 
pre-miRNA resulting structure is 3’overhang hairpin-like shape and it has a size 
of approximately 70 nt. Pre-miRNA will leave the nucleus, mainly by a RanGTP/
export 5-dependent mechanism and once in the cytoplasm will be reprocessed, by 
Dicer, resulting in a new ~22 nt size double-stranded form [16]. Of the two strands 
that form the mature-duplex pre-miRNA, one is the so-called “guide” strand and 
will be loaded into Argonaute (AGO), while the other strand may be degraded or 
even become functional too. Despite the fact that general aspects of the miRNA 
maturation pathway have been known for a long time, at present and due to 
structural studies, the functions of the macromolecular complexes involved are 
increasingly known in detail, giving a deeper understanding of their involvement 
in miRNA cytoplasmic processing [16, 17].

2.2 Function

The complete functional unit consists of the mature miRNA and the AGO 
protein, which recognizes by base pairing its target mRNA, mainly in the 3′ 
untranslated (3’UTR) region, and this union will induce both, an inhibition of 
mRNA translation in its first stages and a RNA decaying. The repressive action on 
translation is exerted by the initiation factors 4 A-I (eIF4A-I) and eIF4A-II. On the 
other hand, the mRNA decay is favored by the 5’mRNA deadenylation, followed by 
its decapping [18]. Finally, this leads to an indelible genetic silencing, which is often 
complex to study due to the intricate network and interactions that occur between 
different miRNAs and mRNAs, since a miRNA can have multiple target mRNAs, 
and a single mRNA can be cooperatively regulated by multiple miRNAs (Figure 1).

Figure 1. 
Outline of the processes involved both in miRNA biogenesis and in its function.
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a size range from several hundred nucleotides (nt), to several kilobases; this 
may depend on the miRNA gene location, that is, polycistronic, intronic, or 
introgenic. Still in the nucleus, pri-miRNA is processed into pre-miRNA by the 
Microprocessor catalytic complex, composed by Drosha and DGCR8. The first 
component is a nuclease with two RNAse III domains, which are responsible 
for cutting the pri-miRNAs. DGCR8, on the other hand, contains RNA-binding 
domains that stabilize the pri-miRNA for being processed by Drosha [15]. The 
pre-miRNA resulting structure is 3’overhang hairpin-like shape and it has a size 
of approximately 70 nt. Pre-miRNA will leave the nucleus, mainly by a RanGTP/
export 5-dependent mechanism and once in the cytoplasm will be reprocessed, by 
Dicer, resulting in a new ~22 nt size double-stranded form [16]. Of the two strands 
that form the mature-duplex pre-miRNA, one is the so-called “guide” strand and 
will be loaded into Argonaute (AGO), while the other strand may be degraded or 
even become functional too. Despite the fact that general aspects of the miRNA 
maturation pathway have been known for a long time, at present and due to 
structural studies, the functions of the macromolecular complexes involved are 
increasingly known in detail, giving a deeper understanding of their involvement 
in miRNA cytoplasmic processing [16, 17].

2.2 Function

The complete functional unit consists of the mature miRNA and the AGO 
protein, which recognizes by base pairing its target mRNA, mainly in the 3′ 
untranslated (3’UTR) region, and this union will induce both, an inhibition of 
mRNA translation in its first stages and a RNA decaying. The repressive action on 
translation is exerted by the initiation factors 4 A-I (eIF4A-I) and eIF4A-II. On the 
other hand, the mRNA decay is favored by the 5’mRNA deadenylation, followed by 
its decapping [18]. Finally, this leads to an indelible genetic silencing, which is often 
complex to study due to the intricate network and interactions that occur between 
different miRNAs and mRNAs, since a miRNA can have multiple target mRNAs, 
and a single mRNA can be cooperatively regulated by multiple miRNAs (Figure 1).

Figure 1. 
Outline of the processes involved both in miRNA biogenesis and in its function.
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3. Platelets miRNA repository

Since Landry et al. showed in 2009 that platelets have abundant and diverse 
miRNAs [19], numerous studies have analyzed the content of miRNA in platelets. 
We review the miRNAs detected in platelets, focusing especially on those detected 
with greater expression. First, we have to keep in mind that there are different 
technologies, therefore platforms, in which a high throughput miRNA analysis can 
be performed, such as microarray, nanostring, or RNA-seq [20]. We will not go 
into details about the technologies used, but we will rather give importance to the 
experimental conditions used, in terms of the platelets purity. Since the total RNA 
content in platelets, in absolute terms, is very low, compared to other blood cells 
[12], that is leucocytes, a possible contamination can alter or bias the results. Thus, 
we here focus on studies that performed a leukocyte depletion step by filtration 
or immunoselection. We summarize in a table (Table 1), the expression of the 40 
most expressed miRNAs from selected studies, in order to outline the miRNAs that 
coincide between them. To note, all the provided information comes from human 

Landry [19] Nagalla [21] Edelstein [22] and Simon [23] Teruel-Montoya [24]

1 miR-142-5p miR-223 miR-223 miR-126

2 miR-142-3p miR-26b miR-26a miR-223

3 miR-223 miR-26a miR-126 miR-142-3p

4 let-7a miR-23a miR-142-3p miR-26a

5 miR-185 miR-126 miR-16 let-7 g

6 let-7c miR-21 miR-92a miR-16

7 let-7i let-7f miR-21 miR-15b

8 let-7b miR-22 miR-103a miR-92a

9 miR-126 miR-24 miR-20a/b let-7a

10 miR-103a miR-720 let-7a let-7d

11 miR-320 miR-16 miR-24 miR-21

12 miR-30c miR-23b let-7 g miR-199a/b

13 miR-130a miR-142-3p miR-199a/b miR-451a

14 miR-26a miR-142-5p miR-15a miR-15a

15 miR-191 miR-191 let-7d let-7f

16 miR-30b miR-451a miR-30b miR-23a

17 miR-146a miR-30b let-7f miR-103a

18 miR-23b miR-15b let-7i let-7i

19 miR-21 let-7a miR-15b miR-20a/b

20 miR-23a miR-1826 miR-23a miR-24

21 miR-19a miR-17 miR-221 miR-191

22 miR-106a miR-103a miR-146a miR-25

23 miR-15b miR-106a miR-451a miR-19b

24 miR-20a miR-30c miR-19b miR-30b

25 miR-107 miR-130a miR-142-5p miR-221

26 miR-451a let-7 g miR-148b miR-148b

27 miR-222 miR-30a miR-191 miR-146a
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healthy subjects. While it is true that there may be differences in age, gender, or race 
[22, 23], we observe that there are 18 miRNA coincidences, that is, miR-223, miR-
126, miR-26a, miR-142-3p, miR-16, miR-21, miR-103a, let-7a, miR-24, miR-30b, 
let-7i, miR-15b, miR-23a, miR-146a, miR-451a, miR-142-5p, miR-191, and miR-
106b. With a lower degree of coincidence, there are five miRNA coincidences in four 
out of the five publications: let-7f, let-7d, miR-15a, let-7 g, and miR-720. In addi-
tion, there are 11 miRNA matches in at least 3 of the 5 datasets, that is, miR-103, 
miR-19b, miR-27b, miR-92a, miR-181a, miR-148a, miR-221, miR-25, miR-20a/b, 
and miR-151-5p.

The knowledge of the platelets-miRNA-cargo, as it is explained throughout the 
chapter, is important for understanding not only platelet biogenesis and physiol-
ogy itself, but also MK function. Thus, platelets represent a faithful reflection of 
the physiological state of its progenitor with the advantage that platelets are much 
more accessible than the MKs. A better understanding of the physiological state of 
the platelet will undoubtedly help us to detect oscillations that may be pathologi-
cal, and it is here that miRNAs can help us in diagnosis, prognosis, as well as to 
follow-up the disease progression. In addition to their great accessibility, circulat-
ing and platelet miRNAs are relatively easy to measure [25] and their physical-
chemical properties make them good candidates for being used as biomarkers 
[26]. Furthermore, platelets are an important source of circulating miRNAs that 
can remotely regulate gene expression in other cells, such as macrophages or 
endothelial cells.

4. Role of miRNA in megakaryopoiesis and thrombopoiesis

Megakaryopoiesis and subsequent thrombopoiesis occur through a series of 
complex biological processes. First, MK precursors developed from hematopoietic 
stem cells (HSCs) initially proliferate, and then differentiate into mature polyploid 
MKs, which eventually release platelets. Thus, we cannot ignore great peculiarities 

Landry [19] Nagalla [21] Edelstein [22] and Simon [23] Teruel-Montoya [24]

28 miR-151-5p miR-146b miR-25 miR-27b

29 miR-24 miR-34b miR-106b miR-151a

30 miR-625 miR-106b miR-423-5p miR-181a

31 miR-671 miR-15a miR-27b miR-720

32 miR-29a miR-374a miR-340 miR-29a

33 miR-22 miR-20a miR-181a miR-142-5p

34 miR-16 miR-185 miR-151-5p miR-423

35 miR-199a/b miR-146a miR-720 miR-125a

36 miR-106b let-7i miR-199a-5p miR-374a

37 miR-146b let-7c miR-101 miR-106b

38 miR-151-3p miR-19a miR-374b miR-29c

39 miR-98 let-7d miR-29a miR-335

40 miR-148b miR-27a miR-148a miR-148a

Underlined those miRNAs that appear in the top 40 in all the studies.

Table 1. 
Comparison of the 40 most expressed miRNA in platelets ranked by expression.Rank.
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of platelets, in particular the fact that they are anucleate cells derived from MKs 
and that their content is the reflection of their parental cells, including the miRNA 
cargo. Accordingly, we consider it essential to describe the role of miRNAs in 
platelet and the megakaryopoiesis itself.

4.1 miRNAs in megakaryopoiesis

Megakaryopoiesis takes place primarily in the bone marrow. To understand this 
process in a simple way, it can be separated into two phases: the proliferative phase, 
in which the expansion of the MK precursors takes place, and the maturation 
phase, in which the two main events of this lineage occur. The first is at the nuclear 
level, the polyploidization by endomitosis, and the second is the cytoplasmic 
maturation [27].

In the last decade, many miRNAs have been described that can regulate or be 
regulated by TFs implicated in megakaryopoiesis (Table 2). For practical reasons, 
we only focus on some of the regulatory miRNAs. The miR-144/451 cluster, the 
miRNA most expressed in erythrocytes [12], can be repressed by RUNX1 dur-
ing megakaryopoiesis. In myeloid differentiation, RUNX1 takes on a major role, 
since it represses erythroid lineage-specific genes and at the same time activates 
the transcription of specific genes of the MK lineage [28], and it is known to 
regulate MK polyploidization [29] and cytoskeleton rearrangement in the process 
of MK maturation formation [30]. On the other hand, it has been shown that 
miR-144/451 locus is activated by GATA1 [31–33], which primarily promotes 
erythropoiesis, but which has also been described as important for megakaryo-
poiesis. Another well-studied TF-miRNA interaction is mirR-27a and Runx1. 
miR-27a can repress Runx1 expression in mice. During megakaryopoiesis, Runx1 
and miR-27a are engaged into a feedback positive loop regulation of miR-27a 
expression by Runx1. Ben-ami et al. also observed in K562 a human immortal-
ized myelogenous leukemia cell line, and upon megakaryocytic differentiation 
by 12-o-tetradecanoylphorbol-13-acetate (TPA), that RUNX1 binds to a putative 
miR-27a regulatory region and upregulates its expression [34]. RUNX1-miRNA 
relationship goes in the direction of miRNA regulation by RUNXI, but RUNXI 
can also be regulated by miRNA; in this sense, miR-9 can regulate the expression 
of RUNX1. The increase of this miRNA in human MEG-01 and DAMI cell lines, 
both megakaryoblast phenotype cell lines, has shown a decrease in RUNX1 at both 
mRNA and protein levels [35]. Furthermore, an inverse level of expression in 
RUNX1 and miR-9 has been observed in MKs derived from umbilical cord blood 
(MKCB) and peripheral blood (MKPB) [35, 36]. We can also mention two more 
cases: (i) PLZF, a transcription factor whose expression increases during mega-
karyopoiesis, can downregulate miR-146a, which represses CXCR4 [37]; there-
fore, PLZF activates CXCR4 translation and the increase in CRCX4 can induce 
MK migration through bone marrow. (ii) ETS1 and MEIS1, both, are TFs with 
well-known functions in hematopoiesis; ETS1 is upregulated in megakaryocyto-
poiesis, regulating MK-specific gene promoters, such as platelet factor 4, GATA-2 
or GPIIb, indicating that ETS1 promotes MK differentiation [38], and MEIS1 is 
vital for megakaryopoiesis and thrombopoiesis from human pluripotent stem cells 
[39]. MiR-155 downregulates both ETS1 and MEIS1, in HSCs, whereas miR-155 
expression rapidly declines during TPO-induced megakaryocytic differentia-
tion [40], thus favoring the process of megakaryocyte differentiation through 
ETS1 and MEIS1. As we have seen, there is evidence of the possible regulation of 
megakaryopoiesis by miRNAs, a connection between TF and miRNAs, and that 
the expression of the miRNA-coding genes is affected [41]. We do not know if this 
is due to a causal relationship or a consequence of the maturation process, perhaps 
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TF miRNA Function/effect Ref.

RUNX1 miR-
144/451

miR-144/451 cluster is repressed by RUNX1 during 
megakaryocytopoiesis

[28]

miR-9 miR-9 represses RUNX1 during megakaryocytic 
differentiation

[35]

miR-9 expression is higher in MKs from cord blood than 
MKs from peripheral blood, as opposed to RUNX1

[35, 42]

miR-27a In megakaryocytic differentiation, miR-27a is 
stimulated by RUNX1, and it can directly target RUNX1 
(negative feedback loop)

[34]

FLI1 miR-145 miR-145 downregulates FLI1 during megakaryocytic 
differentiation. This increases MKs production compared 
to erythrocytes

[43]

FLI1 may target back miR-145 promoter, creating a 
negative feedback loop

[44]

GATA1 miR-
144/451

GATA1 activates miR-144/451 locus [31–33]

miR-138 miR-138 expression is increased by GATA1, and miR-138 
represses BCR-ABL1 fusion gene

[45, 46]

HOXA1 miR-10a miR-10a represses HOXA1. miR-10 is downregulated in 
human CD34+ bone marrow progenitor-derived MKs

[47]

In cord blood HSCs, miR-10a knockdown increases 
HOXA1 expression and stimulates megakaryocytic 
differentiation, even in the absence of TPO

[48]

HOXA11 miR-181a It is predicted that miR-181a targets HOXA11 [49]

ETS1
MEIS1

miR-155 miR-155 downregulates both ETS1 and MEIS1. In 
human HSPCs, during TPO-induced megakaryocytic 
differentiation, miR-155 expression is rapidly declined

[40]

ETV6 miR-181a It is predicted that miR-181a targets ETV6 [49]

miR-181a targets ETV6/RUNX1 gene fusion, observed in 
acute lymphoblastic leukemia

[50]

miR-320a miR-320a is downregulated by ETV6/RUNX1 gene 
fusion, and targets survivin, an antiapoptotic protein

[50, 51]

miR-494 miR-494 is downregulated by ETV6/RUNX1 gene fusion, 
and targets survivin, an antiapoptotic protein

[50, 51]

MAFB miR-130a miR-130a, which represses MAFB, is downregulated 
during human megakaryocytic differentiation

[47]

GFI1 miR-22 miR-22 downregulates GFI1, stimulating myeloid and 
lymphoid differentiation

[52, 53]

Overexpression of miR-22 increased K562 
megakaryocytic differentiation, while miR-22 knockout 
inhibited this process induced by PMA (and upregulates 
GFI1)

[53]

miR-22 knockout mice showed less of both immature 
and mature MKs in bone marrow and more GFI1 
expression

[53]

GFI1B miR-22 GFI1B, a GFI1 paralog without miR-22 seed sequence, 
is highly expressed in MK lineage and in K562 cells, and 
promotes MK and erythrocyte differentiation

[53]

In this case, miR-22 may regulate GFI1B indirectly 
through GFI1 because GFI1 and GFI1B could compete for 
DNA occupancy

[53]
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both, but what we do know is that it can have a side effect on the expression of 
many other genes.

Besides the relationships of TFs and miRNAs in megakaryopoiesis, other miR-
NAs have been described as complex effectors of megakaryopoiesis, for example the 
miR-146 family, which includes miR-146a and miR-146b. Specifically, miR-146a, 
a miRNA closely related to inflammatory diseases, seems to play an important 
role in the development of normal hematopoiesis. Thus, deficient miR-146a mice, 
stands out for the phenotypic features of abnormal hematopoiesis, highlighted 
by bone marrow myelofibrosis [54]. Its complex role in megakariopoiesis lies in 
part in some controversy about the role of this miRNA in this process. It has been 
described that miR-146a expression is high during induced megakaryocytopoiesis 
in vivo in murine model and in vitro in human cell culture; however, enforced 
miR-146a expression has minimal effects on the process [41]. On the other hand, 
it has been reported that miR-146a expression is downregulated when human cord 
blood-derived CD34+ cells are induced to differentiate into MKs [37], but miR-146a 
overexpression impaired megakaryocytopoiesis [41] and knockdown of miR-146a 
in mouse HSCs resulted in increased MKs in the bone marrow [55, 56]. This dis-
agreement may be due to differences in experimental conditions and the differences 
between human and murine models that have been used, but this does not detract 
from the fact that miR-146a may actually have an effect on megakaryopoiesis. The 
other member of miR-146 family, miR-146b, regulates directly and indirectly, 

TF miRNA Function/effect Ref.

FOSB miR-22 FOSB stimulates miR-22 expression in K562 stimulated 
by PMA, required for megakaryocytopoiesis

[57]

miR-22 expression could be regulated by opposing 
activities of FOSB and GFI1

[58]

PLZF 
(ZBTB16)

miR-146a ZBTB16 downregulates miR-146, which represses 
CXCR4.

[37]

miR-146a and CXCR4 (and its ligand SDF1) regulate 
HSC homing, MK proliferation, differentiation, and 
maturation

[59, 60]

EVI1 miR-133 EVI1 overexpression upregulates miR-133, in acute 
myeloid leukemia cells

[61]

miR-133 downregulates EVI1, making a negative 
feedback loop

[62]

miR-1 EVI1 overexpression upregulates miR-1, which increases 
cell proliferation, in acute myeloid leukemia cells

[61]

miR-449a miR-449a is repressed by EVI1, and this microRNA 
downregulates NOTCH1 and BCL2. In this way, miR-
449a expression decreases cell viability and increases 
apoptosis of MECOM overexpressing leukemic cells

[63]

ABL1: ABL proto-oncogene 1, non-receptor tyrosine kinase; BCL2: BCL2 apoptosis regulator; BCR: BCR activator of 
RhoGEF and GTPase; CXCR4: C-X-C motif chemokine receptor 4; ETS1: ETS proto-oncogene 1; ETV6: ETS variant 
transcription factor 6; EVI1: ecotropic viral integration site 1; FLI1: Fli-1 proto-oncogene, ETS transcription factor; 
FOSB: FosB proto-oncogene, AP-1 transcription factor subunit; GATA1: GATA binding protein 1; GFI1: growth 
factor independent 1 transcriptional repressor; GFI1B: growth factor independent 1B transcriptional repressor; 
HOXA1: Homeobox A1; HOXA11: Homeobox A11; HSCs: hematopoietic stem cells; HSPCs: hematopoietic stem and 
progenitor cells; MAFB: MAF BZIP transcription factor B; MECOM: MDS1 and EVI1 complex locus; MEIS1: Meis 
Homeobox 1; MKs: megakaryocytes; NOTCH1: notch receptor 1; PLZF: promyelocytic leukaemia zinc finger; PMA: 
phorbol myristate acetate; RUNX1: RUNX family transcription factor 1; SDF1: stromal cell-derived factor 1; TPO: 
thrombopoietin; ZBTB16: zinc finger and BTB domain containing 16.

Table 2. 
Transcription factors-miRNA relationship in megakaryocytic differentiation.
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through GATA-1, the expression of the platelet-derived growth factor receptor α 
(PDGFRA), in phorbol 12-myristate 13-acetate (PMA)-differentiated K562 cells. 
In addition, the expression of miR-146b increases in CD34+ hematopoietic stem/
progenitor cells undergoing megakaryocytic differentiation; at the same time, 
the expression of PDGFRA decreases [64]. Finally and also in CD34+ derived MK 
differentiation assays, other researchers suggest that miR-28 plays a negative role in 
the differentiation of MK precursors. Through miR-28 transduction experiments 
on human CD34+ cells, with subsequent differentiation to MKs, using thrombo-
poietin (TPO), they observed a reduction of more than 50% in the number of MKs 
with proplatelets. This is, in part, explained by a repression of MPL gene expression, 
which encodes for the TPO receptor [65]. In relation with TPO, the expression of 
miR-150 has been described to increase with this hormone [66], and assays  consisting 
in  overexpression of miR-150, seem to suggest that elevated levels of miR-150 
enhanced both in vitro and in vivo megakaryocyte differentiation at the expense of 
erythroid differentiation [67].

4.2 miRNAs in thrombopoiesis

Thrombopoiesis is the process by which platelets are generated from MKs 
During this process, microtubules mediate elongation of the MK extensions (pro-
platelet, Figure 2) and granule trafficking from MKs to nascent platelets [68].

As we have already mentioned, the TFs cited above are not only of great impor-
tance in megakaryopoiesis, but also in thrombopoiesis. It is very intuitive to think 
that the miRNAs that can regulate these TFs will also affect thrombopoiesis. Since 
many of the mutations described in RUNX1, FLI1, GATA1, GFI1B, ETV6, EVI1, 
and HOXA11 have been associated with variable thrombocytopenia [69]. The same 
effect can be expected for both cases, in the repression of TF-coding-gene expres-
sion, and when a mutation is observed that causes a loss of function in the same 
TF. Therefore, as far as possible, we will not be redundant with those relationships 
of miRNAs and TFs already described above (Table 2) that have repercussions 
on thrombopoiesis. In addition miRNAs can exert a quantitative regulation of 

Figure 2. 
Megakaryocytes and proplatelets [22]. CD34+ hematopoietic stem/progenitor cells obtained from human 
cord blood and differentiated to MKs and proplatelets. At day 14 of culture, MKs show proplatelet formation 
(pointed with red arrows). The color code of the fluorescence staining is as follows: DNA (DAPI, purple-blue), 
α-tubulin (green), and actin (red).
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megakaryopoiesis, which will eminently translate into a regulation, a priori quanti-
tative, of platelet formation.

In this part, we discuss those miRNAs that have been described as regulatory 
entities for the expression of genes encoding proteins of the Janus kinase (JAK)-
signal transducer and activator of transcription (STAT) pathway, which is a fun-
damental pathway that controls platelet homeostasis. Indeed, mutations in those 
genes of this pathway, such as JAK2V617F in JAK2 and mutations in MPL exon 10, 
that cause a constitutive activation of the pathway, developing a thrombocytosis 
phenotype, named essential thrombocythemia (ET), have been described. As 
stated above, it has been reported that miR-28 targets the 3’UTR region of MPL, 
inhibiting its translation and probably contributing to reduce the number of MKs 
forming proplatelets [65], and therefore platelets number. The regulation of JAK2 
by miRNAs in the context of thrombopoiesis is unknown, but Navarro et al. have 
described direct regulation of JAK2 by miR-135a by targeting its 3’UTR region in 
Hodgkin lymphoma [70]. Interestingly, the same author in another study described 
that SOCS1 and SOCS3, which are negative regulators of the JAK/STAT pathway, are 
directly regulated by miR-203 and miR-221 (a highly platelet expressed miRNA), 
respectively [71]. In addition, the levels of expression of these two miRNAs main-
tain a highly inverse correlation with the levels of SOCS1 and SOCS3 in platelets 
from patients with ET, suggesting that, in combination with a epigenetic regulation, 
those miRNAs could explain the SOCS1 and SOCS3 downregulated state in ET 
JAK2V617-negative patients, activating JAK/STAT pathway [71].

Finally and besides the JAK/STAT pathway, Rowley et al. observed in a specific 
MK Dicer-deficient murine model reduced levels in most platelet miRNAs, which 
lead to an altered profile of mRNA that apart from the functional consequences 
related to the increase of Itga2b (αIIb) and Itgb3 (β3), also provokes a mild throm-
bocytopenia [72].

5. miRNAs in platelet physiology and function

In previous sections, we dealt with quantitative changes observed in the 
production of platelets by miRNA. In contrast, in this section we deal with the 
qualitative changes that these can produce in platelets. The role of miRNAs in 
hemostasis is not well known, and most of the studies have focused on platelets 
as the central elements of primary hemostasis. Indeed, the first study reporting 
the presence of miRNAs in platelets was performed in 2008 in healthy controls 
and patients with polycythemia vera [73]. Of note, platelet miRNA levels have 
been recently correlated with platelet maturity and platelet function in patients 
with essential thrombocythemia [74]. Afterwards, many studies reported the 
presence of a large number of miRNAs in platelets [75]. Importantly, Landry et al. 
published a landmark paper that established miRNAs as important effectors of 
platelet function [19]. The authors showed that miRNAs were not only inherited 
from megakaryocytes, but platelets were also able to produce mature miRNAs 
from pre-miRNA since they contain all the machinery permitting the miRNA 
maturation (i.e., Dicer, TRBP2, and Ago2). Different circumstances make uneasy 
the study of miRNA function in platelets and until now their role still remains 
elusive. The main reasons are that platelets do not perform transcription and in 
vitro experiments with platelets are difficult to develop. Since it has been shown 
by different reports that pre-mRNA maturation as well as de novo translation 
occurs in platelets after agonist activation such as thrombin [76, 77], different 
studies have investigated if the same happens for miRNAs since, as mentioned 
above, they contain the necessary molecular tools for this process. The results 
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are controversial since whereas Corduan et al. showed that thrombin does not 
provoke miRNA maturation [78], other studies have shown that agonists such 
as thrombin receptor-activating peptide, collagen, and adenosine diphosphate 
(ADP) regulate miRNA levels [79]; the difference between both studies may 
reside in the incubation time, 10 min versus 120 min in the latter study. Thus, 
as suggested by Corduan et al., quantitative changes in miRNA level unlikely 
modulate de novo protein synthesis in the minutes following platelet activation, 
the regulation may rather occur during the whole platelet lifetime by mechanisms 
that are still to be fully characterized [77]. Upon activation, platelets are able to 
synthesize proteins such as interleukin-1β (IL-1β), plasminogen activator  inhibitor-1 
(PAI-1), or thrombospondin-1 (TSP-1). Interestingly, Miao et al. found that 
platelet activation with thrombin for 30 minutes modified the expression of 103 
miRNAs [80]. Among these miRNAs, the authors showed that miR-27b levels, 
that target TSP-1 [81], decreased after thrombin activation, while TSP-1 increased. 
The authors also showed using a patented platelet transfection reagent (Ribojuice) 
that transfection of platelets with a miR-27b mimic decreased TSP-1 levels after 
thrombin activation [80]. Additionally, Corduan et al. suggested that several de 
novo translated proteins, among them integrins αIIb and β3, may be regulated by 
platelet-expressed miRNAs [78]. Interestingly, Rowley et al. demonstrated that in 
a conditional mouse model (MK) of Dicer1 deficiency, which provokes a reduc-
tion of certain miRNA expression levels, mice have high levels of platelet αIIbβ3, 
elevated platelet reactivity, shortened tail-bleeding time, and reduced survival 
following collagen/epinephrine-induced pulmonary embolism [72]. In particular, 
the authors suggest that miR-128, miR-326, miR-331, and miR-500 may regulate 
αIIbβ3 expression (Table 3). Recently, Middleton et al. demonstrated that sepsis 
increased αIIbβ3 translation in a cecal ligation and puncture (CLP) mouse model; 
it would be of interest to test if miRNAs involved in the regulation of these two 
proteins are downregulated and may be implicated in αIIbβ3 overexpression [82]. 

miRNA. Target Ref.

miR-223 P2Y12

Factor XIII
[19, 83]

miR-126-3p ADAM9
PLXNB2

[84]

miR-96 VAMP8 [85]

miR-21 WASP [86]

miR-27b TSP-1 [80]

miR-30c PAI-1 [87]

miR-181a RAP1B [88]

miR-128
miR-500
miR-331
miR-326

αIIβ
αIIβ,β3
αIIβ,β3
αIIβ

[72]

miR-24 αIIβ [78]

miR-148a TULA-2 [89]

miR-376c PC-TP [22]

miR-26b
miR-140

SELP [90]

Table 3. 
miRNA-targets associated with platelets functionality.
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Indeed, Szilágyi et al. recently studied the regulation of miRNAs in a CLP model 
and observed an important dysregulation of miRNAs in platelets that may explain 
the pro-thrombotic phenotype caused by this pathology.

Besides pathological conditions, genetic factors may also alter miRNA levels. For 
example, miR-126 rs4636297 SNP drives the efficiency of miR-126-3p transcription 
and has been associated with several plasma markers of platelet reactivity such as 
P-selectin (SELP) or PAF4 suggesting that lower miR-126-3p platelet levels would 
lead to lower platelet reactivity [84]. Zhou et al. recently showed another potential 
regulatory pathway for miR-126-3p [91]. The authors discovered that platelets from 
patients with diabetes mellitus (DM) type 2 had higher levels of long noncoding 
RNA metallothionein 1 pseudogene 3 (MT1P3) than healthy controls. Interestingly, 
MT1P3 is able to sponge miR-126-3p and provoke an overexpression of P2Y12. This 
mechanism would additionally explain the high levels of ADP receptor observed in 
DM2 patients.

As indicated previously, investigating the role of miRNAs in platelet is some-
times an arduous task given the fact that basic cellular assays such as transfection 
or cell culture are difficult to perform. Investigators are trying to circumvent these 
problems by developing/adapting transfection reagent [80, 92], but also as nicely 
shown by García et al. by using alternative approaches [93]. In this paper, the 
authors demonstrated by using platelet-like structures obtained by differentiating 
human HSC CD34+ that miR-126-3p is involved in platelet function by regulating 
Plexin B2 (PLXNB2), an actin dynamics regulator [93]. The use of this kind of 
technology may help to better define the role of miRNAs in platelets.

6.  Platelets-derived miRNA as biomarkers in pathophysiological 
conditions

Interestingly, platelet miRNAs are the major source of the circulating miRNA 
pool. Therefore, circulating miRNAs may be interesting biomarkers of disease 
and of diverse pathophysiological conditions [13]. Indeed, platelets have been 
implicated in pathological processes such as cardiovascular disease (CVD) [94], 
for example, myocardial infarction (MI), hypertension, stroke, atrial fibrillation, 
thrombosis or atherosclerosis, and another pathologies, for example, sepsis or dia-
betes. Platelet activation plays an important role in the development of the different 
pathological cardiovascular situations mentioned above. On the other hand, in 
situations such as sepsis, platelet activation may be a consequence of the disease. In 
one way or another, platelet activation is essential in these pathologies and miRNAs 
could be used as a molecular biomarker of this process [13].

miRNAs, whose expression in platelets is consensually high, have been described 
as independent biomarkers in CVD. For example, let-7 g and miR-191 are inde-
pendent biomarkers of chronic kidney disease among patients with hypertension 
[95]. Also, miR-22 and miR-223 were reduced in hypertensive patients with 
cardiovascular complication being negatively correlated with systolic blood pres-
sure. Furthermore, miR-126 levels were indicative of cardiovascular disease in 
this patient cohort [96]. miR-21 has been demonstrated to inhibit inflammatory 
responses in the early phase of MI by targeting KBTBD7 and impairing MKK3/6 
activation in immune cells, which subsequently prevented excessive scar formation 
and improving cardiac function in mice [97].

A special mention should be made of miR-223, abundantly expressed in platelets 
and highly detected in plasma. This miRNA has been involved in the pathogenesis 
of different cardiovascular diseases through its effect in platelet reactivity and in 
endothelial cells [98, 99]. Furthermore, miR-223 may become a reporter of the 
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efficacy of anti-platelet therapy, since it was described that circulating miR-223 may 
serve as a novel biomarker to assess clopidogrel responsiveness in troponin-negative 
non-ST elevation acute coronary syndrome patients [100]. Therefore, platelet-
derived miRNAs have been related with different cardiovascular diseases and might 
have important roles as biomarkers not only for cardiovascular disease susceptibil-
ity, but also for its prognosis and treatment.

Finally, and as mentioned above, platelets-derived miRNAs can also be helpful 
from the point of view of biomarkers in other pathological situations such as sepsis 
or diabetes. Little is known about the regulation of miRNAs in platelets; conditions 
such as sepsis may play an important role. Indeed, septic platelets showed  
an altered miRNA profile and reduced platelet miR-26b correlated with sepsis 
severity and mortality [101]. Therefore, it could become a useful biomarker to 
indicate the high state of platelet activation in this disease. Other pathological 
conditions may also alter miRNA levels and impact platelet function. In diabetes, 
calpain, which is increased in platelets, may cleave Dicer, decreasing the levels of 
several miRNAs such as miR-223 that may affect functional targets such as the  
purinergic ADP receptor P2Y12, ultimately promoting the development of throm-
bosis [19, 83]. Other miRNAs were also found to be altered in diabetes. Fejes et al. 
showed that miR-26b levels were reduced in DM2 patients with an impact in the 
levels of SELP [90].

7. Involvement of platelets in intercellular communication

EVs were discovered by Peter Wolf in 1967 and named as “platelets dust” 
[102]. EVs are basically divided into exosomes, having the smallest diameter size 
from 30 to 100 nm; apoptotic bodies, which are larger in size (1–5 μm), released 
during apoptosis; and microvesicles or microparticles ranging in size from 0.1 
to 1 μm. Microparticles are cell-derived vesicles that lack the synthetic capac-
ity and may contain proteins, mRNAs, miRNAs, and cytoskeletal components. 
Platelet-derived microparticles (PMPs) are the most abundant microparticles 
in circulation and they can be produced from platelet itself or from megakaryo-
cytes. CD42+, CD41+ CD61+/CD31− are some surface markers to identify PMPs, 
and phosphatidylserine exposure in the surface; whereas CD63 is a marker for 
platelet exosomes [103]. PMPs have different functions and can be released 
spontaneously depending on αIIβ3 integrin and cytoskeletal turnover. Platelets 
activation enhances MPs shedding, and depending on the stimulus or stress, 
differences in MPs cargo or number have been characterized. Indeed, increased 
PMPs have been described in myocardial infarction, hypertension, thrombosis, 
sepsis, diabetes, and other pathologies. Additionally, the platelet activation 
with different agonists showed that miR-223 was the most abundant miRNA in 
all samples, and 46 miRNAs were common to all conditions. An enrichment of 
these 46 miRNAs (in particular, miR-451a and miR-21) was observed in PMPs 
compared with platelet cargo. Interestingly, platelet activation by CRP (GPVI 
agonist) generated fourfold more vesicles than the stimulation with ADP, PAR1, 
or PAR4. Furthermore, platelets stimulated with thrombin shed MPs containing 
AGO2 and miR-223 complexes that were internalized by endothelial cells (ECs) 
targeting some genes such as FBXW and EFNA1 [104]. Indeed, miR-223 from 
PMPs regulated ECs apoptosis targeting insulin-like growth factor 1 receptor 
[105]. These MPs were also internalized by ECs progenitors in culture [106]. 
Importantly, PMPs are not only uptaken by endothelial cells. These micropar-
ticles play different roles in coagulation and thrombosis, immune response and 
endothelial senescence and permeability. Thus, PMPs containing miR-126-3p 
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endothelial senescence and permeability. Thus, PMPs containing miR-126-3p 
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were internalized by macrophages improving their phagocytic capacity, and 
regulating mRNAs of cytokines or chemokines [107]. Platelets also have a 
role beyond hemostasis like cancer. Hence, platelets and PMPs are important 
in tumor progression. MiR-223 from PMPs increased in lung cancer patients 
promoting its invasion [108]. However, Michael et al. have described that PMPs 
were infiltrated in the solid tumor promoting tumor cells apoptosis through inhi-
bition of mitochondrial function by miR-24, one of the most abundant miRNAs 
in these MPs [109].

Platelets-derived exosomes also have an important role in miRNA transference. 
Plasma exosomes enriched in miR-223, miR-339, and miR-21 were shed before 
thrombosis in a stenosis murine model, resulting also increased in platelets from 
a murine stenosis model before thrombosis. These miRNAs were transferred to 
vascular smooth muscle cells (VSMCs) inhibiting PDGFRβ, involved in cellular 
proliferation [110]. The inhibition of PDGFRβ was observed in vivo as well [111]. 
Nevertheless, Zeng and coworkers found that activated platelet internalization by 
VSMCs rather than MPs increased miR-223 levels promoting VSMCs differentia-
tion. Platelets from diabetic mice had reduced miR-223 levels and consequently 
increased VSMCs hyperplasia [112].

The phenomenon of horizontal miRNA transference by platelets and 
microvesicles internalization by ECs, macrophages, VSMCs, cancer cells, and 
other cells has been described in hepatocytes regulating their proliferation 
[113]. Activated platelets due to myocardial infarction lose the expression of 
specific miRNAs. Thus, some of these miRNAs were transferred to ECs in a 
microvesicle-dependent manner. In particular, miR-320b was transferred to 
ECs regulating the expression of ICAM-1 modulating adhesion to their surface 
[114]. Therefore, platelet miRNA transference has a pivotal role in the influence 
of intercellular signaling and gene expression reprogramming of different cells 
and in different pathophysiological situations. Moreover, we cannot exclude the 
emerging role of other noncoding RNAs such as YRNAs, long noncoding RNAs, 
and circular RNAs in platelets and in the intercellular communication [115] 
(Figure 3).

Figure 3. 
Graphical abstract.
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8. Conclusions

Collectively, the data presented in this chapter indicate that miRNAs have a 
pivotal role in all platelet states, from their generation regulating megakaryocytes 
maturation, mainly through transcription factors to their function influencing 
platelet response under activation (Figure 3). Interestingly, miRNAs are important 
not only for platelet biology, but also because they reflect the platelet status. Thus, 
platelet miRNAs are used as biomarkers for pathological situations or anti-platelet 
therapy because they represent the major contribution to circulating miRNA pool. 
Moreover, miRNAs from platelets may regulate the function of others cells (VSMC, 
ECs, immune cells, or tumor cells) by intercellular communication mainly through 
microparticles. Thus, platelet miRNAs have a great potential for future research as 
therapeutic tools and as biomarkers of disease. Additionally, their role as modula-
tors of platelet function still has to be fully investigated to confirm that their pres-
ence in platelets is not a mere inheritance from MKs with any real impact in platelet 
biology.

Acknowledgements

This work was supported by Instituto de Salud Carlos III and Fondo Europeo 
de Desarrollo Regional (FEDER; grant no. PI18/0316; PI17/0051) and Fundación 
Séneca (19873/GERM/15; 20644/JLI/18).

Conflict of interest

The authors declare no conflict of interest.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Platelets

90

were internalized by macrophages improving their phagocytic capacity, and 
regulating mRNAs of cytokines or chemokines [107]. Platelets also have a 
role beyond hemostasis like cancer. Hence, platelets and PMPs are important 
in tumor progression. MiR-223 from PMPs increased in lung cancer patients 
promoting its invasion [108]. However, Michael et al. have described that PMPs 
were infiltrated in the solid tumor promoting tumor cells apoptosis through inhi-
bition of mitochondrial function by miR-24, one of the most abundant miRNAs 
in these MPs [109].

Platelets-derived exosomes also have an important role in miRNA transference. 
Plasma exosomes enriched in miR-223, miR-339, and miR-21 were shed before 
thrombosis in a stenosis murine model, resulting also increased in platelets from 
a murine stenosis model before thrombosis. These miRNAs were transferred to 
vascular smooth muscle cells (VSMCs) inhibiting PDGFRβ, involved in cellular 
proliferation [110]. The inhibition of PDGFRβ was observed in vivo as well [111]. 
Nevertheless, Zeng and coworkers found that activated platelet internalization by 
VSMCs rather than MPs increased miR-223 levels promoting VSMCs differentia-
tion. Platelets from diabetic mice had reduced miR-223 levels and consequently 
increased VSMCs hyperplasia [112].

The phenomenon of horizontal miRNA transference by platelets and 
microvesicles internalization by ECs, macrophages, VSMCs, cancer cells, and 
other cells has been described in hepatocytes regulating their proliferation 
[113]. Activated platelets due to myocardial infarction lose the expression of 
specific miRNAs. Thus, some of these miRNAs were transferred to ECs in a 
microvesicle-dependent manner. In particular, miR-320b was transferred to 
ECs regulating the expression of ICAM-1 modulating adhesion to their surface 
[114]. Therefore, platelet miRNA transference has a pivotal role in the influence 
of intercellular signaling and gene expression reprogramming of different cells 
and in different pathophysiological situations. Moreover, we cannot exclude the 
emerging role of other noncoding RNAs such as YRNAs, long noncoding RNAs, 
and circular RNAs in platelets and in the intercellular communication [115] 
(Figure 3).

Figure 3. 
Graphical abstract.

91

MicroRNAs in Platelets: Should I Stay or Should I Go?
DOI: http://dx.doi.org/10.5772/intechopen.93181

Author details

Sonia Águila, Ernesto Cuenca-Zamora, Constantino Martínez and 
Raúl Teruel-Montoya*
Hematology and Medical Oncology Service, HGUJM Morales Meseguer,  
IMIB-Arrixaca, Transfusion Center, Murcia, Spain

*Address all correspondence to: raulteruelmontoya@hotmail.com

8. Conclusions

Collectively, the data presented in this chapter indicate that miRNAs have a 
pivotal role in all platelet states, from their generation regulating megakaryocytes 
maturation, mainly through transcription factors to their function influencing 
platelet response under activation (Figure 3). Interestingly, miRNAs are important 
not only for platelet biology, but also because they reflect the platelet status. Thus, 
platelet miRNAs are used as biomarkers for pathological situations or anti-platelet 
therapy because they represent the major contribution to circulating miRNA pool. 
Moreover, miRNAs from platelets may regulate the function of others cells (VSMC, 
ECs, immune cells, or tumor cells) by intercellular communication mainly through 
microparticles. Thus, platelet miRNAs have a great potential for future research as 
therapeutic tools and as biomarkers of disease. Additionally, their role as modula-
tors of platelet function still has to be fully investigated to confirm that their pres-
ence in platelets is not a mere inheritance from MKs with any real impact in platelet 
biology.

Acknowledgements

This work was supported by Instituto de Salud Carlos III and Fondo Europeo 
de Desarrollo Regional (FEDER; grant no. PI18/0316; PI17/0051) and Fundación 
Séneca (19873/GERM/15; 20644/JLI/18).

Conflict of interest

The authors declare no conflict of interest.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



92

Platelets

[1] Rezaeian A-H, Khanbabaei H, 
Calin GA. Therapeutic potential of the 
miRNA-ATM Axis in the management 
of tumor radioresistance. Cancer 
Research. 2020;80(2):139-150

[2] Gregory TR. Synergy between 
sequence and size in large-scale 
genomics. Nature Reviews. Genetics. 
2005;6(9):699-708

[3] Shu J, Vieira B, Gao T, Xu Z, Cui J. 
Dynamic and modularized microRNA 
regulation and its implication in 
human cancers. Scientific Reports. 
2017;7:13356. DOI: 10.1038/
s41598-017-13470-5

[4] Lekka E, Hall J. Noncoding 
RNAs in disease. FEBS Letters. 2018 
Sep;592(17):2884-2900

[5] Catalanotto C, Cogoni C, 
Zardo G. MicroRNA in control of gene 
expression: An overview of nuclear 
functions. International Journal of 
Molecular Sciences. 2016;17(10):1712

[6] Wienholds E, Kloosterman WP, 
Miska E, Alvarez-Saavedra E,  
Berezikov E, de Bruijn E, et al. 
MicroRNA expression in zebrafish 
embryonic development. Science. 
2005;309(5732):310-311

[7] Jackson RJ, Standart N. How do 
microRNAs regulate gene expression? 
Science’s STKE. 2007;367:re1

[8] Alsayegh K, Cortés-Medina LV, 
Ramos-Mandujano G, Badraiq H, 
Li M. Hematopoietic differentiation 
of human pluripotent stem cells: HOX 
and GATA transcription factors as 
master regulators. Current Genomics. 
2019;20(6):438-452

[9] Kim M, Civin CI, Kingsbury TJ. 
MicroRNAs as regulators and effectors 
of hematopoietic transcription factors. 
Wiley Interdisciplinary Reviews: RNA. 
2019;10(5):e1537

[10] Mittelbrunn M, Sánchez-Madrid F. 
Intercellular communication: diverse 
structures for exchange of genetic 
information. Nature Reviews. Molecular 
Cell Biology. 2012;13:328-335

[11] Teruel-Montoya R, 
Luengo-Gil G, Vallejo F, Yuste JE, 
Bohdan N, García-Barberá N, et al. 
Differential miRNA expression profile 
and proteome in plasma exosomes from 
patients with paroxysmal nocturnal 
hemoglobinuria. Scientific Reports. 
2019;9(1):3611

[12] Teruel-montoya R, Kong X,  
Abraham S, Ma L, Kunapuli SP, 
Holinstat M, et al. MicroRNA  
expression differences in human 
hematopoietic cell lineages enable 
regulated transgene expression. PLoS 
One. 2014;9(7):1-12

[13] Willeit P, Zampetaki A,  
Dudek K, Kaudewitz D, King A, 
Kirkby NS, et al. Circulating microRNAs 
as novel biomarkers for platelet 
activation. Circulation Research. 
2013;112(4):595-600

[14] Berckmans RJ, Nieuwland R, 
Böing AN, Romijn FP, Hack CE, Sturk A. 
Cell-derived microparticles circulate in 
healthy humans and support low grade 
thrombin generation. Thrombosis and 
Haemostasis. 2001;85(4):639-646

[15] Denli AM, Tops BBJ, Plasterk RHA, 
Ketting RF, Hannon GJ. Processing 
of primary microRNAs by the 
microprocessor complex. Nature. 
2004;432(7014):231-235

[16] Liu Z, Wang J, Cheng H, 
Ke X, Sun L, Zhang QC, et al. Cryo-EM 
structure of human dicer and its 
complexes with a pre-miRNA substrate. 
Cell. 2018;173(5):1191-1203.e12

[17] Jin W, Wang J, Liu C-P, Wang H-W, 
Xu R-M. Structural basis for pri-miRNA 

References

93

MicroRNAs in Platelets: Should I Stay or Should I Go?
DOI: http://dx.doi.org/10.5772/intechopen.93181

recognition by drosha. Molecular Cell. 
2020;78:1-11

[18] Gebert LFR, MacRae IJ. Regulation 
of microRNA function in animals. 
Nature Reviews. Molecular Cell Biology. 
2019;20(1):21-37

[19] Landry P, Plante I, Ouellet DL, 
Perron MP, Rousseau G, Provost P. 
Existence of a microRNA pathway in 
anucleate platelets. Nature Structural & 
Molecular Biology. 2009;16(9):961-966

[20] Chatterjee A, Leichter AL, Fan V, 
Tsai P, Purcell RV, Sullivan MJ, et al. A 
cross comparison of technologies for the 
detection of microRNAs in clinical FFPE 
samples of hepatoblastoma patients. 
Scientific Reports. 2015;5:10438

[21] Nagalla S, Shaw C, Kong X, 
Kondkar AA, Edelstein LC, Ma L, et al. 
Platelet microRNA-mRNA coexpression 
profiles correlate with platelet reactivity. 
Blood. 2011;117(19):5189-5197

[22] Edelstein LC, Simon LM, 
Montoya RT, Holinstat M, Chen ES, 
Bergeron A, et al. Racial differences 
in human platelet PAR4 reactivity 
reflect expression of PCTP and 
miR-376c. Nature Medicine. 
2013;19(12):1609-1616

[23] Simon LM, Edelstein LC, Nagalla S, 
Woodley AB, Chen ES, Kong X, et al. 
Human platelet microRNA-mRNA 
networks associated with 
age and gender revealed by 
integrated plateletomics. Blood. 
2014;123(16):e37-e45

[24] Teruel-Montoya R, Kong X,  
Abraham S, Ma L, Kunapuli SP, 
Holinstat M, et al. MicroRNA  
expression differences in human 
hematopoietic cell lineages enable 
regulated transgene expression. PLoS 
One. 2014;9(7):e102259

[25] Mitchell PS, Parkin RK,  
Kroh EM, Fritz BR, Wyman SK,  

Pogosova-Agadjanyan EL, et al. 
Circulating microRNAs as stable  
blood-based markers for cancer 
detection. Proceedings of the 
National Academy of Sciences 
of the United States of America. 
2008;105(30):10513-10518

[26] Chen X, Ba Y, Ma L, Cai X, Yin Y, 
Wang K, et al. Characterization of 
microRNAs in serum: A novel class 
of biomarkers for diagnosis of cancer 
and other diseases. Cell Research. 
2008;18(10):997-1006. Available 
from: http://www.nature.com/
doifinder/10.1038/cr.2008.282

[27] Machlus KR, Italiano JEJ.  
The incredible journey: From 
megakaryocyte development to  
platelet formation. The Journal of Cell 
Biology. 2013;201(6):785-796

[28] Kohrs N, Kolodziej S, 
Kuvardina ON, Herglotz J, Yillah J, 
Herkt S, et al. MiR144/451 Expression 
Is Repressed by RUNX1 During 
Megakaryopoiesis and Disturbed 
by RUNX1/ETO. PLoS Genetics. 
2016;12(3):e1005946

[29] Lordier L, Bluteau D, Jalil A, 
Legrand C, Pan J, Rameau P, et al. 
RUNX1-induced silencing of non-muscle 
myosin heavy chain IIB contributes to 
megakaryocyte polyploidization. Nature 
Communications. 2012;3:717

[30] Bluteau D, Glembotsky AC, 
Raimbault A, Balayn N, Gilles L, 
Rameau P, et al. Dysmegakaryopoiesis of 
FPD/AML pedigrees with constitutional 
RUNX1 mutations is linked to myosin 
II deregulated expression. Blood. 
2012;120(13):2708-2718

[31] Dore LC, Amigo JD,  
dos Santos CO, Zhang Z, Gai X, 
Tobias JW, et al. A GATA-1-regulated 
microRNA locus essential for 
erythropoiesis. Proceedings of the 
National Academy of Sciences. 
2008;105(9):3333-3338



92

Platelets

[1] Rezaeian A-H, Khanbabaei H, 
Calin GA. Therapeutic potential of the 
miRNA-ATM Axis in the management 
of tumor radioresistance. Cancer 
Research. 2020;80(2):139-150

[2] Gregory TR. Synergy between 
sequence and size in large-scale 
genomics. Nature Reviews. Genetics. 
2005;6(9):699-708

[3] Shu J, Vieira B, Gao T, Xu Z, Cui J. 
Dynamic and modularized microRNA 
regulation and its implication in 
human cancers. Scientific Reports. 
2017;7:13356. DOI: 10.1038/
s41598-017-13470-5

[4] Lekka E, Hall J. Noncoding 
RNAs in disease. FEBS Letters. 2018 
Sep;592(17):2884-2900

[5] Catalanotto C, Cogoni C, 
Zardo G. MicroRNA in control of gene 
expression: An overview of nuclear 
functions. International Journal of 
Molecular Sciences. 2016;17(10):1712

[6] Wienholds E, Kloosterman WP, 
Miska E, Alvarez-Saavedra E,  
Berezikov E, de Bruijn E, et al. 
MicroRNA expression in zebrafish 
embryonic development. Science. 
2005;309(5732):310-311

[7] Jackson RJ, Standart N. How do 
microRNAs regulate gene expression? 
Science’s STKE. 2007;367:re1

[8] Alsayegh K, Cortés-Medina LV, 
Ramos-Mandujano G, Badraiq H, 
Li M. Hematopoietic differentiation 
of human pluripotent stem cells: HOX 
and GATA transcription factors as 
master regulators. Current Genomics. 
2019;20(6):438-452

[9] Kim M, Civin CI, Kingsbury TJ. 
MicroRNAs as regulators and effectors 
of hematopoietic transcription factors. 
Wiley Interdisciplinary Reviews: RNA. 
2019;10(5):e1537

[10] Mittelbrunn M, Sánchez-Madrid F. 
Intercellular communication: diverse 
structures for exchange of genetic 
information. Nature Reviews. Molecular 
Cell Biology. 2012;13:328-335

[11] Teruel-Montoya R, 
Luengo-Gil G, Vallejo F, Yuste JE, 
Bohdan N, García-Barberá N, et al. 
Differential miRNA expression profile 
and proteome in plasma exosomes from 
patients with paroxysmal nocturnal 
hemoglobinuria. Scientific Reports. 
2019;9(1):3611

[12] Teruel-montoya R, Kong X,  
Abraham S, Ma L, Kunapuli SP, 
Holinstat M, et al. MicroRNA  
expression differences in human 
hematopoietic cell lineages enable 
regulated transgene expression. PLoS 
One. 2014;9(7):1-12

[13] Willeit P, Zampetaki A,  
Dudek K, Kaudewitz D, King A, 
Kirkby NS, et al. Circulating microRNAs 
as novel biomarkers for platelet 
activation. Circulation Research. 
2013;112(4):595-600

[14] Berckmans RJ, Nieuwland R, 
Böing AN, Romijn FP, Hack CE, Sturk A. 
Cell-derived microparticles circulate in 
healthy humans and support low grade 
thrombin generation. Thrombosis and 
Haemostasis. 2001;85(4):639-646

[15] Denli AM, Tops BBJ, Plasterk RHA, 
Ketting RF, Hannon GJ. Processing 
of primary microRNAs by the 
microprocessor complex. Nature. 
2004;432(7014):231-235

[16] Liu Z, Wang J, Cheng H, 
Ke X, Sun L, Zhang QC, et al. Cryo-EM 
structure of human dicer and its 
complexes with a pre-miRNA substrate. 
Cell. 2018;173(5):1191-1203.e12

[17] Jin W, Wang J, Liu C-P, Wang H-W, 
Xu R-M. Structural basis for pri-miRNA 

References

93

MicroRNAs in Platelets: Should I Stay or Should I Go?
DOI: http://dx.doi.org/10.5772/intechopen.93181

recognition by drosha. Molecular Cell. 
2020;78:1-11

[18] Gebert LFR, MacRae IJ. Regulation 
of microRNA function in animals. 
Nature Reviews. Molecular Cell Biology. 
2019;20(1):21-37

[19] Landry P, Plante I, Ouellet DL, 
Perron MP, Rousseau G, Provost P. 
Existence of a microRNA pathway in 
anucleate platelets. Nature Structural & 
Molecular Biology. 2009;16(9):961-966

[20] Chatterjee A, Leichter AL, Fan V, 
Tsai P, Purcell RV, Sullivan MJ, et al. A 
cross comparison of technologies for the 
detection of microRNAs in clinical FFPE 
samples of hepatoblastoma patients. 
Scientific Reports. 2015;5:10438

[21] Nagalla S, Shaw C, Kong X, 
Kondkar AA, Edelstein LC, Ma L, et al. 
Platelet microRNA-mRNA coexpression 
profiles correlate with platelet reactivity. 
Blood. 2011;117(19):5189-5197

[22] Edelstein LC, Simon LM, 
Montoya RT, Holinstat M, Chen ES, 
Bergeron A, et al. Racial differences 
in human platelet PAR4 reactivity 
reflect expression of PCTP and 
miR-376c. Nature Medicine. 
2013;19(12):1609-1616

[23] Simon LM, Edelstein LC, Nagalla S, 
Woodley AB, Chen ES, Kong X, et al. 
Human platelet microRNA-mRNA 
networks associated with 
age and gender revealed by 
integrated plateletomics. Blood. 
2014;123(16):e37-e45

[24] Teruel-Montoya R, Kong X,  
Abraham S, Ma L, Kunapuli SP, 
Holinstat M, et al. MicroRNA  
expression differences in human 
hematopoietic cell lineages enable 
regulated transgene expression. PLoS 
One. 2014;9(7):e102259

[25] Mitchell PS, Parkin RK,  
Kroh EM, Fritz BR, Wyman SK,  

Pogosova-Agadjanyan EL, et al. 
Circulating microRNAs as stable  
blood-based markers for cancer 
detection. Proceedings of the 
National Academy of Sciences 
of the United States of America. 
2008;105(30):10513-10518

[26] Chen X, Ba Y, Ma L, Cai X, Yin Y, 
Wang K, et al. Characterization of 
microRNAs in serum: A novel class 
of biomarkers for diagnosis of cancer 
and other diseases. Cell Research. 
2008;18(10):997-1006. Available 
from: http://www.nature.com/
doifinder/10.1038/cr.2008.282

[27] Machlus KR, Italiano JEJ.  
The incredible journey: From 
megakaryocyte development to  
platelet formation. The Journal of Cell 
Biology. 2013;201(6):785-796

[28] Kohrs N, Kolodziej S, 
Kuvardina ON, Herglotz J, Yillah J, 
Herkt S, et al. MiR144/451 Expression 
Is Repressed by RUNX1 During 
Megakaryopoiesis and Disturbed 
by RUNX1/ETO. PLoS Genetics. 
2016;12(3):e1005946

[29] Lordier L, Bluteau D, Jalil A, 
Legrand C, Pan J, Rameau P, et al. 
RUNX1-induced silencing of non-muscle 
myosin heavy chain IIB contributes to 
megakaryocyte polyploidization. Nature 
Communications. 2012;3:717

[30] Bluteau D, Glembotsky AC, 
Raimbault A, Balayn N, Gilles L, 
Rameau P, et al. Dysmegakaryopoiesis of 
FPD/AML pedigrees with constitutional 
RUNX1 mutations is linked to myosin 
II deregulated expression. Blood. 
2012;120(13):2708-2718

[31] Dore LC, Amigo JD,  
dos Santos CO, Zhang Z, Gai X, 
Tobias JW, et al. A GATA-1-regulated 
microRNA locus essential for 
erythropoiesis. Proceedings of the 
National Academy of Sciences. 
2008;105(9):3333-3338



Platelets

94

[32] Zhang L, Sankaran VG, 
Lodish HF. MicroRNAs in erythroid 
and megakaryocytic differentiation and 
megakaryocyte–erythroid progenitor 
lineage commitment. Leukemia. 
2012;26(11):2310-2316

[33] Rasmussen KD, Simmini S, 
Abreu-Goodger C, Bartonicek N, Di 
Giacomo M, Bilbao-Cortes D, et al. 
The miR-144/451 locus is required 
for erythroid homeostasis. The 
Journal of Experimental Medicine. 
2010;207(7):1351-1358

[34] Ben-ami O, Pencovich N, Lotem J, 
Levanon D, Groner Y. A regulatory 
interplay between miR-27a and Runx1 
during megakaryopoiesis. Proceedings 
of the National Academy of Sciences 
of the United States of America USA. 
2009;106:238-243

[35] Raghuwanshi S, Gutti U, Kandi R, 
Gutti RK. MicroRNA-9 promotes cell 
proliferation by regulating RUNX1 
expression in human megakaryocyte 
development. Cell Proliferation. 
2018;51:e12414

[36] Bluteau O, Langlois T, Favale F, 
Rameau P. Developmental changes 
in human megakaryopoiesis. Journal 
of Thrombosis and Haemostasis. 
2013;11:1730-1741

[37] Labbaye C, Spinello I, Quaranta MT, 
Pelosi E, Pasquini L, Petrucci E, et al. 
A three-step pathway comprising 
PLZF/miR-146a/CXCR4 controls 
megakaryopoiesis. Nature Cell Biology. 
2008;10(7):788-801

[38] Lulli V, Romania P,  
Morsilli O, Gabbianelli M, Pagliuca A, 
Mazzeo S, et al. Overexpression of  
Ets-1 in human hematopoietic 
progenitor cells blocks erythroid 
and promotes megakaryocytic 
differentiation. Cell Death and 
Differentiation. 2006;13(7):1064-1074

[39] Wang H, Liu C, Liu X, Wang M, 
Wu D, Gao J, et al. MEIS1 regulates 

hemogenic endothelial generation, 
megakaryopoiesis, and thrombopoiesis 
in human pluripotent stem cells by 
targeting TAL1 and FLI1. Stem Cell 
Reports. 2018;10(2):447-460

[40] Romania P, Lulli V, Pelosi E, Biffoni 
M, Peschle C, Marziali G. MicroRNA 
155 modulates megakaryopoiesis at 
progenitor and precursor level by 
targeting Ets-1 and Meis1 transcription 
factors. British Journal of Haematology. 
2008;143(4):570-580

[41] Opalinska JB, Bersenev A, 
Zhang Z, Schmaier AA, Choi J, Yao Y, 
et al. MicroRNA expression in maturing 
murine megakaryocytes. Blood. 
2010;116(23):128-138

[42] Raghuwanshi S, Dahariya S, Musvi 
SS, Gutti U, Kandi R, Undi RB, et al. 
MicroRNA function in megakaryocytes. 
Platelets. 2019;30(7):809-816

[43] Kumar MS, Narla A, Nonami A, 
Mullally A, Dimitrova N, Ball B, et al. 
Coordinate loss of a microRNA and 
protein-coding gene cooperate in the 
pathogenesis of 5q− syndrome. Blood. 
2011;118(17):4666-4673

[44] Liu T, Xia L, Yao Y, Yan C, Fan Y, 
Gajendran B, et al. Identification of 
diterpenoid compounds that interfere 
with Fli-1 DNA binding to suppress 
leukemogenesis. Cell Death & Disease. 
2019;10(2):117

[45] Xu C, Fu H, Gao L, Wang L, 
Wang W, Li J, et al. BCR-ABL/GATA1/
miR-138 mini circuitry contributes to 
the leukemogenesis of chronic myeloid 
leukemia. Oncogene. 2014;33(1):44-54

[46] Undi RB, Kandi R, Gutti RK.  
MicroRNAs as haematopoiesis 
regulators. Advances in Hematology. 
2013;2013:1-20

[47] Garzon R, Pichiorri F, Palumbo T, 
Iuliano R, Cimmino A, Aqeilan R, et al. 
MicroRNA fingerprints during human 

95

MicroRNAs in Platelets: Should I Stay or Should I Go?
DOI: http://dx.doi.org/10.5772/intechopen.93181

megakaryocytopoiesis. Proceedings 
of the National Academy of Sciences. 
2006;103(13):5078-5083

[48] Zarif MN, Soleimani M,  
Abolghasemi H, Amirizade N, 
Arefian E, Rahimian A. Megakaryocytic 
differentiation of CD133+ 
hematopoietic stem cells by down-
regulation of microRNA-10a. 
Hematology. 2013;18(2):93-100

[49] Zhou S-F, He S-M, Zeng S, Zhou 
Z-W, He Z. Hsa-microRNA-181a is a 
regulator of a number of cancer genes 
and a biomarker for endometrial 
carcinoma in patients: A bioinformatic 
and clinical study and the therapeutic 
implication. Drug Design, Development 
and Therapy. 2015;9:1103

[50] Yang Y-L, Yen C-T, Pai C-H, Chen 
H-Y, Yu S-L, Lin C-Y, et al. A double 
negative loop comprising ETV6/RUNX1 
and MIR181A1 contributes  
to differentiation block in t(12,21)-
positive acute lymphoblastic 
leukemia. Lausen J, editor. PLoS One. 
2015;10(11):e0142863

[51] Diakos C, Zhong S, Xiao Y, Zhou M, 
Vasconcelos GM, Krapf G, et al. TEL-
AML1 regulation of survivin and 
apoptosis via miRNA-494 and miRNA-
320a. Blood. 2010;116(23):4885-4893

[52] Möröy T, Vassen L, Wilkes B, 
Khandanpour C. From cytopenia to 
leukemia: The role of Gfi1 and 
Gfi1b in blood formation. Blood. 
2015;126(24):2561-2569

[53] Weiss CN, Ito K. MicroRNA-22 
promotes megakaryocyte differentiation 
through repression of its target, GFI1. 
Blood Advances. 2019;3(1):33-46

[54] Ferrer-Marín F, Arroyo AB, 
Bellosillo B, Cuenca EJ, Zamora L, 
Hernández-Rivas JM, et al. miR-146a 
rs2431697 identifies myeloproliferative 
neoplasm patients with higher 
secondary myelofibrosis progression 

risk. Leukemia. 2020. DOI: 10.1038/
s41375-020-0767-3

[55] Starczynowski DT, Kuchenbauer F, 
Argiropoulos B, Sung S, Morin R, 
Muranyi A, et al. Identification of 
miR-145 and miR-146a as mediators of 
the 5q– syndrome phenotype. Nature 
Medicine. 2010;16(1):49-58

[56] Starczynowski DT, Kuchenbauer F,  
Wegrzyn J, Rouhi A, Petriv O, 
Hansen CL, et al. MicroRNA-146a 
disrupts hematopoietic differentiation 
and survival. Experimental Hematology. 
2011;39(2):167-178.e4

[57] Limb J-K, Yoon S, Lee KE, Kim 
B-H, Lee S, Bae YS, et al. Regulation 
of megakaryocytic differentiation of 
K562 cells by FosB, a member of the Fos 
family of AP-1 transcription factors. 
Cellular and Molecular Life Sciences. 
2009;66(11-12):1962-1973

[58] Kim M, Civin CI, Kingsbury TJ. 
MicroRNAs as regulators and effectors 
of hematopoietic transcription factors. 
Wiley Interdisciplinary Reviews: RNA. 
2019;10(5):e1537

[59] Asri A, Sabour J, Atashi A, 
Soleimani M. Homing in hematopoietic 
stem cells: Focus on regulatory role of 
CXCR7 on SDF1A/CXCR4 axis. EXCLI 
Journal. 2016;15:134-143

[60] Pang L, Weiss MJ, Poncz M. 
Megakaryocyte biology and related 
disorders. The Journal of Clinical 
Investigation. 2005;115(12):3332-3338

[61] Gómez-Benito M, Conchillo A, 
García MA, Vázquez I, Maicas M, 
Vicente C, et al. EVI1 controls 
proliferation in acute myeloid 
leukaemia through modulation of 
miR-1-2. British Journal of Cancer. 
2010;103(8):1292-1296

[62] Yamamoto H, Lu J, Oba S, Kawamata 
T, Yoshimi A, Kurosaki N, et al. miR-133 
regulates Evi1 expression in AML cells as 



Platelets

94

[32] Zhang L, Sankaran VG, 
Lodish HF. MicroRNAs in erythroid 
and megakaryocytic differentiation and 
megakaryocyte–erythroid progenitor 
lineage commitment. Leukemia. 
2012;26(11):2310-2316

[33] Rasmussen KD, Simmini S, 
Abreu-Goodger C, Bartonicek N, Di 
Giacomo M, Bilbao-Cortes D, et al. 
The miR-144/451 locus is required 
for erythroid homeostasis. The 
Journal of Experimental Medicine. 
2010;207(7):1351-1358

[34] Ben-ami O, Pencovich N, Lotem J, 
Levanon D, Groner Y. A regulatory 
interplay between miR-27a and Runx1 
during megakaryopoiesis. Proceedings 
of the National Academy of Sciences 
of the United States of America USA. 
2009;106:238-243

[35] Raghuwanshi S, Gutti U, Kandi R, 
Gutti RK. MicroRNA-9 promotes cell 
proliferation by regulating RUNX1 
expression in human megakaryocyte 
development. Cell Proliferation. 
2018;51:e12414

[36] Bluteau O, Langlois T, Favale F, 
Rameau P. Developmental changes 
in human megakaryopoiesis. Journal 
of Thrombosis and Haemostasis. 
2013;11:1730-1741

[37] Labbaye C, Spinello I, Quaranta MT, 
Pelosi E, Pasquini L, Petrucci E, et al. 
A three-step pathway comprising 
PLZF/miR-146a/CXCR4 controls 
megakaryopoiesis. Nature Cell Biology. 
2008;10(7):788-801

[38] Lulli V, Romania P,  
Morsilli O, Gabbianelli M, Pagliuca A, 
Mazzeo S, et al. Overexpression of  
Ets-1 in human hematopoietic 
progenitor cells blocks erythroid 
and promotes megakaryocytic 
differentiation. Cell Death and 
Differentiation. 2006;13(7):1064-1074

[39] Wang H, Liu C, Liu X, Wang M, 
Wu D, Gao J, et al. MEIS1 regulates 

hemogenic endothelial generation, 
megakaryopoiesis, and thrombopoiesis 
in human pluripotent stem cells by 
targeting TAL1 and FLI1. Stem Cell 
Reports. 2018;10(2):447-460

[40] Romania P, Lulli V, Pelosi E, Biffoni 
M, Peschle C, Marziali G. MicroRNA 
155 modulates megakaryopoiesis at 
progenitor and precursor level by 
targeting Ets-1 and Meis1 transcription 
factors. British Journal of Haematology. 
2008;143(4):570-580

[41] Opalinska JB, Bersenev A, 
Zhang Z, Schmaier AA, Choi J, Yao Y, 
et al. MicroRNA expression in maturing 
murine megakaryocytes. Blood. 
2010;116(23):128-138

[42] Raghuwanshi S, Dahariya S, Musvi 
SS, Gutti U, Kandi R, Undi RB, et al. 
MicroRNA function in megakaryocytes. 
Platelets. 2019;30(7):809-816

[43] Kumar MS, Narla A, Nonami A, 
Mullally A, Dimitrova N, Ball B, et al. 
Coordinate loss of a microRNA and 
protein-coding gene cooperate in the 
pathogenesis of 5q− syndrome. Blood. 
2011;118(17):4666-4673

[44] Liu T, Xia L, Yao Y, Yan C, Fan Y, 
Gajendran B, et al. Identification of 
diterpenoid compounds that interfere 
with Fli-1 DNA binding to suppress 
leukemogenesis. Cell Death & Disease. 
2019;10(2):117

[45] Xu C, Fu H, Gao L, Wang L, 
Wang W, Li J, et al. BCR-ABL/GATA1/
miR-138 mini circuitry contributes to 
the leukemogenesis of chronic myeloid 
leukemia. Oncogene. 2014;33(1):44-54

[46] Undi RB, Kandi R, Gutti RK.  
MicroRNAs as haematopoiesis 
regulators. Advances in Hematology. 
2013;2013:1-20

[47] Garzon R, Pichiorri F, Palumbo T, 
Iuliano R, Cimmino A, Aqeilan R, et al. 
MicroRNA fingerprints during human 

95

MicroRNAs in Platelets: Should I Stay or Should I Go?
DOI: http://dx.doi.org/10.5772/intechopen.93181

megakaryocytopoiesis. Proceedings 
of the National Academy of Sciences. 
2006;103(13):5078-5083

[48] Zarif MN, Soleimani M,  
Abolghasemi H, Amirizade N, 
Arefian E, Rahimian A. Megakaryocytic 
differentiation of CD133+ 
hematopoietic stem cells by down-
regulation of microRNA-10a. 
Hematology. 2013;18(2):93-100

[49] Zhou S-F, He S-M, Zeng S, Zhou 
Z-W, He Z. Hsa-microRNA-181a is a 
regulator of a number of cancer genes 
and a biomarker for endometrial 
carcinoma in patients: A bioinformatic 
and clinical study and the therapeutic 
implication. Drug Design, Development 
and Therapy. 2015;9:1103

[50] Yang Y-L, Yen C-T, Pai C-H, Chen 
H-Y, Yu S-L, Lin C-Y, et al. A double 
negative loop comprising ETV6/RUNX1 
and MIR181A1 contributes  
to differentiation block in t(12,21)-
positive acute lymphoblastic 
leukemia. Lausen J, editor. PLoS One. 
2015;10(11):e0142863

[51] Diakos C, Zhong S, Xiao Y, Zhou M, 
Vasconcelos GM, Krapf G, et al. TEL-
AML1 regulation of survivin and 
apoptosis via miRNA-494 and miRNA-
320a. Blood. 2010;116(23):4885-4893

[52] Möröy T, Vassen L, Wilkes B, 
Khandanpour C. From cytopenia to 
leukemia: The role of Gfi1 and 
Gfi1b in blood formation. Blood. 
2015;126(24):2561-2569

[53] Weiss CN, Ito K. MicroRNA-22 
promotes megakaryocyte differentiation 
through repression of its target, GFI1. 
Blood Advances. 2019;3(1):33-46

[54] Ferrer-Marín F, Arroyo AB, 
Bellosillo B, Cuenca EJ, Zamora L, 
Hernández-Rivas JM, et al. miR-146a 
rs2431697 identifies myeloproliferative 
neoplasm patients with higher 
secondary myelofibrosis progression 

risk. Leukemia. 2020. DOI: 10.1038/
s41375-020-0767-3

[55] Starczynowski DT, Kuchenbauer F, 
Argiropoulos B, Sung S, Morin R, 
Muranyi A, et al. Identification of 
miR-145 and miR-146a as mediators of 
the 5q– syndrome phenotype. Nature 
Medicine. 2010;16(1):49-58

[56] Starczynowski DT, Kuchenbauer F,  
Wegrzyn J, Rouhi A, Petriv O, 
Hansen CL, et al. MicroRNA-146a 
disrupts hematopoietic differentiation 
and survival. Experimental Hematology. 
2011;39(2):167-178.e4

[57] Limb J-K, Yoon S, Lee KE, Kim 
B-H, Lee S, Bae YS, et al. Regulation 
of megakaryocytic differentiation of 
K562 cells by FosB, a member of the Fos 
family of AP-1 transcription factors. 
Cellular and Molecular Life Sciences. 
2009;66(11-12):1962-1973

[58] Kim M, Civin CI, Kingsbury TJ. 
MicroRNAs as regulators and effectors 
of hematopoietic transcription factors. 
Wiley Interdisciplinary Reviews: RNA. 
2019;10(5):e1537

[59] Asri A, Sabour J, Atashi A, 
Soleimani M. Homing in hematopoietic 
stem cells: Focus on regulatory role of 
CXCR7 on SDF1A/CXCR4 axis. EXCLI 
Journal. 2016;15:134-143

[60] Pang L, Weiss MJ, Poncz M. 
Megakaryocyte biology and related 
disorders. The Journal of Clinical 
Investigation. 2005;115(12):3332-3338

[61] Gómez-Benito M, Conchillo A, 
García MA, Vázquez I, Maicas M, 
Vicente C, et al. EVI1 controls 
proliferation in acute myeloid 
leukaemia through modulation of 
miR-1-2. British Journal of Cancer. 
2010;103(8):1292-1296

[62] Yamamoto H, Lu J, Oba S, Kawamata 
T, Yoshimi A, Kurosaki N, et al. miR-133 
regulates Evi1 expression in AML cells as 



Platelets

96

a potential therapeutic target. Scientific 
Reports. 2016;6(1):19204

[63] De Weer A, Van der Meulen J, 
Rondou P, Taghon T, Konrad TA, De 
Preter K, et al. EVI1-mediated down 
regulation of MIR449A is essential for 
the survival of EVI1 positive leukaemic 
cells. British Journal of Haematology. 
2011;154(3):337-348

[64] Zhai P-F, Wang F, Su R, Lin 
H-S, Jiang C-L, Yang G-H, et al. 
The regulatory roles of microRNA-
146b-5p and its target platelet-
derived growth factor receptor 
α (PDGFRA) in erythropoiesis 
and megakaryocytopoiesis. The 
Journal of Biological Chemistry. 
2014;289(33):22600-22613

[65] Girardot M, Pecquet C, Boukour S,  
Knoops L, Ferrant A, Vainchenker W, 
et al. miR-28 is a thrombopoietin 
receptor targeting microRNA detected 
in a fraction of myeloproliferative 
neoplasm patient platelets. Blood. 
2010;116(3):437-445

[66] Barroga CF, Pham H, Kaushansky K. 
Thrombopoietin regulates c-Myb 
expression by modulating micro 
RNA 150 expression. Experimental 
Hematology. 2008;36(12):1585-1592

[67] Lu J, Guo S, Ebert BL, Zhang H,  
Peng X, Bosco J, et al. MicroRNA-
mediated control of cell fate in 
megakaryocyte-erythrocyte 
progenitors. Developmental Cell. 
2008;14(6):843-853

[68] Cuenca-zamora EJ, Ferrer-mar F, 
Rivera J. Tubulin in platelets: When 
the shape matters. International 
Journal of Molecular Sciences. 2019; 
20(14):3484

[69] Songdej N, Rao AK. 
Hematopoietic transcription factor 
mutations: Important players in 
inherited platelet defects. Blood. 
2017;129(21):2873-2881

[70] Navarro A, Diaz T, Martinez A, 
Gaya A, Pons A, Gel B, et al. Regulation 
of JAK2 by miR-135a: Prognostic impact 
in classic Hodgkin lymphoma. Blood. 
2009;114(14):2945-2951

[71] Navarro A, Pairet S, 
Álvarez-Larrán A, Pons A, Ferrer G, 
Longarón R, et al. miR-203 and miR-221 
regulate SOCS1 and SOCS3 in essential 
thrombocythemia. Blood Cancer 
Journal. 2016;6(3):e406

[72] Rowley JW, Chappaz S,  
Corduan A, Chong MMW,  
Campbell R, Khoury A, et al.  
Dicer1-mediated miRNA processing 
shapes the mRNA profile and 
function of murine platelets. Blood. 
2016;127(14):1743-1751

[73] Bruchova H, Merkerova M, 
Prchal JT. Aberrant expression of 
microRNA in polycythemia vera. 
Haematologica. 2008;93(7):1009-1016

[74] Tran JQD, Pedersen OH, Larsen ML, 
Grove EL, Kristensen SD, Hvas A-M, 
et al. Platelet microRNA expression 
and association with platelet maturity 
and function in patients with 
essential thrombocythemia. Platelets. 
2020;31(3):365-372

[75] Plé H, Landry P, Benham A, 
Coarfa C, Gunaratne PH, Provost P. 
The repertoire and features of human 
platelet microRNAs. PLoS One. 
2012;7(12):e50746

[76] Denis MM, Tolley ND, Bunting M, 
Schwertz H, Jiang H, Lindemann S, 
et al. Escaping the nuclear confines: 
signal-dependent pre-mRNA 
splicing in anucleate platelets. Cell. 
2005;122(3):379-391

[77] Weyrich AS, Schwertz H, 
Kraiss LW, Zimmerman GA. Protein 
synthesis by platelets: Historical 
and new perspectives. Journal of 
Thrombosis and Haemostasis. 
2009;7(2):241-246

97

MicroRNAs in Platelets: Should I Stay or Should I Go?
DOI: http://dx.doi.org/10.5772/intechopen.93181

[78] Corduan A, Plé H, Laffont B,  
Wallon T, Plante I, Landry P, et al. 
Dissociation of SERPINE1 mRNA  
from the translational repressor  
proteins Ago2 and TIA-1 upon 
platelet activation. Thrombosis and 
Haemostasis. 2015;113(5):1046-1059

[79] Cimmino G, Tarallo R, Nassa G, 
De Filippo MR, Giurato G, Ravo M, 
et al. Activating stimuli induce platelet 
microRNA modulation and proteome 
reorganisation. Thrombosis and 
Haemostasis. 2015;114(1):96-108

[80] Miao X, Rahman MF-U, Jiang L, 
Min Y, Tan S, Xie H, et al. Thrombin-
reduced miR-27b attenuates platelet 
angiogenic activities in vitro via 
enhancing platelet synthesis of anti-
angiogenic thrombospondin-1. Journal 
of Thrombosis and Haemostasis. 
2018;16(4):791-801

[81] Wang J-M, Tao J, Chen D-D, Cai 
J-J, Irani K, Wang Q , et al. MicroRNA 
miR-27b rescues bone marrow-
derived angiogenic cell function and 
accelerates wound healing in type 2 
diabetes mellitus. Arteriosclerosis, 
Thrombosis, and Vascular Biology. 
2014;34(1):99-109

[82] Middleton EA, Rowley JW, 
Campbell RA, Grissom CK, Brown SM, 
Beesley SJ, et al. Sepsis alters the 
transcriptional and translational 
landscape of human and murine 
platelets. Blood. 2019;134(12):911-923

[83] Elgheznawy A, Shi L, Hu J, 
Wittig I, Laban H, Pircher J, et al. Dicer 
cleavage by calpain determines 
platelet microRNA levels and function 
in diabetes. Circulation Research. 
2015;117(2):157-165

[84] Kaudewitz D, Skroblin P, 
Bender LH, Barwari T, Willeit P, 
Pechlaner R, et al. Association of 
MicroRNAs and YRNAs with platelet 
function. Circulation Research. 
2016;118(3):420-432

[85] Kondkar AA, Bray MS, Leal SM, 
Nagalla S, Liu DJ, Jin Y, et al. VAMP8/
endobrevin is overexpressed in 
hyperreactive human platelets: 
Suggested role for platelet microRNA. 
Journal of Thrombosis and Haemostasis. 
2010;8(2):369-378

[86] Barwari T, Eminaga S, Mayr U, 
Lu R, Armstrong PC, Chan MV, et al. 
Inhibition of profibrotic microRNA-21 
affects platelets and their releasate. JCI 
Insight. 2018;3(21):e123335

[87] Luo M, Li R, Ren M, Chen N, 
Deng X, Tan X, et al. Hyperglycaemia-
induced reciprocal changes in miR-30c 
and PAI-1 expression in platelets. 
Scientific Reports. 2016;6:36687

[88] Dahiya N, Atreya CD. MiR-181a 
reduces platelet activation via the 
inhibition of endogenous RAP1B. 
MicroRNA. 2020;9(3):240-246

[89] Zhou Y, Abraham S, Andre P,  
Edelstein LC, Shaw CA, Dangelmaier CA,  
et al. Anti-miR-148a regulates platelet 
FcγRIIA signaling and decreases 
thrombosis in vivo in mice. Blood. 
2015;126(26):2871-2881

[90] Fejes Z, Póliska S, Czimmerer Z, 
Káplár M, Penyige A, Gál Szabó G, et al. 
Hyperglycaemia suppresses microRNA 
expression in platelets to increase 
P2RY12 and SELP levels in type 2 
diabetes mellitus. Thrombosis and 
Haemostasis. 2017;117(3):529-542

[91] Zhou M, Gao M, Luo Y, Gui R, Ji H. 
Long non-coding RNA metallothionein 
1 pseudogene 3 promotes p2y12 
expression by sponging miR-126 to 
activate platelet in diabetic animal 
model. Platelets. 2019;30(4):452-459

[92] Hong W, Kondkar AA, Nagalla S, 
Bergmeier W, Jin Y, Herman JH, et al. 
Transfection of human platelets with 
short interfering RNA. Clinical and 
Translational Science. 2011;4(3): 
180-182



Platelets

96

a potential therapeutic target. Scientific 
Reports. 2016;6(1):19204

[63] De Weer A, Van der Meulen J, 
Rondou P, Taghon T, Konrad TA, De 
Preter K, et al. EVI1-mediated down 
regulation of MIR449A is essential for 
the survival of EVI1 positive leukaemic 
cells. British Journal of Haematology. 
2011;154(3):337-348

[64] Zhai P-F, Wang F, Su R, Lin 
H-S, Jiang C-L, Yang G-H, et al. 
The regulatory roles of microRNA-
146b-5p and its target platelet-
derived growth factor receptor 
α (PDGFRA) in erythropoiesis 
and megakaryocytopoiesis. The 
Journal of Biological Chemistry. 
2014;289(33):22600-22613

[65] Girardot M, Pecquet C, Boukour S,  
Knoops L, Ferrant A, Vainchenker W, 
et al. miR-28 is a thrombopoietin 
receptor targeting microRNA detected 
in a fraction of myeloproliferative 
neoplasm patient platelets. Blood. 
2010;116(3):437-445

[66] Barroga CF, Pham H, Kaushansky K. 
Thrombopoietin regulates c-Myb 
expression by modulating micro 
RNA 150 expression. Experimental 
Hematology. 2008;36(12):1585-1592

[67] Lu J, Guo S, Ebert BL, Zhang H,  
Peng X, Bosco J, et al. MicroRNA-
mediated control of cell fate in 
megakaryocyte-erythrocyte 
progenitors. Developmental Cell. 
2008;14(6):843-853

[68] Cuenca-zamora EJ, Ferrer-mar F, 
Rivera J. Tubulin in platelets: When 
the shape matters. International 
Journal of Molecular Sciences. 2019; 
20(14):3484

[69] Songdej N, Rao AK. 
Hematopoietic transcription factor 
mutations: Important players in 
inherited platelet defects. Blood. 
2017;129(21):2873-2881

[70] Navarro A, Diaz T, Martinez A, 
Gaya A, Pons A, Gel B, et al. Regulation 
of JAK2 by miR-135a: Prognostic impact 
in classic Hodgkin lymphoma. Blood. 
2009;114(14):2945-2951

[71] Navarro A, Pairet S, 
Álvarez-Larrán A, Pons A, Ferrer G, 
Longarón R, et al. miR-203 and miR-221 
regulate SOCS1 and SOCS3 in essential 
thrombocythemia. Blood Cancer 
Journal. 2016;6(3):e406

[72] Rowley JW, Chappaz S,  
Corduan A, Chong MMW,  
Campbell R, Khoury A, et al.  
Dicer1-mediated miRNA processing 
shapes the mRNA profile and 
function of murine platelets. Blood. 
2016;127(14):1743-1751

[73] Bruchova H, Merkerova M, 
Prchal JT. Aberrant expression of 
microRNA in polycythemia vera. 
Haematologica. 2008;93(7):1009-1016

[74] Tran JQD, Pedersen OH, Larsen ML, 
Grove EL, Kristensen SD, Hvas A-M, 
et al. Platelet microRNA expression 
and association with platelet maturity 
and function in patients with 
essential thrombocythemia. Platelets. 
2020;31(3):365-372

[75] Plé H, Landry P, Benham A, 
Coarfa C, Gunaratne PH, Provost P. 
The repertoire and features of human 
platelet microRNAs. PLoS One. 
2012;7(12):e50746

[76] Denis MM, Tolley ND, Bunting M, 
Schwertz H, Jiang H, Lindemann S, 
et al. Escaping the nuclear confines: 
signal-dependent pre-mRNA 
splicing in anucleate platelets. Cell. 
2005;122(3):379-391

[77] Weyrich AS, Schwertz H, 
Kraiss LW, Zimmerman GA. Protein 
synthesis by platelets: Historical 
and new perspectives. Journal of 
Thrombosis and Haemostasis. 
2009;7(2):241-246

97

MicroRNAs in Platelets: Should I Stay or Should I Go?
DOI: http://dx.doi.org/10.5772/intechopen.93181

[78] Corduan A, Plé H, Laffont B,  
Wallon T, Plante I, Landry P, et al. 
Dissociation of SERPINE1 mRNA  
from the translational repressor  
proteins Ago2 and TIA-1 upon 
platelet activation. Thrombosis and 
Haemostasis. 2015;113(5):1046-1059

[79] Cimmino G, Tarallo R, Nassa G, 
De Filippo MR, Giurato G, Ravo M, 
et al. Activating stimuli induce platelet 
microRNA modulation and proteome 
reorganisation. Thrombosis and 
Haemostasis. 2015;114(1):96-108

[80] Miao X, Rahman MF-U, Jiang L, 
Min Y, Tan S, Xie H, et al. Thrombin-
reduced miR-27b attenuates platelet 
angiogenic activities in vitro via 
enhancing platelet synthesis of anti-
angiogenic thrombospondin-1. Journal 
of Thrombosis and Haemostasis. 
2018;16(4):791-801

[81] Wang J-M, Tao J, Chen D-D, Cai 
J-J, Irani K, Wang Q , et al. MicroRNA 
miR-27b rescues bone marrow-
derived angiogenic cell function and 
accelerates wound healing in type 2 
diabetes mellitus. Arteriosclerosis, 
Thrombosis, and Vascular Biology. 
2014;34(1):99-109

[82] Middleton EA, Rowley JW, 
Campbell RA, Grissom CK, Brown SM, 
Beesley SJ, et al. Sepsis alters the 
transcriptional and translational 
landscape of human and murine 
platelets. Blood. 2019;134(12):911-923

[83] Elgheznawy A, Shi L, Hu J, 
Wittig I, Laban H, Pircher J, et al. Dicer 
cleavage by calpain determines 
platelet microRNA levels and function 
in diabetes. Circulation Research. 
2015;117(2):157-165

[84] Kaudewitz D, Skroblin P, 
Bender LH, Barwari T, Willeit P, 
Pechlaner R, et al. Association of 
MicroRNAs and YRNAs with platelet 
function. Circulation Research. 
2016;118(3):420-432

[85] Kondkar AA, Bray MS, Leal SM, 
Nagalla S, Liu DJ, Jin Y, et al. VAMP8/
endobrevin is overexpressed in 
hyperreactive human platelets: 
Suggested role for platelet microRNA. 
Journal of Thrombosis and Haemostasis. 
2010;8(2):369-378

[86] Barwari T, Eminaga S, Mayr U, 
Lu R, Armstrong PC, Chan MV, et al. 
Inhibition of profibrotic microRNA-21 
affects platelets and their releasate. JCI 
Insight. 2018;3(21):e123335

[87] Luo M, Li R, Ren M, Chen N, 
Deng X, Tan X, et al. Hyperglycaemia-
induced reciprocal changes in miR-30c 
and PAI-1 expression in platelets. 
Scientific Reports. 2016;6:36687

[88] Dahiya N, Atreya CD. MiR-181a 
reduces platelet activation via the 
inhibition of endogenous RAP1B. 
MicroRNA. 2020;9(3):240-246

[89] Zhou Y, Abraham S, Andre P,  
Edelstein LC, Shaw CA, Dangelmaier CA,  
et al. Anti-miR-148a regulates platelet 
FcγRIIA signaling and decreases 
thrombosis in vivo in mice. Blood. 
2015;126(26):2871-2881

[90] Fejes Z, Póliska S, Czimmerer Z, 
Káplár M, Penyige A, Gál Szabó G, et al. 
Hyperglycaemia suppresses microRNA 
expression in platelets to increase 
P2RY12 and SELP levels in type 2 
diabetes mellitus. Thrombosis and 
Haemostasis. 2017;117(3):529-542

[91] Zhou M, Gao M, Luo Y, Gui R, Ji H. 
Long non-coding RNA metallothionein 
1 pseudogene 3 promotes p2y12 
expression by sponging miR-126 to 
activate platelet in diabetic animal 
model. Platelets. 2019;30(4):452-459

[92] Hong W, Kondkar AA, Nagalla S, 
Bergmeier W, Jin Y, Herman JH, et al. 
Transfection of human platelets with 
short interfering RNA. Clinical and 
Translational Science. 2011;4(3): 
180-182



Platelets

98

[93] Garcia A, Dunoyer-Geindre S, 
Zapilko V, Nolli S, Reny J-L, Fontana P. 
Functional validation of microRNA-
126-3p as a platelet reactivity regulator 
using human haematopoietic stem 
cells. Thrombosis and Haemostasis. 
2019;119(2):254-263

[94] McManus DD, Freedman JE. 
MicroRNAs in platelet function and 
cardiovascular disease. Nature Reviews 
Cardiology. 2015;12(12):711-717. 
Available from: http://www.nature.com/
doifinder/10.1038/nrcardio.2015.101

[95] Berillo O, Huo K-G, 
Fraulob-Aquino JC, Richer C, Briet M, 
Boutouyrie P, et al. Circulating let-
7g-5p and miR-191-5p are independent 
predictors of chronic kidney disease in 
hypertensive patients. American Journal 
of Hypertension. 2020;33(6):505-513

[96] Marketou M, Kontaraki J,  
Papadakis J, Kochiadakis G, 
Vrentzos G, Maragkoudakis S, et al. 
Platelet microRNAs in hypertensive 
patients with and without 
cardiovascular disease. Journal 
of Human Hypertension. 
2019;33(2):149-156

[97] Yang L, Wang B, Zhou Q ,  
Wang Y, Liu X, Liu Z, et al. 
MicroRNA-21 prevents excessive 
inflammation and cardiac dysfunction 
after myocardial infarction through 
targeting KBTBD7. Cell Death & 
Disease. 2018;9(7):769

[98] Chu M, Wu R, Qin S, Hua W, 
Shan Z, Rong X, et al. Bone marrow-
derived microRNA-223 works as an 
endocrine genetic signal in vascular 
endothelial cells and participates 
in vascular injury from Kawasaki 
disease. Journal of the American Heart 
Association. 2017;6(2):e004878

[99] Chyrchel B, Totoń-Żurańska J, 
Kruszelnicka O, Chyrchel M, Mielecki W, 
Kołton-Wróż M, et al. Association of 

plasma miR-223 and platelet reactivity 
in patients with coronary artery 
disease on dual antiplatelet therapy: 
A preliminary report. Platelets. 
2015;26(6):593-597

[100] Zhang Y-Y, Zhou X, Ji W-J, 
Shi R, Lu R-Y, Li J-L, et al. Decreased 
circulating microRNA-223 level predicts 
high on-treatment platelet reactivity 
in patients with troponin-negative 
non-ST elevation acute coronary 
syndrome. Journal of Thrombosis and 
Thrombolysis. 2014;38(1):65-72

[101] Szilágyi B, Fejes Z, Póliska S, 
Pócsi M, Czimmerer Z, Patsalos A, 
et al. Reduced miR-26b expression 
in megakaryocytes and platelets 
contributes to elevated level of platelet 
activation status in sepsis. International 
Journal of Molecular Sciences. 
2020;21(3):866

[102] Wolf P. The nature and significance 
of platelet products in human plasma. 
British Journal of Haematology. 
1967;13(3):269-288

[103] Heijnen HF, Schiel AE, Fijnheer R, 
Geuze HJ, Sixma JJ. Activated platelets 
release two types of membrane vesicles: 
Microvesicles by surface shedding and 
exosomes derived from exocytosis 
of multivesicular bodies and alpha-
granules. Blood. 1999;94(11):3791-3799

[104] Laffont B, Corduan A, Plé H, 
Duchez A-C, Cloutier N, Boilard E, et al. 
Activated platelets can deliver mRNA 
regulatory Ago2·microRNA complexes 
to endothelial cells via microparticles. 
Blood. 2013;122(2):253-261

[105] Pan Y, Liang H, Liu H, Li D, 
Chen X, Li L, et al. Platelet-secreted 
microRNA-223 promotes endothelial 
cell apoptosis induced by advanced 
glycation end products via targeting 
the insulin-like growth factor 1 
receptor. Journal of Immunology. 
2014;192(1):437-446

99

MicroRNAs in Platelets: Should I Stay or Should I Go?
DOI: http://dx.doi.org/10.5772/intechopen.93181

[106] Prokopi M, Pula G, Mayr U, 
Devue C, Gallagher J, Xiao Q , et al. 
Proteomic analysis reveals presence of 
platelet microparticles in endothelial 
progenitor cell cultures. Blood. 
2009;114(3):723-732

[107] Laffont B, Corduan A, Rousseau M, 
Duchez A-C, Lee CHC, Boilard E, 
et al. Platelet microparticles reprogram 
macrophage gene expression and 
function. Thrombosis and Haemostasis. 
2016;115(2):311-323

[108] Liang H, Yan X, Pan Y, Wang Y, 
Wang N, Li L, et al. MicroRNA-223 
delivered by platelet-derived 
microvesicles promotes lung cancer cell 
invasion via targeting tumor suppressor 
EPB41L3. Molecular Cancer. 2015;14:58

[109] Michael JV, Wurtzel JGT, Mao GF, 
Rao AK, Kolpakov MA, Sabri A, et al. 
Platelet microparticles infiltrating 
solid tumors transfer miRNAs that 
suppress tumor growth. Blood. 
2017;130(5):567-580

[110] Tan M, Yan H-B, Li J-N, Li W-K, Fu 
Y-Y, Chen W, et al. Thrombin stimulated 
platelet-derived exosomes inhibit 
platelet-derived growth factor receptor-
beta expression in vascular smooth 
muscle cells. International Journal of 
Experimental Cellular Physiology, 
Biochemistry and Pharmacology. 
2016;38(6):2348-2365

[111] Silverman-Gavrila R, 
Silverman-Gavrila L, Bendeck MP. Cell 
division fidelity is altered during the 
vascular response to injury: its novel 
role in atherosclerosis progression. 
The American Journal of Pathology. 
2013;182(3):628-639

[112] Zeng Z, Xia L, Fan X, Ostriker AC, 
Yarovinsky T, Su M, et al. Platelet-
derived miR-223 promotes a phenotypic 
switch in arterial injury repair. The 
Journal of Clinical Investigation. 
2019;129(3):1372-1386

[113] Kirschbaum M, Karimian G, 
Adelmeijer J, Giepmans BNG, Porte RJ, 
Lisman T. Horizontal RNA transfer 
mediates platelet-induced 
hepatocyte proliferation. Blood. 
2015;126(6):798-806

[114] Gidlöf O, van der 
Brug M, Ohman J, Gilje P, Olde B, 
Wahlestedt C, et al. Platelets activated 
during myocardial infarction release 
functional miRNA, which can be 
taken up by endothelial cells and 
regulate ICAM1 expression. Blood. 
2013;121(19):3908-3917. S1-26

[115] Sunderland N, Skroblin P, 
Barwari T, Huntley RP, Lu R, Joshi A, 
et al. MicroRNA biomarkers and platelet 
reactivity: The clot thickens. Circulation 
Research. 2017;120(2):418-435



Platelets

98

[93] Garcia A, Dunoyer-Geindre S, 
Zapilko V, Nolli S, Reny J-L, Fontana P. 
Functional validation of microRNA-
126-3p as a platelet reactivity regulator 
using human haematopoietic stem 
cells. Thrombosis and Haemostasis. 
2019;119(2):254-263

[94] McManus DD, Freedman JE. 
MicroRNAs in platelet function and 
cardiovascular disease. Nature Reviews 
Cardiology. 2015;12(12):711-717. 
Available from: http://www.nature.com/
doifinder/10.1038/nrcardio.2015.101

[95] Berillo O, Huo K-G, 
Fraulob-Aquino JC, Richer C, Briet M, 
Boutouyrie P, et al. Circulating let-
7g-5p and miR-191-5p are independent 
predictors of chronic kidney disease in 
hypertensive patients. American Journal 
of Hypertension. 2020;33(6):505-513

[96] Marketou M, Kontaraki J,  
Papadakis J, Kochiadakis G, 
Vrentzos G, Maragkoudakis S, et al. 
Platelet microRNAs in hypertensive 
patients with and without 
cardiovascular disease. Journal 
of Human Hypertension. 
2019;33(2):149-156

[97] Yang L, Wang B, Zhou Q ,  
Wang Y, Liu X, Liu Z, et al. 
MicroRNA-21 prevents excessive 
inflammation and cardiac dysfunction 
after myocardial infarction through 
targeting KBTBD7. Cell Death & 
Disease. 2018;9(7):769

[98] Chu M, Wu R, Qin S, Hua W, 
Shan Z, Rong X, et al. Bone marrow-
derived microRNA-223 works as an 
endocrine genetic signal in vascular 
endothelial cells and participates 
in vascular injury from Kawasaki 
disease. Journal of the American Heart 
Association. 2017;6(2):e004878

[99] Chyrchel B, Totoń-Żurańska J, 
Kruszelnicka O, Chyrchel M, Mielecki W, 
Kołton-Wróż M, et al. Association of 

plasma miR-223 and platelet reactivity 
in patients with coronary artery 
disease on dual antiplatelet therapy: 
A preliminary report. Platelets. 
2015;26(6):593-597

[100] Zhang Y-Y, Zhou X, Ji W-J, 
Shi R, Lu R-Y, Li J-L, et al. Decreased 
circulating microRNA-223 level predicts 
high on-treatment platelet reactivity 
in patients with troponin-negative 
non-ST elevation acute coronary 
syndrome. Journal of Thrombosis and 
Thrombolysis. 2014;38(1):65-72

[101] Szilágyi B, Fejes Z, Póliska S, 
Pócsi M, Czimmerer Z, Patsalos A, 
et al. Reduced miR-26b expression 
in megakaryocytes and platelets 
contributes to elevated level of platelet 
activation status in sepsis. International 
Journal of Molecular Sciences. 
2020;21(3):866

[102] Wolf P. The nature and significance 
of platelet products in human plasma. 
British Journal of Haematology. 
1967;13(3):269-288

[103] Heijnen HF, Schiel AE, Fijnheer R, 
Geuze HJ, Sixma JJ. Activated platelets 
release two types of membrane vesicles: 
Microvesicles by surface shedding and 
exosomes derived from exocytosis 
of multivesicular bodies and alpha-
granules. Blood. 1999;94(11):3791-3799

[104] Laffont B, Corduan A, Plé H, 
Duchez A-C, Cloutier N, Boilard E, et al. 
Activated platelets can deliver mRNA 
regulatory Ago2·microRNA complexes 
to endothelial cells via microparticles. 
Blood. 2013;122(2):253-261

[105] Pan Y, Liang H, Liu H, Li D, 
Chen X, Li L, et al. Platelet-secreted 
microRNA-223 promotes endothelial 
cell apoptosis induced by advanced 
glycation end products via targeting 
the insulin-like growth factor 1 
receptor. Journal of Immunology. 
2014;192(1):437-446

99

MicroRNAs in Platelets: Should I Stay or Should I Go?
DOI: http://dx.doi.org/10.5772/intechopen.93181

[106] Prokopi M, Pula G, Mayr U, 
Devue C, Gallagher J, Xiao Q , et al. 
Proteomic analysis reveals presence of 
platelet microparticles in endothelial 
progenitor cell cultures. Blood. 
2009;114(3):723-732

[107] Laffont B, Corduan A, Rousseau M, 
Duchez A-C, Lee CHC, Boilard E, 
et al. Platelet microparticles reprogram 
macrophage gene expression and 
function. Thrombosis and Haemostasis. 
2016;115(2):311-323

[108] Liang H, Yan X, Pan Y, Wang Y, 
Wang N, Li L, et al. MicroRNA-223 
delivered by platelet-derived 
microvesicles promotes lung cancer cell 
invasion via targeting tumor suppressor 
EPB41L3. Molecular Cancer. 2015;14:58

[109] Michael JV, Wurtzel JGT, Mao GF, 
Rao AK, Kolpakov MA, Sabri A, et al. 
Platelet microparticles infiltrating 
solid tumors transfer miRNAs that 
suppress tumor growth. Blood. 
2017;130(5):567-580

[110] Tan M, Yan H-B, Li J-N, Li W-K, Fu 
Y-Y, Chen W, et al. Thrombin stimulated 
platelet-derived exosomes inhibit 
platelet-derived growth factor receptor-
beta expression in vascular smooth 
muscle cells. International Journal of 
Experimental Cellular Physiology, 
Biochemistry and Pharmacology. 
2016;38(6):2348-2365

[111] Silverman-Gavrila R, 
Silverman-Gavrila L, Bendeck MP. Cell 
division fidelity is altered during the 
vascular response to injury: its novel 
role in atherosclerosis progression. 
The American Journal of Pathology. 
2013;182(3):628-639

[112] Zeng Z, Xia L, Fan X, Ostriker AC, 
Yarovinsky T, Su M, et al. Platelet-
derived miR-223 promotes a phenotypic 
switch in arterial injury repair. The 
Journal of Clinical Investigation. 
2019;129(3):1372-1386

[113] Kirschbaum M, Karimian G, 
Adelmeijer J, Giepmans BNG, Porte RJ, 
Lisman T. Horizontal RNA transfer 
mediates platelet-induced 
hepatocyte proliferation. Blood. 
2015;126(6):798-806

[114] Gidlöf O, van der 
Brug M, Ohman J, Gilje P, Olde B, 
Wahlestedt C, et al. Platelets activated 
during myocardial infarction release 
functional miRNA, which can be 
taken up by endothelial cells and 
regulate ICAM1 expression. Blood. 
2013;121(19):3908-3917. S1-26

[115] Sunderland N, Skroblin P, 
Barwari T, Huntley RP, Lu R, Joshi A, 
et al. MicroRNA biomarkers and platelet 
reactivity: The clot thickens. Circulation 
Research. 2017;120(2):418-435



101

Section 2

Platelet Dysfunction



101

Section 2

Platelet Dysfunction



103

Chapter 5

Bleeding Disorders Associated 
with Abnormal Platelets: 
Glanzmann Thrombasthenia and 
Bernard-Soulier Syndrome
Muhammet Mesut Nezir Engin

Abstract

Platelets, the smallest cells in the blood, are associated with hemostasis, bowel 
formation, tissue remodeling, and wound healing. Although the prevalence of 
inherited platelet disorders is not fully known, it is a rare disease group and is 
encountered in approximately between 10000 and 1000000. Glanzmann throm-
basthenia (GT) and Bernard-Soulier syndrome (BSS) are more frequently observed 
in inherited platelet disorders. In GT, the platelet aggregation stage due to defi-
ciency or dysfunction of the platelet GPIIb/IIIa complex cannot take place. BSS is a 
platelet adhesion disorder due to the absence or abnormality of GPIb/IX complex on 
the platelet surface. If there is bleeding after easy bruising, mucous and oral cavi-
ties, menorrhagia, tooth extraction, tonsillectomy, or other surgical interventions, 
inherited platelet dysfunction should be considered if the platelet count is normal 
while the bleeding time is long. Firstly, other causes should be investigated by mak-
ing differential diagnosis of GT and BSS. In this chapter, the definition, etiology, 
historical process, epidemiology, genetic basis, pathophysiology, clinical findings, 
diagnosis, differential diagnosis, and the follow-up and treatment approach of GT 
and BSS will be reviewed according to the current medical literature.

Keywords: Glanzmann thrombasthenia, Bernard-Soulier syndrome,  
thrombocyte function disorder, thrombocyte transfusion, rFVIIa

1. Introduction

Platelets, the smallest cells in the blood, are associated with hemostasis, bowel 
formation, tissue remodeling, and wound healing. Platelets perform their tasks in 
ensuring hemostasis in four stages: platelet adhesion, activation of platelet, platelet 
aggregation, and platelet procoagulant activity. When a damage occurs on the vas-
cular endothelial surface, platelets bind to the collagen, fibronectin, von Willebrand 
factor, thrombospondin, and fibrinogen in the endothelial substrate with the 
glycoprotein receptors they carry on their surface. In this way, platelet adhesion 
takes place. Binding of platelet receptors to their respective ligands causes activation 
of the platelet. This activation occurs as a result of the change in the cytoskeleton 
system due to intracellular calcium. By importing the impulse from outside the 
cell, platelet α-granules secrete their contents. The released ADP causes structural 
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Abstract
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encountered in approximately between 10000 and 1000000. Glanzmann throm-
basthenia (GT) and Bernard-Soulier syndrome (BSS) are more frequently observed 
in inherited platelet disorders. In GT, the platelet aggregation stage due to defi-
ciency or dysfunction of the platelet GPIIb/IIIa complex cannot take place. BSS is a 
platelet adhesion disorder due to the absence or abnormality of GPIb/IX complex on 
the platelet surface. If there is bleeding after easy bruising, mucous and oral cavi-
ties, menorrhagia, tooth extraction, tonsillectomy, or other surgical interventions, 
inherited platelet dysfunction should be considered if the platelet count is normal 
while the bleeding time is long. Firstly, other causes should be investigated by mak-
ing differential diagnosis of GT and BSS. In this chapter, the definition, etiology, 
historical process, epidemiology, genetic basis, pathophysiology, clinical findings, 
diagnosis, differential diagnosis, and the follow-up and treatment approach of GT 
and BSS will be reviewed according to the current medical literature.
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change in GPIIb/IIIa on the platelet surface. Fibrinogen binds two or more platelets 
via GPIIb/IIIa receptors that are structurally altered, resulting in platelet aggrega-
tion. After aggregation of platelets, platelet plugs are formed at the damage site. 
Activation of platelets leads to changes in phospholipids on their surface. These 
phospholipids enable the activation of some clotting factors and perform platelet 
procoagulant activity [1–6].

The problem in any of the functions of platelets creates a tendency for the primary 
hemostatic plug not to form and therefore to bleed. Platelet dysfunctions can be 
hereditary or acquired. Although the prevalence of inherited platelet disorders is not 
fully known, it is a rare disease group and is frequently encountered in approximately 
between 10000 and 1000000. Glanzmann thrombasthenia (GT) and Bernard-Soulier 
syndrome (BSS) are more frequently observed in inherited platelet disorders.

In GT, the platelet aggregation stage due to deficiency or dysfunction of the plate-
let GPIIb/IIIa complex cannot take place. BSS is a platelet adhesion disorder due to the 
absence or abnormality of GPIb/IX complex on the platelet surface [1, 7, 8] (Table 1).

If there is bleeding after easy bruising, mucous and oral cavities, menorrhagia, 
tooth extraction, tonsillectomy, or other surgical interventions, inherited platelet 
dysfunction should be considered if the platelet count is normal while the bleed-
ing time is long. Firstly, other causes should be investigated by making differential 
diagnosis of GT and BSS [1, 7]. In this chapter, the definition, etiology, historical 
process, epidemiology, genetic basis, pathophysiology, clinical findings, diagnosis, 
differential diagnosis, and treatment approach of GT and BSS will be reviewed 
according to the current medical literature.

2. Glanzmann thrombasthenia

2.1 Definition

GT is an autosomal recessive congenital bleeding disorder characterized by a 
lack of platelet aggregation due to defect and/or deficiency of α IIbβ 3 integrin. 
Integrin is a platelet fibrinogen receptor, necessary for platelet aggregation and 
hemostasis. Patients with this disorder often experience lifelong bleeding episodes 
involving mucocutaneous membranes [9–13].

2.2 History

This disease was first described by Swiss pediatrician Eduard Glanzmann in 1918 
as “hereditary hemorrhagic thrombasthenia.” Braunsteiner and Pakesch, on the other 
hand, reviewed platelet dysfunctions in 1956, after which they identified thrombas-
thenia as a hereditary disease characterized by normal size platelets that did not spread 

Glanzmann thrombasthenia Bernard-Soulier syndrome

Genetic mutation 17q21 chromosome. ITGA2B or 
ITGBS genes

GPIbα, GPIbβ, and GPIX genes

Pathophysiology Deficiency or dysfunction of the 
platelet GPIIb/IIIa complex

Deficiency or dysfunction of the 
platelet GpIb/V/IX complex

Affected platelet 
function

Aggregation Adhesion

Table 1. 
Comparison of genetic mutation, pathophysiology, and affected platelet function status of Glanzmann 
thrombasthenia and Bernard-Soulier syndrome.
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to the surface and did not support clot retraction. The diagnostic characteristics of GT 
including the absence of platelet aggregation as a primary feature, were reported in 1964 
by Caen et al. has been clearly identified by the classical report on 15 French patients. 
Those patients without platelet aggregation and no clot retraction were later called type 
I disease patients and those with absent aggregation but residual clot retraction were 
called type II disease patients; variant disease was first identified in 1987 [8, 10, 14–16].

2.3 Etiology

GT is an autosomal recessive disease with mutations containing the 17q21 
chromosome, especially the ITGA2B or ITGB3 genes. GT results when a patient 
is homozygous for the same mutation or is a compound heterozygote for differ-
ent mutations. GT is usually caused by decreased or absent expression of αIIb or 
β3, abnormalities in protein folding, transport of the integrin subunit causing 
post-translational defective processing or decreased surface expression, or abnor-
malities affecting protein function. Other defects change the integrin function by 
altering the ligand binding pocket (interface between αIIb and β3) that changes the 
cytoplasmic domain and affects the binding of regulators or locks integrin in active 
form [8, 9, 12, 13, 17–20].

2.4 Epidemiology

GT has an increasing incidence in populations where marriage between close 
relatives is an accepted tradition. The prevalence is estimated to be approximately 
1:1,000,000 in the general population. Research shows that women are slightly 
more frequently affected than men. For example, when 177 patients with GT 
in Paris were examined, 102 (58%) of the patients were shown to be women. In 
addition, 12 patients were in the USA, 55 were in Israel and Jordan, and 42 were in 
South India. Some patients may have mild symptoms and are never detected to have 
GT, so the true prevalence may be higher than reported. Type I is the most common 
subtype and accounts for about 78% of patients with GT type II and type III (func-
tional variant in receptor) and accounts for about 14% and 8% of cases [8, 9, 12].

2.5 Genetic basis

The ITGA2B and ITGB3 genes are found on chromosomes 17q21.31 and 
17q21.32, respectively, and are independently expressed. Due to autosomal reces-
sive inheritance, compound heterozygosity is common, except for selected ethnic 
groups, where homozygosity is more likely due to kinship. A higher percentage 
of pathogenic variants occur in ITGA2B compared to ITGB3, which consists of 15 
exons with 788 amino acids, probably because this gene is larger with 30 exons 
encoding 1039 amino acids. There is a constantly updated database on the Internet 
http://sinaicentral.mssm.edu/intranet/research/glanzmann: currently, it contains 
a list of 558 mutations that lead to GT. In addition, when the data in the database 
were examined, it was found that 269 patients had homozygous mutations. This 
shows us that consanguineous marriage is an important feature in the heredity of 
this disease. Some researchers described that pathogenic, nonsense missense, and 
splice site variants are commonly observed and large deletions and duplications 
are rarely observed. Pathogenic missense variants cause the disruption of subunit 
biosynthesis megakaryocytes or prevention of the exit of pro-αIIbβ3 complexes 
from endoplasmic reticulum to Golgi device or the cell surface mature complexes. 
Most of the genetic variants affect the β-propeller region of αIIb and domains of β3 
of the epithelial growth factor [20–23].
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chromosome, especially the ITGA2B or ITGB3 genes. GT results when a patient 
is homozygous for the same mutation or is a compound heterozygote for differ-
ent mutations. GT is usually caused by decreased or absent expression of αIIb or 
β3, abnormalities in protein folding, transport of the integrin subunit causing 
post-translational defective processing or decreased surface expression, or abnor-
malities affecting protein function. Other defects change the integrin function by 
altering the ligand binding pocket (interface between αIIb and β3) that changes the 
cytoplasmic domain and affects the binding of regulators or locks integrin in active 
form [8, 9, 12, 13, 17–20].

2.4 Epidemiology

GT has an increasing incidence in populations where marriage between close 
relatives is an accepted tradition. The prevalence is estimated to be approximately 
1:1,000,000 in the general population. Research shows that women are slightly 
more frequently affected than men. For example, when 177 patients with GT 
in Paris were examined, 102 (58%) of the patients were shown to be women. In 
addition, 12 patients were in the USA, 55 were in Israel and Jordan, and 42 were in 
South India. Some patients may have mild symptoms and are never detected to have 
GT, so the true prevalence may be higher than reported. Type I is the most common 
subtype and accounts for about 78% of patients with GT type II and type III (func-
tional variant in receptor) and accounts for about 14% and 8% of cases [8, 9, 12].

2.5 Genetic basis

The ITGA2B and ITGB3 genes are found on chromosomes 17q21.31 and 
17q21.32, respectively, and are independently expressed. Due to autosomal reces-
sive inheritance, compound heterozygosity is common, except for selected ethnic 
groups, where homozygosity is more likely due to kinship. A higher percentage 
of pathogenic variants occur in ITGA2B compared to ITGB3, which consists of 15 
exons with 788 amino acids, probably because this gene is larger with 30 exons 
encoding 1039 amino acids. There is a constantly updated database on the Internet 
http://sinaicentral.mssm.edu/intranet/research/glanzmann: currently, it contains 
a list of 558 mutations that lead to GT. In addition, when the data in the database 
were examined, it was found that 269 patients had homozygous mutations. This 
shows us that consanguineous marriage is an important feature in the heredity of 
this disease. Some researchers described that pathogenic, nonsense missense, and 
splice site variants are commonly observed and large deletions and duplications 
are rarely observed. Pathogenic missense variants cause the disruption of subunit 
biosynthesis megakaryocytes or prevention of the exit of pro-αIIbβ3 complexes 
from endoplasmic reticulum to Golgi device or the cell surface mature complexes. 
Most of the genetic variants affect the β-propeller region of αIIb and domains of β3 
of the epithelial growth factor [20–23].
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2.6 Pathophysiology

The main mechanism in the pathophysiology of GT is the qualitative or quan-
titative disorder of the autosomal recessive platelet surface receptor of GPIIb/IIIa 
(ITG αIIbβ3). As a result, it results in erroneous platelet aggregation and reduced 
clot retraction. ITG αIIbβ3 is a large heterodimeric cell transmembrane recep-
tor consisting of a larger αIIb and a smaller P3 subunit. These subunits were not 
covalently attached to permit bidirectional signal between the cell membrane and 
extracellular matrix when initiating intracellular signaling pathways. It contains 
cytoplasmic and transmembrane domains that act as the junction point for intracel-
lular signal molecules and proteins. The activation of ITG αIIbβ3 is provided by the 
B3 subunit consisting of large disulfide epidermal growth factor (EGF) domains. 
Calcium binding sites for complex formation and platelet-platelet adhesion are 
found on the p-propeller region of the αIIb subunit. The receptor head function 
consisting of binding fibrinogen, VWF, vitronectin, and fibronectin is necessary 
for platelet communications by regulation of cell migration, platelet aggregation 
and adhesion, and the formation of a thrombus [24].

The ITGA2B gene, located on chromosome 17q21.31, encodes the platelet 
GPαIIb, while the gene encoding the glycoprotein subunit IIIa is found in chro-
mosome ITGB3, 17q21.32. Both subunits are collected from the precursors of the 
endoplasmic reticulum by further processing in the Golgi apparatus. Nurden et al. 
examined more closely the p-propeller ectodomain mutations of the αIIb subunit. 
Nurden et al. concluded that a large series of mutations affecting the β-propeller 
field interrupts calcium binding and has numerous harmful effects on αIIbβ3 
expression and function, and causes different types of GT [21, 25, 26].

Homozygous or heterozygous mutations in both gene locations determine 
the severity of abnormality seen in GT. Mutations can stop subunit production, 
prevent complex formation, and/or inhibit intracellular trade. When complex 
build-up is prevented, the subunits of αIIb or β3 are now broken. Now based on 
the expression and functionality of the subunits, GT is classified into three types: 
<5% of αIIbβ3 now specifies type I GT; now 5–20% of αIIbβ3 is type II GT; and 
rarely >20% of residual αIIbβ3 with dysfunctional features make up the variant 
type GT. Acquired GT is usually the result of autoantibody attack on platelet αIIbβ3 
or isoanorbons that inhibit proper function. The production of autoantibodies 
has been associated with multiple hematological conditions, including immune 
thrombocytopenic purpura, non-Hodgkin lymphoma, multiple myeloma, myelo-
dysplastic syndrome, hairy cell leukemia, and acute lymphoblastic leukemia, as 
well as platelet transfusions [21, 24, 26].

2.7 Clinical manifestations

The most common symptoms of bleeding are purpura, nosebleeds (60–80%), 
gingival bleeding (20–60%), and menorrhagia (60–90%). Gastrointestinal 
bleeding in the form of melena or hematochezia is found in 10–20% and intra-
cranial hemorrhage is developed in 1–2%. Mucocutaneous bleeding may occur 
spontaneously or following minimal trauma. Epistaxis is the most common 
cause of severe bleeding especially in children. Menorrhagia is quite common in 
affected women, and there is a higher risk of serious bleeding during menarche 
due to the prolonged estrogenic effect on the proliferative endometrium that 
occurs during anovulatory cycles. Bleeding complications during pregnancy are 
rare; however, there is a high risk of obstetric bleeding during and after birth. 
Hematuria and spontaneous hemarthrosis have been described in some cases, but 
are generally not part of the bleeding phenotype. Currently, specific cuts could 
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not be identified to define a positive bleeding score. Although the types of bleed-
ing are consistent among individuals, the degree of bleeding is quite variable. The 
severity of bleeding (except for menorrhagia and pregnancy-related bleeding) 
decreases with age [8, 20].

2.8 Diagnosis

The diagnosis of GT is often not noticed, because many platelet disorders share 
common clinical and laboratory features. GT should be remembered in the differ-
ential diagnosis of medical history (insidious or bleeding episodes or severe bleed-
ing after minor trauma), family history (consanguinity). In order to diagnose GT, it 
is necessary to choose the appropriate laboratory tests. A normal platelet count on 
a on a routine blood smear does not exclude the diagnosis of GT. Because patients 
with GT usually do not show any abnormalities in the number of platelets, complete 
blood count may be normal or show iron deficiency. Prothrombin time and activated 
partial thromboplastin time may be normal if bleeding time is prolonged; further 
investigations should be done [24].

Let us examine the laboratory methods in detail.

2.8.1 Complete blood count

In the evaluation of peripheral blood smear with light microscopy, normal 
platelet count and normal granular size should be. If the bleeding is severe and/
or chronic, patients may have a red cell distribution width that increases with low 
hemoglobin, microcytosis, and secondary iron deficiency. Other abnormalities of 
the complete blood count (CBC) suggest an alternative diagnosis [20].

2.8.2 Coagulation screening tests

Prothrombin time (PT), activated thromboplastin time (aPTT), and fibrinogen 
values are usually normal unless a patient is evaluated in a significant acute bleeding 
environment and there is no evidence of consumption coagulopathy [20].

2.8.3 Platelet function screening tests

Platelet function analyzer PFA-100 provides a measure of platelet function under 
reduced platelets. Very long closing times (>300 s) show GT but are heat-specific. 
Some other disorders such as severe von Willebrand disease, Bernard Soulier syn-
drome, and afibrinogenemia may produce the same result. A normal PFA-100 reveals 
a very high negative predictive value for GT and generally excludes this diagnosis [27].

2.8.4 Platelet light transmission aggregometry

Light transmission aggregometry (LTA) is widely accepted as the gold standard 
diagnostic tool for evaluating platelet function. Although this test provides specific 
data, LTA is very time-consuming and dependent on staff and requires the use of 
experienced laboratories [24].

2.8.5 Whole blood impedance aggregometry

Although it can be performed using whole blood samples and lower volumes, 
there is insufficient evidence to support equivalent sensitivity and reproducibility 
compared to LTA [28].
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The best way to fully diagnose GT is by mutation analysis. The genomic DNA 
sequence of 45 exons containing the αIIb and 3 unit should be investigated together 
with the junctions of the ITGB3 and ITGA2B gene and established mutations should 
be confirmed by a second DNA sample analysis. Genetic analysis is clinically useful for 
confirming the diagnosis, identifying carriers at risk, reproductive risk counseling for 
a particular couple/family, and definitive prenatal or preimplantation genetic diagno-
sis. Consequently, the diagnosis of GT involves the presence of normal platelet count 
(typically at the lower end of normal), long bleeding time, and long PFA time [24].

2.9 Differential diagnosis

Leukocyte adhesion deficiency type III, RASGRP2-related platelet dysfunc-
tion, BSS, Hermansky-Pudlak syndrome, von Willebrand disease, Medich platelet 
syndrome, Scott syndrome, and Acquired Glanzmann thrombasthenia are among 
the differential diagnoses [20].

2.10 Treatment

A gradual treatment standard is applied in GT treatment. The first treatment 
for mild bleeding is local measures including local compression, cauterization, 
stitching, or ice therapy. The treatment applied in case of unresponsiveness to 
these treatments or in heavier bleeding is antifibrinolytic therapy first, followed by 
platelet transfusion, and recombinant active factor VII (rFVIIa) if bleeding per-
sists. Platelet concentrates may be single-donor and HLA-matched due to the risk 
of developing alloantibodies against the platelet glycoproteins, αIIbβ3, or αIIbβ3, 
and/or the HLA antigens. Platelet concentrates may be repeatedly transfused. If 
HLA-matched platelets are not found, patients should be given leukocyte-reduced 
platelets. This has been shown to reduce the rate of HLA immunization. Patients 
with severe bleeding cases should continue to receive platelet transfusion for 48 h 
until bleeding ceases and wound healing occurs in operated cases. These patients 
should be trained to avoid over-the-counter drugs that increase the risk of bleeding, 
such as nonsteroidal anti-inflammatories and aspirin products. Prescription drugs 
that may affect hemostasis should be carefully monitored [9, 24, 25, 29, 30].

Let us examine the treatment of GT according to the frequently observed 
conditions.

2.10.1 Treatment of minor to moderate bleeding

Local measures and/or antifibrinolytic drugs can stop mild to moderate bleed-
ing. Local measures include compression, gelatin sponges, fibrin sealants, and 
topical thrombin. Antifibrinolytic agents include epsilon aminocaproic acid and 
tranexamic acid. Since both agents can be given orally or intravenously, they have 
been used successfully in the treatment of nosebleeds, bleeding gums, and menor-
rhagia, as well as prophylaxis before tooth extraction and other minor surgical 
procedures. Antifibrinolytic agents, such as tranexamic acid, can be used as a 
mouthwash for gingival bleeding. Antifibrinolytic use in cases of hematuria should 
be avoided due to the risk of a clot in the urinary tract and should be used with cau-
tion in patients undergoing procedures at high risk of thrombosis [26].

2.10.2 Treatment in epistaxis

One of the most common bleeding symptoms in GT patients is epistaxis. Local 
compression to epistaxis, application of tampons to the nose, topical thrombin, 
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antifibrinolytics, and a combination of these may respond. If bleeding persists, 
further treatments with platelets transfusion and/or rFVIIa should be given. 
Antifibrinolytic agents, nasal cautery, rFVIIa, and nasal packing with synthetic 
materials may be used to control bleeding. If these treatments fail nasal packing 
with salt pork strips may be successfully used for life-threatening nasal hemorrhage 
in a child with GT [6, 31].

2.10.3 Treatment of menorrhagia

Antifibrinolytic agents should be first-line therapy to control menorrhagia. 
If it fails, hormone supplementation either progesterone alone or progesterone 
with estrogen may be given. A continuous estrogen-progestin oral contraceptive 
agent or intramuscular depot medroxyprogesterone acetate regimen given every 
3 months in women with GT has been used successfully. It can be tried on hor-
monal intrauterine devices to reduce bleeding. Severe menorrhagia, which may be 
seen in many women with GT, can be treated with high-dose conjugated estrogen 
intravenously for 24–48 h and later by following with a combination of high doses 
of oral estrogen-progestin. Intensive menstrual bleeding does not always respond 
to typical treatment. rFVIIa has been utilized with anecdotal success in GT when 
anti-fibrinolytics and platelet transfusions did not control excessive menorrhagia. 
In addition, surgical treatments such as hysterectomy or endometrial ablation in 
treatment-resistant severe menorrhagia are therapeutic options [24].

2.10.4 Treatment of postpartum hemorrhage

Pregnant women with GT have high complications and are best managed in a 
specialized center with a multidisciplinary team. Although most complications 
are associated with bleeding and occur during delivery, treatment of pregnant GT 
patients should start in the prenatal period. According to the recommendations in 
the guidelines, platelet transfusions, or rFVIIa in combination with an antifibri-
nolytic can be used as a prophylaxis for vaginal delivery. A systematic review of 
35 pregnant women with GT showed that hemorrhage during or after delivery is 
common and severe, and occurred up to 20 days postpartum. If patients were not 
given any platelet transfusions as prophylaxis, they were more likely to experience 
postpartum hemorrhage (63% versus 38%). The use of rFVIIa as prophylaxis was 
documented in three pregnancies, and it did not prevent hemorrhage in those 
cases. A study showed that maternal platelet alloantibodies were documented in 
16 pregnancies, and plasma exchange successfully reduced the alloantibody titer in 
one case. Four of the 16 cases resulted in neonatal deaths, 3 of which resulted from 
intracranial hemorrhage between 24- and 31-weeks’ gestation. One study reported 
successful use of rFVIIa for permanent postpartum hemorrhage. In one study, the 
patient was followed up with the diagnosis of GT and 18 units of random platelet 
concentrates, 6 units of apheresis platelet concentrates, and 2 units of erythrocyte 
suspension were given in the peripartum period. Although various forms of treat-
ment have been reported about the treatment of obstetric bleeding occurring dur-
ing and after birth of women pregnant with GT, there is no consensus on the most 
appropriate treatment. Further studies on this subject are needed [21, 26, 32].

2.10.5 Role of transfusions in the therapy of GT

Platelet transfusion allows partial correction of functional defect in patients 
with GT. Platelet transfusion is the standard prophylaxis when local precautions 
and/or antifibrinolytics cannot control bleeding and the patient is undergoing 
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major surgery. It is not uncommon for patients with severe bleeding after trauma or 
delivery to require multiple platelet transfusions. Multiple platelet transfusions can 
be performed if necessary. An important risk associated with platelet transfusion 
is the possibility of developing isoantibodies. Up to 30% of patients develop anti-
GPIIb/IIIa or anti-HLA antibodies after platelet transfusion. Platelet alloimmuniza-
tion can lead to relative or absolute platelet refractory, causing rapid destruction of 
platelets and therapeutic failure of platelet transfusions. For this reason, platelet 
transfusions should be reserved for only major surgeries, life-threatening bleed-
ing, and significant bleeding that does not respond to the above measure. When 
possible, platelet concentrates should be single-donor derived and HLA-matched. 
If HLA-matched platelets are not available, patients should be given leukocyte-
reduced platelets because this has been shown to reduce the rate of HLA immuniza-
tion. Transfusions in women of reproductive age should ideally be avoided as the 
antibodies can cross the placenta and affect the fetus [13, 21, 22, 33–35].

2.10.6 Use of rFVIIa in GT

Treatment of rFVIIa in a GT patient was successfully used for severe and uncon-
trolled bleeding in a 2-year-old child in 1996 for the first time. The worldwide use of 
rFVIIa continued afterward, and it was observed that most patients with GT were 
effective in successfully controlling bleeding. But it was also observed that it was 
not effective in all GT patients. The mechanism of rFVIIa is not fully delineated. It 
is thought are poorly attached to the surface of platelets and increase the activation 
of factor IX and X, thereby increasing thrombin production. Increased amount of 
thrombin increases platelet adhesion and supports platelet aggregation, including 
those not containing GPIIb/IIIa [6, 25, 33].

High success rates and relatively low risks associated with the use of rFVIIa as 
a treatment or prevention of bleeding in GT patients have yielded good results, 
especially in those who are refractory to platelet transfusion or have antiplatelet 
antibodies. HLA-compatible platelets have been used in the past and have been 
recommended as prophylaxis for major surgical procedures, including cesarean 
section. rFVIIa can be used to completely prevent platelet transfusion, which will 
reduce the risk of platelet alloimmunization in case of life-threatening bleeding 
when local measures and antifibrinolytics fail. The optimal dosage for use in GT 
patients has not been established. However, the recommended dose is bolus injec-
tions of 90 mcg/kg intravenously 3 times a day or every 2 h until bleeding stops, 
followed by one or more maintenance doses [6, 8, 21, 24, 33, 36, 37].

The adverse or thromboembolic events have not been reported in patients given 
the rFVIIa bolus. The incidence of thrombotic events is not known in GT patients 
treated with rFVIIa. Controlled clinical trials are needed to further assess risk [26, 36].

A UK study showed that rFVIIa was successful in 71% of patients treated 
within 12 h of onset, but only after 12 h, only 18% of patients responded to rFVIIa. 
Therefore, rFVIIa should be administered as early as possible in bleeding episodes. 
Minor surgeries in GT patients have been successfully treated by rFVIIa prophylaxis 
without the need for platelet transfusion. rFVIIa prophylaxis used is recommended 
by the United Kingdom Hemophilia Centre Doctors’ Organization for minor surgical 
prophylaxis including dental extractions [6, 26, 33].

2.10.7 Other treatments

Desmopressin (DDAVP) causes VWF, FVIII, and tissue plasminogen activator to 
be released into the plasma. Although DDAVP is successful in treating other platelet 
disorders, there is little data to support its use in GT patients [26].
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Rituximab (anti-CD20) is a human-mouse chimeric monoclonal antibody that 
targets the B cell CD20 antigen. Successful treatment has been reported for acquired 
GT patients. Multiple case reports have demonstrated the efficacy of rituximab in 
patients with treatment-resistant GT and bleeding symptoms or ecchymosis [38].

Bevacizumab (Avastin) is an anti-VEGF antibody used in combination with 
chemotherapy in various cancers. A single case report in the literature documented 
success using bevacizumab in a patient with type I GT who had severe, recurrent 
GI bleeding due to angiodysplasia. The patient was resistant to platelet transfusion, 
tranexamic acid, and embolization, but responded to bevacizumab [25].

Hematopoietic stem cell transplantation (HSCT) provides a treatment for 
patients with severe, recurrent bleeding episodes and resistant cases to platelet 
transfusion due to platelet alloantibodies. There is currently no clearly defined algo-
rithm for transplantation in GT, and HSCT is rarely used for GT. The first successful 
bone marrow transplantion in GT was performed in a 4-year-old child with anti-
GPIIb/IIIa antibodies in 1985. It has been reported in the literature that successful 
stem cell transplantation has been performed in 19 severe GT patients [26, 33, 39].

2.10.8 Future therapy

Gene therapy is very promising for GT patients to provide a treatment with sig-
nificant progress using different techniques, vectors, and model organisms [40–42].

3. Bernard-Soulier syndrome

3.1 Definition

BSS is a rare autosomal recessive platelet dysfunction that is characterized by 
a low levels, absence, or dysfunction of the GpIb/V/IX complex on the platelet 
surface. BSS thrombocytopenia <20,000/mm3 is characterized by decreased platelet 
adhesion, abnormal prothrombin consumption, and low-surviving large platelets. 
Mucocutaneous hemorrhages such as purpura, epistaxis, oral mucosa bleeding, GIS 
bleeding, and menorrhagia are generally seen in BSS as in other platelet function 
disorders [43, 44].

3.2 History

BSS with autosomal recessive transition was first described by Bernard and 
Soulier in 1948 as congenital bleeding disorder characterized by thrombocytopenia 
and large platelets [45].

3.3 Etiology

Mutations in GP1BA [GPIbα], GP1BB (GPIbß), and GP9 (GPIX) cause BSS. 
There of the four genes encode for the subunita of the GP Ib-IX-V complex. This 
key platelet receptor constituted of four subunits, GPIbα, GPIbß, GPIX, and GP5 
(GPV), which included in the ratio 2:4:2:1 in endoplasmic reticulum. They because 
mature in Golgi apparatus before localizing at the cell surface. The GPIb-IX-V 
complex can attach to von Willebrand factor, fitting together like a lock and its key. 
Von Willebrand factor is located on the inside surface of blood vessels when there 
is an injury. These platelets form clots, plugging holes in the blood vessels to help 
stop bleeding. Due to the specified conditions occurring in BSS, clot formation is 
impaired and excessive bleeding occurs [46–50].
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3.4 Epidemiology

The incidence of BSS is estimated to be 1 in 1 million live births, but is likely to 
be higher since it is often misdiagnosed [50]. In a study with 97 BSS patients in Iran, 
consanguineous marriage was reported in 81% of the cases’ families [51].

3.5 Genetic basis

BSS occurs as a result of homozygous or compound heterozygous mutations that 
affect the expression of genes encoding GPIbα, GPIbß, and GPIX proteins. Two 
types of mutations have been reported in the GP Ib-IX-V complex. The first one 
is biallelic mutations, often homozygous mutations. It is characterized by a severe 
decrease or absence of the GP Ib-IX-V complex. To date, more than 50 biallelic 
mutations have been identified in the GPIbα, GPIbß, and GP9 gene. In a few cases, 
there is a compound heterozygous mutation. Most of the mutations identified are 
missense and nonsense mutations. Most BSS mutations occur in the GPIbα gene, 
and most of these mutations lead to a decrease in GPIbα expression on the platelet 
surface, and some to a loss of function. GPIbα is connected to GPIbß by disulfide 
bond. These are connected by noncovalent bonds with GPIX and GPV. GPV is the 
proteolytic subunit in this complex, and its extracellular part is destroyed by GPIbα-
bound thrombin activates platelets. As a result, mutations in GP1BA, GPIbß, and 
GP9 in humans generally lead to a decrease in the total expression of the GP Ib-IX-V 
complex on the platelet surface and the disease occurs [6, 43, 44, 50, 52].

3.6 Pathophysiology

Platelets play a critical role in normal primary hemostasis and clot formation. 
There are specific GP receptors on the platelet membrane, which function in 
platelet adhesion, activation, and aggregation. The GPIb-IX-V receptor complex 
is responsible for platelet adhesion through its interaction with von Willebrand 
factor on the exposed subendothelium. The GPIb-IX-V receptor complex is 
composed of four transmembrane polypeptide subunits-disulfide-linked alpha 
and beta subunits of GPIb, and noncovalently bound subunits GPIX and GPV. 
The platelets of BSS cases lack or have a dysfunctional GPIb-IX-V receptor. This 
results in defective adhesion to the subendothelium. The dysfunctional platelets 
found in BSS can result from one of several different glycoprotein mutations 
such as missense, nonsense, or deletion mutations of the GPIbα, GPIbβ, or GPIX 
genes [53].

3.7 Clinical manifestations

As with other inherited platelet disorders, BSS can manifest with a tendency 
to bleed in early childhood. Mucocutaneous bleeding is seen predominantly. Easy 
bruising, purpura, epistaxis, bleeding gums, menorrhagia, and excessive bleed-
ing after surgery or trauma are common symptoms. Menorrhagia is an important 
problem for female BSS patients. Prolonged menstruation may be the first symptom 
to help diagnose BSS in some patients. Although the severity of bleeding is associ-
ated with a genetic defect that affects receptor function and platelet count, it is 
highly variable in patients with the same mutations. Although bleeding sites are 
well defined for BSS, it is difficult to predict the severity of bleeding in patients 
with BSS. In some cases, no serious bleeding is observed and diagnosis may not 
be established until adulthood. Other genetic differences and acquired conditions 
affecting hemostasis are thought to affect the severity of bleeding in these patients, 
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studies related to this need to be done. Heterozygotes may not have signs of bleed-
ing, but giant platelets may appear in peripheral blood smear [6, 43, 46, 50, 54, 55].

3.8 Diagnosis

Although thrombocytopenia is generally observed in BSS, the number of plate-
lets is variable. The platelet count typically ranges from 30 to 200 × 103/μL.  
Giant platelets are seen in peripheral blood smear (Figure 1). In order to the 
differential diagnosis of other giant platelet syndromes, leukocyte counts and 
morphology should be carefully examined. Skin bleeding time and PFA-100 closure 
time are found to be prolonged. Routine coagulation tests should be found normal. 
Prothrombin consumption and thrombin generation tests are found markedly 
decreased because of the defective binding of FXI and thrombin. Results of platelet 
aggregation studies are pathognomonic for BSS. In vitro platelet aggregation studies 
characteristically indicate that aggregation with ristocetin failed and responded 
slowly with low doses of thrombin. Flow cytometric analysis of platelet also show 
characteristic for BSS normal binding with CD41 (GPIIb) and CD61 (GPIIIa) anti-
bodies, but defective binding with CD42a (GPIX), CD42b (GP Ib), CD42c (GP Ib), 
and CD42d (GPV) antibodies suggest BSS. Immunoblotting after separating com-
ponents of the GP Ib-IX-V complex with sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) may describe the defective fragments but needs 
specialized interpretation. Also, in recent years, most families are offered molecular 
genetic testing to identify which gene carries the mutations [6, 53, 56–59].

3.9 Differential diagnosis

GT, idiopathic thrombocytopenic purpura (ITP), von Willebrand disease, May-
Hegglin anomaly, and other inherited giant platelet disorders, for example, gray 
platelet syndrome are among the differential diagnoses [52, 53].

3.10 Treatment

BSS treatment is generally supportive. Platelet transfusion is used to treat when 
surgery is needed or when there is a risk of life-threatening bleeding. The patient 
may develop antiplatelet antibodies due to the presence of glycoproteins Ib/IX/V,  

Figure 1. 
Giant platelet appearance in peripheral blood smear in Bernard-Soulier syndrome.
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3.7 Clinical manifestations
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bruising, purpura, epistaxis, bleeding gums, menorrhagia, and excessive bleed-
ing after surgery or trauma are common symptoms. Menorrhagia is an important 
problem for female BSS patients. Prolonged menstruation may be the first symptom 
to help diagnose BSS in some patients. Although the severity of bleeding is associ-
ated with a genetic defect that affects receptor function and platelet count, it is 
highly variable in patients with the same mutations. Although bleeding sites are 
well defined for BSS, it is difficult to predict the severity of bleeding in patients 
with BSS. In some cases, no serious bleeding is observed and diagnosis may not 
be established until adulthood. Other genetic differences and acquired conditions 
affecting hemostasis are thought to affect the severity of bleeding in these patients, 
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studies related to this need to be done. Heterozygotes may not have signs of bleed-
ing, but giant platelets may appear in peripheral blood smear [6, 43, 46, 50, 54, 55].

3.8 Diagnosis

Although thrombocytopenia is generally observed in BSS, the number of plate-
lets is variable. The platelet count typically ranges from 30 to 200 × 103/μL.  
Giant platelets are seen in peripheral blood smear (Figure 1). In order to the 
differential diagnosis of other giant platelet syndromes, leukocyte counts and 
morphology should be carefully examined. Skin bleeding time and PFA-100 closure 
time are found to be prolonged. Routine coagulation tests should be found normal. 
Prothrombin consumption and thrombin generation tests are found markedly 
decreased because of the defective binding of FXI and thrombin. Results of platelet 
aggregation studies are pathognomonic for BSS. In vitro platelet aggregation studies 
characteristically indicate that aggregation with ristocetin failed and responded 
slowly with low doses of thrombin. Flow cytometric analysis of platelet also show 
characteristic for BSS normal binding with CD41 (GPIIb) and CD61 (GPIIIa) anti-
bodies, but defective binding with CD42a (GPIX), CD42b (GP Ib), CD42c (GP Ib), 
and CD42d (GPV) antibodies suggest BSS. Immunoblotting after separating com-
ponents of the GP Ib-IX-V complex with sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) may describe the defective fragments but needs 
specialized interpretation. Also, in recent years, most families are offered molecular 
genetic testing to identify which gene carries the mutations [6, 53, 56–59].

3.9 Differential diagnosis

GT, idiopathic thrombocytopenic purpura (ITP), von Willebrand disease, May-
Hegglin anomaly, and other inherited giant platelet disorders, for example, gray 
platelet syndrome are among the differential diagnoses [52, 53].

3.10 Treatment

BSS treatment is generally supportive. Platelet transfusion is used to treat when 
surgery is needed or when there is a risk of life-threatening bleeding. The patient 
may develop antiplatelet antibodies due to the presence of glycoproteins Ib/IX/V,  

Figure 1. 
Giant platelet appearance in peripheral blood smear in Bernard-Soulier syndrome.
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which are present on the transfused platelets but absent from the patient’s own 
platelets. Although some publications have suggested that patients should receive 
platelets from human leukocyte antigen-matched donors in order to avoid allo-
immunization, this is not currently a widely accepted strategy. Antifibrinolytic 
agents such as p-aminocaproic acid or tranexamic acid may be useful for mucosal 
bleeding. rFVIIa has been reported to reduce bleeding times in patients with BSS. 
Desmopressin has been found to shorten bleeding episodes for some patients. A 
test dose should be used to determine those patients who will benefit. Stem cell 
transplantation has been successfully used to treat two children with BSS who had 
severe, life-threatening bleeding episodes. Transplantation should be considered 
in severe disorders when the patients have developed antiplatelet antibodies. 
Patients with BSS should be counseled about the importance of preventing even 
minor trauma as well as avoiding aspirin-containing medications and other platelet 
antagonists [52, 53, 60].

4. General recommendations for GT, BSS, and other inherited diseases

1. Should pay attention to dental health by brushing your teeth regularly.

2. Avoid sports activities with potential trauma (wrestling, boxing etc.).

3. Should not use salicylate and nonsteroid drugs that affect platelet function.

4. Oral contraceptives should be considered in patients with hypermenorrhoea.

5. It should be vaccinated against hepatitis A and B since blood products may be 
required.

6. The patient should carry a small information card describing the condition, 
blood group, and what to do in an emergency.

5. Conclusion

Genetic defects of the blood platelet membrane glycoproteins, GPIIb-IIIa 
(CD41/CD61) and GPIb-IX-V (CD42) are the origin of several rare bleeding disor-
ders, the best known of which are GT and BSS. GT results in defective or absence 
of GPIIbIIIa. As a result of this, patients with GT are unable to undergo platelet 
aggregation, a critical step in stemming blood flow. Either gene can be affected 
and mutations leading to lack of expression or to expression of poorly functional 
forms have been identified. BSS occurs due to defective or absence of GPIb-IX-V. 
As a result of this, platelets from patients with BSS are unable to adhere to the 
damaged vessel wall at high-shear stress and also have a reduced platelet response 
to thrombin.

Since GT and BSS are rare diseases, diagnosis of patients can be delayed. When 
diagnosed early, patients will be able to prevent bleeding that may occur due to 
protective measures. If there is bleeding after easy bruising, mucous and oral cavi-
ties, menorrhagia, tooth extraction, tonsillectomy, or other surgical interventions, 
GT or BSS should be considered among the differential diagnoses. Although GT 
cannot be diagnosed with routine laboratory tests, BSS is suspected in the presence 
of thrombocytopenia and giant platelet. Detailed examination is required for a 
definitive diagnosis. Treatment includes local measures, platelet infusion, rFVIIa, 
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Chapter 6

Thrombocytopenia in Neonates
Bernhard Resch

Abstract

Thrombocytopenia defined as platelet count below 150,000/μL is not an uncom-
mon event at the neonatal intensive care unit (NICU). In our region we calculated a 
prevalence of nearly 2 of 1000 live births. Early-onset neonatal thrombocytopenia 
(NT) occurring within the first 72 hours of life is more common than late-onset 
NT. Preterm infants are affected more often than term infants and bacterial infec-
tion is the most common diagnosis associated with NT. There are a lot of maternal, 
perinatal, and neonatal causes associated with NT and complications include 
bleedings with potentially life-threatening intracranial hemorrhage. Alloimmune 
thrombocytopenia (NAIT) often presents with severe thrombocytopenia (<30,000/
μL) in otherwise healthy newborns and needs careful evaluation regarding HPA-1a 
antigen status and HLA typing. Platelet transfusions are needed in severe NT and 
threshold platelet counts might be at ≤25,000/μL irrespective of bleeding or not. 
Immune mediated NT recovers within 2 weeks with a good prognosis when there 
happened no intracranial hemorrhage. This short review gives an overview on etiol-
ogy and causes of NT and recommendations regarding platelet transfusions.

Keywords: neonatal thrombocytopenia, prematurity, platelet transfusion, 
alloimmune thrombocytopenia, early- and late-onset thrombocytopenia, severity, 
intracranial hemorrhage, bleeding, incidence, mortality

1. Introduction

Thrombocytopenia, defined as a platelet count <150,000/μL or below 
150 × 109/L, occurs more often during the neonatal period than in any other 
populations. Thrombocytopenia implicates an increased risk of bleeding, and 
is associated with significant morbidity mainly due to intracranial hemor-
rhage. As a result, it is important to identify infants at risk, and if indicated (see 
below recommendations for platelet transfusion), to initiate therapy to prevent 
complications.

Recently our research group on neonatal infectious diseases and epidemiology 
at the Medical University of Graz, Austria, published retrospectively collected 
data on neonatal thrombocytopenia (NT) [1]. Of 371 neonates diagnosed as 
having NT, 312 (84.1%) had early-onset NT (EOT) and 59 (15.9%) had late-onset 
NT (LOT) defined as NT before or after 72 hours of age, respectively. The degree 
of NT was defined as mild, platelet counts of 100,000–150,000/μL; moderate, 
counts of 50,000–<100,000/μL; severe, counts of 30,000–<50,000/μL; and very 
severe, counts of <30,000/μL, according to the description of Wiedmeier et al. [2]. 
The majority—nearly three-fourth of the cohort—had mild (33%) to moderate 
(38%) NT; only 14% had severe and 15% very severe NT [1]. Seventy-six percent 
of the neonates were born preterm and this rate was approximately the same for 
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either EOT or LOT (76 and 77%, respectively). The percentage of extremely low 
gestational age newborns (ELGAN, below 28 weeks of gestational age) was 20% in 
total. The incidence of NT in preterm infants was 4% (282/6964) in our population 
during the years 1990–2012. Thus, we calculated the prevalence of NT as being 
1.8/1000 live births in our region (Southern Styria with around 200,000 live births 
during the study period) [1].

A total of 40 neonates (10.8%) died; 36 (90%) had EOT, and 4 (10%) had 
LOT; and 30 (75%) neonates were still thrombocytopenic at the time of death. 
Interestingly, bleeding signs were significantly associated with mortality in our study. 
On the other hand, severity of NT was not associated with mortality. Only cutane-
ous bleedings were found to be associated with severity of NT. The mean duration 
of NT was significantly longer in case of LOT compared to EOT (8.9 vs. 16.8 days; 
p < 0.001); and the duration was positively correlated with severity of NT. At least we 
found that platelet transfusion did not shorten the duration of NT [1].

2. Etiology and causes of neonatal thrombocytopenia

Thrombocytopenia is present in 1–5% of newborns at birth, and severe throm-
bocytopenia defined as platelet count below 50,000/μL occurs in 0.1–0.5% [3]. 
But thrombocytopenia is more common in neonates needing intensive care at the 
neonatal intensive care unit (NICU) with rates up to 50%. Every fifth newborn is at 
risk at the NICU to develop thrombocytopenia, and 8% of preterm and 6% of term 
infants are at risk for severe thrombocytopenia [4].

Main mechanisms of thrombocytopenia include increased platelet consumption 
and/or sequestration, and often neonatal thrombocytopenia is of multifactorial 
origin. Thus, on the one hand there is rapid consumption like in case of necrotiz-
ing enterocolitis (NEC) and on the other hand slow recovery by impaired platelet 
production.

There are a lot of maternal, perinatal, and neonatal causes that might be associ-
ated with the occurrence of NT. Figure 1 shows the main features and causes of NT 
by separating early- and late-onset thrombocytopenia [5].

Figure 1. 
Etiology and causes of early- and late-onset thrombocytopenia.
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Own data on neonatal diagnoses associated with thrombocytopenia retrospec-
tively collected over 23 years compared to data from Tunisia and Turkey—in order 
to give a broader view on dominant causes and diagnoses—are shown in Table 1 [1]. 
Main diagnoses were early- and late-onset sepsis, and intrauterine growth restric-
tion. Other dominant features like asphyxia and NEC differed between centers as 
did more sporadic causes of NT.

An association of NT with bacterial infection is well known. Rates have been 
reported of 30% [7], 36% [8], and 47% [1]. And severe NT and very severe NT 
were commonly associated with sepsis [1, 8]. Late-onset NT often is reported to 
result in prolonged courses of NT [1, 9, 10].

Birth asphyxia is a common diagnosis associated with NT and reported up to 
25% [1, 7, 8]. NEC is a morbidity often complicated by NT. Resch et al. reported a 
rate of 4.1% [1] and that was twice as high as reported elsewhere [7, 8]. Other asso-
ciations, including chromosomal anomalies, metabolic disorders, and thromboses, 

Austria [1] 2018 Tunisia [] 2016 Turkey [] 2013

371 cases 23-year 
period

112 episodes 4-year 
period

134 cases 5-year 
period

EOS 128 (34) LOS 29 (19) Sepsis 45 (34)

Asphyxia 95 (25) IUGR 26 (17) IUGR 25 (19)

LOS 47 (13) EOS 23 (15) Preeclampsia 13 (9.7)

NEC 16 (4.1) DIC 22 (14) Maternal thr. 6 (4.5)

Chrom. 
aberration

15 (3.9) PIH 18 (12) Drug 5 (3.7)

HDN 9 (2.4) Unexplained 15 (9.6) Hydrops fetalis 4 (3.0)

CMV 9 (2.4) Cong. rubella 6 (3.8) Perinatal asphyxia 4 (3.0)

MPD 6 (1.6) Asphyxia 5 (3.2) Ablatio placenta 4 (3.0)

NAIT 4 (1.0) NEC 3 (1.9) Drug + sepsis 4 (3.0)

K-M-syndrome 2 (0.5) Tris 21 2 (1.3) Rh incompatibility 4 (3.0)

Metab. 
disorders

2 (0.5) CMV 2 (1.3) NEC 3 (2.2)

Thrombosis 2 (0.5) Exchange transf. 2 (1.3) Maternal ITP 3 (2.2)

Toxoplasmosis 1 (0.7) Congenital anomaly 2 (1.5)

Neonatal lupus 1 (0.7) Tris 21 2 (1.5)

Maternal ITP 1 (0.7) NAIT 2 (1.5)

HELLP syndrome 2 (1.5)

Metab. disorders 2 (1.5)

Maternal GDM 2 (1.5)

Neonatal jaundice 1 (0.8)

Mother with SLE 1 (0.8)

Data are given as number (%).
EOS: early-onset sepsis, LOS: late-onset sepsis, NEC: necrotizing enterocolitis, HDN: hemolytic disease of the 
newborn, CMV: cytomegalovirus, MPD: myeloproliferative disease, NAIT: neonatal alloimmune thrombocytopenia, 
K-M-syndrome: Kasabach-Merritt syndrome, DIC: disseminated intravasal coagulation, IUGR: intrauterine growth 
restriction, GDM: gestational diabetes mellitus, SLE: systemic lupus erythematodes.

Table 1. 
Neonatal diagnoses associated with thrombocytopenia from three studies (Austria [1], Tunisia [6], and  
Turkey [7]).
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Turkey [7]).
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ranged between 0.5 and 3.9% in the literature [1, 6–8]. Von Lindern et al. [8] 
reported on a 10% rate of hemolytic disease of the newborn (HDN), which was four 
times higher compared to the rate of 2.4% reported by Resch et al. [1].

In preterm infants, NT is rarely diagnosed at low rates between 4 and 12%  
[1, 10]. Most studies report higher rates of NT ranging between 22 and 35% [2, 
3, 8, 11–13], and highest rates (53–70%) have been reported from developing 
countries [14, 15]. Own data revealed that 75% of a cohort of thrombocytopenic 
neonates were preterm neonates. The association between NT and prematurity or 
low birth weight is well documented [3, 6–8, 11, 16, 17]. In this context small-for-
gestational age (SGA) is a well-known risk factor for developing NT [11, 16, 17], 
and rates have been reported as high as 30–53% [1, 17, 18].

3. Pathomechanisms of neonatal thrombocytopenia

3.1 Immune-mediated thrombocytopenia

One possibility of low platelet counts is increased destruction that is observed in 
several neonatal conditions. Placental crossing of maternal antibodies is the cause 
of NT in case of immune-mediated NT, which destroys neonatal platelets. Immune-
mediated processes are very common causes of neonatal thrombocytopenia, and 
the antibodies responsible may be autoantibodies, drug-dependent antibodies, or 
alloantibodies. The mechanism behind is an interaction with platelet membrane 
antigens or the formation of immune complexes, which can bind to reticuloendo-
thelial cell Fc receptors. As a result platelets become cleared from blood vessels [19].

3.1.1 Neonatal alloimmune thrombocytopenia (NAIT)

In NAIT, fetal platelets contain an antigen inherited from the father that the 
mother lacks. The mother produces antiplatelet antibodies from the immunoglobu-
lin G (IgG)-type against the platelet antigen during pregnancy that is recognized 
as being foreign. Thereafter IgG antibodies cross the placenta and destroy fetal 
platelets that express the paternal antigen [20].

3.1.2 Neonatal autoimmune thrombocytopenia

It is mediated by maternal autoantibodies that react with both maternal and 
fetal platelets. This occurs in maternal autoimmune disorders, including immune 
thrombocytopenia purpura (ITP) and systemic lupus erythematosus (SLE) [20].

3.1.3 Drug-induced immune thrombocytopenia

Drug-induced immune thrombocytopenia is typically caused by platelet destruc-
tion from maternal drug-dependent antibodies and, rarely, by neonatal antibodies. 
Bone marrow suppression also can result in thrombocytopenia due to decreased plate-
let production. Neonatal drug-induced immune thrombocytopenia is usually caused 
by maternal drug-dependent antibodies formed after drug exposure to the mother 
during pregnancy [19, 20]. Maternal antibodies can cross the placenta and affect 
fetal and neonatal platelets. This mechanism is similar to that seen in mothers with 
primary immune thrombocytopenia purpura (ITP). Drugs associated with maternal 
drug-mediated platelet destruction include quinine, quinidine, trimethoprim-sulfa-
methoxazole, vancomycin, penicillin, rifampin, carbamazepine, phenytoin, valproic 
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acid, ceftriaxone, ibuprofen, mirtazapine, oxaliplatin, suramin, GP IIb/IIIa inhibitors 
(e.g., abciximab, tirofiban, eptifibatide), and heparin. Some drugs may cause throm-
bocytopenia at the initial exposure without prior sensitization. This commonly occurs 
with the glycoprotein IIb/IIIa inhibitors and has also been seen with other drugs, such 
as vancomycin and piperacillin [21]. Rarely, platelet destruction can be caused by 
neonatal drug-dependent antibodies, such as seen in heparin-induced thrombocyto-
penia (HIT). HIT antibodies can promote thrombosis by inducing platelet activation. 
Patients with suspected HIT require immediate institution of a non-heparin antico-
agulant [20].

3.1.4 Non-immune drug-induced NT

Many drugs used as chemotherapy cause thrombocytopenia by bone marrow 
suppression (non-immune drug induced NT). Antibiotics, such as linezolid, daptom-
ycin, and valacyclovir can also cause moderate thrombocytopenia in some patients 
by suppression of platelet production [20].

3.2 Thrombopoiesis

Platelet production—thrombopoiesis—is initiated by a thrombopoietic stimulus, 
and the most important stimulant is the chemokine thrombopoietin (TPO) besides 
several cytokines and chemokines that are also involved in the process (e.g., IL-3, 
IL-6, IL-11, GM-CSF, stromal cell-derived factor-1 and fibroblast growth factor 4) 
[22]. TPO promotes the proliferation of megakaryocyte progenitors and the matura-
tion of megakaryocytes. These mature megakaryocytes are at least responsible for 
generation and release of new platelets into the blood vessels [22].

3.2.1 The homeostasis of TPO levels

The homeostasis of TPO levels is regulated by the thrombopoietin c-Mpl 
(myeloproliferative leukemia protein) receptor-mediated uptake and destruction 
of the hormone with the aim to have steady-state amounts of hepatic TPO. When 
bound to the platelet c-Mpl receptors, the hormone gets removed from the cir-
culation and blood levels are reduced. In case of inflammatory processes IL-6 is 
released from macrophages and fibroblasts (via TNF-α) and enhances hepatic TPO 
production [22].

Another phenomenon adding to the steady-state model of TPO regulation is 
the physiological response to severe thrombocytopenia of bone marrow stromal 
cells, which under normal circumstances produce low amounts of TPO-mRNA but 
increase transcription markedly in case of thrombocytopenia [22]. IL-6, stimulated 
by inflammation processes, leads to increased levels of TPO resulting in reactive 
thrombocytosis; and TPO is now confirmed as the final mediator of inflammation-
induced thrombocytosis [22].

There are similarities and differences between neonatal and adult thrombocy-
topenia. Plasma TPO concentrations are known to be higher in healthy neonates 
compared to healthy adults. But in NT TPO levels are lower even when adult throm-
bocytopenia has the same degree [19]. Interestingly, megakaryocyte progenitors of 
neonates have a higher proliferative potential than those of adults resulting in larger 
megakaryocytes. Neonatal megakaryocyte progenitors are more sensitive to TPO 
both in vitro and in vivo than adult progenitors [19]. Cells are present both in the 
bone marrow and the peripheral blood of neonates in contrast to adult ones that are 
almost exclusively present in the bone marrow [19] (Figure 2).
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bone marrow and the peripheral blood of neonates in contrast to adult ones that are 
almost exclusively present in the bone marrow [19] (Figure 2).
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3.2.2 Clinical conditions and their pathomechanisms

Chronic intrauterine hypoxia is commonly observed when associated with placen-
tal insufficiency due to all conditions of pregnancy-induced hypertension (hyper-
tension alone or pre-eclampsia or hypertension-elevated liver enzymes-low platelet 
counts—HELLP—syndrome, and gestational or maternal diabetes) and is usually 
manifested by fetal intrauterine growth restriction and hematological abnormalities 
including NT. The pathomechanisms behind are not completely understood but 
lower levels of megakaryocyte progenitors have been found that increased during 
normalization of NT [23].

The hematopoietic microenvironment plays a significant role in chronic 
hypoxia-induced suppression of megakaryocytopoiesis, and, not astonishingly, 
preterm infants’ megakaryocyte progenitors are more vulnerable to ischemic insults 
than progenitors from term neonates or adults [24].

Overall, observations demonstrated that thrombopoiesis is up-regulated in 
neonatal sepsis and/or NEC, but this effect can also be down-regulated resulting in 
“hypoproliferation” [19]. Platelet factor 4 is a potent inhibitor of megakaryocyte 
proliferation that is released from activated platelets during severe sepsis. This 
regulates neonatal megakaryocytopoiesis negatively [25].

In HIV-associated thrombocytopenia, evidence that splenic platelet sequestration 
decreased platelet production had been observed despite larger megakaryocyte 
mass [26]. In neonates, ineffective platelet production was described as being the 
main mechanism of HIV-associated thrombocytopenia [27]. The mechanisms in 
other congenital infections of the TORCH complex mostly remain to be speculative 
despite their common association with NT [20].

4. Neonatal alloimmune thrombocytopenia (NAIT)

Harrington et al. first described in 1953 two infants born with severe thrombo-
cytopenia to mothers with normal platelet counts [28]. Both newborns recovered 
despite severe bleeding and other complications after 2 and 8 weeks, respectively. 

Figure 2. 
A simplified model of TPO regulation.
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This immunological disease now is well described as neonatal alloimmune throm-
bocytopenia (NAIT).

In 1962 a maternal antibody against a platelet alloantigen was detected causing 
NAIT [29]. This platelet alloantigen determined as PlA1 was the cause of platelet 
destruction in two of the newborns reported in the study by Shulman et al. [29]. 
Later, PlA1 was found to be identical to an antigen called Zwa [30] and now is known 
as human platelet antigen 1a (HPA-1a). Over the following years several other plate-
let-specific antigens were detected as being able to induce maternal immunization 
during pregnancy with subsequent fetal platelet destruction, thus, being an impor-
tant complication of pregnancy with diagnostic and therapeutic challenges [31].

The incidence of NAIT calculated from large studies on women negative for 
HPA-1a lies in between 1 in 1000–2000 HPA-1a positive newborns [32–34]. The 
incidence of HPA-1a negative phenotype is about 2.5%; and one-third is at high risk 
to get immunized in case of a HPA-1a positive fetus, and this association is triggered 
by HLA-DR antigen B3*0101 positivity [31].

The main problem of NAIT is that it can lead to serious bleedings including 
intracranial hemorrhage and death. In full term infants it is the leading cause of 
intracranial hemorrhage [35]. Other clinical findings are petechiae or purpura 
associated with very low platelet counts without any explanation (after exclusion 
of bacterial and viral infection—TORCH complex, or disseminated intravascular 
coagulation). A previous history of NAIT results in more severe disease. Around 
10–20% of the newborns have intracranial hemorrhages, and the vast majority of 
80% occurs already before birth. After birth the greatest risk of bleeding is in the 
time span of the first 4 days of life. Untreated, NT resolves within 2–3 weeks [35].

Even in mildly affected infants serological investigation including ABO, HPA 
and HLA typing (further details are beyond the scope of this chapter) is indicated 
because results can be critical for effective management of future pregnancies. For 
the most informative evaluation, it is important to study blood samples from both 
mother and father.

A systematic review on incidence and consequences of NAIT reported on 6 of 21 
studies (full text analysis) from initial 768 studies [36]. Nearly 60,000 newborns 
were screened, with severe thrombocytopenia in 89 cases (0.15%); and NAIT was 
diagnosed in 24 of these 89 newborns (27%) resulting in an incidence of 1:2500. Six 
newborns (25%) had diagnosis of intracranial hemorrhage and most likely of ante-
natal origin. Hence, intracranial hemorrhage due to NAIT occurred in 1:10–11,000 
newborns [36, 37]. This is the most severe complication having a 1–7% risk of 
death. Survivors are known to have sequelae including mental retardation, cerebral 
palsy, cortical blindness and seizures in 7–26% of pregnancies [38]. In contrast to 
ABO- or Rh-incompatibility, immunization occurs often during the first pregnancy.

Severity of NAIT is associated with parity (second pregnancy often more 
severe), HPA-a1 antibodies level, outcome of a former pregnancy, and the type of 
alloimmunization (HPA-1a more severe than HPA-5b) and the HLA type: homo-
zygote HPA-1b and negative for HLA DRB3*0101 leads to no NAIT with negative 
predictive value of 99.6%, but homozygote HPA-1b plus HLA DRB3*0101 positivity 
leads to NAIT with a positive predictive value of 35% [39] Interestingly, antenatal 
IVIG is again more effective depending on HLA status [31]. Also of importance is 
the risk of recurrent intracranial hemorrhage of being 80–90%.

4.1 How to proceed in case of suspected NAIT?

At first the medical history should be looked for a previous neonate with throm-
bocytopenia of unknown origin and/or having platelet count below 50 × 109/L and/or 
previous history of intracranial hemorrhage of uncertain origin [40]. Is the mother 
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thrombocytopenic, one should evaluate for maternal anti-platelet auto-antibodies 
or a history of immune thrombocytopenia. Is the mother not thrombocytopenic, 
maternal and paternal platelet antigen typing and maternal platelet HPA antibody 
testing should be done. In case of incompatibility at HPA loci (1–6, 9, 15) and pres-
ence of specific maternal HPA-antibody, diagnosis of NAIT is given. Are there no 
incompatibilities and no anti-platelet antibodies or only nonspecific antibodies of the 
mother present, then no further evaluation is necessary besides maternal antibodies 
against paternal platelets are positive (preferred at 30 weeks’ gestation). A third vari-
ant is a positive incompatibility without maternal anti-HPA antibodies (provided no 
reaction with paternal platelets), then there is no further evaluation necessary [40].

During pregnancy, strategies using IVIG and corticosteroids have been success-
ful. The success rate with IVIG alone was reported to be as high as 98.7% and is in 
line with a Cochrane analysis reporting 97.3% [37, 41]

5. Complications of neonatal thrombocytopenia

5.1 Bleedings

The prevalence of hemorrhages in thrombocytopenic neonates is approximately 
20–30% according to the literature [16, 42]. The risk of hemorrhage is associated 
with lower gestational age, definite causes of thrombocytopenia, and the severity of 
concomitant morbidities [8, 9, 43].

An observational study including 169 neonates with severe NT identified severe 
sepsis and NEC as the most common diagnoses associated with bleeding neonates 
[35]. In those neonates with mild or no hemorrhage, the most common cause of 
severe NT has been documented as being intrauterine growth restriction and mater-
nal pregnancy-induced hypertension [44].

A causal link between thrombocytopenia and intracranial hemorrhage is not 
known. Interestingly, platelet transfusions could not reduce the risk of intracranial 
bleedings [1, 45]. The majority of preterm neonates with severe intraventricular 
hemorrhage (IVH) becomes thrombocytopenic during the course of bleeding, thus, 
thrombocytopenia might not be the cause of IVH [46, 47]. Additionally, consider-
ing IVH as a multifactorial event, it seems highly unlikely that an isolated low 
platelet count leads to bleeding [44].

Another point of interest is the fact that comparable rates of IVH have been 
reported independent of the severity of NT [17]. In contrast, cutaneous bleeding 
conditions have been associated with the severity of NT [1, 46], and the prevalence 
of skin bleeding in thrombocytopenic neonates has been reported as being as high 
as 81% [48].

5.2 Mortality

The association of increased mortality rates with increasing numbers of platelet 
tranfusions mainly reflects the severity of the underlying disease or condition, 
for example, extremely low gestational age newborn. These infants are known 
to be at high risk for severe IVH that again is associated with high risk of death. 
Additionally, the more severe NT is the higher is the rate of mortality, and some 
data suggest that NT contributes to mortality rather than simply being a measure 
of disease severity [5]. Three studies from the USA, the UK, and Mexico reported 
higher mortality rates in neonates who had received platelet transfusions compared 
with those who had not [49–51]. The direct effects of platelet transfusions are ques-
tionable, as specific effects have not been properly evaluated, and the influence of 
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preexisting morbidity is difficult to evaluate [44]. But as shown by Curley et al. 
[52] (see below), waiting until platelets have fallen below 25 × 109/L before indicat-
ing transfusion is of more benefit than earlier transfusion at cut-off level below 
50 × 109/L. Again the observation of Kenton et al. [53] is of interest who did not 
find an improvement in NEC-associated mortality with an increasing number or 
volume of platelet transfusions.

6. Recommendations for treatment with platelet transfusions

Platelet transfusions are commonly used in preterm infants with NT at different 
threshold values. In 2018, a milestone study prospectively investigated whether 
platelet transfusion should be given at platelet-count thresholds of 50,000/μL 
(high-threshold group) or 25,000/μL (low-threshold group) [52]. In this multi-
center trial, preterm infants born at less than 34 weeks of gestation in whom severe 
thrombocytopenia was diagnosed were included and randomly assigned to high 
or low platelet transfusion groups. The primary outcome was death or new major 
bleeding within 28 days after randomization. Of 660 infants (median birth weight, 
740 g; and median gestational age, 26.6 weeks), 90% of the infants (296 of 328 
infants) of the high-threshold group received at least one platelet transfusion, as 
compared with 53% (177 of 331 infants) in the low-threshold group. A new major 
bleeding episode or death happened in 26% of the infants in the high-threshold 
group and in 19% in the low-threshold group (odds ratio, 1.57; 95% confidence 
interval 1.06–2.32; p = 0.02). Most exciting, there was no significant difference 
between corresponding rates of serious adverse events (25 vs. 22%) [51].

An overview of recommendations at different thresholds of thrombocyte counts 
is given in Table 2.

Cut-off value 
thrombocyte 
counts

Recommendation Authors

<20 × 109/L All neonates (prophylactic) Blanchette et al. [54, 55]; Gibson et al. [56]; 
Chakravorty et al. [57]; Carr et al. [58]

20–29 × 109/L Non-bleeding term and preterm 
infant

Blanchette et al. [55]; Roberts et al. [59]; 
Calhoun et al. [60]; Sola-Visner et al. [61]; 
Murray [62]; Gibson et al. [56]; Carr et al. 

[58]; Sparger et al. [63]

Bleeding neonates Murray et al. [62]; Roberts et al. [4, 44]; 
Chakravorty et al. [57]

30–49 × 109/L Preterm infants (unstable neonate, 
first week of life, surgery or invasive 

procedures)

Blanchette et al. [54, 55]; Roberts et al. [59]; 
Sola-Visner et al. [61]; Calhoun et al. [60]; 

Murray [62]; Roberts et al. [4]; Sparger et al. 
[63]

Bleeding neonates Blanchette et al. [54]; Roberts et al. [44, 59]; 
Gibson et al. [56]; Chakravorty et al. [57]

50–99 × 109/L Non-bleeding sick preterm Blanchette et al. [54, 55]; Roberts et al. [59]

Bleeding neonates Roberts et al. [4, 44, 59]; Murray et al. [62]; 
Sola-Visner et al. [61]; Sparger et al. [63]

100–150 × 109/L No recommendations —

Table 2. 
Recommendations for platelet transfusions depending on different thrombocyte counts.
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thrombocytopenic, one should evaluate for maternal anti-platelet auto-antibodies 
or a history of immune thrombocytopenia. Is the mother not thrombocytopenic, 
maternal and paternal platelet antigen typing and maternal platelet HPA antibody 
testing should be done. In case of incompatibility at HPA loci (1–6, 9, 15) and pres-
ence of specific maternal HPA-antibody, diagnosis of NAIT is given. Are there no 
incompatibilities and no anti-platelet antibodies or only nonspecific antibodies of the 
mother present, then no further evaluation is necessary besides maternal antibodies 
against paternal platelets are positive (preferred at 30 weeks’ gestation). A third vari-
ant is a positive incompatibility without maternal anti-HPA antibodies (provided no 
reaction with paternal platelets), then there is no further evaluation necessary [40].

During pregnancy, strategies using IVIG and corticosteroids have been success-
ful. The success rate with IVIG alone was reported to be as high as 98.7% and is in 
line with a Cochrane analysis reporting 97.3% [37, 41]

5. Complications of neonatal thrombocytopenia

5.1 Bleedings

The prevalence of hemorrhages in thrombocytopenic neonates is approximately 
20–30% according to the literature [16, 42]. The risk of hemorrhage is associated 
with lower gestational age, definite causes of thrombocytopenia, and the severity of 
concomitant morbidities [8, 9, 43].

An observational study including 169 neonates with severe NT identified severe 
sepsis and NEC as the most common diagnoses associated with bleeding neonates 
[35]. In those neonates with mild or no hemorrhage, the most common cause of 
severe NT has been documented as being intrauterine growth restriction and mater-
nal pregnancy-induced hypertension [44].

A causal link between thrombocytopenia and intracranial hemorrhage is not 
known. Interestingly, platelet transfusions could not reduce the risk of intracranial 
bleedings [1, 45]. The majority of preterm neonates with severe intraventricular 
hemorrhage (IVH) becomes thrombocytopenic during the course of bleeding, thus, 
thrombocytopenia might not be the cause of IVH [46, 47]. Additionally, consider-
ing IVH as a multifactorial event, it seems highly unlikely that an isolated low 
platelet count leads to bleeding [44].

Another point of interest is the fact that comparable rates of IVH have been 
reported independent of the severity of NT [17]. In contrast, cutaneous bleeding 
conditions have been associated with the severity of NT [1, 46], and the prevalence 
of skin bleeding in thrombocytopenic neonates has been reported as being as high 
as 81% [48].

5.2 Mortality

The association of increased mortality rates with increasing numbers of platelet 
tranfusions mainly reflects the severity of the underlying disease or condition, 
for example, extremely low gestational age newborn. These infants are known 
to be at high risk for severe IVH that again is associated with high risk of death. 
Additionally, the more severe NT is the higher is the rate of mortality, and some 
data suggest that NT contributes to mortality rather than simply being a measure 
of disease severity [5]. Three studies from the USA, the UK, and Mexico reported 
higher mortality rates in neonates who had received platelet transfusions compared 
with those who had not [49–51]. The direct effects of platelet transfusions are ques-
tionable, as specific effects have not been properly evaluated, and the influence of 
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preexisting morbidity is difficult to evaluate [44]. But as shown by Curley et al. 
[52] (see below), waiting until platelets have fallen below 25 × 109/L before indicat-
ing transfusion is of more benefit than earlier transfusion at cut-off level below 
50 × 109/L. Again the observation of Kenton et al. [53] is of interest who did not 
find an improvement in NEC-associated mortality with an increasing number or 
volume of platelet transfusions.

6. Recommendations for treatment with platelet transfusions

Platelet transfusions are commonly used in preterm infants with NT at different 
threshold values. In 2018, a milestone study prospectively investigated whether 
platelet transfusion should be given at platelet-count thresholds of 50,000/μL 
(high-threshold group) or 25,000/μL (low-threshold group) [52]. In this multi-
center trial, preterm infants born at less than 34 weeks of gestation in whom severe 
thrombocytopenia was diagnosed were included and randomly assigned to high 
or low platelet transfusion groups. The primary outcome was death or new major 
bleeding within 28 days after randomization. Of 660 infants (median birth weight, 
740 g; and median gestational age, 26.6 weeks), 90% of the infants (296 of 328 
infants) of the high-threshold group received at least one platelet transfusion, as 
compared with 53% (177 of 331 infants) in the low-threshold group. A new major 
bleeding episode or death happened in 26% of the infants in the high-threshold 
group and in 19% in the low-threshold group (odds ratio, 1.57; 95% confidence 
interval 1.06–2.32; p = 0.02). Most exciting, there was no significant difference 
between corresponding rates of serious adverse events (25 vs. 22%) [51].

An overview of recommendations at different thresholds of thrombocyte counts 
is given in Table 2.

Cut-off value 
thrombocyte 
counts

Recommendation Authors

<20 × 109/L All neonates (prophylactic) Blanchette et al. [54, 55]; Gibson et al. [56]; 
Chakravorty et al. [57]; Carr et al. [58]

20–29 × 109/L Non-bleeding term and preterm 
infant

Blanchette et al. [55]; Roberts et al. [59]; 
Calhoun et al. [60]; Sola-Visner et al. [61]; 
Murray [62]; Gibson et al. [56]; Carr et al. 

[58]; Sparger et al. [63]

Bleeding neonates Murray et al. [62]; Roberts et al. [4, 44]; 
Chakravorty et al. [57]

30–49 × 109/L Preterm infants (unstable neonate, 
first week of life, surgery or invasive 

procedures)

Blanchette et al. [54, 55]; Roberts et al. [59]; 
Sola-Visner et al. [61]; Calhoun et al. [60]; 

Murray [62]; Roberts et al. [4]; Sparger et al. 
[63]

Bleeding neonates Blanchette et al. [54]; Roberts et al. [44, 59]; 
Gibson et al. [56]; Chakravorty et al. [57]

50–99 × 109/L Non-bleeding sick preterm Blanchette et al. [54, 55]; Roberts et al. [59]

Bleeding neonates Roberts et al. [4, 44, 59]; Murray et al. [62]; 
Sola-Visner et al. [61]; Sparger et al. [63]

100–150 × 109/L No recommendations —

Table 2. 
Recommendations for platelet transfusions depending on different thrombocyte counts.
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7. Conclusions

In conclusion, neonatal thrombocytopenia is a common problem at the neonatal 
intensive care unit. In most cases, it is a mild to moderate, self-limited entity. In 
severe cases, immune-mediated disease has to be suspected warranting prompt diag-
nosis and careful management. The threshold for platelet transfusions better should 
be at thrombocyte counts of 25–30,000/µL due to recent data reporting on a reduced 
mortality rate using a more restrictive transfusion regimen.
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Chapter 7

Platelet Rich Fibrin (PRF) 
Application in Oral Surgery
Alper Saglanmak, Caglar Cinar and Alper Gultekin

Abstract

Platelet rich fibrin (PRF) is an autologous biological product which becomes 
popular day by day and available in a wide variety of fields in medicine. Platelet 
concentrates which are introduced at the early 90s have evolved over the years. 
The use such autologous materials have become trendy in recent years to encounter 
demanding expectations of patients, improve treatment success and maximize 
patient comfort. Despite its increasing use in dentistry and oral surgery, the most 
indications and effects are still being discussed. PRF is easily accepted by patients 
because of its low cost, easy to receive, low donor morbidity, low postoperative 
complication and infection rate. This biomaterial may be a solution for patients 
who have strong negative beliefs about the use of allografts and xenografts or who 
are afraid of complications during the grafting procedure. The objectives of these 
technologies are to use their synergistic effect to improve the hard and soft tissue 
regeneration. PRF in oral surgery are used for alveolar bone reconstruction, dental 
implant surgery, sinus augmentation, socket preservation, osteonecrosis, oroan-
tral fistula closure, struggling with oral ulcers, preventing swelling and edema 
constitution. This chapter aims to review the clinical applications of platelets in 
oral surgery and the role of molecular components in tissue healing.

Keywords: platelet rich fibrin, oral surgery, tissue healing, dental implant

1. Introduction

In recent years, the question how to increase patient comfort after surgical 
interventions became the main topic of oral surgical applications. In addition to 
minimally invasive surgical techniques, extra procedures performed during or 
after surgery are aimed to reduce postoperative morbidity. As a result of various 
researches in recent years, the use of platelet concentrates give rise to improve 
patient comfort and enhance healing after the operation.

Surgical techniques to gain bone and soft tissue can be difficult and associated 
with higher morbidity. Although they are technique delicate, they just considered 
as gold-standard, because of their capacity in healing enhancement [1]. However, 
alternative autologous blood derivatives such as platelet rich fibrin (PRF) are 
becoming a current issue with its easy use and effectiveness.

PRF is an autologous product acquired from the patient’s own blood and 
enters dental field as a second- generation platelet concentrate under the name 
PRF [Platelet Rich Fibrin] by Choukroun. Although they are known by different 
names according to the centrifugation time (A-PRF, L-PRF, I- PRF, P-PRF) their 
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main rationale is the same. They are increasing the healing capability of the tissue 
by releasing growth factors from platelet granules. These factors are essential for 
inflammation process and they have positive effect on healing enhancing. Since it is 
an autologous product, it does not cause allergic reactions, it can be prepared rapidly 
and easily, there is no risk of disease transfer and no risk of donor site morbidity. 
The main advantages are controlling inflammation and suppressing infection by 
leukocyte and cytokine secretion [2] (Figures 1 and 2).

In order to get in depth information about the supportive effect of PRF 
one should know about the healing pattern of injured tissue. There are four 
sequential phases of wound healing: Hemostasis, inflammatory, proliferative 
and remodeling phase [3]. At hemostasis phase, platelets are essential for blood 
clot formation and PRF with rich platelet granules is promotive to accommodate 
a strong fibrin network. This blood clot serves as a reservoir which allows cell 
migration, adhesion and proliferation. The impact of this fibrin matrix pro-
ceeds throughout the whole healing process. Inflammatory phase starts with 
the injury and takes 5–7 days approximately. During this phase, platelets are 
releasing various growth factors to the injured site that migrate inflammatory 
cells (Lymphocytes, macrophages and neutrophils). These factors are PDGF 
(Platelet-derived growth factor), VEGF (Vascular endothelial growth factor), 
TGF B (Transforming growth factor) and pro-inflammatory cytokines such as 
interleukins (IL-1, IL-6, IL-8) and tumor necrosis factor alpha (TNF-α), whose 
roles are enhancing angiogenesis and tissue healing. Within the comprising of 
new blood vessels with angiogenesis, acidic and hypoxic environment change. 
In the proliferative phase, MSCs (Mesenchymal stem cells) releasing from newly 
formed blood vessels, BMP’s (Bone morphogenic protein) and TGF-β are playing 
an important role in MSCs organism. MSC’s role is inducing osteoblast differenti-
ation. The last but not the least, remodeling phase is characterized as maturation 
process. Within this process, vascularity ratio and collagen deposition decreases 
and mineral deposition increases with the replacement of woven bone into lamel-
lar one [4–6].

Fibrin forms a matrix for the migration of cells such as fibroblasts and endo-
thelial cells, which are crucial in angiogenesis and new tissue formation. PRF is a 
strong fibrin matrix structure, platelets and leukocytes attach on it and activate 
degranulated growth factors with the consequence of releasing cytokines. It has 
been suggested that PRF, a natural fibrin network, can protect the growth factors 
containing in its own structure from proteolysis. Thus growth factors may maintain 
their activity for a long time and stimulate tissue regeneration [7].

Figure 1. 
Bloodletting of a patient.
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1.1 Types of PRF

The main purpose of using PRF is to release the rich content of alpha granules 
of platelets into the environment for therapeutic purposes. In addition to the basic 
functions of platelets, the contents of alpha and dense granules are very important 
for different processes such as inflammation and angiogenesis [8]. The main differ-
ences between PRF types are their centrifuge speed.

• Advanced platelet rich fibrin (A-PRF): It is obtained with longer centrifuga-
tion time and lower rpm. Thus, more neutrophilic granulocytes are present in 
the distal region of the clot. Neutrophilic granulocytes contribute to monocyte 
differentiation in macrophages (Figure 3).

• Pure platelet rich fibrin (P-PRF): After the first centrifuge (6 min high 
speed), transferring the buffy coat and PPP (Platelet poor plasma) to the sec-
ond tube, which contains CaCl2. After the second centrifuge starts and takes 
15 min long, stable platelet-fibrin takes place. The authenticity of this method 
is the presence of separation gel at the first tube.

• Leukocyte and platelet rich fibrin (L-PRF): It is very simple and cheap 
method. Blood samples are taken into glass tubes without any anticoagulant 
and centrifuged immediately at low speed. It is formed three different layers 
with acellular plasma, platelet-rich fibrin and erythrocyte layer at the bottom, 
respectively. Thrombocyte rich fibrin matrix is very powerful and autologous 
biomaterial can be used in different fields in oral surgery.

• Injectable platelet rich fibrin (I-PRF): Blood involves high number of leuko-
cytes. However coagulation occurs within few minutes after the centrifugation 
has finished. The use of I-PRF [Injectable] is at an early stage. But the results 
are very promising in terms of increasing vascularity and soft tissue healing.

• Liquid platelet rich fibrin (Liquid-PRF): Liquid-PRF was defined with low-
speed centrifugation (LSC), which allows forming of a liquid-PRF formula of 
fibrinogen and thrombin rather than its conversion to fibrin [2].

Figure 2. 
PRF membrane preparation.
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1.2 PRF in post extraction

Tooth extraction has various adverse effects such as pain, bleeding, swelling, 
infection etc. Wound healing in the tooth extraction is characterized by bone loss 
as a natural process. Furthermore; extraction will result recession around adjacent 
teeth and hinders the functional and esthetic prosthetic rehabilitation. PRF have 
been shown to play an important role in tissue healing with the releasing growth 
factors from alpha granules, regulate cellular events such as cell adhesion, migra-
tion, proliferation, differentiation and extracellular matrix deposition. Major 
changes occurred within the first year following extraction, but a major part of 
bone resorption takes place only within 3 months [9, 10].

The rationale behind the enhancement of PRF in socket healing is very slowly 
polymerizing, cell migration and fibrin network capable of proliferation. During 
remodeling of the fibrin network many important growth factors from activated 
platelets and the release of the matrix glycoproteins. This biochemical structure 
gives rise to the tissue regeneration (Figures 4 and 5).

Figure 4. 
PRF membrane utilization in guided bone regeneration.

Figure 3. 
A-PRF centrifuge device.
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On the other hand the role of PRF in soft tissue healing has been shown at 
well-designed meta-analyses. In fact there are no significant differences in alveolar 
osteitis, acute inflammation or alveolar infection following tooth extraction. New 
bone gain and bone remodeling topic is also contradictory. However it was con-
cluded that PRF is good at decreasing swelling, edema, pain and trismus following 
tooth extraction [9–11].

1.3 PRF for maintaining swelling, edema and pain

Modern studies on clinical research showed that PRF aim to increase not only 
the success of the treatments but also the patient comfort. In this sense, the use of 
autologous products is advantageous such as high acceptability, low risk of disease 
transfer, low morbidity and low cost. PRF plays a crucial role in tissue repair. Their 
alpha granules include many substances, plenty of growth factors with significant 
effects on the inflammatory and proliferative resident cells at the site of injury, like 
mesenchymal stem cells, fibroblasts, chondrocytes and osteoblasts. This potential 
may be increased by the concentration of the platelets. Certain in-vitro and in-vivo 
studies have shown that the use of PRF is significantly advantageous in terms of cell 
migration. Most of clinical studies found the use of PRF positive at wound healing. 
According to the results of clinical studies, the use of PRF provides an advantage in 
soft tissue healing, reducing swelling and trismus and increasing patient comfort. 
However evidences on maintaining pain is scarce and pain usually adhere on early 
formation of soft tissue healing [12].

1.4 PRF in periodontal treatment

PRF can also be used in regenerative periodontal therapy to enhance hard and 
soft tissue wound healing and promote periodontal tissue regeneration. Various 
studies have shown the favorable benefit of using PRF as an adjunct to traditional 
periodontal surgical techniques. These studies all exhibit improved clinical out-
comes regarding key clinical parameters such as clinical attachment level and 
pocket depth with the use of PRF when compared to conventional techniques 
applied alone.

The rationale behind this benefit is believed to lie in the differentiation and 
proliferation inducing abilities of PRF. The rich source of bioactive cells within 
PRF itself stimulate the local environment and regulate the inflammation process, 

Figure 5. 
PRF membrane application in immediate implantation for filling the buccal gap.
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Figure 4. 
PRF membrane utilization in guided bone regeneration.

Figure 3. 
A-PRF centrifuge device.
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On the other hand the role of PRF in soft tissue healing has been shown at 
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Figure 5. 
PRF membrane application in immediate implantation for filling the buccal gap.
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thereby enhancing periodontal wound healing and reducing postoperative discom-
fort. In addition to these benefits the PRF sample also inherently supplies growth 
factors, releasing them slowly into the wound for 7–14 days. Other obvious benefits 
include graft stabilization. Furthermore, a possible antimicrobial effect of L-PRF is 
also present [13].

Another reason for PRF being favored in periodontal therapy is its multi-
purpose nature. The centrifuged buffy coat can be used alone in defects, combined 
with particulate graft materials or as a thin membrane covering in regeneration 
techniques. Studies also show that PRF can be used as an alternative to connective 
tissue grafts (CTG) in periodontal plastic surgery owing to its cellular contents. 
Additionally, the many benefits of PRF use in periodontal therapy also include its 
graft stabilization, wound sealing and hemostatic abilities. Evidently, along with its 
favorable biologic outcomes and low-cost PRF seems to be almost ideally suited for 
various periodontal purposes [13, 14].

The performance of PRF in different periodontal surgery indications was mea-
sured and PRF was found to perform superiorly when compared to conventional 
perio-plastic surgeries applied alone. Its use in intra-bony defects and furcation 
defects have proved beneficial in reducing pocket depth values, clinical attachment 
level gains and bone fill percentages. Improved outcomes in intrabony defects were 
obtained when used alone or in conjunction with other biomaterials. In furcation 
defects also, traditional flap surgeries tended to perform better when comple-
mented with PRF. Coronally Advanced Flap (CAF) procedures showed improved 
results when accompanied with either CTGs or PRF membranes. Compared to each 
other however, these two materials seemed to perform similarly. Therefore, it can 
only be said that PRF can be considered a suitable alternative to CTGs in periodon-
tal plastic surgery [14, 15].

1.5 PRF in sinus lifting

Implant rehabilitation success is highly related with sufficient bone volume 
and density. The posterior maxilla represents a challenging and unique area for 
successful dental implant rehabilitation because of its relatively deficient bone 
volume and poor bone quality caused by alveolar bone resorption and maxillary 
sinus pneumatization. Rehabilitation of posterior maxillary bone volume has been 
successes by different procedures, such as Le Fort I osteotomies, onlay grafts and 
sinus lifts [16, 17]. Maxillary sinus floor elevation is considered one of the most 
successful procedures that can be performed using different grafting materials, 
such as autogenous, xenograft, allograft, alloplast and PRF [18, 19].

Autogenous bone with osteogenic, osteoinductive and osteoconductive proper-
ties is still considered to be the gold standard. However, grafting with autogenous 
bone is associated with donor site morbidity, extended duration of surgical proce-
dures and the volume of bone graft harvested may be insufficient for the require-
ments. Biomaterials, thus, are promising substitutes for autogenous bone grafts in 
maxillary sinus augmentation. Osteoconductive properties of these biomaterials 
have been shown in clinical studies with satisfactory clinical outcomes.

On the other hand, these bone graft materials demonstrate lack of osteogenic 
and osteoinductive potential with distinct osteogenic capacity and bone formation. 
Moreover, some disadvantages, mainly related to a limited availability, prolonged 
healing time and impact on host responses can appear when using these bone sub-
stitutes. To overcome these problems, new substances with osteoinductive proper-
ties, such as platelet-rich fibrin (PRF) was recently introduced as replacement or 
additional materials in sinus augmentation procedures [20].
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The biologic mediators have osteoinductive properties and they are considered 
to accelerate the formation of new bone and to reduce the time interval. The 
strengths of PRF comes from promoting the vascularization of bone tissue, reduc-
ing tissue inflammation, improving scaffold mechanics and accelerating new bone 
formation [20]. Newly, researchers have paid greater attention to the success of 
PRF application in maxillary sinus lifting procedures, but no consensus has been 
reached. Some researchers have reported positive effects of PRF application in sinus 
augmentation procedures.

Platelet concentrates have been used to accelerate bone generation and improve 
healing by releasing growth factors such as transforming growth factor β1 and β2, 
platelet-derived growth factor and vascular endothelial growth factor, which are 
able to induce angiogenesis and activate cell proliferation.

In the literature there are some different application techniques for PRF in the 
sinus augmentation such as PRF as a sole grafting material, PRF with allografts or 
PRF with xenografts. All of these techniques have variable clinical, radiographic 
and histologic and histomorphometric outcomes.

Mazor et al. [21] and Simonpieri et al. [22] performed sinus lift by using lateral 
approach and PRF was used as a sole grafting material and implants were applied 
immediately to serve as tent pegs. During the healing period there were no com-
plications. A 100% survival rate was observed in total of 57 sinus lift procedures 
and 110 implants during the follow-up period (2 years). Radiographic examination 
was performed by CT scan or panoramic radiographs about 6 months after the 
sinus augmentation to examine the bone volume, where the average bone gain was 
9.8 mm. Histologic and histomorphometric examination accomplished by Mazor 
et al. showed that dense collagen matrix, easily identified osteocytes and osteoblasts 
in the lacunae and well-organized and vital bone with structured trabeculae with 
more than %30 bone matrix.

Choukroun et al. [23] performed sinus augmentation with PRF in combination 
with demineralized freeze-dried bone allograft (DFDBA). They found the rate of 
vital bone/inert bone%20 both in test and control group but with a reduced healing 
time at PRF group.

Zhang et al. [24] applied the PRF/xenograft mixture for the test group and 
xenograft as a sole graft material for the control group. They found no statistically 
significant difference between the two groups.

In light of this information, although there is not a consensus statement about 
the effect of PRF as a grafting material at sinus lifting procedure, still it is a good 
alternative material with its osteoinductive properties to enhance hard tissue 
healing.

1.6 PRF for preserving bone around implants

Marginal bone loss is an inevitable process which starts immediately follow-
ing implant placement. There have been done plenty of studies since decades 
to minimize it. Previous studies about preserving bone around implants, has 
focused on soft tissue thickness and it was hypothesized, adequate soft tissue 
volume around implants has a positive effect in preserving marginal bone and 
PRF is perfect material to augment soft tissue. We know PRF is a good autologous 
material to enhance soft tissue healing with its growth factors including VEGF, 
PRGF, etc. However researches about PRF usage to augment hard tissue have 
contradictory results and there is need to do further detailed randomized con-
trolled clinical studies to know about the effect of PRF preserving marginal bone 
[25] (Figures 6 and 7).
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1.7 PRF in rare clinical scenarios

PRF could also be beneficial with growth factors including in rare clinical 
scenarios such as cyst treatment, sinus membrane perforations, oroantral fistulae 
closure and osteonecrosis.

Figure 8. 
Large sinus membrane perforation.

Figure 6. 
Liquid PRF combined with MPM (Mineralized Plasmatic Matrix) and B-TCP graft material for sinus lifting.

Figure 7. 
PRF pieces combined with xenograft in guided bone regeneration.
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Oroantral fistula (OAF) constitution is defined a pathological way between 
maxillary sinus and oral cavity. It is an unnatural epithelial connection filled with 
granulation tissue or polypoid extension of sinus membrane. It can either come into 
existence spontaneously following a large maxillary cyst or tumor or as iatrogenic 
after tooth extraction or dental implant surgery [26]. An OAF is highly iatrogenic 
and depending on the perforation of sinus membrane during surgical interventions 
at maxilla. Either this or that way the treatment of perforated sinus membrane is 
bringing the tissue free from infection, cleaning the epithelium and repairing the 
membrane (Figure 8).

There are plenty of methods maintaining with OAF. PRF is one of them which is 
recently introduced. The technique is as following; PRF clots obtained by centrifu-
gation should be isolated from PPP (Platelet Poor Plasma) and red blood cells, pre-
pared as thin membranes and applied perforated area layer by layer. The researches 
about PRF in OAF closure conclude that, wound healing is faster and there was an 
increase in soft tissue thickness during healing. Due to its natural ingredients, there 
are no need to use additional materials, thus less donor site morbidity occurs.

Osteonecrosis is another rare clinical scenario which is defined as avascular 
bone area surrounding soft tissue on occasion. Various clinical and medical consid-
erations can cause osteonecrosis. It can occur in consequence of bisphosphonates 
(including denosumab), medications or iatrogenic dental malpraxis (In proper use 
of NaOH2, formaldehyde, devitalizing agents). Either this or that way the healing 
of necrotic bone takes 8 weeks at least in appropriate circumstances. Osteonecrosis 
can conclude either with a demarcation line or heal just as avascular necrosis. 
Clinician should choose the treatment modality according to the clinical situation.

The main factor of osteonecrosis is the disturbance of vascular blood supply. The 
management of patient with compromised healing in bone is controversial. Despite 
the conventional treatment modalities, curettage of necrotic bone, antibiotic usage, 
chlorhexidine glukonate; with more complex treatment modalities hyperbaric oxy-
gen therapy, ozone and low dose laser; PRF utilization alone or with these treatment 
modalities takes place in recent years (Figure 9) [27].

The use of PRF in cyst depends on the same rationale with the enhancement of 
soft and hard tissue healing. Researches related to this topic conclude that using 
PRF as a graft material is beneficial for shortening healing time and increasing bone 
mineral density (Figures 10–12).

Since it has been discovered the synergetic effect of PRF in healing enhancement 
of covering oral mucosa, these platelet derivatives became even more important. PRF 

Figure 9. 
Sinus membrane perforation closure with PRF membrane.
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involves cytokines, chemokines, and antimicrobial derivatives with growth factors such 
as VEGF, which are crucial to support hard and soft tissue in order to heal (Figure 13).

2. Conclusion and future perspectives

PRF with its strong fibrin matrix, including growth factors and slow release, 
has a positive effect on wound healing. The most important factor for success in 
oral surgical procedures is early wound healing. This improvement will decrease 
the healing time and enhance relatively the healing of underlying bone. PRF’s 
effect on decreasing pain, swelling and edema is evidenced based. Thus it is very 
promising material in applications mostly associated with soft tissue healing such as 
third molar extractions, oroantral fistula closure and alveolar cleft reconstructions. 

Figure 11. 
Radicular cyst enucleation.

Figure 10. 
2 weeks follow up after PRF application of avascular necrosis area in mandible.
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However studies have sparsely mentioned about the positive effect of new bone 
formation at sinus lifting, periodontal and peri-implant bone preservation and 
alveolar bone augmentation. For future perspectives, with the use of new genera-
tions of PRF with increased growth factor capacity, combined with graft materials, 
PRF will appear in more areas in oral surgery applications.
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Figure 12. 
PRF utilization after cyst enucleation.

Figure 13. 
Healing 2 months follow up after PRF augmentation.



Platelets

146

involves cytokines, chemokines, and antimicrobial derivatives with growth factors such 
as VEGF, which are crucial to support hard and soft tissue in order to heal (Figure 13).

2. Conclusion and future perspectives

PRF with its strong fibrin matrix, including growth factors and slow release, 
has a positive effect on wound healing. The most important factor for success in 
oral surgical procedures is early wound healing. This improvement will decrease 
the healing time and enhance relatively the healing of underlying bone. PRF’s 
effect on decreasing pain, swelling and edema is evidenced based. Thus it is very 
promising material in applications mostly associated with soft tissue healing such as 
third molar extractions, oroantral fistula closure and alveolar cleft reconstructions. 

Figure 11. 
Radicular cyst enucleation.

Figure 10. 
2 weeks follow up after PRF application of avascular necrosis area in mandible.

147

Platelet Rich Fibrin (PRF) Application in Oral Surgery
DOI: http://dx.doi.org/10.5772/intechopen.92602

However studies have sparsely mentioned about the positive effect of new bone 
formation at sinus lifting, periodontal and peri-implant bone preservation and 
alveolar bone augmentation. For future perspectives, with the use of new genera-
tions of PRF with increased growth factor capacity, combined with graft materials, 
PRF will appear in more areas in oral surgery applications.

Acknowledgements

Dt. Ali İsik from Istanbul University Dentistry Faculty Department of Oral 
Implantology, Istanbul, Turkey has valuable contributions to this book chapter.

Conflict of interest

The authors declare no conflict of interest.

Figure 12. 
PRF utilization after cyst enucleation.

Figure 13. 
Healing 2 months follow up after PRF augmentation.



Platelets

148

Author details

Alper Saglanmak*, Caglar Cinar and Alper Gultekin
Dentistry Faculty, Department of Oral Implantology, Istanbul University, Istanbul, 
Turkey

*Address all correspondence to: alper.saglanmak@istanbul.edu.tr

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

149

Platelet Rich Fibrin (PRF) Application in Oral Surgery
DOI: http://dx.doi.org/10.5772/intechopen.92602

References

[1] Sakkas A, Wilde F, Heufelder M,  
et al. Autogenous bone grafts in 
oral implantology—Is it still a “gold 
standard”? A consecutive review of 279 
patients with 456 clinical procedures. 
International Journal of Implant 
Dentistry. 2017;3(23)

[2] Dohan DM, Choukroun J, Diss A, 
et al. Platelet-rich fibrin (PRF): A 
second-generation platelet concentrate. 
Part I: Technological concepts and 
evolution. Oral Surgery, Oral Medicine, 
Oral Pathology, Oral Radiology, and 
Endodontics. 2006;101(3):37-44

[3] Childs DR, Murthy AS. Overview 
of wound healing and management. 
Surgical Clinics of North America. 
2017;97(1):189-207

[4] Gurtner GC, Werner S, Barrandon Y,  
Longaker MT. Wound repair and 
regeneration. Nature. 2008;453:314-321

[5] Salvi GE, Bosshardt DD, Lang NP, 
et al. Temporal sequence of hard and 
soft tissue healing around titanium 
dental implants. Periodontology 2000. 
2015;68(1):135-152

[6] Araújo MG, Silva CO, Misawa M, 
et al. Alveolar socket healing: What 
can we learn? Periodontology 2000. 
2015;68(1):122-134

[7] Gomes PS, Daugela P, Poskevicius L, 
et al. Molecular and cellular aspects 
of socket healing in the absence 
and presence of graft materials and 
autologous platelet concentrates: A 
focused review. Journal of Oral & 
Maxillofacial Research. 2019;10(3)

[8] Michelson AD. Chapter 6: The 
platelet proteome. In: Platelets. 
Amsterdam: Elsevier Inc.; 2019

[9] Del Fabbro M, Bucchi C, Lolato A, 
et al. Autologous platelet concentrates 
to improve post extraction outcomes. 

Journal of Oral and Maxillofacial 
Surgery. 2017;75:1601-1615

[10] Moraschini V, Barboza ESP. Effect 
of autologous platelet concentrates 
for alveolar socket preservation: A 
systematic review. International Journal 
of Oral and Maxillofacial Surgery. 
2015;44:632-641

[11] Nanditha S,  
Balamanikandasrinivasan C, 
Senthilkumar M, et al. Appraising the 
diverse facets of platelet rich fibrin in 
surgery through a systematic review. 
International Journal of Surgery. 
2017;46:186-194

[12] Shah N, Cains M. Autologous 
platelet concentrates to improve post 
extraction outcomes. Evidence-Based 
Dentistry. 2018;19:118-119

[13] Castro AB, Meschi N, 
Temmerman A, et al. Regenerative 
potential of leucocyte- and platelet-
rich fibrin. Part A: Intra-bony defects, 
furcation defects and periodontal 
plastic surgery. A systematic review 
and meta-analysis. Journal of Clinical 
Periodontology. 2017;44(1):67-82

[14] Sculean A, Chappuis V, Cosgarea R. 
Coverage of mucosal recessions at 
dental implants. Periodontology 2000. 
2017;73(1):134-140

[15] Krishnamurkar D, Mahendra J, 
Ari G, et al. A clinical and histological 
evaluation of platelet-rich fibrin and 
CGF for root coverage procedure using 
coronally advanced flap: A split-mouth 
design. Indian Journal of Dental 
Research. 2019;30(6):970-974

[16] Isaksson S. Evaluation of three 
bone grafting techniques for severely 
resorbed maxillae in conjunction 
with immediate endosseous implants. 
The International Journal of Oral & 
Maxillofacial Implants. 1994;9:679-688



Platelets

148

Author details

Alper Saglanmak*, Caglar Cinar and Alper Gultekin
Dentistry Faculty, Department of Oral Implantology, Istanbul University, Istanbul, 
Turkey

*Address all correspondence to: alper.saglanmak@istanbul.edu.tr

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

149

Platelet Rich Fibrin (PRF) Application in Oral Surgery
DOI: http://dx.doi.org/10.5772/intechopen.92602

References

[1] Sakkas A, Wilde F, Heufelder M,  
et al. Autogenous bone grafts in 
oral implantology—Is it still a “gold 
standard”? A consecutive review of 279 
patients with 456 clinical procedures. 
International Journal of Implant 
Dentistry. 2017;3(23)

[2] Dohan DM, Choukroun J, Diss A, 
et al. Platelet-rich fibrin (PRF): A 
second-generation platelet concentrate. 
Part I: Technological concepts and 
evolution. Oral Surgery, Oral Medicine, 
Oral Pathology, Oral Radiology, and 
Endodontics. 2006;101(3):37-44

[3] Childs DR, Murthy AS. Overview 
of wound healing and management. 
Surgical Clinics of North America. 
2017;97(1):189-207

[4] Gurtner GC, Werner S, Barrandon Y,  
Longaker MT. Wound repair and 
regeneration. Nature. 2008;453:314-321

[5] Salvi GE, Bosshardt DD, Lang NP, 
et al. Temporal sequence of hard and 
soft tissue healing around titanium 
dental implants. Periodontology 2000. 
2015;68(1):135-152

[6] Araújo MG, Silva CO, Misawa M, 
et al. Alveolar socket healing: What 
can we learn? Periodontology 2000. 
2015;68(1):122-134

[7] Gomes PS, Daugela P, Poskevicius L, 
et al. Molecular and cellular aspects 
of socket healing in the absence 
and presence of graft materials and 
autologous platelet concentrates: A 
focused review. Journal of Oral & 
Maxillofacial Research. 2019;10(3)

[8] Michelson AD. Chapter 6: The 
platelet proteome. In: Platelets. 
Amsterdam: Elsevier Inc.; 2019

[9] Del Fabbro M, Bucchi C, Lolato A, 
et al. Autologous platelet concentrates 
to improve post extraction outcomes. 

Journal of Oral and Maxillofacial 
Surgery. 2017;75:1601-1615

[10] Moraschini V, Barboza ESP. Effect 
of autologous platelet concentrates 
for alveolar socket preservation: A 
systematic review. International Journal 
of Oral and Maxillofacial Surgery. 
2015;44:632-641

[11] Nanditha S,  
Balamanikandasrinivasan C, 
Senthilkumar M, et al. Appraising the 
diverse facets of platelet rich fibrin in 
surgery through a systematic review. 
International Journal of Surgery. 
2017;46:186-194

[12] Shah N, Cains M. Autologous 
platelet concentrates to improve post 
extraction outcomes. Evidence-Based 
Dentistry. 2018;19:118-119

[13] Castro AB, Meschi N, 
Temmerman A, et al. Regenerative 
potential of leucocyte- and platelet-
rich fibrin. Part A: Intra-bony defects, 
furcation defects and periodontal 
plastic surgery. A systematic review 
and meta-analysis. Journal of Clinical 
Periodontology. 2017;44(1):67-82

[14] Sculean A, Chappuis V, Cosgarea R. 
Coverage of mucosal recessions at 
dental implants. Periodontology 2000. 
2017;73(1):134-140

[15] Krishnamurkar D, Mahendra J, 
Ari G, et al. A clinical and histological 
evaluation of platelet-rich fibrin and 
CGF for root coverage procedure using 
coronally advanced flap: A split-mouth 
design. Indian Journal of Dental 
Research. 2019;30(6):970-974

[16] Isaksson S. Evaluation of three 
bone grafting techniques for severely 
resorbed maxillae in conjunction 
with immediate endosseous implants. 
The International Journal of Oral & 
Maxillofacial Implants. 1994;9:679-688



Platelets

150

[17] Chiapasco M, Casentini P, 
Zaniboni M. Bone augmentation 
procedures in implant dentistry. 
The International Journal of Oral & 
Maxillofacial Implants. 2009;24:237-259

[18] Yilmaz S, Karaca EO, Ipci SD, 
et al. Radiographic and histologic 
evaluation of platelet-rich plasma and 
bovinederived xenograft combination in 
bilateral sinus augmentation procedure. 
Platelets. 2013;24(4):308-315

[19] Kassolis JD, Reynolds MA. 
Evaluation of the adjunctive benefits of 
platelet-rich plasma in subantral sinus. 
The Journal of Craniofacial Surgery. 
2005;16(2):280-287

[20] Zhao JH, Tsai CH, Chang YC. 
Clinical application of platelet-rich 
fibrin as the sole grafting material in 
maxillary sinus augmentation. Journal 
of the Formosan Medical Association. 
2015;114(8):779-780

[21] Mazor Z, Horowitz RA, Del 
Corso M, et al. Sinus floor augmentation 
with simultaneous implant placement 
using Choukroun’s platelet-rich 
fibrin as the sole grafting material: A 
radiologic and histologic study at 6 
months. Journal of Periodontology. 
2009;80:2056-2064

[22] Simonpieri A, Choukroun J, Del 
Corso M, et al. Simultaneous sinus-lift 
and implantation using microthreaded 
implants and leukocyte- and platelet-
rich fibrin as sole grafting material: A 
six-year experience. Implant Dentistry. 
2011;20:2-12

[23] Choukroun J, Diss A, Simonpieri A, 
et al. Platelet-rich fibrin (PRF): A 
second-generation platelet concentrate. 
Part V: Histologic evaluations of PRF 
effects on bone allograft maturation in 
sinus lift. Oral Surgery, Oral Medicine, 
Oral Pathology, Oral Radiology, and 
Endodontics. 2006;101:299-303

[24] Zhang Y, Tangl S, Huber CD, et al. 
Effects of Choukroun’s platelet-rich 

fibrin on bone regeneration in 
combination with deproteinized 
bovine bone mineral in maxillary 
sinus augmentation: A histological 
and histomorphometric study. Journal 
of Cranio-Maxillo-Facial Surgery. 
2012;40:321-328

[25] Hehn J, Schwenk T, Striegel M, et al. 
The effect of PRF (platelet-rich fibrin) 
inserted with a split-flap technique 
on soft tissue thickening and initial 
marginal bone loss around implants: 
Results of a randomized, controlled 
clinical trial. International Journal of 
Implant Dentistry. 2016;2(1):13

[26] Borgonovo AE, Berardinelli FV, 
Favale M, et al. Surgical options in 
oroantral fistula treatment. The Open 
Dentistry Journal. 2012;6:94-98

[27] Del Fabbro M, Gallesio G,  
Mozzati M. Autologous platelet 
concentrates for bisphosphonate-related 
osteonecrosis of the jaw treatment and 
prevention. A systematic review of the 
literature. European Journal of Cancer. 
2015;51(1):62-74

151

Chapter 8

Rapid Cytoreduction by 
Plateletapheresis in the Treatment 
of Thrombocythemia
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Abstract

The objective of this chapter is to provide a systematic overview of current 
knowledge regarding therapeutic apheresis—primarily therapeutic plateletapher-
esis (TP)—and to summarize evidence-based practical approaches related to 
cytapheresis treatment of “hyperthrombocytosis” or “extreme thrombocytosis” 
(ETC). Our results of platelet (Plt) quantitative/qualitative analyses and evalua-
tion of efficacy of apheresis systems/devices—on the basis of Plt removal and in 
vivo Plt depletion—will be presented. Our preclinical researches confirmed that 
in Plt concentrates, the initial ratio of discoid shapes was 70%, spherical 20%, and 
less valuable (dendritic/balloonized) shapes 10%—with morphological score of 
platelets (MSP = 300–400). After storage, the ratio of discoid and spherical shapes 
was decreased, while the less valuable ones progressively increased (MSP = 200). 
Electron microscopy has shown discoid shapes with typical ultrastructural proper-
ties. Spherical shapes with reduced electron density and peripheral location of 
granules/organelles were detected. Also, dendritic shapes with cytoskeletal “rear-
rangement,” membrane system integrity damages, and pseudopodia formations 
were documented. Our clinical study demonstrated that TP was useful in ETC 
treatment and should help prevention of “thrombo-hemorrhagic” events—until 
chemotherapy, antiplatelet drugs, and other medication take effect. During TP 
treatment, Plt count and morphology/ultrastructure were examined. Plt functions 
by multiplate analyzer were evaluated. We concluded that intensive TP was an 
effective, safe, and rapid cytoreductive treatment for ET.

Keywords: platelet, morphology-ultrastructure, thrombocythemia, apheresis, 
plateletapheresis

1. Introduction

Besides supportive treatment using whole blood, red blood cell (RBC), platelet 
(Plt), and plasma transfusions, hemotherapy, in an extensive viewpoint, involves also 
performing different apheresis procedures to remove or replace altered or overpro-
duced and accumulated blood constituents (cell and plasma contents, pathogens, 
metabolic products, etc.). Hemotherapy also involves collection and ex vivo manipu-
lation of stem cells (SCs) with a goal of reconstitution of hematopoiesis in performing 
conventional transplantations and for use in the fields of regenerative medicine.
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Thus, the basic aim of hemotherapy is reconstitution and maintenance of a 
“hemobiological” (hematological, immunological, hemorheological) equilibrium 
or homeostasis by the recovery of lacking blood components, as well as through the 
use of apheresis and other “hemo-modifying” procedures. By doing this, the circu-
lating blood volume is reestablished, but also the “blood oxiform function” (capac-
ity for oxygen binding/transport), hemostasis, and activity of “immune response 
mediators” are restored. The rationalized and well-timed hemotherapy is contribut-
ing to increased survival of patients with some “life-threatening” conditions.

During supportive hemotherapy of patients with potential beneficial clinical 
response, it is essential to perform the most rational and “well-timed” interven-
tion in the most appropriate manner—that is determining the most efficient and 
approachable therapeutic procedures and techniques. Also, it is imperative to opti-
mize specific indications of blood component therapy with rationalized thresholds.

Also, the most sensitive point during planning and performing therapeutic 
apheresis (TAph), especially cytapheresis, is determination of the most optimal 
approach to the treatment or, even better, the “time-frequency-intensity con-
tinuum” of the procedure. The introduction of cytapheresis treatment requires 
determination of total blood cell quantity within the organism, sometimes even 
determination of the ratio between cells in intravascular versus extravascular space. 
The evaluation of hematopoietic potential and the reserve in bone marrow, as well 
as calculation of the intensity of cell production (“cytogenesis-kinetics”) in the 
peri-apheresis period, is important too.

Before evaluation of results of TP in the treatment of our patients, several 
principles and standards of the apheresis treatment will be presented. Thus, this 
chapter will treat briefly general information related to apheresis treatment [with-
out therapeutic plasma exchange (TPE)] with specific emphasis upon cytoreductive 
potential or thrombocytodepletion using cytapheresis treatment and lastly with 
presentation of our own results using TP procedures by comparison of the effi-
ciency of different generations and types of blood cell separators.

While practically all details on the ultrastructure of Plts are already identified 
and explained, some morphological and functional properties of these blood 
elements will be very concisely recapitulated. Therefore, prior to presenting of 
our own data of Plt fundamental researches and in clinical study setting, some 
elementary morphological/ultrastructural and functional characteristics of Plts will 
be given.

2. Apheresis/cytapheresis: a systematic overview

Apheresis or hemapheresis is a “hemomodulatory” procedure in which blood 
components (cells or plasma) are collected from donors (the so-called apheresis 
donation) or specific quantitatively or qualitatively altered constituents/factors 
are removed from the bloodstream, while the remainder (seldom combined with 
normal blood cells) is returned to the patient’s circulation (named as TAph) [1–4].

The basic goal of TAph procedures is to reduce the “patient’s load” of specific 
substances, responsible for the development of disease, to the levels that will allow 
clinical improvement [4–6]. TAph treatment should be done regularly or always 
combined with “immunomodulatory” (e.g., immunochemotherapy) and other 
palliative (drug) therapies. Based upon the criterion of what is the removed blood 
constituent—with specific “pathogenic factors or substrate”—it is possible to clas-
sify the TAph procedures into TPE and therapeutic cytapheresis (TC) [5–15].

TPE is a replacement of the patient’s plasma with an adequate substitution fluid 
(albumin in saline) or with normal (allogeneic) or modified (immunoadsorbed 
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autologous) plasma. The use of “selective” TPE results in reduced risk of side effects 
(immunomodulation or virus transmission) since “purified” autologous plasma is 
used as a replacement fluid [11, 12].

TC is an effective “disease-modifying” therapeutic approach in which elevated 
or altered cells are removed from the blood, while the residue is returned into the 
circulation. The basic goal of the evidence-based TC procedure is a reduction of 
the “patient’s load” with overproduced cell quantity or functionally altered cells, 
responsible for disease development [16–18]. TC procedures combined with immu-
nochemotherapy and other medications result in “hemobiological” and overall 
clinical recovery. Thus, the main objective of TC procedures (symptomatic or 
prophylactic) is to reduce the patient’s excessive cellular count—ex vivo Plt removal 
with in vivo Plt depletion (Plt removal/depletion)—and to alleviate symptoms 
created by these cells [1, 2, 18].

The goal of novel TC procedures—such as photopheresis, granulocyte adsorp-
tive apheresis, and RBC exchange (RBCX)—is the substitution of abnormal or 
“disease-responsible” cells, as well as ex vivo modification of “immunocompetent 
cells” prior to reinfusion, getting frequently long-term beneficial clinical effects. 
RBCX procedures are indicated for treatment of patients with irregular RBCs and 
consecutive hemorheological abnormality with anemia and other hemobiological 
disturbances [6, 7, 16].

Using standard TC procedures, the excessive cellular quantity is removed from 
the patient’s bloodstream with intention to reduce total blood cell count in organism 
and to prevent the symptoms and signs caused by various “cytemias.” According to 
blood cells removed, TCs can be categorized into therapeutic leukapheresis (TL), 
erythrocytapheresis (TE), and TP [6, 16–18].

The aim of TLs is white blood cell (WBC) count reduction and reverse of the 
“hyperleukocytosis-leukostasis” syndrome, regression of organomegaly and 
lymphadenomegaly, and improvement in general clinical status [2, 15–17]. TLs rep-
resent a useful “cytoreductive” therapy during “leukostasis crisis” when the number 
of circulating WBC ≥ 150 × 109/L. In the treatment of patients with excessive 
number (500 × 109/L or more) of leukemic cells, their removal by TL would have 
been adequate for “partial excision” of tumor mass even 1000–1500 g of “total cell 
mass” in removed cell suspension—that is in the apheresis product (AphP) [7, 17].

The objective of TE treatment is to obtain a hemorheological advance. Besides 
removal of the excess of RBCs from patient’s circulation, with TE it is possible to 
achieve hematological and hemorheological recovery (cellular hyperviscosity reduc-
tion) with consecutive improvement of tissue perfusion and oxygenation [2, 17].

Thrombocytapheresis or TP is useful in the treatment of patients with thrombo-
cythemia and symptomatic thrombocytosis until chemotherapy, antiplatelet drugs, 
and other medications takes effect. The purpose of TP might be determined as a 
method for rapid reestablishment of Plt overproduction, following prevention of 
“thrombo-hemorrhagic” events. Thromboembolism is more frequent than bleeding 
crisis, and the arterial thromboses (followed by cerebrovascular, coronary, or other 
occlusive episodes) happen more often than venous events [17–22].

The use of TP treatment is indicated when the Plt number ≥1500 × 109/L 
(“hyperthrombocytosis” or “extreme thrombocytosis”), although the degree of 
thrombocytosis and the complexity of clinical status are not always causally associ-
ated. However, Plt quantification is undoubtedly helpful in predicting patient’s 
hemostatic risk [22–29]. The details of TP treatment will be presented and discussed 
further below.

Concisely, the goal of our original and innovative “multi-manner” TAph is to 
offer the possibility of rapid returning from a “life-threatening” (irreversible) 
emergency—altering simultaneously more than one blood constituent(s)—to the 
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“district” of unbalanced, but reversible clinical condition, with a possibility for 
recovery of patient’s hematological and overall clinical homeostasis [13–15].

It is important to highlight and emphasize that TAph is an aggressive method, 
by which there is a direct intervention in patient’s circulation; therefore it might be 
followed by side effects and complications. In order to minimize them, different cri-
teria for selection of blood component donors and patients have to be applied. The 
analysis of laboratory parameters (blood cell count and biochemistry examination, 
screening testing for coagulation, etc.) is required too, along with clinical follow-up 
of the patients for which the TAph treatment is predicted.

The use of TAph procedures is not possible without (1) updated personal knowl-
edge in hematology, immunology, biochemistry, and hemorheology; (2) rational-
ized education for treatment of acute “life-threatening” conditions; and (3) clinical 
experience related to working with extracorporeal circulation and cardiopulmonary 
reanimation. For that reason, TAph is applied only in medical centers with tertiary 
level of health protection and in countries with developed medical service.

3. Platelet morphology, ultrastructure, and functionality

Following contact with subendothelial structures at the sites of vascular injury, 
the “connecting” of Plts (adhesion) will occur in the presence of the von Willebrand 
factor (vWF). Then Plts are activated—a process which involves a number of “cell 
surface receptors” for agonists (ADP, thrombin, thromboxane A2 (TXA2), collagen, 
etc.), as well as specific signal transduction pathways. Activation process increases the 
intracellular concentration of calcium ions—by releasing from specific cytoskeleton 
structures and calcium influx across cell membrane. Elevated calcium concentration 
results in ultrastructural (morphological) and functional Plt alterations [17, 30–33].

After activation, Plts change their morphology—from discoid into spheri-
cal (seldom to dendritic) shapes—as a consequence of reorganization of the 
membrane-system and cytoskeleton network (“shape change reaction”). Specific 
granules are centralized intracellularly, and their contents are discharged into the 
open canalicular system and then to the outside of the cell (“releasing reaction”). 
The alteration in shape is the beginning of a series of reactions during Plt response 
to the action of agonists. Thus, discoid Plts transform into spherical or dendritic 
shapes, with pseudopod formation. These changes are practically prompt and do 
not require the presence of large amounts of extracellular calcium ions and fibrino-
gen. This “early” stage of Plt response is conditioned by polymerization of actin 
and by disconnecting of some marginal microtubule bonds. Elevated intracellular 
calcium concentration stimulates the phospholipase A2 (which releases arachidonic 
acid from membrane phospholipids). Arachidonic acid is then metabolized lastly 
into TXA2—a potent Plt activator [6, 31–37].

The “shape change reaction” allows the Plts to interact with one another 
(“clumping”) in the blood to form aggregates. Therefore, the phenomenon of 
the Plt aggregation involves sequences of “platelet-to-platelet” interactions. This 
process requires the presence of extracellular calcium ions, as well as fibrinogen, 
with very close Plt surface contact [18, 30–32].

In a few words, Plt ultrastructure consists of three structural/functional 
zones: “peripheral zone,” “sol-gel zone,” and “organelle zone,” as well as the 
“membrane-system.”

The “peripheral zone” is responsible for Plt integrity and adhesion/aggrega-
tion—mediated by receptors and ligands (agonists). This zone consists of glyco-
calyx (external region), cytoskeleton or submembrane area, and cell membrane. 
Also, it incorporates various absorbed coagulation factors and receptors for 
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thrombin, ADP, collagen, vWF, thrombospondin, TXA2, prostacyclin, fibrinogen, 
fibronectin, etc. [18, 31–33].

The “sol-gel zone” is a viscous cytoskeleton matrix, which contains an open 
canalicular system or microtubules, microfilaments, some vesicles, and secretory 
organelles. Microtubules support the membrane contractile cytoskeleton and 
maintain a discoid Plt shape. In the microfilaments actin, myosin, actomyosin, and 
other substances were detected. Actin microfilaments in the “sol-gel zone” form 
actin cytoskeleton (matrix for organelles), while actomyosin is responsible for Plt 
contraction and may promote granule secretion [6, 32–35].

The “organelle zone” includes alpha-granules, dense granules, and lysosomal 
granules, glycogen particles, mitochondria, and others. Alpha-granules (50–80 per 
Plt) consist of vWF, fibronectin, platelet factor 4, beta-thromboglobulin, throm-
bospondin, platelet-derived growth factor (PDGF), and fibrinogen. The dense 
granules (3–8 per Plt) include adenine nucleotides, serotonin, pyrophosphate, 
calcium, and magnesium ions. The lysosomal granules (up to 3 per Plt) contain acid 
hydrolases, cathepsin D and E, lysosomal-associated membrane protein (LAMP)-2 
and some lipolytic enzymes, and CD63. Finally, the mitochondria are also in the 
“organelle zone” and provide Plt energy requirements. They are also a deposit and 
an important discharger of calcium ions [17, 30–35].

The open canalicular system of “membrane-system” can be used for transport 
of some plasma components (e.g., fibrinogen) to alpha-granules and for release 
of granular contents following Plt activation. The dense tubular system operates 
as a depot of calcium ions, and it is active during Plt contractions. Prostaglandin 
synthesis is discovered in these systems also after Plt activation [6, 30–32].

Generally, investigation of Plt functions is important for diagnosis of pathologi-
cal conditions with qualitative Plt disorders—e.g., hemorrhage tendency or risk of 
interventional bleeding, especially in patients treated by antiplatelet drugs—also 
for determination of “storage lesions” (liquid-state conserved or cryopreserved 
cells), as well as for the establishment of the “critical threshold” for Plt supportive 
therapy [31–38].

Testing by Multiplate analyzer—a rapid assay of whole-blood impedance 
aggregometry—can be used to detect Plt dysfunction and for prediction of bleed-
ings and/or some thrombotic events, also to resolve a personalized antiplatelet 
therapy (including monitoring of the treatment efficacy too), as well as to reduce of 
Plt transfusion needs. However, this testing does not give information concerning 
the Plt “shape change reaction” and the reversibility of aggregation and conse-
quently cannot be used for diagnosis of some specific Plt function disorders [18]. 
The results of our own Plt functional examinations will be shown afterward.

In our initial cryobiological research studies [34–38], cells were investigated in 
the “buffy coat”-derived Plt concentrates (BC-PCs) intended for prophylactic or 
therapeutic transfusions. Recently, in our clinical study [18], Plts were evaluated 
before and following TP treatment in the peripheral blood of ET patients, as well as 
in the removed AphP.

In these studies, cells were quantified in the donors’ blood samples and also 
in BC-PC units, as well as in the peripheral blood of patient before vs. after TP 
procedures and in the AphP using flow cytometry by Advia 2120 counter (Bayer, 
Germany). Morphological properties of Plts were examined by phase-contrast 
microscope (Polyvar, Reichert-Jung, Austria). The value of morphological score of 
platelets (MSP) was determined according to the percentage of different platelet 
shapes. Numerical valuation used for Plt shapes is as follows: balloonized = 0; den-
dritic = 1; spherical = 2; and discoid = 4. Ultrastructure of platelets was examined 
with electron microscope (Philips 201 C, Philips, The Netherlands). The Plt func-
tion by Multiplate analyzer (Dynabyte GmbH, Germany) was evaluated. Surface 
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Figure 1. 
Ultrastructure of Plts in cryobiological setting (our original data). Several discoid shapes had an unchanged 
“ultrastructural arrangement,” with minor membrane injuries (A). Spherical shapes showed an inferior 
“electron density” of the cytoskeleton, somewhat inferior cell structure compared to discoid shapes—which was 
manifested by marginal location of alpha-granules, dense granules, lysosomal granules, and other organelles 
in the cytoskeleton (B and C). Several dendritic shapes with reduced quantity of alpha granules, numerous 
pseudopodia, and unclear cell edges were also confirmed (D). Sporadic balloonized shapes with critical 
membrane damages and multiple ruptures, as well as fragments of the destroyed Plts, were also detected.

antigens were analyzed by flow cytometer Epics XL (Coulter, USA) using specific 
monoclonal antibodies [34–38].

Our preclinical studies [34–38] verified that in BC-PC units immediately after 
preparation (“unmanipulated” or unfrozen cells), the ratio of discoid shapes was 
about 60–80%, spherical approximately 15–25%, and functionally less valuable 
(dendritic or balloonized) shapes around 5–5%; then the value of MSP was between 
300 and 400. During storage, the incidence of discoid and spherical shapes progres-
sively decreased, while the less valuable ones increased. As a result, values of the 
MSP also reduced gradually. In BC-PC units stored in liquid state for up to 5 days, 
the MSP was approximately 200 [36].

The objective of our early cryobiological researches [34–42] was to determine an 
optimized cryopreservation protocol with minimized “thermal damages” (cryo-
injury) of frozen/thawed cells—retaining maximum quantitative (cell count) and 
qualitative (cell functionality, morphology, and ultrastructure) recovery. Different 
cryopreservation protocols with controlled-rate (“microprocessor-controlled”) or 
uncontrolled-rate (“dump-freezing” with no programmed cooling rate) freezing 
procedures, in combination with dimethyl sulfoxide (DMSO; final concentra-
tions = 5, 6, and 10%), were compared [34–38].

Preclinical researches demonstrated that the frequency of discoid shapes in all 
Plt cryopreservation settings was lower (range: 39–58%) than in “unmanipulated” 
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(unfrozen) BC-PC group [34]. It is also confirmed that controlled-rate freezing pro-
vides higher percentage of discoid and spherical shapes—with resultant superior 
MSP value. In the opposite, a higher proportion of functionally less valuable shapes 
(dendritic or balloonized) was observed in uncontrolled-rate cryopreservation 
setting [35].

Electron microscopy in our Plt cryopreservation researches [35–38] had shown 
the occurrence of different Plt types—mainly discoid and spherical, as well as 
sporadic dendritic or balloonized shapes (as presented in Figure 1).

Finally, in our recent clinical study [18], the “shape ratio” and ultrastructure of 
Plts in peripheral blood of ET patients with ETC (treated by TP) were also investi-
gated (Plt shapes are visualized in Figure 2).

A reduction of Plt function in patients with some disorders, also during liquid-
state storage or following cryopreservation, is usually caused by stated ultrastruc-
ture “rearrangement” or “reorganization.” The Plt membrane-system damage or 
destruction—with increased membrane permeability—can happen during the 
“phase change of the lipid.” Finally, the “disarrangement” of receptors on the Plt 
membrane results in interruption of signal transduction pathways during activation 
process.

Our clinical study [18] also confirmed that the baseline aggregability of Plts 
in the patient’s venous blood sample was 918 AU*min (normal = 923–1509 AU × 
min) by TRAP test (AU = aggregation unit; 10 AU × min is equal to one AUC [area 
under the curve] value; TRAP = thrombin receptor activating peptide). The results 
obtained indicated a merely Plt dysfunction (decreased activity) in the bloodstream 
of ET patient with ETC.

In our earlier research studies [34, 36–38] of “unmanipulated” and cryopre-
served BC-PCs, various surface antigens were analyzed by flow cytometry using 

Figure 2. 
Electron microscopy of Plt shapes in ET patient bloodstream (our own data). Discoid shapes had typical 
ultrastructural properties with intact microtubules and open canalicular system, without damage of the 
membrane-system integrity. Spherical shapes by peripheral location of granules/organelles in the cytoskeleton 
were also recognized (with resulting Plt dysfunction). A small number of dendritic shapes with cytoskeletal 
“rearrangement,” membrane-system damages and pseudopod formations were also recognized.



Platelets

156

Figure 1. 
Ultrastructure of Plts in cryobiological setting (our original data). Several discoid shapes had an unchanged 
“ultrastructural arrangement,” with minor membrane injuries (A). Spherical shapes showed an inferior 
“electron density” of the cytoskeleton, somewhat inferior cell structure compared to discoid shapes—which was 
manifested by marginal location of alpha-granules, dense granules, lysosomal granules, and other organelles 
in the cytoskeleton (B and C). Several dendritic shapes with reduced quantity of alpha granules, numerous 
pseudopodia, and unclear cell edges were also confirmed (D). Sporadic balloonized shapes with critical 
membrane damages and multiple ruptures, as well as fragments of the destroyed Plts, were also detected.

antigens were analyzed by flow cytometer Epics XL (Coulter, USA) using specific 
monoclonal antibodies [34–38].

Our preclinical studies [34–38] verified that in BC-PC units immediately after 
preparation (“unmanipulated” or unfrozen cells), the ratio of discoid shapes was 
about 60–80%, spherical approximately 15–25%, and functionally less valuable 
(dendritic or balloonized) shapes around 5–5%; then the value of MSP was between 
300 and 400. During storage, the incidence of discoid and spherical shapes progres-
sively decreased, while the less valuable ones increased. As a result, values of the 
MSP also reduced gradually. In BC-PC units stored in liquid state for up to 5 days, 
the MSP was approximately 200 [36].

The objective of our early cryobiological researches [34–42] was to determine an 
optimized cryopreservation protocol with minimized “thermal damages” (cryo-
injury) of frozen/thawed cells—retaining maximum quantitative (cell count) and 
qualitative (cell functionality, morphology, and ultrastructure) recovery. Different 
cryopreservation protocols with controlled-rate (“microprocessor-controlled”) or 
uncontrolled-rate (“dump-freezing” with no programmed cooling rate) freezing 
procedures, in combination with dimethyl sulfoxide (DMSO; final concentra-
tions = 5, 6, and 10%), were compared [34–38].

Preclinical researches demonstrated that the frequency of discoid shapes in all 
Plt cryopreservation settings was lower (range: 39–58%) than in “unmanipulated” 

157

Rapid Cytoreduction by Plateletapheresis in the Treatment of Thrombocythemia
DOI: http://dx.doi.org/10.5772/intechopen.93158

(unfrozen) BC-PC group [34]. It is also confirmed that controlled-rate freezing pro-
vides higher percentage of discoid and spherical shapes—with resultant superior 
MSP value. In the opposite, a higher proportion of functionally less valuable shapes 
(dendritic or balloonized) was observed in uncontrolled-rate cryopreservation 
setting [35].

Electron microscopy in our Plt cryopreservation researches [35–38] had shown 
the occurrence of different Plt types—mainly discoid and spherical, as well as 
sporadic dendritic or balloonized shapes (as presented in Figure 1).

Finally, in our recent clinical study [18], the “shape ratio” and ultrastructure of 
Plts in peripheral blood of ET patients with ETC (treated by TP) were also investi-
gated (Plt shapes are visualized in Figure 2).

A reduction of Plt function in patients with some disorders, also during liquid-
state storage or following cryopreservation, is usually caused by stated ultrastruc-
ture “rearrangement” or “reorganization.” The Plt membrane-system damage or 
destruction—with increased membrane permeability—can happen during the 
“phase change of the lipid.” Finally, the “disarrangement” of receptors on the Plt 
membrane results in interruption of signal transduction pathways during activation 
process.

Our clinical study [18] also confirmed that the baseline aggregability of Plts 
in the patient’s venous blood sample was 918 AU*min (normal = 923–1509 AU × 
min) by TRAP test (AU = aggregation unit; 10 AU × min is equal to one AUC [area 
under the curve] value; TRAP = thrombin receptor activating peptide). The results 
obtained indicated a merely Plt dysfunction (decreased activity) in the bloodstream 
of ET patient with ETC.

In our earlier research studies [34, 36–38] of “unmanipulated” and cryopre-
served BC-PCs, various surface antigens were analyzed by flow cytometry using 

Figure 2. 
Electron microscopy of Plt shapes in ET patient bloodstream (our own data). Discoid shapes had typical 
ultrastructural properties with intact microtubules and open canalicular system, without damage of the 
membrane-system integrity. Spherical shapes by peripheral location of granules/organelles in the cytoskeleton 
were also recognized (with resulting Plt dysfunction). A small number of dendritic shapes with cytoskeletal 
“rearrangement,” membrane-system damages and pseudopod formations were also recognized.



Platelets

158

monoclonal antibodies (MoAb) anti-GPIX/CD42a, anti-GPIIb-IIIa/CD41, anti-
GPIbα/CD42b, anti-GP140/P-selectin/CD62p, anti-GP53/CD63, and anti-GPIV/
CD36. Plts were incubated with fluorescein isothiocyanate or phycoerythrin-conju-
gated MoAb and then tested by flow cytometer.

Plts were evaluated on the basis of their characteristic cell size (“linear forward 
scatter”) and granularity (“log side scatter”) too [34]. Anionic phospholipid 
expression was tested using annexin V binding assay by flow cytometer. Cell viabil-
ity was assessed by the hypotonic shock response test [34–36]. In the supernatant 
of BC-PCs, the levels of transforming growth factor β (TGF-β), soluble P-selectin, 
soluble annexin, platelet factor 4 (PF4), and β-thromboglobulin (β-TG) were tested 
by enzyme-linked immunosorbent assays [34, 36].

These studies verified that the GPIb/CD42b expression was reduced in all cryo-
preserved BC-PC groups in opposition to “unmanipulated” or unfrozen (control) 
group [36, 37]. The expression of GP140/CD62p was in all cryopreservation groups 
higher than in control [36]. It was concluded that evaluation of expression of acti-
vation markers on Plt surface and flow cytometric analysis of Plt subpopulations 
could be a helpful approach for the quality control of liquid-stored or cryopreserved 
BC-PCs [34].

4. Thrombocythemia and therapeutic thrombocytapheresis

Before evaluation of cytapheresis cytoreductive efficacy in our studies—using 
different apheresis systems in critical “clinicopathological” conditions with ETC, 
in which apheresis is beneficial, required, or sometimes might result in rescue of 
patient with acute “life-threatening” hazardous situations—common thrombocyto-
sis-related data will be summarized.

4.1 Symptomatic thrombocytosis and thrombocythemia

The “critical threshold” for clinical significance of increased Plt count is variable 
from patient to patient—but, usually, conditions with Plt ≥450 × 109/L is designated 
as thrombocytosis. If thrombocytosis—typically with Plts ≥1500 × 109/L—appears 
within different myeloproliferative disorders, regularly we would talk about essen-
tial thrombocythemia (ET) [43–47].

Therefore, conditions with thrombocytosis and/or ETC can be classified into 
(1) primary disorder or ET, which is the consequence of clonal disease of the 
pluripotent hematopoietic stem cell, and (2) reactive or secondary thrombocy-
toses, which might evolve within patients with malignancies, chronic inflamma-
tory processes, after splenectomy, etc. The existence of ETC induces an acquired 
“thrombo-hemorrhagic” diathesis, occasionally with potentially fatal vascular 
consequences [23–29, 43–50].

The entity and nature of ET is like polycythemia vera (PV), primary myelofibro-
sis (PMF), and myeloproliferative neoplasm (MPN) [46]. Due to the disease course, 
some patients with ET or PV might progress into a PMF-like post-ET or post-PV 
myelofibrosis [47]. Namely, all three MPN share three commonly exclusive “driver” 
mutations: JAK2, CALR, and MPL3. The most frequent is JAK2V617F, which origi-
nates in approximately 99% of patients with PV, 55% with ET, and 65% with PMF 
[48]. Concerning other driver mutations, 15–30% patients are CALR mutated, and 
4–8% are MPL mutated, while 10–20% of the patients might not express any one of 
the three mutations, so they can be triple-negative [49].

Hemostatic mechanisms, by which thrombocytosis lead to “thrombo-hemor-
rhagic” events, are not completely explained. Different hemostatic defects and 
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cell abnormalities are described—such as altered Plt aggregability, intracellular 
accumulation of specific active substances, decreased activity of cofactors von 
Willebrand ristocetin and multimers of vWF with high molecular mass, etc. 
Diagnosis of thrombocythemia is established on the basis of the existence of the 
following criteria of the World Health Organization (WHO): (1) persistent Plt 
count ≥450 × 109/L in the blood; (2) the presence of one of the three mentioned 
driver mutations or in their absence the exclusion of other causes of thrombocytosis 
(reactive and clonal); and (3) bone marrow morphologic evaluation, especially for 
discriminating ET from pre-fibrotic PMF and “masked” PV [50].

In ET or with difficult cases of secondary or reactive thrombocytosis (some 
carcinomas or asplenia), characteristic manifestations are headaches, vertigo, 
transitory visual disturbances, modest or intense chest or abdomen pain, as well as 
acrocyanosis, paresthesia, and other disturbances (e.g., priapism). In these patients, 
it is common manifestation of “thrombo-hemorrhagic” syndrome—thrombosis, 
with successive hemorrhages (epistaxis and other minor bleedings), as well as 
increased occurrence of first trimester miscarriage. However, in thrombocytosis or 
thrombocythemia, it is not undoubtedly proven that there is a correlation between 
the degree of increased Plt count and complexity of patients’ clinical condition.

In therapy of ET patients, the main reason for treatment is to prevent “thrombo-
hemorrhagic” episodes, and from this point of view, none of the most recent drugs 
have been shown to be superior among the traditional drugs, such as hydroxyurea. 
Three major risk factors for thrombosis are history of thrombotic events, JAK2/
MPL mutations, and advanced age. In order to classify of ET patients—according to 
risk factors—there are four categories: “very-low-risk” (absence of all risk factors); 
“low-risk” (presence of JAK2/MPL mutations); “intermediate-risk” (presence of 
advanced age ≥60 years); and “high-risk” (presence of thrombotic events or occur-
rence of both JAK2/MPL mutations and advanced age) [48].

Patients with “very low risk” can be only observed or can take once-daily aspirin, 
while patients with “low-risk” disease take once- or twice-daily aspirin. In interme-
diate-risk setting, hydroxyurea and once-daily aspirin is therapy of choice, while in 
“high-risk” disease with arterial thrombosis, hydroxyurea and twice-daily aspirin is 
standard therapy. High-risk patients with venous thrombosis take hydroxyurea plus 
systemic anticoagulation, and when the JAK2/MPL mutation or cardiovascular risk 
factors are present, addition of aspirin is needed. Thus, therapy of these disorders 
includes the application of chemotherapy, antiaggregation, and other medications, 
as well as the use of TP procedures, when rapid reduction in Plt count is urgently 
needed (apheresis Plt depletion). Hydroxyurea is considered the drug of the first 
line for “medicamentous cytoreductive therapy.” Second-line therapeutic drugs are 
pegylated interferon-α (IFN-α), busulfan, anagrelide, and pipobroman [48].

4.2 Therapeutic thrombocytapheresis

Generally, in ET patients by ETC (Plt ≥ 1500 × 109/L) and with altered Plt 
morphology/aggregability (Plt dysfunction) and immature reticulated Plts, the risk 
of “thrombo-hemorrhagic” event incidence is enlarged up to 50–60% [18, 22].

In the treatment of symptomatic ET—when low-dose aspirin or other antiplatelet 
and high-dose chemotherapies are without adequate response or contraindicated, 
as in pregnancy—cytoreduction by TP is beneficial or even essential [1, 2, 51]. 
The evidence-based clinical guideline for therapy of asymptomatic ET (e.g., exact 
cytapheresis threshold, initial and target Plt count, etc.) is not yet established. 
The treatment of ET in pregnancy is still mainly individualized [51]. The first TC 
procedure in our apheresis center was performed in 1971 for treatment of pregnant 
women with “hyperleukocytosis-leukostasis” syndrome [17].
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cell abnormalities are described—such as altered Plt aggregability, intracellular 
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The evidence-based clinical guideline for therapy of asymptomatic ET (e.g., exact 
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The treatment of ET in pregnancy is still mainly individualized [51]. The first TC 
procedure in our apheresis center was performed in 1971 for treatment of pregnant 
women with “hyperleukocytosis-leukostasis” syndrome [17].
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Generally, the most critical step in TC therapy of patients with different types of 
“cythemia” (blood cell overproduction) is to define the optimal timing, frequency, 
as well as the intensity and duration of treatment. The use of TC procedures 
requires determination of excessive cell category and total cell quantity and to 
resolve also the predominant cell divisions (including intravascular vs. extravascu-
lar portions), as well as to establish and compensate for “peri-apheresis” intensity 
of novel blood cell production [15–17].

The goal of TP (in combination with described medication) in therapy of ET 
patients with clinical symptoms is to minimize of consequences of ETC. TC proce-
dures performed using various devices (blood cell separators) operate in a wholly 
automatic manner—thus allowing “intra-apheresis” cell recruitment or refreshment 
and also minimizing the manual or individual (physician) variations and differ-
ences during treatment [16–18].

Therefore, TP procedures are used to obtain an effective and rapid cytoreduc-
tion in patients with ETC, in order to prevent or reduce “thrombo-hemorrhagic” 
events. The application of TP could be a life-saving procedure for selected ET 
patients with “life-threatening” clinical situation—due to acute episode of ETC. 
This treatment results in a dramatic Plt count fall and following clinical improve-
ment [2, 22, 43–45]. As well, TC procedures are helpful in the treatment of patients 
with symptomatic reactive or secondary thrombocytosis (all together with correc-
tion of the cause of ETC).

However, the definitive decision to apply of TP treatment should be “individual-
ized” on the basis of clinical scenario and intensity of ETC, as well as patients’ risk 
profile [29]. In this context, the efficacy of TP is dependent on the initial Plt count, 
kinetics of cell production, and the volume of whole blood processed, but also on 
the efficacy of different apheresis devices.

In our clinical settings [8, 16–18], typically antecubital (seldom subclavian or 
jugular) veins were used for vascular access. During TP procedures patients were 
anticoagulated by acid-citrate-dextrose formula B solution (ACD-B; USP; with 1.8% 
citrate concentration) or ACD-A solution (ACD-A; USP; with 2.2% citrate concen-
tration). A systemic heparinization was performed only in singular TP procedures. 
All patients tolerated intensive TP treatments well without any adverse effects.

The aim of our latest clinical study [18] was to evaluate the cytoreductive 
potential of the Spectra Optia/IDL System, based upon ex vivo Plt removal and in 
vivo Plt depletion (Plt removal/depletion) efficacy in the treatment of a 68-year-old 
female patient suffering from symptomatic ET (with headaches, vertigo, visual 
disturbances, and paresthesia). Modifications of manufacturer’s original apheresis 
protocol included the collection preference and inlet flow correction (altered 
collection speed), as well as an increase of the “target cell suspension” volume [18]. 
Plt removal/depletion efficacy obtained in this study was compared to our earlier 
results (historical database) [8, 17] and the recent literature data [23–25] for differ-
ent devices.

To the best of our knowledge, our clinical study [18] was only the second pub-
lished clinical evaluation of the efficacy and safety of TP treatment using Spectra 
Optia/IDL System.

In earlier studies [8, 17], using apheresis devices of the first and the second 
generations (Haemonetics M-30, IBM 2997, and Cobe Spectra), TP procedures 
were performed typically every second day (rarely every day)—combined with 
standard immunochemotherapy and other medications. Namely, in the treatment 
of our comparable ET patients (n = 20; procedures = 126; historical database), 
applying mentioned apheresis devices, by one single TP procedure, it was pos-
sible to remove approximately 3 × 1012 Plt/L in cell suspension approximately 
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800–1300 mL or total 7–10 × 1012 Plts by one “whole therapeutic cure” (typically 5 
single TPs; range = 3–11).

Opposite, in the treatment of recent ET patient with ETC-associated clinical 
emergency—using apheresis device of the newest generation and an intensive single 
TP treatment—the quantity of removed Plts was 7.5 × 1012 in the cell suspension 
(volume = 1150 mL) [18]. As replacement fluid, albumin in saline was used. There 
were no side effects due to intensive TP. Consequently, by Spectra Optia/IDL System 
using one TP, it was possible achieve similar therapeutic effect to that one which 
was realized after the application of “whole therapeutic cure” with devices of earlier 
generations.

In Cobe Spectra group (historical database) of our patients [17], the in vivo Plt 
depletion was approximately threefold lower. Only the use of “whole therapeutic 
cure” resulted in a satisfactory in vivo Plt fall (mean = 68 ± 14%; range = 55–85%). 
Recent literature data [28] are comparable—precisely, a 67% decrease in circulat-
ing Plt count (1553 × 109–513 × 109/L) was reported, but after two TP procedures. 
Contrary to our recent study [18], a significant Plt count depletion (from 2330 × 109 
to 633 × 109/L) and excellent in vivo Plt fall (72.8%) were realized by one single TP 
procedure—followed by clinical advances and prevention of potential “thrombo-
hemorrhagic” events (e.g., cerebrovascular accident—stroke).

The in vivo Plt depletion intensity in our current study (72.8%) was also supe-
rior among the most recent literature data [23–25]. Exactly, using a single TP by 
different apheresis devices, such as Haemonetics-MCS+ (therapy of low-body-mass 
child; Plts = 3072 × 109/L) [52], CS-3000 Plus and Cobe Spectra (management of 
hemato-oncological patients) [25], as well as Spectra Optia apheresis system (treat-
ment of ET patient; manufacturer’s protocol used) [24], the post-apheresis reduc-
tions of in vivo Plt depletion averaged only 37, 38, and 56%, respectively.

5. Conclusion

The purpose of TAph treatment is to reduce the “patient’s load” of specific 
substances, responsible for the development/progress of disease, to the levels that 
will allow clinical recovery. Using TC procedures, the excessive cellular quantity 
is removed from the patient’s bloodstream with the intention to reduce total blood 
cell count in the body and to prevent the symptoms caused by various “cytemias.” 
TAph is an aggressive method; therefore it might be followed by side effects and 
complications. Thus, the use of TAph procedures is not possible without personal 
education for treatment of acute “life-threatening” conditions, as well as clinical 
experience related to working with extracorporeal circulation and cardiopulmonary 
reanimation.

After activation, Plts change their morphology—from discoid into spheri-
cal (seldom to dendritic) shapes—as a consequence of reorganization of the 
membrane-system and cytoskeleton network (“shape change reaction”). Specific 
granules are centralized intracellularly, and their contents are discharged into the 
open canalicular system and then to the outside of the cell (“releasing reaction”). 
The alteration in shape represents the beginning of a series of reactions during Plt 
response to the action of agonists. Investigation of Plt functions is important for 
diagnosis of pathological conditions with qualitative Plt disorders—e.g., hemor-
rhage tendency or risk of interventional bleeding, especially in patients treated by 
antiplatelet drugs— and also for determination of “storage lesions” (liquid-state 
conserved or cryopreserved cells), as well as for the establishment of the “critical 
threshold” for Plt supportive therapy. The evaluation of membrane antigens and 
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flow cytometric analysis of Plt subpopulations could be helpful for the quality 
control of stored BC-PCs.

Based on the literature data and our own results, it is possible to conclude that 
intensive TP is an effective and safe procedure—even in long-term application 
(repeated or intermittent procedures) over a period of a few weeks/months—for 
patients with ET or secondary thrombocytoses and “life-threatening” ETC.

The application of a single TP procedure in the treatment of recent ET patient by 
Spectra Optia/IDL System resulted in undoubtedly superior Plt removal/depletion 
efficacy (for both normal and altered cells) when compared to our earlier study 
(Cobe Spectra) and literature data for CS-3000 Plus or Cobe Spectra, even for the 
Spectra Optia (when the manufacturer’s original protocol was used). Although TPs 
represent an effective cytoreductive therapy with high level of Plt removal/deple-
tion potential, it cannot influence clinical remission.
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flow cytometric analysis of Plt subpopulations could be helpful for the quality 
control of stored BC-PCs.

Based on the literature data and our own results, it is possible to conclude that 
intensive TP is an effective and safe procedure—even in long-term application 
(repeated or intermittent procedures) over a period of a few weeks/months—for 
patients with ET or secondary thrombocytoses and “life-threatening” ETC.

The application of a single TP procedure in the treatment of recent ET patient by 
Spectra Optia/IDL System resulted in undoubtedly superior Plt removal/depletion 
efficacy (for both normal and altered cells) when compared to our earlier study 
(Cobe Spectra) and literature data for CS-3000 Plus or Cobe Spectra, even for the 
Spectra Optia (when the manufacturer’s original protocol was used). Although TPs 
represent an effective cytoreductive therapy with high level of Plt removal/deple-
tion potential, it cannot influence clinical remission.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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