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Abstract

:

Platelet dense-granules are small organelles specific to the platelet lineage that contain small molecules (calcium, adenyl nucleotides, serotonin) and are essential for the activation of blood platelets prior to their aggregation in the event of a vascular injury. Delta-storage pool diseases (δ-SPDs) are platelet pathologies leading to hemorrhagic syndromes of variable severity and related to a qualitative (content) or quantitative (numerical) deficiency in dense-granules. These pathologies appear in a syndromic or non-syndromic form. The syndromic forms (Chediak–Higashi disease, Hermansky–Pudlak syndromes), whose causative genes are known, associate immune deficiencies and/or oculocutaneous albinism with a platelet function disorder (PFD). The non-syndromic forms correspond to an isolated PFD, but the genes responsible for the pathology are not yet known. The diagnosis of these pathologies is complex and poorly standardized. It is based on orientation tests performed by light transmission aggregometry or flow cytometry, which are supplemented by complementary tests based on the quantification of platelet dense-granules by electron microscopy using the whole platelet mount technique and the direct determination of granule contents (ADP/ATP and serotonin). The objective of this review is to present the state of our knowledge concerning platelet dense-granules and the tools available for the diagnosis of different forms of δ-SPD.
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1. Introduction


Platelets are small anucleated blood cells whose main physiological role is the formation of a platelet clump to stop bleeding in the case of vascular injury. Blood platelets, which measure 2 to 4 µm in diameter, have multiple organelles in their cytoplasm, two of which are specific to these cells: dense-granules (δ-granules) and alpha granules (α-granules). The contents of these granules are secreted during the activation of platelets, leading to their aggregation [1]. Alpha granules release into the circulation more than 300 different proteins with various activities (stimulation of coagulation, angiogenesis, and inflammation), while dense-granules release mainly small molecules: serotonin, adenyl nucleotides (ADP (adenosine diphosphate) and ATP (adenosine triphosphate)), polyphosphates, and calcium [2]. Released calcium contributes to the coagulation cascade, while secreted ADP and serotonin act in an autocrine and paracrine manner on specific receptors located on the membrane of adjacent platelets to induce their aggregation. In particular, ADP binds to its two G-protein-coupled receptors, P2Y1 and P2Y12, leading to a change in platelet shape and to amplification of the platelet activation induced by all other agonists including serotonin, thromboxane A2, collagen, immune complexes, and thrombin [3]. As a consequence, a defect in dense-granules or their content decreases platelet activation by reducing the quantities of secreted ADP and serotonin, resulting in a type of platelet function disorder (PFD) called δ-storage pool disease (δ-SPD) [4]. These platelet pathologies are characterized by a heterogeneous hemorrhagic phenotype and are observed in syndromic forms associated with oculocutaneous depigmentation and/or immune deficiencies (Chediak–Higashi disease, Hermansky–Pudlak syndromes), but also in non-syndromic forms, which only affect the platelet lineage. In all cases, the diagnosis of δ-SPD remains complex. It relies on specialized biological tests requiring powerful tools such as electron microscopy to count dense-granules and specific biochemical tests to determine their content. In this review, we propose to summarize the current state of knowledge concerning the origin and function of dense-granules, the different dense-granule deficiencies observed in man and the tools currently available in laboratories for the diagnosis these platelet diseases.




2. Platelet Dense-Granules: Origin, Structure, and Function


In contrast to α-granules, whose origin is essentially related to the Golgi apparatus of megakaryocytes, dense-granules are organelles derived from lysosomes [5]. Studies carried out in patients with Hermansky–Pudlak syndrome have revealed that the protein complexes BLOC (biogenesis of lysosome-related organelle complexes) and AP-3 (adaptor protein 3), involved in the biogenesis of these lysosome-derived organelles, are impaired. Three BLOC complexes were identified: BLOC-1, BLOC-2, and BLOC-3. The BLOC-1 complex is composed of at least eight proteins: cappuccino; dysbindin; snapin; BLOC-1 subunit 1, 2, 3, and 5; and pallidin [6]. Pallidin is known to interact with syntaxin 13 [7], a t-SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) essential for membrane fusion during exocytosis. The BLOC-2 complex consists of three proteins (HPS3, 5, and 6) and is involved in the transport and maturation of the organelles in cooperation with the GTPases RAB32 and RAB38 [8]. The BLOC-3 complex is composed of two proteins [9] and would allow switching of the MRP4 nucleotide transporter to the dense-granule membrane [10]. In addition, the work of Ambrosio et al. [11] in a megakaryocyte lineage (MEG-01) would suggest that the AP-3 complex participates in the orientation of structures derived from late endosomes and expressing the VMAT2 and MRP4 transporters towards a tubular compartment dedicated to the maturation of dense-granules. Studies performed by this team have also confirmed the role of RAB32 and RAB38 GTPases in dense-granule maturation [12,13]. The mechanisms of uptake of highly concentrated small molecules into dense-granules remain only partially identified. Circulating serotonin, produced by entero-chromaffin cells in the gut, is rapidly captured by blood platelets through the membrane receptor SERT and then incorporated into platelet dense-granules via the VMAT2 transporter [14]. Conversely, the mechanism controlling the concentration of calcium in dense-granules is not known. Concerning adenyl nucleotides, the MRP4 transporter is present on the membrane of dense-granules and is thought to participate in the transport of nucleotides from the cytoplasm towards the interior of these organelles [10]. Studies performed by Decouture et al. [15] in MRP4-deficient mice have shown that the MRP4 transporter is largely involved in the sequestration of cAMP in dense-granules during platelet activation.



Mature dense-granules are about 150 nm in diameter and are termed “dense” because their calcium-rich centers are opaque to electrons in transmission electron microscopy. A platelet has between three and eight dense-granules, which contain small molecules: calcium, present at very high concentrations (about 2 M); 90% of the circulating serotonin in the body (400 to 600 ng/109 platelets); and large quantities of nucleotides (ATP and ADP at concentrations of 0.6 and 0.4 M, respectively). The adenyl nucleotides stored in the dense-granules (non-metabolic pool) represent 60% of the amount contained in a whole platelet. The remaining 40% (metabolic pool) is present in free form in the cytoplasm or bound to actin in the mitochondria. These two pools are not interchangeable. Platelets contain predominantly ATP distributed between the dense-granules and the cytoplasm (5–6 µmoles total ATP in 1011 platelets), while most of their ADP is stored in dense-granules (3–3.5 µmoles in 1011 platelets). Hence, the global ATP/ADP ratio is 1.5–2.0, whereas in dense-granules, the ATP/ADP ratio is 0.65–0.8 [16,17]. Finally, dense-granules also contain pyrophosphates and polyphosphates. Various studies have demonstrated their importance in the regulation of the coagulation cascade (in particular, via the contact system) and in the inflammatory response [18,19]. As in α-granules, the dense-granule membrane carries receptors, which are not restricted to this membrane, but are also found on the platelet membrane following secretion (CD63, αIIbβ3, GPIb, and LAMP2).



During platelet activation, the dense-granules fuse with the plasma membrane to secrete their contents into the external environment. This phenomenon of exocytosis requires fusion of the granular and cellular membranes through interactions between proteins of the SNARE family, present on the granular membrane (v-SNAREs) and the plasma membrane of platelets (t-SNAREs) [4]. The current model proposes that a complex consisting essentially of three SNAREs (VAMP8, SNAP-23, and STX11) is required to fuse the granular and plasma membranes [20]. Each SNARE protein contains a bi-spiral region composed of 60 amino acids, which catalyze membrane fusion. This interaction of the SNAREs is further regulated by other proteins including chaperones of the Sec1/Munc18 family. RAB proteins (GTPases) are also involved in the secretion process by mediating the docking of dense-granules to the plasma membrane [2].



In the event of abnormalities in the biogenesis, small molecule loading, or secretion of platelet dense-granules, the ability of blood platelets to activate during primary hemostasis is impaired and this can lead to hemorrhagic PFDs, referred to as δ-storage pool diseases. In the following section, we will describe the different forms of these PFDs observed in man.



Key points:



Dense-granules are platelet-specific organelles, which contain small molecules: nucleotides (ATP, ADP), serotonin, and calcium;



Dense-granule secretion is essential to platelet activation;



Dense-granule defects lead to PFDs called δ-storage pool disorders.




3. δ-Storage Pool Disorders


As a result of the complexity of platelet dense-granule biogenesis, quantitative or qualitative defects in dense-granules are very heterogeneous. One can distinguish (i) constitutional forms that may be isolated, such as, for example, in the case of abnormalities of the transcription factors GATA1, RUNX1, or Fli1 or of unknown genetic origin, or syndromic associating albinism, ophthalmologic impairment, and immune deficiency (Hermansky–Pudlak, Chediak–Higashi, and Griscelli syndromes) and (ii) acquired forms, which are most often associated with hematological malignancies (myelodysplastic or myeloproliferative syndromes, acute leukemia, and so on) or with auto-immune disease (systemic lupus erythematosus, Sjogren’s syndrome, and so on) [21].



Syndromic forms are more easily recognized clinically owing to the presence of oculocutaneous albinism and immune deficiencies associated with the PFD. Three such pathologies have been described to date: Chediak–Higashi disease, Hermansky–Pudlak syndromes, and Griscelli syndrome.



Chediak–Higashi disease is an autosomal recessive pathology owing to a mutation in the LYST gene [22], which leads to abnormalities in vesicular trafficking and the formation of giant granules mainly in melanocytes and leukocytes. The function of the LYST protein (lysosomal trafficking regulator) is poorly known, although the work of Sepulveda et al. [23] suggests that this protein is involved in the correct referral and assembly of late endosomes and lysosomes. The pathology associates a moderately hemorrhagic δ-SPD type PFD with skin hypo-pigmentation and immune deficiency. It generally results in the death of the patients before the age of 10 years, following the development of major lymphohistiocytosis. About forty mutations, homozygous or composite heterozygous, have been reported to date [24].



Hermansky–Pudlak syndromes are autosomal recessive inherited diseases affecting several types of cellular organelles: melanosomes, lysosomes, and platelet dense-granules. Consequently, the phenotype observed in patients is associated with a moderate hemorrhagic syndrome, oculocutaneous albinism, immunodeficiency, and sometimes progressive pulmonary fibrosis. The PFD is characterized by an almost complete absence of dense-granules, which can be highlighted under the electron microscope. These pathologies are owing to mutations in genes encoding proteins of the BLOC-1, 2, and 3 and AP-3 complexes. Eleven genes (HPS1, HPS4 [25], AP3B1 [26], HPS3, HPS5, HPS6 [27], DTNBP1 [28], BLOC1S3 [29], BLOC1S5 [30], BLOC1S6 [31], and AP3D1 [32,33]) have been found to be involved in these syndromes in 715 patients, with the severity of the disease depending on the gene affected and the type of mutation [34]. In particular, syndromes resulting from HPS1 mutations are considered to be the most serious forms owing to the high frequency of related pulmonary fibrosis.



Finally, mutations in the gene coding for the GTPase RAB27 are responsible for Griscelli syndrome [35]. This autosomal recessive inherited disorder is characterized by a hemorrhagic syndrome linked to a decrease in the number of platelet dense-granules, albinism, neurological impairment, and immune deficiency [36].



Non-syndromic δ-SPDs are PFDs whose cutaneous and mucosal hemorrhagic phenotype is often considered to be moderate under non-traumatic conditions. However, in the event of surgery or trauma, there is a significant risk of major bleeding, sometimes life-threatening, in these patients. Non-syndromic δ-SPD may be owing to the absence or a reduction in the number of dense-granules, a qualitative defect in these organelles, or a combination of these two defects [4]. Among the qualitative defect, isolated ADP defect, isolated serotonin defect and combined serotonin, and ADP deficiency are described. In all cases, the pathophysiological and molecular mechanisms leading to these isolated platelet disorders are currently uncertain. Moreover, in some patients, the decrease in the number of dense-granules is accompanied by a decrease in the number of α-granules and gives rise to PFD called αδ-SPD, which is thought to be linked to platelet degranulation in the absence of platelet activation [37]. Recently, combined αδ-SPD can be associated with GFI1B sequence variations [38].



According to the experience of our laboratory, the majority of non-syndromic δ-SPD cases appear to result from a deficiency in dense-granules nucleotides, especially in ADP. In this case, deficiencies in nucleotide transporters such as MRP4 are suspected to be responsible for the pathology. Thus, an abnormal localization of the MRP4 protein has been demonstrated in some patients with δ-SPD [39]. However, no team has yet been able to detect a mutation in the ABCC4 gene encoding MRP4. In conclusion, no gene has to date been identified as causative of non-syndromic δ-SPD in man.



On account of the heterogeneous biological characteristics of non-syndromic δ-SPD, the diagnosis of this pathology remains difficult and poorly standardized [40]. Hence, the frequency of the disease remains unknown, although some studies suggest that non-syndromic δ-SPD may be a particularly frequent congenital PFD [41,42]. As an example, in a retrospective study conducted in France in 2017 by the CRPP (French reference center for platelet diseases), it was shown, after analysis of the “care cards” issued to patients, that among 283 patients with PFDs, 25% presented a dense-granule defect, the second cause of platelet disease in this cohort (poster in International Society of Thrombosis and Haemostasis (ISTH) 2017 congress [43]). Given the probable high frequency of this kind of PFD, a precise definition of the disease and technical harmonization of the biological tests to be carried out to diagnose δ-SPD would seem indispensable.



The diagnosis of δ-SPD, in particular of its non-syndromic forms, represents a real technical challenge, as the laboratories must have specialized and complex tools available in order to obtain an accurate result. These specialized tools, mandatory for the diagnosis of δ-SPD, will be described in the following section.



Key points:



δ-SPDs can be syndromic or non-syndromic diseases;



Syndromic forms associate oculocutaneous albinism, immune deficiency, and bleeding;



For non-syndromic forms, the genes responsible for the disease remain unknown.




4. Tools for the Diagnosis of δ-SPD


Numerous biological tests exploring dense-granules are available, but few laboratories use them in routine practice because many are highly specialized and not standardized. Thus, in an international survey conducted by the ISTH, more than half of the laboratories interviewed reported that they did not evaluate platelet granules [44]. In addition, there are no validated recommendations concerning the decision tree and the prioritization of tests to achieve an accurate diagnosis [40]. Finally, the platelet function analyser (PFA), which is widely used in haemostasis labs to detect primary haemostasis defects, remains poorly sensitive to screen patient for δ-SPD [45]. It may nevertheless be said that the diagnosis of these PFDs is based on functional abnormalities, which can be objectively, although inconsistently, detected in aggregation tests, before looking for a quantitative defect in dense-granules by electron microscopy, and on the detection of deficiencies in small molecules contained in these granules. Tests measuring the secretion of dense-granules by lumi-aggregometry or flow cytometry may also be used.



4.1. Aggregation Tests


To date, light transmission aggregometry (LTA) remains the reference test for the diagnosis of PFDs. Aggregation tests can be performed either with a citrated platelet-rich plasma (cPRP) or with a washed platelet suspension. A cPRP is obtained directly after centrifugation of whole blood collected in 0.109 or 0.129 M sodium citrate tubes, while a washed platelets suspension is obtained after centrifugation of whole collected in ACD anticoagulant (acid citrate dextrose) and resuspension of the platelets in Tyrode-albumin buffer [46]. Abnormalities in platelet aggregation are often moderate in dense-granule deficiencies, and approximately 25% of patients with δ-SPD display no platelet function defect [47] when platelet function studies are performed in cPRP. Nonetheless, the typical cPRP aggregation patterns observed in δ-SPD patients are described in Figure 1. The main typical anomalies are as follows:



The absence of a second wave in ADP (2.5 and 5 µM)-induced platelet aggregation;



A decrease in the maximum amplitude of collagen-induced aggregation together with an increase in the lag time, especially when a low concentration of collagen is used (1.25 µg/mL) [48];



Arachidonic acid-induced platelet aggregation is normal or decreased depending on the intensity of the ADP-induced aggregation defect in the same sample [49];



Although widely used, epinephrine-induced aggregation should not be recommended to detect δ-SPD [50].



In a washed platelet suspension (Figure 2), one does not observe the same abnormalities as in cPRP after stimulation of platelets with ADP, whatever the concentration of agonist used. This is because ADP does not induce platelet degranulation or thromboxane A2 generation in the presence of 2 mM calcium [46,51,52] and aggregation is by definition reversible. Unlike ADP-induced aggregation which remains normal, collagen (1.25 and 2.5 µg/mL)-induced aggregation generally displays more pronounced anomalies than those observed in cPRP. Citrated PRP may contain trace amounts of release nucleotides and thrombin [50], which can potentiate platelet activation and thus may hide moderate platelet function defect such as those observed in δ-SPD. Whatever it is, LTA alone is not sufficient to establish a diagnosis of δ-SPD.



In the case of suspicion of δ-SPD, the aim of the complementary tests to be carried out is then to demonstrate a reduction in the quantity of small molecules (ADP and/or serotonin) contained in the dense granules, associated or not with the presence of fewer or no dense-granules, as observed by electron microscopy. A study of platelet secretion (by flow cytometry or lumi-aggregometry) may allow one to complete the characterization of the functional defect in aggregation and possibly highlight an anomaly of the secretory capacity of the platelets in the absence of a granular deficiency.




4.2. Ultrastructural Evaluation of the Dense Granules Using a Whole Platelet Mount


The first publication to mention the use of “unfixed unstained whole platelet” transmission electron microscopy and to describe the presence of round or tadpole-shaped electron-dense bodies is believed to be that of Brian S. Bull in 1966 [53]. The localization of platelet serotonin in these naturally electron-dense granules was suggested in the following years (reviewed by White in 1969 [54]). The role of calcium in this natural opacity to electrons was not demonstrated until the following decade [55], together with the colocalization of calcium and phosphorus [56], with the colocalization of serotonin and ATP having been mentioned earlier in 1958 by Born [57]. Pyrophosphates [58] and polyphosphates [59] were more recently identified as participating in the electron opacity of these granules, which bear a strong resemblance to the acidocalcisomes of bacteria and unicellular eukaryotes. Similar electron-dense nanoparticles have been synthesized in controlled precipitations of soluble polyphosphates with calcium ± magnesium [60]. Polyphosphates are essential calcium chelators and reservoirs of ATP in the presence of ADP and have a potential strong buffering capacity in the presence of serotonin [61]; their multiple roles in thrombosis, hemostasis, and inflammation have been extensively reviewed by Mailer et al. [62] and illustrated by Baker et al. [63]. By remaining firmly attached to the platelet after its release, a dense particle is able to activate the coagulation contact pathway, which is not the case for short platelet polyphosphate polymers in solution [64].



4.2.1. Sample Preparation


Dense-granule contents should be determined using unfixed whole native platelet mounts prepared and examined as described by White [65] on formvar ultra-thin (UL 5–6 nm) 200 mesh Cugrids (Electron Microscopy Sciences, Hatfield, Pennsylvania). Correct counting of the granules is not easy or impossible in aldehyde-fixed platelets (Figure 3A) as the treatment makes the platelet background very dark and the contrast of the dense elements becomes too weak. Hydrophilization by glow discharge and/or the use of carbonated formvar grids present no advantages. The carbon film is fragile and unstable over time; when cracked, it does not facilitate the visualization of platelets with a camera in automatic contrast adjustment mode.



Citrated PRP is isolated from blood collected into a CPDA1 tube (Sarstedt, Marney, France) by centrifugation at 150 G for 10 min, or less in the case of severe thrombocytopenia. Sodium citrate [66] or acid citrate dextrose (ACD) [67] are also used in other standard published methods. The blood is processed within 4 h of collection, as for other platelet function tests such as cytometry or aggregometry, according to the ISTH recommendations for platelets [49]. Routinely, five formvar grids from various batches are incubated for 1 to 5 min in small drops of PRP deposed on a parafilm. The use of different batches of grids is recommended because many irregularities in thickness and many cracks, which are frequent in a batch, make it more difficult to count the dense granules.



The grids are then briefly washed in a drop of pure water, with excess water being rapidly removed by capillarity at the edge of a tissue paper, after which they are dried by slow, wide movements in the air. Observation under the microscope can be done immediately and is usually performed during the following week. The grids must be stored at room temperature, protected from dust, light, and humidity. The grids can be easily prepared in a few minutes by the technicians of a hemostasis laboratory not specialized in electron microscopy. Sending the grids at room temperature to a microscopy center is also much easier than sending a tube of blood under questionable conditions of transport time and temperature. The patient’s external blood center only requires a stock of formvar grids, good fine forceps, pure water, tissue paper, and parafilm.




4.2.2. Ultrastructural Examination of Dense-Granules


Granules are usually counted at Mag 20–40 k, or sometimes identified at Mag 80–150 k in the case of doubtful contrast in poorly granulated platelets (Figure 3G,H), using a JEOL JEM1400 transmission electron microscope at 80–100 kev, equipped with a penta-holder, a Gatan Orius 600 camera, and Digital Micrograph software (Lyon Bio Image, Centre d’Imagerie Quantitative de Lyon Est, France).



Normal dense-granules are uniformly dark and round, perfectly smooth, or with hairy processes, or can look like a torus (Figure 3B–E), sometimes with one or more tails (Figure 3B); round forms have a diameter of 161 ± 42 nm (mean ± 1SD, n = 713 in 40 samples). Nonetheless, some patients having a bleeding history, but a normal average of dense granules had a small delta storage pool volume called micro-granular storage pool deficiency (delta-MGSPD) [68].



Other electron-dense structures not counted as dense-granules are large, thin semi-opaque veils (Figure 4A,B); poor in phosphorus and calcium [67]; with fuzzy or spongy elements (Figure 4D), which occur very large and numerous in STIM1–York–Stormorken syndromes [69] and clusters or chains of small beads (Figure 4C–E). The latter have a near-delta composition in calcium and phosphorus, but a lower P/Ca ratio for the chains, as determined by EDXA (Energy-dispersive X-ray spectroscopy). Chains and fuzzy balls are not released after thrombin stimulation [70] and could represent a local accumulation of calcium, phosphorus, and other materials that failed to be normally incorporated into mature dense granules. In our laboratory, other structures with the appearance of balls of filaments were found in a family with dense-granule deficiency (Figure 4F). These balls display a size close to that of classical dense-granules, but with a high P/Ca ratio, and might possibly represent an aborted form appearing during dense-granule formation owing to a lack of calcium intake. Present in small numbers in platelets, their release in response to thrombin has not yet been evaluated and no defect has been found to date in the set of genes currently targeted in the platelets of this family.



The whole platelet method in transmission electron microscopy requires some training in the counting of dense-granules. Moreover, the number of platelets totally devoid of dense-granules is sometimes difficult to evaluate owing to a lack of reference marks for their identification on a formvar film of variable quality. A grid rinsed too long in water or a problem related to an unusual phenomenon of surface quality or hydrophobia of the formvar can produce spherical platelets; the focus becomes delicate and these platelets can be counted as containing no granules. Hence, it is advisable to look at several areas on all the grids before starting to count the number of granules per platelet. A control exercise in the recognition of dense-granules is proposed twice a year by the NASCOLA-ECAT with images provided by Dr. Dong Chen of the Mayo Foundation for Medical Education and Research.




4.2.3. Counting of Dense-Granules


The number of dense-granules per platelet ranges varies widely, from absolute zero in Hermansky–Pudlak syndrome (HPS) to over 150 in the macro-thrombocytes of a gray platelet syndrome (GPS), for example (Figure 5).



In the literature, the range of distribution is also relatively broad in healthy control subjects, with the current reference intervals being highly variable according to the laboratories; for example, >3.68 dense-granules/platelet (mean ± 3SD) [71]; 1.95–4.37, n = 40 (19 males and 21 females) in young people (median age 10 years) [72]; 1.2–4.0, n = 113 (65 males and 48 females) in adults [67]; or intervals of 4.9–8.2 for 60 males and 4.9–8.8 for 66 females (2.5–97.5 percentile ranges) [66]. The evaluation by electron cryotomography in 30 platelets from six healthy subjects was 5.5 ± 1.9 dense-granules/platelet [73], while that of Eckly et al. using focused ion beam-scanning electron microscopy (FIB-SEM) was 8.0 ± 4.2 dense-granules/platelet in 49 platelets reconstituted in 3D [74] and Pokrovskaya et al. using serial block face-scanning electron microscopy (SBF-SEM) found 5.5 ± 2.5 dense-granules/platelet in 30 platelets from three donors, with 10 platelets studied for each donor [75] (mean values ± 1SD).



An example of an FIB-SEM reconstitution showing the relative abundance of α- versus dense-granules is presented in Figure 6A [76], alongside an anaglyph image (Figure 6B) obtained from two tilts of a whole platelet mount; the latter requires red-cyan glasses to see the stereo effect. Our reference value determined according to the method of Brunet et al. [66], without taking into account gender, is 4.14–7.74 in 54 subjects, that is, 5400 platelets, as the 2.5–97.5 percentile range of the mean/subject. Routinely, the results of the examinations requested for patients are derived from the granule counts in 100 platelets. A recent study using LEAN methodology suggests to only count delta in 20 platelets in case when the average is >3 and in 100 platelets when the average is <3 [77]. These counts are also highly variable in the literature. Statistics are available for evaluations of 30 [66] to 200 [67] platelets and all these values are summarized in Table 1. Considering the range of published reference intervals, each observer needs to establish his own values.




4.2.4. Distribution Statistics


The average result alone does not always allow one to account for the distribution of granules in platelets or to distinguish the presence of platelet subpopulations, as described in cases of mutations in GFI1B and RUNX1 [78]. A scatter plot of hundreds or thousands of values is not very practical for comparisons of small variations; a histogram would be better, but too many overlays make it less visual. The cumulative distribution frequency or Q-plot representation would thus seem the most practical to visualize results with large deviations and permits at a glance the determination of a percentage at the desired threshold.



Statistical results for platelet dense-granules are shown in Figure 7. A Q-plot of the number of dense-granules/platelet in our healthy controls fits a generalized extreme value distribution. This is the simplest fit found; p-values for the distributions in patient platelets versus controls are derived using a Kolmogorov–Smirnov test with the Marsaglia method in R for borderline patient distributions. Cumulative dense-granule distributions in the cases of gray platelet syndrome (GPS) and Jacobsen syndrome (JBS) as compared with our controls are illustrated in Figure 8. The important differences in distribution do not require any statistical test to appreciate their significance. These two patients with GPS and JBS have macro-platelets of similar size; the GPS platelets contain dense-granules in proportion to their size, and the JBS platelets may thus be considered to have a very severe deficit in dense-granules.



The values obtained in children are difficult to interpret [72] and it is well recommended to repeat the evaluation at a more advanced age when subnormal counts are recorded [79]. The bleeding scores and platelet dense granule contents have been found to display a significantly weak correlation in a pediatric population [80].





4.3. Other Studies of Granular Content


4.3.1. ATP and ADP Contents


The determination of platelet nucleotides (ATP and ADP) by luminescence or high-performance liquid chromatography (HPLC) on an anion exchange column is relatively uncommon, although these are specific and reproducible tools to characterize abnormalities of platelet organelles. As ADP is predominantly concentrated in the dense-granules, a total ATP/ADP ratio exceeding 4 (normal laboratory values: 1.1–2.2) will favor a dense-granule defect. A nucleotide assay in combination with a platelet serotonin assay by ELISA (enzyme-linked immunosorbent assay) or HPLC(high liquid performance chromatography) is still not widely used in hemostasis laboratories. However, in association with the quantification of dense-granules by electron microscopy, this technique makes it possible to diagnose δ-SPD linked to a qualitative or quantitative deficiency in platelet dense-granules [40].




4.3.2. Serotonin Content


One of the most common methods classically used to determine platelet serotonin content is HPLC with electrochemical detection following platelet lysis with perchloric acid in the presence of an internal standard such as methylserotonin [81,82]. Therapy with selective serotonin reuptake inhibitors interferes with the evaluation [83,84].




4.3.3. Fluorescence Microscopy


Mepacrine Labeling



A technical feat at the time, correlative mepacrine fluorescence and whole platelet mount electron microscopy of dense bodies was first performed by Skaer et al. in 1981 [85]. These authors demonstrated the specificity of mepacrine for dense-granules, without any lysosome labeling in platelets.



Polyphosphates/DAPI (4’,6-Diamidino-2-Phenylindole)



The binding of DAPI to polyphosphates shifts its classical peak emission wavelength with nucleic acids from 475 nm (blue) to 525 nm (yellow-green) following excitation at 360 nm [59], which allows the use of DAPI to detect polyphosphates in vitro and in live polyphosphate accumulating organelles.



Proteins of Dense-Granules



Lamp 1, Lamp 2, and CD63 labeling can help to identify δ-SPD on a smear [86,87]. Using high resolution microscopy, a two-color image method has been proposed by Westmorland et al. [88], which employs sequential image acquisition during excitation of the sample with laser light at 488 nm for CD63 and 561 nm for tubulin in order to delimit the exact individual platelet areas. This method makes it possible to orient the diagnosis towards a dense granule deficit, but the labeling is not specific for dense-granules, as shown by comparison with the counting of the granules by whole mount electron microscopy in the same control and HPS samples [88].





4.4. Secretion Tests


4.4.1. Uptake and Release of Radio-Labeled Serotonin


The study of the incorporation and secretion of radio-labeled serotonin [89] is still considered to be the reference test to evaluate platelet secretion capacity. When incubated with platelets, tritium- or carbon-14-labeled serotonin is rapidly incorporated into the dense-granules. The cells are then stimulated with agonists such as collagen or thrombin and the amount of serotonin released into the medium can be quantified using a suitable counter. This technique can be employed to assess both the capacity of platelets to capture serotonin and incorporate it into dense-granules and their ability to secrete it [40]. In the case of δ-SPD with an absence of dense-granules, the uptake and secretion of serotonin will be abolished. Although this is the reference method to identify a secretion defect, it does not allow one to differentiate between a quantitative deficiency in dense-granules and an intrinsic platelet secretion defect related to impaired signaling.




4.4.2. Chemical or Biochemical Measurement of Serotonin Release


After platelet activation, serotonin can also be measured in the platelet supernatant using a commercial ELISA kit, or by HPLC with a fluorometer (excitation 285 nm–emission 350 nm) [90] or an electrochemical detector, usually a glass/carbon electrode with a Ag/AgCl reference electrode [91]. Thus, electrochemical detection or amperometry has been used with a carbon-fiber microelectrode to measure the release of serotonin from a single platelet [92] and the method has been adapted to follow the kinetics of serotonin release simultaneously during platelet aggregation [93]. This technique represents an alternative to detection of the release of ATP (§ 4.4.6) and especially to the measurement of the release of radio-labeled serotonin (§ 4.4.1).




4.4.3. Mepacrine Flow Cytometry


The “mepacrine test” permits an evaluation of the incorporation and secretion capacities of platelets. Mepacrine [94], a fluorescent marker derived from acridine orange that binds adenosine nucleotides, is incorporated into platelets via the same transporter as serotonin (SERT). The mepacrine captured by the dense-granules is then secreted upon stimulation of the cells with various agonists. Platelet fluorescence can thus be quantified by flow cytometry before and after stimulation. However, although this method can be used to evaluate the presence and the secretion of dense-granules, it has at least two drawbacks: the experiment has to be done within 6 h after blood collection and the mepacrine test has only a moderate sensibility (76%) and specificity (83%) for the detection of δ-SPD [95]. Therefore, this test should not be employed in isolation for the diagnosis of δ-SPD.




4.4.4. Polyphosphate Release


Using excitation at 415 nm and as little as 25 ng/mL of polyphosphate, the fluorescence of the DAPI–polyphosphate complex can be detected at a higher wavelength (550 nm) [96], without interference from DNA or RNA labeling or ATP and ADP. This method has been used to measure polyphosphate release from platelets after extraction–purification procedures [97]. It is nevertheless unsuitable to count dense-granules under a microscope owing to the non-specific autofluorescence of other platelet components and the fast quenching of DAPI. The rapid photobleaching of DAPI at alkaline pH (10.5) makes it possible to produce negative images of electrophoresis gels and considerably increases the detection limits of polyphosphates [98]. The use of live-cell imaging under flow, the impermeant dye SYTOX Orange, and Alexa488-conjugated exopolyphosphatase have enabled the identification of polyphosphate binding domains (PPX Δ12) and the measurement of polyphosphate release [64] during platelet adhesion/activation.




4.4.5. Flow Cytometry of CD63 Exposure


As mentioned above, granulophysin (CD63) is a transmembrane protein found on dense-granules and lysosomes. Its expression on the platelet surface before and after platelet activation is easily measured by flow cytometry. In the case of a dense-granule deficiency, CD63 exposure after activation of platelets with a thrombin receptor activator peptide (TRAP 50 µM) will be severely decreased. However, this test does not permit one to separate a secretion defect from a dense-granule deficiency. Another limitation in its use is that CD63 is also expressed on the surface of lysosomes and is not strictly specific to dense-granules.




4.4.6. Lumi-Aggregometry


The fastest and most widespread technique used in specialized hematology laboratories for platelet exploration is lumi-aggregometry. The principle of this method exploits the simultaneous measurement of platelet aggregation by light transmission or impedance and ATP release into the extracellular medium throughout the aggregation process [99,100]. The secreted ATP is converted into luciferin adenylate in the presence of luciferin and magnesium. Luciferin adenylate is then converted by oxygen into oxyluciferin and produces easily quantifiable light. This technique makes it possible to highlight secretion anomalies in individual responses to collagen, ADP, epinephrine, U46619, or other agonists. However, lumi-aggregometry suffers from a lack of sensitivity and reproducibility in detecting δ-SPD patients [101].





4.5. Genetic Studies


Genetic analyses must be systematically proposed in the event of suspicion of a deficit in dense-granules of constitutive origin. Several genes responsible for Hermansky–Pudlak, Chediak–Higashi, and Griscelli syndromes have been sequenced, while in forms associated with thrombocytopenia, molecular abnormalities may involve transcription factors such as RUNX1 or FLI1 [76,102,103]. Nonetheless, in the majority of cases, isolated forms of dense-granule deficiency remain without genetic diagnosis. The possibility of simultaneously exploring several genes (gene panel, whole exome, whole genome) using new high-throughput sequencing techniques should make it possible to identify new genes involved in these deficits in the coming years.



Key points:



LTA is the gold standard to study platelet functions, but remains poorly sensitive for detecting δ-SPD (except if LTA is performed with a washed platelets suspension);



Secretion tests are helpful to suspect δ-SPD;



Electron microscopy (whole mount) is the gold standard to quantify dense-granules;



Study of granular content is essential to highlight qualitative defects in dense-granules.





5. Diagnosis Strategy and Clinical Management of δ-SPD Patients


5.1. Diagnosis Strategy of δ-SPD Patients


Diagnosis and management of bleeding risk in δ-SPD patient remain complex mainly in non-syndromic forms of the disease. Because the diagnosis relies on the use of specialized technics such as electron microscopy, a collaboration between physicians, routine haemostasis clinical labs, and research labs is recommended.



In syndromic forms, the combination of oculocutaneous depigmentation, susceptibility to infection owing to an immune deficiency, and a moderate hemorrhagic syndrome should result in a request for a study of platelet function using aggregation tests. Whatever the aggregation anomalies observed, the determination of granule contents and quantification of platelet dense-granules should complement the initial tests performed. An absence of dense-granules, associated with serotonin deficiency and an ATP/ADP ratio of more than 4, allows the diagnosis to be oriented towards Chediak–Higashi disease, Hermansky–Pudlak syndrome, or Griscelli syndrome. The clinical presentation is sometimes unclear, as in the case of BLOC2 complex abnormalities (HPS3, HPS5, and HPS6 genes) [34,104,105], and sequencing of the HPS, LYST, and RAB27 genes is then the final step to an accurate diagnosis.



In non-syndromic forms of δ-SPD, platelet function studies in cPRP are poorly sensitive to highlight dense-granule or secretion defects, especially if thrombocytopenia is also present. In our experience, function studies performed with washed platelets are more accurate to identify dense-granule deficiencies. Therefore, an analysis of platelet dense-granules should be performed in all patients displaying abnormalities of primary hemostasis after exclusion of the most common PFDs, even if platelet aggregation shows no abnormalities. Flow cytometry tests (CD63 exposure, mepacrine test) are also useful tools for screening patients [95,106]. As for syndromic forms of δ-SPD, the biological exploration of dense-granules should include the determination of granule contents and quantification of dense-granules by electron microscopy. If dense-granule deficiency is confirmed, in the presence of thrombocytopenia, a study of the RUNX1, FLI1, and GATA1 genes is recommended as a first-line complementary measure. In the absence of thrombocytopenia, unfortunately no gene has yet been shown to be responsible for the pathology. Hence, patients suffering from this pathology should be included in large studies using high-throughput sequencing techniques to identify the currently unknown genes involved.




5.2. Bleeding Risk and Clinical Management of δ-SPD Patients


Patients with any type of δ-SPD suffer from moderate bleeding syndromes with little disruption of daily life in general. Some recent retrospective clinical surveys have confirmed that patients with δ-SPD have a moderately high (mean = 5) ISTH-BAT (International Society of Thrombosis and Haemostasis-Bleeding Assessment Tool) hemorrhagic score [107] as compared with patients with suspected PFDs (mean = 8) [108]. The moderate risk of bleeding, even in a standard surgical situation, was further confirmed by the multicenter study of Gresele et al. [109] conducted in 423 patients, including 238 having PFDs (17 patients with δ-SPD). Interestingly, minor atypical bleeding was observed by Civaschi et al. [110] in pregnant women with δ-SPD (n = 20) and two cases were reported to need blood transfusion.



Hence, in the case of surgery, prophylactic platelet transfusion is not recommended for patients with δ-SPD. Prophylactic and post-operative treatment using tranexamic acid and desmopressin should be preferred as long as the bleeding risk is limited. Because platelet transfusion is not mandatory to manage moderate bleeding for these patients and because it may lead to platelet refractoriness, platelet transfusion should be reserved for massive bleeding events and for bleeding that is not controlled by classical adjuvant therapy [111]. Activated recombinant human factor VII can also help to stop massive bleeding in the most complicated cases.



Finally, in order to limit the risk of bleeding in these patients, the use of any other drug having an impact on platelet physiology should be discussed in particular antidepressants such as serotonin reuptake inhibitors and platelet anti-platelet therapies in the case of thrombotic diseases. This approach avoids the deleterious effect of a combination of dense-granule deficiency and blockage of other platelet activation pathways essential for the formation of a platelet aggregate, the first stage of hemostasis, which stops bleeding.



The prevalence of δ-SPD is probably underestimated. Indeed, some unexplained bleeding during or after surgery may be caused by non-syndromic types of δ-SPD, which have never been diagnosed in the majority of patients. This is probably owing to the fact that the diagnostic tools are not standardized, sometimes very expensive, and complex to implement routinely in hemostasis laboratories. The harmonization of diagnostic methods and sharing of expensive and sophisticated tools like electron microscopes should be a valuable strategy to improve the identification of δ-SPD patients, in order to search for the genes responsible for the non-syndromic forms of the disease, and thus provide appropriate treatment to limit bleeding episodes in these patients.



Key points:



Accurate diagnosis of δ-SPD needs interaction between routine haemostasis and research labs;



Electron microscopy and δ-granular content study are mandatory to diagnose δ-SPD, especially the non-syndromic forms;



In case of bleeding, the transfusion of platelet concentrates should be used only when tranexamic acid and/or desmopressin are ineffective.
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Figure 1. Aggregation curves in citrated platelet-rich plasma (cPRP) of a δ-SPD patient and a healthy control (Control) in response to ADP (2.5, 5, 20, and 100 µM) and collagen (1.25, 2.5, and 10 µg/mL); arrows denote the times of addition of the agonists to cPRP. 






Figure 1. Aggregation curves in citrated platelet-rich plasma (cPRP) of a δ-SPD patient and a healthy control (Control) in response to ADP (2.5, 5, 20, and 100 µM) and collagen (1.25, 2.5, and 10 µg/mL); arrows denote the times of addition of the agonists to cPRP.



[image: Jcm 09 02508 g001]







[image: Jcm 09 02508 g002 550] 





Figure 2. Aggregation curves in a washed platelet suspension of a delta-storage pool disease (δ-SPD) patient and a healthy control (Control) in response to ADP (5 µM) and collagen (1.25, 2.5 and 10 µg/mL); arrows denote the times of addition of the agonists to washed platelets. 






Figure 2. Aggregation curves in a washed platelet suspension of a delta-storage pool disease (δ-SPD) patient and a healthy control (Control) in response to ADP (5 µM) and collagen (1.25, 2.5 and 10 µg/mL); arrows denote the times of addition of the agonists to washed platelets.



[image: Jcm 09 02508 g002]







[image: Jcm 09 02508 g003 550] 





Figure 3. (A) A whole platelet mount from a platelet suspension incubated in 1.25% glutaraldehyde phosphate buffer for one hour. The use of aldehyde fixatives, even very briefly, is not recommended and paraformaldehyde treatment gives similar results; the platelet background becomes so dark that only some peripheral granules (δ-arrow) are sometimes visible, but no granules in the platelet center (δ-arrow). (B) dense-granules (red arrows). A simple brief wash in pure water of native platelets on a formvar film is sufficient to obtain electron-translucent cells where the dense-granules are perfectly identifiable. These granules are classically smooth (D) or with filaments (E), but are sometimes observable in restructuring phases as annular forms (C) that split into long extensions (B, bottom left center), possibly also in a division phase (F), where two nodules are visible, which will probably evolve into two well separated dense-granules. The camera in automatic contrast adjustment mode may make the identification of dense-granules doubtful. The quickest solution is to change the magnification rather than the long contrast-brightness-gamma settings; an element looking like a veil at Mag 20 k (G) will be better identifiable at Mag 80 k (H). 
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Figure 4. The electron-dense elements not counted as dense-granules are calcium- and phosphorus-poor veils [67] (A,B, arrows), clusters of spongy elements (C), also present in the form of chains or larger grains (D,E), which are found in abundance and bigger in STIM1–York–Stormorken pathologies and are rich in calcium and phosphorus [70], while others are poorer in calcium (F), which could represent immature dense-granules (possibly polyphosphate filaments without calcium accumulation, found in non-identified cases of delta deficiency, but not in Hermansky–Pudlak syndrome). 
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Figure 5. Examples of a platelet totally devoid of electron-dense material (A) like those found in Hermansky–Pudlak syndrome (HPS) patients and a macro-platelet of a gray platelet syndrome (GPS) patient (B) with 155 dense-granules (mean 14 ± 26/platelet, 17% of platelets with >20 dense-granules). 
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Figure 6. Using conventional electron microscopy with 70 nm thick sections, the probability of observing a dense granule is low. An alternative is the reconstruction of serial sections. The rapid, more, or less automated method of focused ion beam-scanning electron microscopy (FIB-SEM) makes it possible to observe the spatial distribution of α- (yellow) and dense-granules (black) in a platelet. (A) data from Eckly et al. published in [76] (part of Figure 6B, image obtained from the Haematologica Journal website http://www.haematologica.org). A stereo image of an entire platelet on formvar can be obtained from two tilt images taken at ±7°. (B) Anaglyph reconstructed with ImageJ (V1.8 NIH, USA) Two Shot Anaglyph software (V2.9.5, Sandy Knoll Software, USA); the stereo effect is visible with red-cyan glasses. 
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Figure 7. Distribution model of the number of dense-granules/platelet: cumulative distribution frequency (CDF) averages in 54 controls (blue circles). The simplest fit is a generalized extreme value (GEV) distribution function (red); the corresponding probability density obtained by CDF derivative (Igor Wavemetrics) is shown in green. 
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Figure 8. Cumulative frequencies of dense-granule distributions in platelets (mean ± 1SD) in controls (gray, n = 54) and two cases of macrothombocytopenia with similar platelet size distributions, a patient with GPS whose platelet dense granule content may be considered to be normal and a patient with Jacobsen syndrome (JBS) having a severe deficit. 
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Table 1. Dense-granules (DG)/platelet (reference interval 2.5–97.5 percentile or mean ± 1SD).
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	Method
	DG/plt
	Number of Subjects
	Number of plts/Subject
	Age Range
	Anticoagulant
	PRP Preparation
	Reference





	WP-TEM
	>3.68 (m − 3SD)
	NI
	NI
	NI
	ACD
	100 g 15 min <48 h
	Gunning 2000-20 [68,71]



	WP-TEM
	1.95–4.37
	n = 40 (19M + 21F)
	100
	2 m–21 year
	ACD
	57 g 20 min
	Sorokin 2016 [72]



	WP-TEM
	1.2–4.0
	n = 113 (65M + 48F)
	100–200
	18–70 year
	ACD-A or -B
	200 g 20 min
	Chen 2018 [67]



	WT-TEM
	>3
	n = 300
	20(>3)–100(<3)
	6 w–21 year
	EDTA
	100 g * 6 min <72 h
	Asher 2020 [77]



	WP-TEM
	4.9–8.2
	n = 60 M
	30–50
	15–64 year
	Na citrate
	115 g 15 min <4 h
	Brunet 2018 [66]



	WP-TEM
	4.9–8.8
	n = 66 F
	30–50
	15–64 year
	Na citrate
	115 g 15 min <4 h
	Brunet 2018 [66]



	WP-TEM
	4.14–7.74
	n = 54
	100
	18–70 year
	CPDA1
	150 g 10 min <4 h
	Pennamen 2020 [30]



	CT-TEM
	5.5 ± 1.9
	n = 6 F
	5
	NI
	Na citrate
	150 g 20 min <1 h
	Wang 2015 [73]



	FIB-SEM
	8.0 ± 4.2
	49 plts
	NI
	NI
	ACD
	250 g 15 min **
	Eckly 2016 [74]



	SBF-SEM
	5.5 ± 2.5
	n = 3
	10
	NI
	Na citrate
	NI (after fixation)
	Pokrovskaya 2020 [75]







M: male; F: female; NI: not indicated; w: week; m: month; y: year; h: hours; WP: whole platelet; TEM: transmission electron microscopy; CT: cryotomography; FIB: focused ion beam; SEM: scanning electron microscopy; SBF: serial block face; FIB- and SBF-SEM used fixed platelet samples, CT- and WP-TEM used native unfixed platelets; (*) RCF (Relative Centrifugal Force) estimated from the centrifuge parameters used; (**) platelets’ suspension was washed in presence of prostacyclin and apyrase and then fixed with glutaraldehyde. For the WP-TEM technique, the authors all refer to the publications of James G. White for the criteria for identifying dense-granules. For Chen and colleagues [67], it is mentioned that the dense-granules counts were performed within 48 h after sample collection by 1 of 4 electron microscopy (EM) expert users; for Brunet and colleagues [64], dense-granules were counted by 1 of 2 EM expert users; and, for Pennamem and colleagues [30], dense-granules were counted by only 1 EM expert user. A hypothesis that could explain the lowest normal counts observed by Chen and colleagues would be the selection of a subpopulation of platelets poor in granules because of a strong and long centrifugation. Another hypothesis would be the way of platelet-rich plasma (PRP) collection: for Pennamen and colleagues, PRP has been collected in full at the edge of the buffy coat layer to not exclude large platelets. The PRP preparation process is not mentioned in the other publications. In specialized laboratories of platelet function studies, it is usual to observe the PRP far above the buffy coat having only platelets in the sample. It is recommended for aggregation tests or Western blot preparations. However, for platelet electron microscopies, it is bettser to have a few leukocytes in a single preparation. Indeed, it can quickly help to diagnose platelet disease such as MYH9. When the sample is also used to prepare thin sections, we recommended the use of a part of the buffy coat to carry platelets in the case of severe thrombocytopenia.
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