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Introduction

Platelets play a major role in primary hemostasis, where activated platelets form plugs
to stop hemorrhaging in response to vessel injuries. Defects in any step of the platelet
activation process can cause a variety of platelet dysfunction conditions associated
with bleeding. To make an accurate diagnosis, constitutional platelet dysfunction
(CPDF) should be considered once von Willebrand disease and drug intake are ruled
out. CPDF may be associated with thrombocytopenia or a genetic syndrome. CPDF
diagnosis is complex, as no single test enables the analysis of all aspects of platelet
function. Furthermore, the available tests lack standardization, and repeat tests must
be performed in specialized laboratories especially for mild and moderate forms of the
disease. In this review, we provide an overview of the laboratory tests used to diagnose
CPDF, with a focus on light transmission platelet aggregation (LTA), flow cytometry
(FC), and granules assessment. Global tests, mainly represented by LTA, are often
initially performed to investigate the consequences of platelet activation on platelet
aggregation in a single step. Global test results should be confirmed by additional
analytical tests. FC represents an accurate, simple, and reliable test to analyze
abnormalities in platelet receptors, and granule content and release. This technique
may also be used to investigate platelet function by comparing resting- and activated-
state platelet populations. Assessment of granule content and release also requires
additional specialized analytical tests. High-throughput sequencing has become
increasingly useful to diagnose CPDF. Advanced tests or external research laboratory
techniques may also be beneficial in some cases.

collagen and GPIb-IX-V binds to von Willebrand factor [VWF]
secreted from Weidel Palade bodies and adhering to collagen).

Constitutional platelet dysfunction (CPDF) caninduce a variety
of bleeding disorders caused by defects in primary hemostasis.
These defects may affect platelet adhesion, activation path-
ways, and aggregation. Platelet activation is a major phenom-
enon in primary hemostasis in which activated platelets form
plugs in response to injuries to stop hemorrhaging. Platelet
activation is initiated by platelet adhesion to the vessel wall, in
which various platelet receptors bind to protein components of
the injured vessel wall (e.g., glycoprotein [GP] VI binds to

received

May 14, 2020
accepted after revision
July 20, 2020

Platelet adhesion triggers coordinated successive signaling
pathways that yield full platelet activation, granule release
essential for the amplification of the platelet response, platelet
aggregation mediated by GPIIb/Illa activation,' and phospha-
tidylserine-exposing procoagulant activity.z’3

CPDFis associated with awide spectrum of disorders, which
are often difficult to diagnose and require a high degree of
expertise in the field. Furthermore, CPDF may be associated
with thrombocytopenia, which can impede and further
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complicate CPDF diagnosis. As some methods do not produce
reliable results in samples with low platelet count, it is
important to consider which methods can be used and which
adaptations have to be made to secure the interpretation of the
results in this particular setting.

CPDFs can also be associated with a genetic syndrome and
is often marginalized; however, taking it into account may
help establish the genetic syndrome diagnosis.

Key clinical elements to diagnose CPDF involve a careful
medical and family history assessment including medica-
tions, which may indicate an acquired platelet dysfunction,
and validated bleeding assessment scores to evaluate bleed-
ing severity.*> Before considering a CPDF diagnosis, VWF
disease, the most common disease associated with primary
hemostasis defects, should first be ruled out (~Fig. 1).
Laboratory tests used to identify CPDF are often suboptimal,
which renders diagnosis complicated especially for mild and
moderate forms of the disease. Diagnostic testing for CPDF
should ideally be performed in a specialized laboratory
under optimized preanalytical conditions and by experi-
enced laboratory staff.

The full gamut of platelet properties cannot be analyzed in
a single test. This review aims to provide an overview of the
main laboratory tests used to diagnose CPDF, with a focus on
light transmission platelet aggregation (LTA), flow cytometry
(FC), and analysis of platelet granules.

Global Platelet Functional Tests

Global platelet functional tests refer to methods that analyze
the consequences of platelet activation on platelet aggrega-
tion in a single step. When clinical results and family history
indicate potential CPDF, platelet aggregation tests are ini-
tially performed in most cases, after ruling out coagulation
and VWF defects. These global tests use various matrices—
platelet-rich plasma (PRP) or whole blood (WB)—and have a
variety of specifications and indications. In rare cases, it

lated phosphoprotein; EM: electron microscopy; TXA,, thromboxane

could be necessary to prepare washed platelets.® This proce-
dure is essential to isolate platelets from the anticoagulant
and their plasma environment. This, for example, may help
distinguish platelet type from plasma VWF disease.” This
article aims to describe the different approaches used to
diagnose and characterize CPDF. A description of the main
results of the platelet exploration is given in ~Fig. 2.

Light Transmission Platelet Aggregation

LTA is the most widely used global test for the diagnosis of
CPDF. It detects abnormalities associated with increased
bleeding in a significant proportion of individuals referred
for CPDF assessment.® This assay analyzes in vitro platelet
aggregation in a GPIIb/Illa-dependent manner by measuring
the increased light transmission through dense PRP after
addition of exogenous soluble activators except ristocetin.
Ristocetin causes the binding of VWF to the GPIb complex
leading to platelet agglutination. However, in patients suf-
fering from GPIIb/Illa deficiency, ristocetin-induced platelet
aggregation is often reduced, reversible, and even cyclic
indicating a contribution of GPIIb/Illa in ristocetin-induced
platelet aggregation.”'?

The kinetics of the response provides quantitative assess-
ment of platelet aggregation. The assay read-out yields
aggregation curves, including the slope of the curve, the
peak extent (%), and the latency time (lag phase). Addition-
ally, the initial shape change, mono- or biphasic aggregation
waves, and the stability of the aggregates (reversibility) can
be visually assessed.

The LTA assay is still considered as the gold standard to
test platelet function despite several limitations, including
poor standardization, preanalytic constraints, the time-con-
suming nature of the assay, and the high sample volume
requirement. As a result, several recommendations have
been published in the past 10 years to guide LTA testing
and interpretation of the results.'%"'3 International recom-
mendations on preanalytical variables—blood collection,
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Fig. 2 Diagnosis orientation according to the results of platelet exploration. Only the major etiologies have been indicated. LTA, light
transmission aggregation; GT, Glanzmann’s thrombasthenia; LAD, leukocyte adhesion deficiency; ARC syndrome, arthrogryposis-renal
dysfunction-cholestasis syndrome; ADP, adenosine diphosphate; TXA,, thromboxane A,; AA, arachidonic acid; ATP, adenosine triphosphate;

uPA, urokinase plasminogen activator.

preparation of PRP, assessment of PRP quality, methodology,
choice of agonists, and evaluation and reporting of results of
LTA—have been provided by the working party from the
Platelet Physiology Subcommittee of Scientific and Stan-
dardization Committee/International Society of Thrombosis
and Haemostasis (SSC/ISTH) on standardization of LTA.'3
Among the most important recommendations are the main-
tenance of a PRP platelet count above 150 x 10°/L below
which the interpretation of the results will be not reliable.
Blood samples should be drawn with minimal or no veno-
stasis using an appropriate needle into polypropylene or
siliconized glass tubes. PRP should be prepared by centrifug-
ing blood samples at x200g for 10 minutes. Grossly hemo-
lyzed and lipemic samples should be discarded. It is not
recommended to adjust platelet count except in case of
extreme high platelet count (>500 x 10°/L). Due to an inhib-
itory effect of platelet-poor plasma on platelet activation,
platelet count adjustment with platelet-poor plasma should
be avoided and replaced by dilution in buffer solution.'*1?
PRP should be allowed to stand at room temperature for
15 minutes before testing. Studies should be completed
within a maximum of 4 hours after blood sampling.
Platelet aggregation profiles vary depending on the activator
used and the concentration. Therefore, appropriate activator
concentrations must be selected to limit excessive interindivid-
ual variability and interpretation difficulties. A screening test
starting with low activator concentrations, including aggrega-
tion induced by 2 pM ADP, 5 uM epinephrine, 2 pg/mL collagen,
1mM arachidonic acid (AA), thrombin receptor activating
peptide (TRAP) 10 pM, and ristocetin 1.2 mg/mL, in agreement
with the ISTH recommendations,'? can provide an initial indi-
cation of platelet impairment. A second round of testing could
include other activators and increased activator concentrations

Hamostaseologie  Vol. 40 No. 4/2020

(Iess sensitive to platelet secretion) depending on the suspected
diagnosis (e.g., ADP 5-100 uM: absence of response to 100 uM
ADP may help diagnose complete P2Y12 deficiencies; stimula-
tion with the thromboxane A2 [TXA2] analog, U46619 1 uM,
enables the distinction between thromboxane prostanoid
receptor and TXA2 synthesis deficiencies; convulxin is used
as a GPVI-specific activator; TRAP 50 uM is used to detect
GPIIb/Illa activation abnormalities).

Defects in platelet aggregation may indicate reduced
response to a single activator; although in most cases, the
diagnostic process should assess reduced response to multi-
ple activators, as the same signaling and amplification path-
ways are involved. A recent review has described the platelet
aggregation profiles of the most frequently encountered
CPDF disorders.'> A lack of aggregation in response to
multiple activators at low or high concentrations, but main-
tained ristocetin response, indicates a GPIIb/Illa defect, as
GPIIb/Illa activation is a required terminal step in the aggre-
gation process (=Figs. 2 and 3; =Table 1). Glanzmann’s
thrombasthenia is associated with quantitative defects in
GPIIb/IIla. A variant of Glanzmann’s thrombasthenia or Kind-
lin 3 deficiency (LADIII)'® is suspected when tests reveal an
absence of platelet aggregation in response to all activators
(except ristocetin) with preserved GPIIb/Illa surface expres-
sion. The presence of a concomitant immune deficiency with
hyperleukocytosis and infection indicates a Kindlin 3
deficiency'® (~Table 1). Reduced platelet aggregation in
response to several activators is frequently observed in
clinical settings. A lack of response to low activator concen-
trations, but a normal or improved response to high activator
concentrations, may suggest a CalDAG-GEFI deficiency, a
nucleotide exchange factor for the GTPase Rap1B involved
in the “inside-out” signaling pathway.'” Indeed, platelet
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Fig. 3 Schematic representation of the primary platelet activation pathways and main clinical diagnostic tests for CPDF. Gq, G protein—containing subunit
agq; Gi, G protein—containing subunit ai; Gz, G protein—containing subunit as; ADP, adenosine diphosphate; ATP, adenosine triphosphate; AMPc, cyclic
adenosine monophosphate; TXA,, thromboxane A,; TPa, TXA, receptor; PAR, protease-activated receptor; P2Y1/P2Y12, purinergic receptors; TRAP,
thrombin-related activation peptide; AA, arachidonic acid; PLGB, phospholipase G; PLGy, phospholipase Gy; PI-3-K, phosphoinositide-3-kinase; AC,
adenylate cyclase; Rap1b, Ras-related protein Rap-1b; 5HT, 5 hydroxytryptamine (or serotonin); 5SHT;a, serotonin 5-HT,, receptors; VASP, vasodilator-
stimulated phosphoprotein; LTA, light transmission aggregation; TEM, transmission electron microscopy; LAMP: lysosomal-associated membrane protein;
PAC1, antibody that detects the neoepitope of active GPIIb/llla; CD63, granulophysin; CD62P, P-selectin; PAI-1, plasminogen activator inhibitor 1; TPS-1,
thrombospondin 1; VWF, von Willebrand factor. Procoagulant function of platelets is not presented in the figure as it involves different mechanisms. Among
the most relevant are platelet activation with strong agonists and apoptosis. Plasma membrane phospholipids are asymmetrically distributed in resting
platelets, with PS confined to the inner leaflet. After platelet activation by potent agonists (mainly thrombin associated with collagen), high levels of
sustained intracellular calcium trigger scramblase activity. Apoptosis-induced PS exposure does not require increase in cytoplasmic calcium. Scramblase
activation results in the loss of phospholipid asymmetry and PS exposure on the outer leaflet of the platelet membrane, providing the requisite surface for

rapid thrombin generation.

activation involves two waves of activation. The first is
sensitive to Ca>* and CalDAG-GEFI, while PKC/ P2Y12 signal-
ing in turn mediates a second wave of activation, necessary
for sustained Rap1B activation and thrombus stabiliza-
tion'®-20 (~Fig. 3). CalDAG-GEFI deficiency primarily affects
platelet activation induced by low-dose agonist activation
involving the first wave of activation.?' This type of response
may also correspond to abnormalities in the amplification
pathway mediated by ADP. Reduced response to ADP even at
high concentrations (100 uM) has been observed in severe
homozygous P2Y12 deficiency??"2> (~Table 1). In dense
granule defects, substantial variability in LTA results has
been observed with normal or reduced (or reversible)
response to low concentrations of most activators (e.g.,
ADP, TXA2, and collagen) and improved response to high
activator concentrations?® that is less dependent on the
secretion-mediated amplification phenomenon.

Recently, a new inherited platelet bleeding disorder affect-
ing the EPHB2 gene was described (= Table 1). EPHB2 encodes
the ephrin transmembrane receptor B2 tyrosine kinase. Plate-
let aggregation was absent in response to collagen and was
impaired in response to 10 uM ADP, 1.5 mM AA, and 5 pM
U46619.27 Abnormality of the amplification pathway mediated
by TXA, also results in reduced response to several agonists
primarily AA. This is most often due to an autosomal dominant
variation in the gene coding the TP« receptor, TBXA2R, but can
also correspond to a reduced conversion of exogenous AA to
TXA,. This last condition is extremely rare. Mutations in
TBXAS1, which encodes a thromboxane synthase, have been
identified in patients with the rare autosomal recessive Ghosal
hematodiaphyseal dysplasia (=~Table 1). The use of TXA;
analogs, such as U46619 or STA2, as activators, and measure-
ment of TXB, levels (stable metabolite of TXA;) can help
distinguish between these two mechanisms'? (~Table 1).
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Table 1 (Continued)

L Defects in platelet aggregation response to a single activator
_ 4 -g é% . “é o é o are rare, similar to reduced response to collagen or ristocetin.
:g g E g ; 2E g E’E L&“Lg Red!uced response to collagen indicates a defect in GPVI, a
= 572 g g ‘g;i 5 g; :?‘% major collagen receptor on the platelet surface (~Table 1).
2% |E% |Ec2siss ga Convulxin (extracted from snake venom) is a selective GPVI
g g g £ 2 gﬁ:‘é&f -E% agonist that may help orientate the diagnosis. Noonan syn-
< |55 |cEcEE88|2 52 |2 drome (NS) also displays a significant reduction in LTA induced
by some activators. NS is an autosomal dominant genetic
condition that affects one in 1,000 to 2,500 individuals; 50%
s s 5 5 g of patients with NS display pathological variants of the PTPN11
Eoo 3 g 3 8 gene?8 (~Table 1).Ristocetin is an antibiotic that facilitates the
E‘ § g E E E £ binding of VWF to the GPIb-IX-V complex. Normal levels of
§ E S ?‘j ij ﬁ 5 both VWF and GPIb are necessary for proper aggregation. In
£ss = = T S the absence of VWF abnormalities, a lack of response to
S ristocetin suggests Bernard-Soulier syndrome, for which the
s main characteristic is macrothrombocytopenia and absence of
“5 g or reduced GPIb levels at the platelet surface?’ (- Table 1). Low
g é _ concentrations of ristocetin (e.g., 0.5 mg/mL) do not induce
g EL platelet aggregation. With low-dose ristocetin treatment,
£58 + abnormal aggregation with possible thrombocytopenia and
platelet clumping suggests type 2B or platelet type VWF
o 2 _ ° disease due to a defect in platelet-VWF interactions.3%>’
_ I S £ § An increased susceptibility to bleeding has been described
é i 3 |5 g 2 5 in patients exhibiting hyperactive Gs signaling.>? These cases
82 5 % R & 2 ks = é 8 fé are associated with syndromic clinical manifestations such as
.ém’ é g £8 § 8 § %g § m § @ mental retardation, epilepsy, and moderately severe skeletal
anomalies. LTA is normal, although bleeding time is signifi-
] 5 cantly extended. The diagnosis is made by demonstrating
;zs B g increased inhibition of ADP-induced platelet aggregation by
o % = o o o activators of receptors coupled to Gs such as PGI, and PGE,
£ a s < < < < (~Table 1).
3 Physiological variations as well as unreported medications
é 5 e or xenobiotic agents can modify platelet behavior. Therefore, it
; § 3 5; . is essential to confirm the results at least once, on different
2o ge 5 e & E o N occasions ideally 2 to 6 months after the initial test, especially
53 5 g 5 'LJJJ 2 g0 E @ when the observed defects are moderate.
§ |sBi|sET8% |2Rz|EBE|£8=
s 248 E%%%E % s8|22'8[2R Impedance-Based Whole-Blood Aggregometry
= Assessment of the changes in electrical impedance between
v~ two electrodes when platelet aggregation is induced can be
g g 3; performed on WB samples. Platelet aggregation is assessed by
%5 als = 5 o S detecting the increase in electrical impedance recorded in
o § ; %ﬁ § = E | % :;i S, E‘ Ohms.>> WB aggregometry (WBA) is technically simple; the
EE glo8 8@ 8,§ 8@3 S5 operator adds an activator directly to the WB sample and
SEE[ZR (2% 28 |23 [2=% subsequently records the rise in impedance as platelets coat
° electrodes suspended in the blood.>*** Compared with LTA,
g WBA involves more physiological conditions (includes other
g - o ~ blood elements involved in platelet function, and aggregation
§ ;‘ E’ ﬁr ;V takes place on surfaces). Additionally, WBA requires a relatively
smaller volume of WB and no sample manipulation, thereby
_ N _ G5 _ enabling a rapid analysis of platelet function. Fritsma and
] z § § S § McGlasson have summarized the main preanalytical condi-
S S S S = tions for impedance-based WBA. Citrated blood (3.2% citrate)
- must be tested within 4 hours of collection. Blood sample has to
LE be diluted. A sample whose platelet count is between 50 and
ko] g; 100 x 10° may be assayed undiluted; if the platelet count is
;‘3 S % below 50 x 10°, WBA should not be performed.34"37 In con-
== trast to LTA, WBA is unaffected by icterus and lipemia. WBA is
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also unaffected by hemolyzed and lipemic samples but is
sensitive to hematocrit and platelet and leukocyte counts.'®
In studies comparing LTA and WBA, the WB impedance multi-
plate analyzer yielded very similar results to LTA assays in
populations of patients suffering from Glanzmann’s thrombas-
thenia.>®3° However, WBA is more expensive and less widely
used than LTA. Clearly, the utility of WBA should be more
extensively investigated for the diagnosis of CPDF.

Bleeding Time and Platelet Function Analyzer 100/200
The bleeding time test is the only available in vivo primary
hemostasis test that integrates platelet function, VWF, and the
blood vessel wall. It is an easy and rapid test in which the time it
takes for bleeding to stop (platelet plug formation) in an in vivo
skinwound is recorded.* For many years, the bleeding time test
has represented the only screening test to identify congenital
and acquired platelet disorders.*’ However, routine use of this
test has recently declined due to several factors, including poor
standardization and accuracy, the invasive nature of the test,
operator-based variations, and variations resulting from differ-
ences in skin thickness and temperature among patients.'® This
test is no more recommended. However, it is to note that
bleeding time may help orientate diagnosis in very peculiar
situation such as increased response to endothelium-depen-
dent platelet inhibition that is not easily detected with LTA.>
The PFA-100 and PFA-200 systems (Siemens) have been pro-
posed as simple and rapid automated screening tests for
primary hemostasis impairments. The platelet function assay
employs high shear stress and citrated WB to simulate in vivo
platelet adhesion to VWEF. The analyzers measure the platelet
closure time of a microscopic aperture composed of a collagen-
ADP or collagen-epinephrine-impregnated membrane*? with a
fixed concentration of activators. The PFA-100/200 is sensitive
to platelet count and hematocrit (PFA-100/200 should not be
performed when platelet count is less than 100 x 10%/L or
hematocrit < 0.30). Closure time may be shortened in case of
high platelet count (>500 x 10°/L) or elevated VWF levels.*> For
a full description of the preanalytical constraints and results
interpretation, see the article by Harrison et al.'?

The PFA-100 is not specific for any particular primary
hemostasis disorder. Normal closure times enable to exclude
VWEF disease with high sensitivity** except type 2N. Pro-
longed closure times in the absence of VWF disease may
indicate a severe form of CPDF such as Glanzmann’s throm-
basthenia, Bernard-Soulier syndrome, or platelet type von
Willebrand disease thrombasthenia .'%4® Closure time tests
lack specificity and sensitivity for milder forms of CPDF,
similar to bleeding time.*

Other Whole-Blood Assays

The Impact-R system (DiaMed, Cressier sur Morat,
Switzerland) is a WB assay used to evaluate platelet
function under arterial conditions with a cone and plate
technology. Once blood samples are aliquoted into a poly-
styrene well, plasma proteins immediately adhere to the
well surface, thereby resulting in platelet adhesion and
aggregation. Following the removal of excess of blood
and staining from the adhered platelets, the surface area
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(%) covered by platelet aggregates (adhesion index) and the
size of platelet aggregates (aggregation index) are assessed
using an image analyzer. This automated method does not
require sample preparation and is able to analyze low
sample volumes. The Impact-R agonist response test has
been used to detect aggregation defects in patients with
storage pool disease, severe von Willebrand disease, and
epinephrine response deficiency.*® Additional studies
should be conducted to explore its application in the
diagnosis of the whole spectrum of CPDF disorders. Many
other tests have been developed mainly to evaluate the
primary hemostasis status of patients in acute and critical
care settings. However, some tests are either inflexible and
not well adapted for CPDF diagnosis (as observed with the
PFA-100) or have never been evaluated in this particular
context. For example, the Global Thrombosis Test (GTT;
Montrose Diagnostics Ltd., London, UK) is performed by
using native non-anticoagulated WB, without adding acti-
vators. Platelet activation is only induced by high shear
stress similar to that in coronary arteries.*’ Plateletworks
(Helena Laboratories, Beaumont, Texas, United States) is an
in vitro diagnostic, point-of-care test platform that is based
on quantifying platelets before and after platelet aggrega-
tion. The Plateletworks assay demonstrates the clinical
value of measuring both platelet count and function.
Reduced platelet counts reflect the extent of activated
platelets that have aggregated. However, the Plateletworks
assay is inflexible and technically challenging to operate, as
the test must be performed within a few minutes, which is
also the case with the GTT.*® Thromboelastometry provides
a viscoelastic measurement of clot formation in WB
samples. This method has been developed to test for
fibrinogen and severe coagulation factor deficiencies,
hyperfibrinolysis, and platelet-fibrin interactions, as previ-
ously described.#” This method is primarily used to moni-
tor excessive postoperative bleeding and the need for blood
products during cardiac surgery. Rotational thromboelas-
tometry (ROTEM) is an established viscoelastic method for
hemostasis testing. This system could be helpful to guide
the physician regarding any need for platelet transfusion or
other adjunct therapies notably during Glanzmann’s
thrombasthenia.*®> When treating patients with congenital
or acquired platelet dysfunction, some intrinsic limits of
thromboelastometry to assess platelet function may be
overcome with the combined use of a point-of-care device
that also measures platelet aggregation.’®>"

Recently, the “in vitro thrombosis model”? has been
presented as an ambitious technique used to screen for
CPDF disorders, in which anticoagulated WB is perfused
over fibrillar collagen in glass microcapillaries or parallel-
plate flow chambers to monitor the formation of three-
dimensional aggregates. This model enables analysis of
the four main stages of platelet thrombus formation—i.e.,
platelet tethering, adhesion, activation, and aggregation—
under a wide range of hemodynamic conditions. Recom-
mendations for standardization of these models have
recently been published by the Subcommittee on Biorheol-
ogy of the ISTH.>3
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Analytical Tests

Platelet dysfunction disorders may arise due to a variety of
root causes. As a result, to properly make a diagnosis, global
test results (often using LTA) should be confirmed by addi-
tional analytical tests. These tests should aim to analyze the
following: (1) reduced expression levels of platelet surface
receptors or key intraplatelet molecules; (2) defects in
platelet activation, primarily by assessing the evolution of
receptors in response to activation or signaling events; and
(3) reduced levels of platelet granules.

Flow Cytometry

FC is used to distinguish between circulating cells and analyze
specific cell populations of interest. It is a widely used technique
to rapidly analyze many aspects of platelet biology and func-
tion. Briefly, platelets in PRP or WB are labeled with fluoro-
chrome-tagged monoclonal antibodies (mAbs) with affinity
against a selection of platelet-specific antigens (=Fig. 3).
Platelets are identified by using a fluorochrome-conjugated
platelet marker or by assessing the characteristic scatter prop-
erties (forward scatter corresponds to platelet size, while side
scatter corresponds to platelet granularity). The light from the
laser excites all fluorescent molecules associated with platelets,
and emitted fluorescence is then collected, amplified, and
converted into an electronic signal. The fluorescence signal is
directly proportional to the density of the antigen of interest.
The results are expressed either as median of fluorescence or as
an absolute number of mAbs bound per platelet. The technique
enables the analysis of PRP or WB without previous separation
steps (minimal preanalytical artifacts, small volumes of blood
samples which is particularly interesting for studies involving
young children/neonates)>*>> and multiple fluorochromes
(antigens) simultaneously in a single sample. Furthermore,
FC provides accurate analysis of severe thrombocytopenia
cases, such as Bernard-Soulier syndrome.>® FC is an important
technique used to diagnose CPDF disorders by assessing cell
surface membrane receptor deficiencies—e.g., Glanzmann’s
thrombasthenia (abnormal or lack of binding of fluorescent-
labeled IIb- or Illa-specific mAbs),>’ Bernard-Soulier syndrome
(abnormal or lack of binding of fluorescent-labeled GP1b-,
GPIX-, or GPV-specific mAbs),56 and less common CPDF dis-
orders, such as those involving defects in the GPVI receptor.”®
Increased expression of platelet surface receptors (GPIIb/Illa)
and receptor internalization (GPIb) can be evaluated by com-
paring resting and activated state platelet populations.’® In
addition to GP, which is constitutively expressed on the resting
platelet membrane, several other markers can be detected on
the platelet surface only after platelet activation: PAC1 antibody
and fibrinogen are bound following activation-induced confor-
mational changes in GPIIb/llla, granulophysin (CD63) is
detected after dense granule release, and P-selectin (CD62P)
is detected after alpha-granule release.”*®° FC can be used to
measure the fluorescence of mepacrine, which binds adenine
nucleotides selectively with high affinity. The analysis of mepa-
crine uptake and release is used to evaluate dense granule
deficiency as detailed later (“Dense granule deficiency”). FC is
also a valuable technique to diagnosis Scott’s syndrome, which

Ibrahim-Kosta et al.

is characterized by a translocation defect of the anionic amino-
phospholipid phosphatidylserine on the platelet surface after
platelet activation,®’ leading to a reduced procoagulant activity
and a bleeding diathesis. Besides Scott’s syndrome, a very rare
syndrome, FC is of particular interest to recognize the subpop-
ulation of procoagulant platelets exposing PS in association
with high levels of coagulation factors. They are observed in
vitro after dual agonist stimulation with collagen and thrombin
(COAT platelets) and represent approximately 32% of all plate-
lets in controls.®2%3 Methods to quantify coated platelets have
been described by different groups.®>®* Lower levels of coated
platelets were reported in intracerebral hemorrhage,® and in
human and animal studies focused on bleeding diatheses.?6-68
Identification of increased coated platelets may improve the
ability to identify patients at high risk of recurrent stroke.%®
Furthermore, FCmay be used to assess intraplatelet signaling, in
which platelets must be permeabilized prior to labeling. Sig-
naling downstream P2Y12 involves vasodilator-stimulated
phosphoprotein (VASP). Evaluation of VASP phosphorylation
in response to ADP may help diagnose functional defect in
P2Y12.7°

Assessment of Platelet Granule Content and Release
Two types of platelet storage granules are typically analyzed:
electron-dense granules and alpha-granules. Dense granules
belong to the family of lysosome-related organelles. Each
platelet contains three to eight dense granules, which store
cations (Ca%*, Mg?*, K*), polyphosphate and pyrophosphate
esters (ADP, ATP, GTP), and bioactive amines (serotonin [or 5-
hydroxytryptamine, 5HT] and histamine). During platelet
activation, the release of dense granules is involved in
hemostasis and is indispensable for the formation of a stable
aggregate.”'"73 Defective nucleotide signaling can account
for platelet function disorders that result in severe bleed-
ing.”* Calcium is responsible for the electron density of these
granules when viewed via electron microscopy (EM). Alpha-
granules are more abundant (50-80 per platelet) than dense
granules, and they contain a large variety of proteins includ-
ing adhesive proteins, coagulant and anticoagulant factors,
chemokines, and growth factors. Alpha-granules are in-
volved in clot formation and vascular repair.”> The identifi-
cation of granule defects remains a challenge’®’’ and
requires a variety of tests.

Dense granule deficiency. As global tests may yield normal
results for patients with dense granule deficiency (most
common type of platelet granule disorder’®), appropriate
methods are required for diagnosis, including granule quan-
tification and assessment of granular constituents, both
before and after activation to examine platelet release reac-
tions. Methods for diagnosis of dense granule deficiency are
based on a wide range of techniques including luminometry,
FC, ELISA, radio-isotopic assays, and high-performance liquid
chromatography (HPLC), which can be coupled with tandem
mass spectrometry (LC-MS/MS), fluorescent microscopy, and
electron microscopy (=Fig. 3).

Nucleotide quantification. Platelets contain two separate
nucleotide pools: a metabolically active pool primarily com-
posed of ATP and a secretory pool with equal levels of ATP
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and ADP released by dense granules. While ATP (3.5-
5.9 nmol/108 platelets) plays a limited role in aggregation,
ADP (1.9-3.8 nmol/10® platelets) plays a major role in the
amplification pathway by binding to P2Y12. Luminometry is
widely used to quantify nucleotides. In the context of nucle-
otide quantification in platelets, the platelets are activated by
various agonists and released ATP and then react with
luciferin-luciferase reagent, thereby yielding a light signal
proportional to the ATP concentration. This technique
presents several major advantages: assays can be conducted
directly on PRP or WB and it is highly sensitive. The lumi-
aggregometer has also been developed to simultaneously
assess platelet aggregation and ATP release in samples of PRP,
WSB, or washed platelets.”® However, this technique does not
detect ADP release, which may pose a problem for selective
defects in dense granule ADP transport associated with
bleeding and normal levels of ATP and serotonin but reduced
ADP levels (as described in dogs).80 ADP can only be quanti-
fied after phosphorylation to ATP by creatine kinase and
creatine phosphate, which serves as a phosphate donor in the
conversion of ADP to ATP. ATP, ADP, and AMP can also be
directly and simultaneously quantified using HPLC or
LC-MS/MS.2! The evaluation of the ATP:ADP ratio (e.g.,
normal >2) appears to be the best method to detect reduced
ADP levels. Selecting the appropriate type and/or concentra-
tion of activator(s) to stimulate dense granule release is
crucial, as this impacts the performance of the quantification
assay. Pai et al have recommended the application of three
agonists in high concentrations, which reduces intra-assay
variability as well as intra- and intersubject variability.82 The
diagnosis of secretion defects is more accurate when abnor-
mal nucleotide release is demonstrated with several agonists
and confirmed on several occasions.®? Evidence-based
guidelines are needed to use and interpret these results
considering the high variability observed between patients
and healthy controls.%3

Flow cytometry. As mentioned earlier, FC is used to analyze
dense granules, by assessing platelet granulophysin (CD63)
surface expression levels before and after activation as well as
mepacrine uptake and release. Several reports have empha-
sized the relevance of the mepacrine test to assess storage pool
disease.34-87 Platelet mepacrine uptake occurs rapidly, with
near maximum incorporation within 1 minute. After 1 minute,
the incorporated mepacrine is located in a pool, most of which
is released by thrombin. The thrombin-induced release of
mepacrine from dense granules increases within the first
5 minutes, until levels plateau at 15 minutes.®® Platelet dense
granule release capacity is estimated by subtracting
mepacrine uptake levels after stimulation from that of the
nonstimulated sample. Recently, FC analysis of mepacrine
fluorescence has been compared with platelet ATP/ADP con-
tent assays as a reference test. Mepacrine fluorescence assays
appear effective to rule out dense granule deficiency and may
be proposed as an easy and convenient technique to identify
patients who require further extensive testing.8? Furthermore,
dense mepacrine-labeled granules can be directly observed
and quantified using fluorescent microscopy, which enables
the quantification of granules per platelet. The results are
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expressed as a distribution curve, which is compared with the
distribution curve of a control sample analyzed in parallel.®

Serotonin quantification. Various assays are used to mea-
sure serotonin levels in platelets. The most direct and simple
method involves quantification of serotonin by electrochem-
ical detection after HPLC separation on serum or PRP sam-
ples.®! Alternatively, serotonin levels may be accurately
quantified via ELISA, fluorometry, fluorescent microscopy,
and FC on fresh or frozen PRP samples, depending on the
method used.’’%? Antidepressant drugs that inhibit 5-HT
reuptake have been associated with a marked decrease in
platelet 5-HT levels, leading to acquired 5-HT deficiency.
Secretion of radio-labeled serotonin (*C-serotonin) from
prelabeled platelets in response to agonist stimulation is a
sensitive test that can be used in laboratories that handle
radioactivity.”> As platelet serotonin and nucleotide levels
are not necessarily correlative, assessment of serotonin levels
cannot be substituted by nucleotide quantification assays.

Whole-mount electron microscopy . This technique involves
an assessment of unfixed/unstained platelets to directly visu-
alize electron-dense granules for quantification. Briefly, plate-
let samples are prepared by aliquoting a drop of PRP onto a
Formvar-coated grid, washing the platelets with distilled
water, and then air-drying the grid. The sample is then
examined by EM to determine the average number of elec-
tron-dense granules in 30 to 50 platelets. Samples may be
shipped to a specialized laboratory for analysis without any
preanalytical concerns, as reported in an External Quality
Assessment survey.”* High intra-subject variability has been
observed in cases with a mild reduction in dense granule
content, contrary to non-dense granule deficiency cases. Thus,
patients presenting with reduced levels of dense granules per
platelet must be retested, on a new sample, to confirm the
diagnosis. Although dense granule counts are similar in pedi-
atric and adult patients, the diagnosis of dense granule defi-
ciency in very young children requires repeat testing to
confirm the results at older age.® Recently, super-resolution
light fluorescent microscopy analysis of CD63-stained plate-
lets has been proposed as an alternative to EM, to potentially
facilitate the automation of the quantification process, enable
rapid quantification of many platelets per patient, and provide
statistically robust discrimination between control and pa-
tient samples. Super-resolution light fluorescent microscopy is
also less expensive.96

Asthereis no single test to diagnose dense granule defects, a
combination of methods is recommended to distinguish be-
tween quantitative defects (reduced dense granule numbers)
and qualitative defects (abnormal content). Normal basal
levels that decrease after stimulation suggest a platelet signal-
ing abnormality rather than a specific granule defect. Addi-
tional studies are required to evaluate the prevalence and
characteristics of the different categories of storage pool
disease.

Dense granule deficiency can occur in isolation (d-storage
pool disease, 6-SPD), combined with alpha-granule deficiency
(a/5-SPD) and as part of a syndrome.®”®® Patients with
Hermansky-Pudlak syndrome (HPS) exhibit bleeding diathe-
sis caused by dense granules deficiency and hypopigmentation
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of skin, hair, and eyes due to melanosome defects.’® There are
several well-established HPS types labeled according to the
gene that is mutated and numbered chronologically with their
discovery (=Table 1). Individuals suffering from Chediak-
Higashi syndrome (CHS) have bleeding diathesis due to dense
granule deficiency as well as decreased pigmentation and
severe immune deficiency due to malformation of additional
lysosome-related organelles. CHS patients have giant intracel-
lular organelles that are pathognomonic of the disease.’ 00 cHs
is caused by mutation of the LYST gene. HPS and CHS are
uncommon, autosomal recessive diseases. Griscelli syndrome
type 2 is a CH-like syndrome. It is a rare cutaneous disease
characterized by a silvery-gray sheen of the hair and hypo-
pigmentation of the skin, which can be associated with
immunologic impairment and dense granule deficiency®®
(=Table 1). Dense granule deficiency has also been associated
with thrombocytopenia due to mutations in transcription
factors (GATA1,'®" FLI1,3* and RUNX1'% or in filamine A
[FLNA]'%3; ~Fig. 2, = Table 1).

Alpha-Granule Deficiency

Several techniques are used to examine alpha-granules. The
absence of alpha-granules in platelets results in large pale
platelets as observed via light microscopy. FC is the most
commonly used assay to assess alpha-granule deficiency.
This technique can be used to analyze activated platelets for
expression of P-selectin (CD62P), an alpha-granule trans-
membrane protein expressed at the platelet surface. ELISA
can be used to detect secreted alpha-granule content (i.e.,
platelet factor 4, B-thromboglobulin, and plasminogen acti-
vator inhibitor 1 [PAI-1]). Analysis of PAI-1 antigen is of
particular interest because 95% of serum PAI-1 derives from
platelets and PAI-1 antigen exhibits high stability in serum,
which is useful when samples are frozen and shipped to a
specialized laboratory. Transmission EM continues to be an
important technology in the field of platelet research.
Although the technique is relatively costly, it is the method
of choice to evaluate alpha-granule abundance. Transmission
EM is often used to confirm the diagnosis of alpha-granule
deficiency after initial tests indicate abnormal results.'"1%4
However, special training is required to operate a transmis-
sion EM and analyze the results, and the system consists of
large and cumbersome instruments that require special
housing and maintenance (~Fig. 3).

Alpha-granule abnormalities may occur in isolation, as it
is the case with the gray platelet syndrome (NBEAL2 or GFI1b
variant), combined with dense granule deficiency (GATA1 or
FLI1 variants) and as part of a syndrome (arthrogryposis—
renal dysfunction-cholestasis [ARC] syndrome; ~Fig. 2,
~Table 1). ARC syndrome is multisystem disorder caused
by mutations in the VPS33B or VIPAR gene and associated
with congenital joint contractures, renal tubular dysfunc-
tion, and cholestasis.'®

Other Analytical Tests

To refine the diagnosis of CPDFs, complementary tests may be
helpful in some cases, such as specific assessment of suspected
deficient proteins by immunoblot assays or intracellular FC.

Ibrahim-Kosta et al.

For example, the LADIII- and RASGRP2-related diseases are
primarily associated with a complete deficiency in Kindlin 3
and CalDAG-GEFI, respectively, which can be detected by
immunoblot assay. Intracellular FC can be used to determine
the phosphorylation status of key proteins in signaling path-
ways. % Recently, immunofluorescence labeling of blood
smears has been proposed as an alternative approach allowing
to diagnose approximately 30% of patients with suspected
CPDE.' Advantages of this approach are the preanalytical
requirements (<100 pL venous or capillary blood), which
makes the method suitable for diagnosis in pediatric patients,
including neonates, and in patients presenting thrombocyto-
penia. The choice of the panel of antigens (e.g., thrombospon-
din-1, VWF, P-selectin for alpha-granules; Lamp1, Lamp2, and
CD63 for dense granules) may identify Glanzmann’s throm-
basthenia, Bernard-Soulier syndrome, gray platelet syndrome,
GATA1 and GFI1B macrothrombocytopenia, and filamin A-
related thrombocytopenia. This method is of particular
interest for laboratories without access to high-throughput
sequencing (HTS). Several tests may be used to measure serum
and urine levels of TXA, metabolites. This is useful to evaluate
platelet function and detect defects in TXA, production, which
is essential for the amplification of platelet activation.'%8-110
Quebec platelet disorder involves a gain-of-function mutation
of the urokinase plasminogen activator, which causes plas-
min-mediated proteolysis of platelet alpha-granule content
and hyperfibrinolysis. This syndrome is a rare, autosomal
dominantbleeding disorder that has been described in a family
from Quebec Province in Canada.'""'"? These patients expe-
rience joint bleeding, hematuria, and large bruises. Although
platelet morphology and alpha-granule levels are normal in
Quebec platelet disorder patients, platelet urokinase is 100
times higher in patients as compared with controls.' >

High-Throughput Sequencing

HTS has recently been introduced into clinical diagnostic
laboratories that study constitutional platelet disorders,
thereby resulting in major advances in the field. This
approach primarily involves targeted gene panel tests or
whole-exome sequencing. HTS has already made a signifi-
cant contribution to the improvement and expansion of
molecular diagnosis and enhanced the understanding of
platelet pathophysiology.'' This technique enables the rap-
id identification of genes associated with platelet disorders
(=Table 1).1It has also become less expensive and increasing-
ly accessible. HTS could be critical in the diagnosis of patients
with chronic and familial mucocutaneous hemorrhagic
symptoms in whom a platelet disorder is suspected. Func-
tional assays could be subsequently performed to evaluate
the pathogenicity of genetic variants identified via sequence
analysis. Further research would be useful to determine the
best place of HTS from a socioeconomic perspective. How-
ever, the expansion of HTS assays has raised several concerns
regarding variant interpretation and the ethical implications
of detecting incidental findings. For these reasons, only
clinical experts in CPDF physiopathology and those aware
of the phenotype-genotype relationship and ethical issues
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should be involved in the analysis and interpretation of HTS
results.

Conclusion

Diagnosis of CPDF is a multistep process that begins with a
careful assessment of personal and family medical history,
followed by specialized platelet assays and genetic tests.
CPDFs are implicated in a wide spectrum of disorders, for
which diagnosis is often a significant challenge even for
specialized laboratories. Moreover, most platelet functional
tests lack standardization, and quality control tests are
becoming an increasingly important issue. The implementa-
tion of HTS approaches to diagnose CPDF has resulted in
major advances in the field. HTS represents a valuable
method to confirm diagnoses, but it also introduces ethical
issues that highlight the necessity to discuss expectations
prior to testing. Therefore, platelet assessment tests should
be conducted in specialized centers, where platelet function
tests can be properly performed and interpreted. In cases
when appropriate clinical and gene panel tests fail to yield an
accurate diagnosis, external research laboratories may be
involved for further platelet analysis, provided that patient
consent is obtained. This may be a powerful opportunity to
enhance the understanding of undiagnosed rare platelet
disorders and facilitate the development of new diagnostic
options.
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