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UMR_S 1255, Fédération de Médecine Translationnelle de Strasbourg, Strasbourg, France; and 8Synapse Research Institute, Maastricht, The Netherlands
//ashpublications.org/bloodadvances/article-pdf/7/20/6163/2085339/blooda_adv-
Key Points

• Linking the genetic
background of patients
with a platelet function
disorder to bleeding
diathesis is
challenging.

• Microfluidic
multiparameter testing
of thrombus formation
can aid in the
identification of a
platelet disorder.
2023-009860-m
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Linking the genetic background of patients with bleeding diathesis and altered platelet

function remains challenging. We aimed to assess how a multiparameter microspot-based

measurement of thrombus formation under flow can help identify patients with a platelet

bleeding disorder. For this purpose, we studied 16 patients presenting with bleeding and/or

albinism and suspected platelet dysfunction and 15 relatives. Genotyping of patients revealed

a novel biallelic pathogenic variant in RASGRP2 (splice site c.240-1G>A), abrogating CalDAG-

GEFI expression, compound heterozygosity (c.537del, c.571A>T) in P2RY12, affecting P2Y12

signaling, and heterozygous variants of unknown significance in the P2RY12 andHPS3 genes.

Other patients were confirmed to have Hermansky-Pudlak syndrome type 1 or 3. In 5

patients, no genetic variant was found. Platelet functions were assessed via routine

laboratory measurements. Blood samples from all subjects and day controls were screened

for blood cell counts and microfluidic outcomes on 6 surfaces (48 parameters) in comparison

with those of a reference cohort of healthy subjects. Differential analysis of the microfluidic

data showed that the key parameters of thrombus formation were compromised in the 16

index patients. Principal component analysis revealed separate clusters of patients vs

heterozygous family members and control subjects. Clusters were further segregated based

on inclusion of hematologic values and laboratory measurements. Subject ranking indicated

an overall impairment in thrombus formation in patients carrying a (likely) pathogenic

variant of the genes but not in asymptomatic relatives. Taken together, our results indicate

the advantages of testing for multiparametric thrombus formation in this patient population.
 05 February 2024
Introduction

Platelet bleeding disorders are highly heterogeneous, with clinical manifestations ranging from a prolonged
bleeding time, incidental mucocutaneous bleeding, easy bruising, and menorrhagia to life-threatening
ay 2023; prepublished online on Blood
rsion published online 13 October 2023.
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bleeding episodes.1,2 Despite extensive efforts, the underlying genetic
cause of a bleeding disorder in many of the cases remains elusive.3,4

Routine platelet function tests, developed by consensus parties,
provide an improved diagnostic workflow for revealing platelet disor-
ders but are still imperfect in patient identification.5-7

The common platforms for the analysis of platelet function are light
transmission aggregometry (LTA) and flow cytometry, often in com-
bination with von Willebrand factor (VWF) measurements and stan-
dard coagulation times.7,8 In particular, flow cytometry has been
shown to be useful for confirming storage pool deficiency (SPD) of
platelets, displaying an impairment in δ-granule secretion (marker
CD63) and/or α-granule secretion (marker CD62P).9,10 As an additive
tool, sequencing analysis of a defined set of platelet-expressed genes
(panel sequencing) has become useful for identifying inherited platelet
defects; however, the power of this tool remains limited.11,12

Large microfluidic testing for proxy hemostasis has mainly been
performed with whole blood from 32 patients with von Willebrand
disease, showing the importance of VWF in shear-dependent
platelet aggregation and thrombus formation.13 Recently, we
established a multiparameter microfluidic assay based on 6 defined
microspots for detailed platelet phenotyping from 97 healthy sub-
jects, which provided 48 outcome parameters of platelet activation
under flow leading to thrombus formation.14 This study revealed
that particular collagen-dependent thrombus characteristics are
associated with common genetic variants of GP6 (encoding
glycoprotein VI, GPVI) and FCER1G (encoding the Fc receptor
γ-chain). In another study, microfluidic testing of blood from
patients with combined immunodeficiency and bleeding indicated
compromised collagen-dependent formation of thrombi linked to
pathogenic variants of the STIM1 and ORAI1 genes.15 Although
proof-of-principle evidence is available that microfluidic measure-
ment of thrombus formation can detect platelet defects,16,17 this
testing has not yet been performed in larger patient cohorts.

Here, we describe microfluidic testing of blood from 11 families
with a (likely) congenital platelet defect. These included patients
with a new CalDAG-GEFI defect (biallelic novel RASGRP2 variant)
and a P2Y12 receptor defect (compound heterozygous variants in
P2RY12). In addition, we investigated families with variants of
uncertain significance (VUS) in P2RY12 (monoallelic) or HPS3
(compound heterozygous) as well as families with pathogenic
variants in HSP1 and HSP3 genes. By combining the character-
istics of thrombus formation with routine platelet function tests, we
evaluated the potential of microspot-based microfluidics as an
additional tool for detecting a platelet bleeding disorder.
ebruary 2024
Methods

A detailed description of the methods and patients is available in
the supplemental Methods.

Patients and control subjects

This study was conducted in accordance with the Declaration of
Helsinki and approved by the ethics committee of Albert-Ludwigs-
University Freiburg (584/17, 28 August 2018). All patients were
recruited from the outpatient clinic of the Department of Pediatrics
and Adolescent Medicine at the University Medical Center, Frei-
burg. Patients with a previously assessed platelet bleeding disorder
who were subjected to genetic screening along with consenting
6164 FERNANDEZ et al
family members were reinvited for microfluidic testing and blood
cell evaluation in September 2019. All included patients, non-
affected family members, and healthy control subjects gave written
informed consent. High-content microfluidic blood testing was
performed at the Medical Center, Freiburg. An extensive pheno-
typic description of the index patients and family members, for
convenience all labeled as “Pat,” with genetic analysis is presented
in the supplemental Materials; supplemental Table 1. None of the
subjects had used antiplatelet medications for at least 14 days.
Reference data were obtained from day-control subjects (indicated
as CCF) and a previously published cohort of 97 healthy subjects
(94 fully genotyped; indicated as CCB).14

Blood preparation and platelet aggregation

Blood samples were collected in 3.2% trisodium citrate vacuette
tubes and used for all assays. Common hematologic parameters
were obtained using an automated cell counter (Sysmex KX-21 N,
Norderstedt, Germany). For index patients and available family
members, platelet aggregometry (APACT4) with normalized
platelet-rich plasma was performed118; the agonist panel con-
sisted of 2 μg/mL collagen (Takeda, Linz, Austria), 4 μM adenosine
5′-diphosphate (ADP) (Sigma-Aldrich, St Louis, MO), 8 μM
epinephrine (Sanofi-Aventis, Frankfurt, Germany), and 1.2 mg/mL
ristocetin (American Biochemical and Pharmaceutical, Frankfurt,
Germany). Where indicated, 5 μM TRAP6 (Hart Biologicals, Har-
tlepool, United Kingdom) and 0.5 mg/mL arachidonic acid (MöLab,
Langenfeld, Germany) were added to the panel.

Molecular genetic analysis

For indicated patients, genomic DNA was extracted from EDTA-
anticoagulated blood using a QIAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany). Next-generation sequencing was per-
formed using a 95-gene panel (custom-designed Nextera Rapid
Enrichment Kit, Illumina), as previously described.19 Sequence Pilot
(JSI Medical Systems) and Alamut Visual Plus (Sophia Genetics)
packages were used for bioinformatic analysis. The pathogenicity
of the suspected variants was deduced in silico using the com-
bined annotation-dependent depletion, PolyPhen2, and SIFT
packages. The variants were classified based on the guidelines of
the American College of Medical Genetics.20 Confirmation of
potentially pathogenic variants and segregation analyses were
performed using direct sequencing.

For patients with a biallelic RASGRP2 canonical splice-site variant,
complementary DNA (cDNA) sequencing was performed. Total
RNA was isolated from washed human platelets using the Trizol
reagent (Thermo Fisher, Waltham, MA). Single-stranded cDNA
was generated using SuperScript III reverse transcriptase (Thermo
Fisher). The primers used for amplification and sequencing were
forward CTTCGATGACTCCGGGAAGG and reverse GATCAT-
GAGCTGCACCCACT, which cover the RASGRP2 coding region
from exon 2 to exon 7. For family 2, with a suspected ADP receptor
defect, direct sequencing was performed of the candidate gene
P2RY12. Genetic analysis of other patients and family members
was reported in earlier work (supplemental Table 1).

Microspot-induced multiparameter thrombus

formation under flow

Microfluidic measurements of thrombus formation to assess
platelet adhesion, activation, and aggregation under flow were
24 OCTOBER 2023 • VOLUME 7, NUMBER 20
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performed using microspot-coated flow chambers, through which
recalcified, PPACK-anticoagulated blood was perfused.14 Imme-
diately before perfusion, citrated blood samples were anti-
coagulated with 40 μM PPACK and recalcified with 3.75 mM
MgCl2 and 7.5 mM CaCl2. This procedure allows for the testing of
blood under physiological divalent cation concentrations, resulting
in optimized platelet adhesion and aggregation under flow.16

Blood perfusion over the microspots was for 3.5 minutes at a wall-
shear rate of 1000/s. The adhered platelets forming thrombi were
triple-stained with fluorescein isothiocyanate-labeled antifibrinogen
monoclonal antibody (mAb), Alexa Fluor (AF)568 annexin A5, and
AF647 anti-CD62P mAb (supplemental Methods). Microscopic
images were acquired using an EVOS-FL microscope (Life Tech-
nologies, Bleiswijk, The Netherlands) equipped with 3 fluorescent
light-emitting diodes combined with dichroic cubes (Cy5, for red
fluorescent protein, and for green fluorescent protein), an Olympus
UPLSAPO 60× oil-immersion objective, and a sensitive 1360 ×
1024 pixel charged-coupled device camera.

The microspots in the flow chambers were labeled from most to
least active, as indicated in supplemental Table 2: M1, collagen
type 1; M2, GFOGER-GPO + VWF-binding peptide (VWF-BP);
M3, collagen type 3; M4, rhodocytin + VWF-BP; M5, laminin +
VWF-BP; M6, human fibrinogen + VWF-BP. The labeling order
was determined via clustering analysis of the parameter values.

Brightfield and fluorescence images of each microspot were
obtained before and after staining, respectively.14 Duplicate flow
runs were performed when possible. Semiautomated scripts using a
manual threshold setting were used for standardized image analysis
in the open-access program Fiji (supplemental Methods). Scoring of
images was performed by observers blinded to the condition in
comparison with reference images across microspots (supplemental
Figure 1A). Outcome parameters were defined as follows: P1,
platelet deposition (%SAC); P2, platelet multilayers (%SAC); P3,
thrombus multilayer score (scale, 0-3); P4, thrombus contraction
score (scale, 0-3); P5, thrombus morphological score (scale, 0-5);
P6, integrin αIIbβ3 activation (fluorescein isothiocyanate anti-
fibrinogen mAb); P7, P-selectin expression (AF647 anti-CD62P
mAb); and P8, phosphatidylserine exposure (AF568–annexin A5).
The number of microspotsM1-6 and parameters P1-8 were uniform
for all included subjects, including the reference cohort.

Results

Patient cohort and genetic variants

To evaluate how the multiparameter measurement of thrombus
formation under flow can identify patients with a platelet bleeding
disorder, we included 16 patients from 11 families, 15 unaffected
family members (either heterozygous carriers or wild-type), and 5
CCFs (Table 1). Patients were selected based on earlier evidence
of platelet dysfunction and the presence of (possibly) pathogenic
genetic variants linked to dysfunction. The assay was performed in
September 2019 in the outpatient clinic of the Department of
Pediatrics and Adolescent Medicine at the University Medical
Center of Freiburg, along with conventional measurements of
hematologic parameters, LTA, and flow cytometry. The full genetic
and diagnostic information of the index patients and family mem-
bers is given in the supplemental Methods. For convenience, all
members were labeled as Pat01-31 (index patients indicated by *).
24 OCTOBER 2023 • VOLUME 7, NUMBER 20
A comprehensive description is given for genetics of patients,
including Pat01-15 and Pat22, who have not been fully described.

CalDAG-GEFI deficiency

The index patient Pat01* (family 1) presented to the outpatient
clinic at the age of 3 years with a history of bleeding (International
Society of Thrombosis and Haemostasis Bleeding Assessment
Tool [ISTH-BAT] score of 7).21 Platelet aggregation in response to
ADP, collagen, epinephrine, and TRAP6 was severely impaired, in
contrast to ristocetin-induced agglutination (Figure 1A). Flow
cytometry showed normal platelet expression of the platelet
receptor αIIbβ3 (Figure 1B) but impaired ADP-induced fibrinogen
binding (Figure 1C). Panel sequencing revealed a novel homozy-
gous pathogenic variant in the RASGRP2 gene, located at the
acceptor splice site of intron 4 (NM_153819.1:c.240-1G>A;
Figure 1D). The variant (rs1490853368) was absent from the
Human Gene Mutation Database. Genotyping confirmed a familial
RASGRP2 variant (Figure 1E), and a founder effect was suspected
based on the relationship between the 6 generations. cDNA
sequencing of platelet-derived RNA helped confirm a skip of exon 5
(Figure 1F). Immunoblotting helped confirm the absence of
CalDAG-GEFI protein in the patient’s platelets (Figure 1G). Of the
3 heterozygous family members (Pat02-04, low ISTH bleeding
scores of 2, 2, and 0), only the father’s platelets showed slightly
impaired platelet aggregation, whereas fibrinogen binding was
normal (supplemental Datafile 1).

P2Y12 receptor defects

Index patients Pat05* and Pat06* (family 2) were twins with severe
bleeding after trauma and surgery (Table 1). Platelet aggregometry
showed major impairments in the response to ADP.22 Flow
cytometry indicated an essentially abolished fibrinogen binding in
response to ADP in both patients (supplemental Methods), sug-
gesting a P2Y12 receptor deficiency.23 Direct sequencing of
P2RY12 (NM_022788.4) and family genotyping revealed the
compound heterozygosity of 2 novel (likely) pathogenic variants
(c.537del and c.571A>T) in both children. The variants led to a
premature stop codon and an amino acid change (supplemental
Table 1). The Asn191Tyr change is located in the trans-
membrane domain of the ADP ligand-binding pocket, according to
crystal structure analysis.24 Pat07 (mother) was heterozygous for
c.571A>T and did not exhibit bleeding symptoms. Pat08* (family 3)
had a history of mild bleeding after tonsillectomy. Panel sequencing
revealed a heterozygous variant of P2RY12 (c.853T>C;
p.Trp285Arg), which was predicted to be deleterious
(supplemental Methods). Platelet fibrinogen binding after stimula-
tion with ADP was reduced. The variant segregated with this
platelet phenotype in 2 affected children (not included). Mild
bleeding symptoms have earlier been associated with the presence
of a heterozygous P2RY12 variant.25,26 We classified c.853T>C
as a VUS because of this first description.

Unresolved storage pool deficiencies

Family 4, consisting of a mother (Pat09*) and 2 affected sons
(Pat10* and Pat11*), presented with a moderate-to-severe
bleeding phenotype combined with a platelet storage pool defect
(reduced expression of CD62P and mildly of CD63; Table 1).
Platelet aggregometry was impaired in response to collagen, ADP,
ristocetin, and epinephrine in all 3 probands (supplemental
MICROFLUIDIC BLOOD TESTING AND PLATELET DISORDERS 6165



Table 1. General characteristics of included patients and control subjects

N/A
N/A

Pat05* 
Pat06* 

Pat08* 
Pat09* Fam4
Pat10* 
Pat11* 

Fam4Pat12
Pat13* Fam5
Pat14* Fam5

Fam5Pat15
Pat16* Fam6

Pat19* 

Pat21* Fam8

Pat24* Fam9

Fam9Pat26

Pat28* Fam10
Pat29* Fam10

Fam1
Pat02 Fam1
Pat03 Fam1
Pat04 Fam1

Fam2
Fam2

Pat07 Fam2
Fam3

Fam4
Fam4

Pat17 Fam6
Pat18 Fam6

Fam7
Pat20 Fam7

Pat22 Fam8
Pat23 Fam8

Pat25 Fam9

Pat27 Fam9

Pat30 Fam10
Pat31* Fam11

FC-SPD 
mean 

0.0
n.d.
0.0
0.0
0.0

0.0
0.0
n.d.
–0.3
–1.5
–1.5
–1.5
0.0

–1.0
–0.5
0.0

–0.7
0.0
n.d.
–1.0

–1.0
–1.0

–1.5

n.d.

n.d.

n.d.

n.d.
n.d.
n.d.
–1.5
–1.5
n.d.
–1.0

Age PLT (109/L) RBC (109/L)
Mean
LTA

4.2 ± 0.2 0.025-48
25-79

277 ± 42
268 ± 58 4.6 ± 0.4 n.d.

4 –2.0
–1.3
0.0

–1.39
9 –1.3

n.d.
–1.3
–1.3
–1.3
–1.3
0.0

–1.7
–0.7
0.0

–1.7
–1.0
n.d.
–1.3

–0.7
7 0

–0.3

183

0.0

–1.0

0

n.d.
0.0
0.0

–1.39
5 –1.7

7

n.d.

4.0
4.7
4.0
4.5
4.5
4.3
4.0

4.8
3.9
4.2
4.5
4.0
4.0

4.5
4.4
3.9
4.7
4.0

4.4
3.6
3.8
3.9
4.4

4.1

4.9
4.7

4.5

4.3
3.9
4.1
4.8

263
145
190
288
280
298
217

198
212
201
213
209
185

221
228
172
203
329

204
94
65
86

163

192

210

261

354
309
227
181

49
44
10

42
33
41

46
18
60
62
17
47
25

47
16

50
11
49
19
53

20
18

33
30 –1.7

M/F

2/3
38/59

M
M
F
F
M
M
F
M
F

M
M
F
M
M
F
F

M
M
F
M
M
F
M
M
M
M

M
M

F

F
M

CCFs (n = 5)
CCBs (n = 97)

SPD + TCP

No SPD, VWD-1 pathogenic variant
-SPD, no variant identified
-SPD, no variant identified

Unaffected family member
HPS-3 (AR), -SPD

HPS-1 (AR, CH), -SPD

HPS-1 (AR, CH), -SPD

Wild type in family genotyping

HPS-1 (AR, CH), -SPD
HPS-1 (AR, CH), -SPD

CalDAG-GEFI deficiency (AR)
Carrier RASGRP2 pathogenic variant
Carrier RASGRP2 pathogenic variant
Carrier RASGRP2 pathogenic variant
P2Y12 receptor defect (AR, CH)
P2Y12 receptor defect (AR, CH)
Carrier P2RY12 likely pathogenic variant
P2Y12 receptor defect? variant of uncertain significance

SPD + TCP; VWD-1 pathogenic variant
SPD + TCP; VWD-1 pathogenic variant

Carrier HPS3 pathogenic variant
Carrier HPS3 pathogenic variant
-SPD, HPS3 (CH) VUS

Carrier variant in HPS3

Carrier HPS1 pathogenic variant
Carrier HPS1 pathogenic variant

Carrier HPS1 pathogenic variant

Carrier HPS1 pathogenic variant

Carrier HPS1 pathogenic variant
HPS-1 (AR, CH), -SPD

Phenotype

Healthy controls
Healthy, blood type O
Severe bleeding
Healthy family member
Healthy family member
Healthy family member
Severe bleeding
Severe bleeding
Healthy family member

Moderate bleeding

Healthy family member
Moderate bleeding
Moderate bleeding
Healthy family member
Oculocutaneous albinism
Healthy family member
Healthy family member

Healthy family member
Oculocutaneous albinism
Healthy family member
Healthy family member
Oculocutaneous albinism
Healthy family member
Healthy family member

Mild bleeding

Healthy family member
Oculocutaneous albinism
Oculocutaneous albinism

Moderate bleeding
Moderate bleeding

Ocular albinism

Healthy family member
Oculocutaneous albinism

Subject Family Diagnosis and genetics

CCF
CCB
Pat01* 

Indicated are controls (day control cohort CCF; reference control cohort CCB), index patients (*), and relatives, arranged per family (Fam). Further indicated are sex, global phenotype, platelet
(109/L), and red blood cell (1012/L) counts. In addition, mean defects in platelet aggregation (scored for ADP, collagen, epinephrine, and ristocetin) or in secretion marker exposure by flow
cytometry, estimating SPD (FC-SPD: thrombin-induced P-selectin and CD63 expression).
Red color intensity indicates degree of reduction. Codes per measurement: 0, within the normal range; −1, below the normal range; and −2, below 50% of the normal range.
For an extended description of the patients, genetic analyses, and references, see supplemental Materials and supplemental Table 1.
AR, autosomal recessive; AD, autosomal dominant; CH, compound heterozygous; Fam, family; F, female; FC-SPD, flow cytometry-SPD; M, male; n.d., not determined; N/A, not applicable;

PLT, platelet; RBC, red blood cell.
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Datafile). The father, Pat12, was not affected. The molecular
genetic analysis did not identify a possible cause for SPD or
moderate thrombocytopenia (TCP). However, this revealed a het-
erozygous pathogenic variant (c.7987C>T, p.Arg2663Cys) in the
VWF gene in the unaffected father and 2 sons but not in the
mother. The plasma VWF parameters in all subjects were normal
(supplemental Methods). In family 5, the index patient (Pat13*) and
his mother (Pat14*) had mild-to-moderate bleeding problems and a
platelet δ-granule secretion defect, whereas the father (Pat15) was
not affected. The panel sequencing did not reveal any pathogenic
or likely pathogenic variants.

Hermansky-Pudlak syndromes 1 and 3

We investigated 5 patients with HPS type 1 (oculocutaneous
albinism and platelet δ–SPD, which were genetically confirmed)
and their family members (families 8-11). The various pathogenic
variants have been previously published by our group
(supplemental Datafile; supplemental Methods). In all the index
patients, platelet aggregation was impaired after stimulation with
several agonists. Five clinically healthy family members had het-
erozygous genotype for a single variant, and 1 family member
(Pat26) had wild-type genotype for segregating variants (Table 1).
6166 FERNANDEZ et al
In addition, members of 2 other families (families 6 and 7) with
δ-SPD and variants in the HPS3 gene (Table 1) were included. The
index patient (Pat16*, of family 6 suffered from oculocutaneous
albinism and platelet δ–SPD) was diagnosed with HPS type 3
(NM_032383.5:c.2771del; loss-of-function p.Asn924Ilefs*4).27

Both unaffected family members Pat17 and Pat18 had heterozy-
gous genotype for this variant. In family 7, Pat19* with δ-SPD
(determined via flow cytometry) carried 2 novel compound het-
erozygous HPS3 missense VUS (c.65C>G and c.1193G>A;
supplemental Datafile). A specialized ophthalmological examination
showed atypical albinism.19 The father (Pat20) had heterozygous
genotype for c.65C>G.

Impairments in whole blood thrombus formation in

patients and family members

Based on whole blood thrombus formation data from the CCB of
97 healthy subjects,14 we applied the multiparameter test for the
phenotyping of blood samples from 31 patients with family mem-
bers (Pats 01-31), which is 1 of the first cohorts of this size, with a
known or expected platelet function disorder and bleeding
phenotype. For comparison, we obtained blood samples from
5-day- CCFs.
24 OCTOBER 2023 • VOLUME 7, NUMBER 20
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For the assay, anticoagulated, recalcified blood samples from all
subjects were perfused at a high wall-shear rate (1000/s) over 6
microspots (M1-6) and composed of collagen 1 (M1), collagen-like
peptide GFOGERGPO + VWF-BP (M2), collagen 3 (M3), rho-
docytin + VWF-BP (M4), laminin + VWF (M5), and fibrinogen +
VWF-BP (M6) (supplemental Table 2). Brightfield and fluores-
cence images of the aggregated platelets under flow (thrombi)
were used to obtain parameters of adhesion (P1), aggregation
(P2), thrombus type (P3-5), and platelet activation (fibrinogen
binding, P-selectin expression indicative of α-granule secretion, and
phosphatidylserine exposure; P6-8). Accordingly, this analysis
resulted in 6 × 8 = 48 thrombus parameters per blood sample.

In agreement with earlier findings,14 perfusion of blood from CCFs
over collagen 1 (M1) resulted in the formation of large, multilayered
thrombi containing fibrinogen-binding platelets and collagen 3 (M3)
in smaller-sized thrombi (Figure 2, top panels). In M1, the platelets
formed contracted thrombi, as noticed previously.16 This is in
agreement with the finding that thrombus contraction under flow
can occur in the absence of clotting.28

Regarding the other microspots, platelet adhesion and thrombus
formation were higher on the GPVI-stimulating surface M2 than on
the other surfaces from M4 to M6 (supplemental Figure 2).
Perfusion of the blood from index patients Pat01* (RASGRP2
defect) and Pat10* (SPD with TCP) overM1 and M3 resulted in an
essentially abolished thrombus formation (Figure 2). Less severe
defects with smaller-sized thrombi were observed in the blood from
Pat06* (P2RY12 defect), Pat13* (δ-SPD), Pat19* (HPS3 variants,
δ-SPD), and Pat29* (HPS-1, δ-SPD).

Following our standard analysis, the thrombus values from the total
cohort of patients and controls were univariate, scaled from 0 to 10
per parameter (P1-8) across all 6 microspots (M1-6) for an inte-
grative comparison. Unsupervised hierarchical cluster analysis of
the scaled data set resulted in the ordering of microspots from
most to least active, that is, from M1 to M6 (supplemental
Figure 3). The accordingly ordered heatmap showed overall dif-
ferences in the thrombus parameters per microspot and displayed
substantial heterogeneity between the individual blood samples
(supplemental Figure 4A). We, then, calculated the changes in
scaled values per patient relative to the in-study controls (filtered
for changes outside the mean ± standard deviation of 2 controls).
The constructed subtraction heatmap provided an overview of the
deviant MP parameters for per subject Pat01-31 (supplemental
Figure 4B). Overall, the largest negative effect sizes (green) were
observed for microspots M2 (GFOGERGPO + VWF-BP), M3
(collagen 3), and M5 (laminin + VWF). However, positive effect
sizes (red) were observed for M4 (rhodocytin + VWF-BP). The
Figure 1. Platelet characterization and molecular genetic analysis of Pat01* usin

transmission %) from Pat01* (blue curves) and healthy control (dotted red curve), induced b

or arachidonic acid (0.5 mg/mL). Platelet agglutination was induced using ristocetin (1.2 m

expression of αIIbβ3 (CD41). (C) Flow cytometry indicating impaired ADP-induced fibrinoge

controls; mean ± standard deviation). (D) Verification of a homozygous RASGRP2 canon

(brown symbol indicates affected Pat III.4; dotted symbol indicates heterozygous carrier). (F

CalDAG-GEFI protein (CDGI) in patient platelets compared with that in a control subject
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subtraction heatmap also illustrated the similarity of scaled
parameter values between the CCFs and CCBs.

We reasoned that a nonfiltered display of the scaled parameters
provided a more detailed insight into the small differences in
thrombus formation between the patients. The cumulative changes
in parameter values (vs those in CCFs) showed consistently
reduced values for microspots M1, M2, M3, and M5 for most index
patients and smaller changes for the unaffected family members
(Figure 3). The strongest negative changes were observed in
Pat01* (RASGRP2 defect), Pat05*, Pat06* (P2RY12 defects),
Pat08* (P2RY12, VUS), and the carrier Pat07 (Figure 3A-B). Low
cumulative values on M1-5 were also present for the affected Pats
09, 10, and 11* (genetically unsolved SPD and TCP) but not for
the unaffected relative Pat12 (Figure 3C). For the families with
SPD (HSP-1 or HSP-3), most of the index patients, but not the
carrier family members, had low values on M2, M3, and M5
(Figure 3D-J). Hence, this subtraction analysis suggests a sepa-
ration of thrombus parameters between many index patients and
unaffected family members.

To assess the cohesion of the scaled data set, we generated a
Spearman correlation matrix by comparing all parameters within
and across the microspots (supplemental Figure 5A). This matrix
showed within each microspot M1-5 relatively strong correlations
between P1 and P8, whereas for M6, the brightfield parameters
betwen P1 and P5 were segregated from the fluorescence
parameters between P6 and P8. This discrepancy was also
apparent in the matrix of P values (supplemental Figure 5B). When
comparing the microspots pairwise, the highest cohesion of
parameters was seen between M1 and M3, that is, all platelet
GPVI–stimulating surfaces (supplemental Figure 5A). Furthermore,
across microspots, parameters related to platelet aggregation (P2,
platelet multilayer; P3, thrombus multilayer score; P4, thrombus
contraction score; P5, thrombus morphological score; and P6,
integrin αIIbβ3 activation) correlated well with R > 0.40. This
pointed to a subject-dependent factor in the progress of platelet
aggregation, independent of the microspot type.

Integration of thrombus formation and hematologic

parameters

In addition, we evaluated the interaction between blood cell count
and thrombus formation parameters. Therefore, we combined the
scaled 48 MP values with the simultaneously measured whole
blood parameters (white and red blood cells and platelet count)
using subtraction analysis vs the means of CCFs. The resulting
clustered heatmap showed 2 main groups: index patients and most
of the unaffected family members (Figure 4A).
g a novel RASGRP2 variant. (A) Aggregation of platelet-rich plasma (light

y ADP (4-20 μM), epinephrine (8-40 μM), collagen H (2-10 μg/mL), TRAP6 (5-10 μM),

g/mL). (B) Flow cytometric analysis of diluted platelet-rich plasma, showing normal

n binding to Pat1* platelets, compared with those of CCFs (20 measurements from 6
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Figure 2. Altered thrombus formation in the blood of index patients with confirmed genetics. Whole blood from patients and control subjects was perfused over

microspots from M1 to M6 for 3.5 minutes at a wall-shear rate of 1000/s. Brightfield and fluorescence images were captured using an EVOS-FL microscope and a 60× oil

objective and analyzed for platelet phenotypes. Shown are representative brightfield and fluorescence (FITC α-fibrinogen mAb for integrin αIIbβ3 activation) images at the end

stage (scale bar, 20 μm) for microspots M1 (collagen 1) and M3 (collagen 3). Results for a control subject (CCF01), index patients with a defect in RASGRP2 (Pat01*) or

P2RY12 (Pat06*), SPD with TCP (SPD, VWD, and TCP) (Pat10*), δ-SPD (no variant identified, Pat13*), or compound heterozygous variants of HPS3 (Pat19*) or HSP1 (Pat29*)

genes. FITC, fluorescein isothiocyanate.
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Previously, we assessed the overall extent of platelet aggregation
under flow as a measure called thrombus signature, that is, the
integrated scaled sum from P2 to P6 for all 6 microspots.14 The
ranking of all current subjects based on the thrombus signature
showed the highest levels for controls and heterozygous family
members, with Pat14* (mild δ-SPD, genetically unexplained) as the
exception (Figure 4B). Platelets from this patient showed only a
mild decrease in CD63 expression via flow cytometry. Most of the
index patients ranked below the CCFs, indicating a low thrombus
signature in most cases of bleed diatheses.

To validate this finding, we performed principal component analysis
(PCA) including both thrombus and hematologic parameters, using
k-means analysis (Figure 5A). PCA revealed that the first cluster
consisted of controls, most heterozygous carriers, and Pat14*; a
second cluster with the majority of index patients plus 2 carriers;
and a third cluster composed of Pats 09, 10, and 11* (SPD with
TCP). The corresponding Euclidean distance matrix confirmed the
high cohesiveness of the data per cluster (Figure 5B). This
approach indicated that the combination of thrombus and hema-
tologic parameters led to clear segregation between index patients
(with RASGRP2, P2RY12, HPS1, HPS3 mutations, or SPD) and
unaffected family members and control subjects.

Linkage of thrombus parameters to clinical and

laboratory phenotypes

In addition, we evaluated the additive value of routine laboratory
measurements by performing another PCA, considering these data
as well and using the k-means algorithm. Thus, we compared all
data sets of thrombus formation, hematology, and routine platelet
phenotyping using LTA and flow cytometry (for values, see
supplemental Datafile 1). This resulted in the same clusters as
before, with most index patients carrying RASGRP2, P2RY12,
HSP1, or HSP3 variants grouped together (supplemental
Figure 6A, color sidebars). As listed in supplemental Figure 7,
the variables that mostly contributed (>40%) to the grouping were
the parameters of microspots from M1 to M3 and M5. platelet and
red blood cell counts, collagen- and epinephrine-induced platelet
aggregation by LTA, and thrombin-induced CD62P and CD63
expression. We concluded that the inclusion of LTA and flow
cytometry data resulted in a limited contribution to the separation
between affected patients and other subjects. As a negative con-
trol analysis, we compared only the hematologic, LTA, and flow
cytometry parameters while excluding the microfluidic results.
However, this analysis did not discriminate between the index
patients and unaffected family members (supplemental Figure 6B).

In the final analysis, we ranked the subjects according to the
summed parameters of those from M1 to M3 and M5 and included
the data from individual CCFs. The resulting matrix of summed
thrombus parameters and blood cell counts was then compared
with the key aberrant phenotypic traits per subject (impaired
platelet aggregation, flow cytometry, bleeding, and oculoalbinism).
Using this information on thrombus formation from the 4 surfaces, it
also appeared that almost all of these abnormal phenotypes were
grouped together with the microfluidic outcome (Figure 6).
Notably, Pats 09, 10, and 11* with SPD and moderate TCP ranked
lowest, that is, below the patients with HPS, P2Y12, or CalDAG-
GEF1 defects, suggesting an additive effect of the low platelet
count. In agreement with this whole blood reconstitution
6170 FERNANDEZ et al
experiment, showed a clear dependency of the platelet count
(supplemental Figure 8). For all subjects, regression analysis of the
platelet count with parameter M1P1 (platelet adhesion to collagen
1) showed a strong correlation R = 0.62 (P = .001), but regression
analysis with the corresponding thrombus signature yielded an
insignificant R = 0.26 (P = .14). This indicated that platelet count
was a major factor for platelet adhesion but not for platelet
aggregate formation and contraction.

Discussion

In this study with 16 patients with a platelet-based bleeding dis-
order and 15 asymptomatic relatives, we assessed how the
multiparameter measurement of thrombus formation on several
coated surfaces can help to identify platelet function defects
associated with bleeding. All affected patients were diagnosed
before using conventional assays and underwent genetic
screening. Cluster analysis of microfluidic outcomes of thrombus
formation for all patients and subjects revealed: (1) a consistent
contribution of parameters from M1 to M3 and M5 with a common
phenotype; (2) an additional contribution of blood cell counts to the
cluster separation; (3) a limited additive value of LTA and flow
cytometry measurements; and (4) segregation into separate clus-
ters of affected patients and nonaffected relatives and control
subjects. Jointly, this brings us to the conclusion that the multipa-
rameter microfluidic method of whole blood platelet function
measurement has the potential to aid in the identification of
platelet-based bleeding disorders.

In 1 of the patients with increased bleeding (Pat01*, ISTH bleeding
score of 7), we identified a novel homozygous splice variant of the
RASGRP2 gene, which encodes a small guanosine triphosphatase
regulator, CalDAG-GEFI, causing a lack of protein expression in
platelets. This new variant expands the set of 29 previously
reported mutations in this gene.29,30 The protein CalDAG-GEFI is
known to be essential for platelet aggregation because of its role in
Rap1b-dependent activation of integrin αIIbβ3.31,32 Indeed, when
testing the patient’s blood, we observed a severe defect in the
flow-dependent aggregates and thrombus formation on all micro-
spots. In contrast, the 3 heterozygous relatives (Pat02-04) with a
low bleeding phenotype showed normal thrombus formation
profiles.

In Pat05* and Pat06* (family 2) with a bleeding phenotype, we
found 2 novel compound heterozygous pathogenic/likely patho-
genic variants in the P2RY12 gene, which were linked to a platelet
P2Y12 receptor defect. Microfluidic analysis of the patient’s blood
indicated a clear but incomplete reduction in thrombus formation,
likely due to residual platelet activation via P2Y1 receptors. The
present compound heterozygosity adds to other described, rela-
tively rare pathogenic variants of the P2RY12 gene.12,25,33 In
contrast, genotyping of Pat08*, who experienced bleeding after
surgery and showed reduced ADP-induced platelet aggregation,
revealed 1 heterozygous variant of P2RY12. However, in micro-
fluidic testing, thrombus formation was similarly impaired as in the
index members of family 2. This suggests a dominant inheritance of
the phenotype.

Genotyping of members of family 4 (Pats 09-12) with a platelet
storage pool defect and mild TCP (65 × 109/L-94 × 109/L) did not
reveal a variant that could explain the phenotype. Thrombus
24 OCTOBER 2023 • VOLUME 7, NUMBER 20
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Figure 3. Cumulatively changed parameters of thrombus formation per surface in the included patients. Univariate scaled parameters from P1 to P8 of thrombus

formation on microspots from M1 to M6 were compared per family (I-J) of index (*) and nonindex Pats vs mean values from control subjects (CCF01-05; mean ± standard

deviation). Subtracted scaled data were used, as described in supplemental Figure 4. Indicated are cumulative changes in parameters (P1-8) vs means of CCF controls (no
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Figure 4. Clustering analysis and signatures of thrombus formation with hematologic parameters. Thrombus formation and hematology data were obtained from 31
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Figure 5. PCA of microspots and hematologic traits of patients and controls. For all included patients, family members, and controls (CCFs and CCBs), multiparameter

data (P1-8) of thrombus formation on microspots from M1 to M6 together with hematologic values, were univariately scaled and clustered for PCA using scaled and mean-

centered data (k-means = 3). Missing values were imputed. (A) Default 2-component plot resulting in clusters of (1) controls and most carriers of a heterozygous mutation;

(2) most of index patients and autosomal recessive compound heterozygous carriers; (3) family members from Pat 09 to Pat11 with SPD and moderate TCP. (B) Euclidean

distance matrix of clustered scaled parameters comparing all individual patients. For values, see supplemental Datafile.
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Figure 6. Principal component-based ranking of main microspot parameters separating index patients with bleeding or oculoalbinism. Based on the clustered

plots of all compared data sets (supplemental Figure 6A) and the parameters mostly contributing to components 1 or 2 (supplemental Figure 7), the mean parameters of

microspots from M1 to M3 and M5 were integrated and ranked, together with hematologic parameters of blood cell counts (WBC, RBC, and PLT). Plotted is the rescaled

narrowed data set, ranking individual patients (Pat01-31) and controls (CCF01-05) according to decreasing ΣMΣP values. Shown as sidebars are (1) the order of patients (brown

color, lowest); (2) mean defects in platelet aggregation (LTA, scaled for ADP, collagen, epinephrine, and ristocetin); (3) mean defects in secretion marker exposure by flow

cytometry (FlowCyt) to estimate SPD (thrombin-induced P-selectin and CD63 expression); (4) bleeding phenotype; (5) oculoalbinism phenotype. Color codes: dark red, severely

impaired; white, within the control range; gray, reported phenotype. n.d. = not determined.
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parameters were very low in Pats 09, 10, and 11*, likely because of
TCP. Although the family carried a pathogenic variant in the VWF
gene, the VWF parameters were within the normal ranges. This
family requires further genetic investigation, such as whole exome
sequencing or checking for superenhancer sites.34 Similarly, for
family 5 (Pats 13-15), bleeding symptoms and δ-SPD remain
genetically unexplained. Pat13*, but not the mother (Pat14*), had
overall low parameters of thrombus formation. This is consistent
with the lower CD63 expression of platelets from Pat13* compared
with that of the mother Pat14*.

The index patients from families 6 to 11 were diagnosed with HPS
using flow cytometry and genetic analysis. One exception was
Pat19*, whose genetic variants were classified as VUS. Typical
symptoms of HPS include oculocutaneous albinism and mild/
moderate bleeding diathesis due to a platelet δ–granule secretion
defect. Some patients with HPS develop granulomatous colitis and
pulmonary fibrosis, depending on the gene affected.19,35,36 Current
6174 FERNANDEZ et al
knowledge is that HPS is caused by homozygous or compound
heterozygous mutations in up to 11 genes including HPS1 and
HPS3.36-38 All index patients of the investigated families carried
pathogenic variants in HPS1 or HSP3, whereas the relatives were
heterozygous for 1 variant or the wild-type. Interestingly, Pat19* of
family 7 displayed compound heterozygous missense variants in
HPS3, which were classified as VUS. The gene HPS3 encodes a
subunit of the BLOC-2 complex, of which missense variants can
lead to milder albinism phenotypes.37,38 Blood samples from most
HPS index patients performed poorly in microfluidic testing and
coclustered with samples from patients carrying RASGRP2 or
P2RY12 mutations.

The integrative analysis of microspot-dependent microfluidic
testing in combination with platelet quantitative and qualitative
traits had remarkable outcomes. Informative was the ranking of
individual subjects based on the cumulative parameters from
microspots M1 to M3 and M5, which separated most of the
24 OCTOBER 2023 • VOLUME 7, NUMBER 20
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patients with a bleeding or albinism phenotype from asymptomatic
family members and healthy controls (Figure 6). Following this
ranking, thrombus formation was the highest in control subjects
and heterozygous carriers. It decreased in the order of P2RY12
defect (heterozygous or compound heterozygous) > HPS (com-
pound heterozygous HSP1 or HSP3) > RASGRP2 defect
(homozygous) > SPD with TCP.

Microfluidic testing was performed under nonanticoagulant condi-
tions (ie, with a direct thrombin inhibitor), using citrated blood that
was recalcified with CaCl2/MgCl2 medium to achieve physiological
divalent cation concentrations. This protocol was chosen because
it provides optimized platelet adhesion and aggregation under flow,
and prevents massive fibrin formation.16,17 In contrast, the staining
of thrombi for exposed phosphatidylserine on platelets in thrombi
provides information on the procoagulant activity of a patient’s
platelets.17 An extracted heatmap of P8 from the microspots,
however, showed only a clear reduction in this parameter for the
Pats 09, 10, and 11* with TCP SPD (supplemental Figure 9), likely
because of the limited platelet deposition under flow.

In comparison with earlier studies,16,39 this study differs in that (1)
multiple patients with newly observed mutations were included, (2)
clinically and genetically unaffected family members were studied,
and (3) a consistent comparison was made between the micro-
fluidic test outcomes and other current diagnostic laboratory tests.
The literature provides only incidental flow perfusion studies with a
similar number of patients. In a report in which 32 patients with von
Willebrand disease were enrolled, microfluidic flow assays were
shown to be useful for the detection of VWF defects.13 Another
similarly sized study on patients with gray platelet syndrome
focused on genetics and platelet structure.40 An early large-scale
study on SPDs determined only the VWF levels in patient blood
samples.41

The coclustering of patients with more severe bleeding (RASGRP2
and P2RY12 variants) with patients with δ-SPD (HSP1 or HSP3
variants) experiencing more moderate bleeding indicated that the
reduction in microfluidic thrombus formation revealed impaired
hemostasis but not the severity of bleeding. However, a relevant
consideration is that 7 of the 16 included index patients are chil-
dren (age <12 years), in whom bleeding diathesis is more difficult
to score.42

Taken together, our results indicate that multiparameter micro-
fluidic testing can be of added value for patients with a bleeding
disorder as a complementary assay to other diagnostic platelet
function tests. However, this study has some limitations. Firstly, in
our study, the number of included patients and relatives was still
limited, and for confirmative purposes, this number must be
increased in the future. Secondly, current and other systems
24 OCTOBER 2023 • VOLUME 7, NUMBER 20
biology approaches need to be used to develop more confined
assays in terms of surfaces and parameters while maintaining
diagnostic potential. Improvements can also be made by devel-
oping fully automated image-analysis scripts. Thirdly, for a standard
assay in the diagnostic laboratory, a small and affordable optical
device with an easy-to-use flow chip must be developed, providing
the same thrombus outcome values for the most discriminative
surfaces. Once developed and validated, it is reasonable to state
that the device costs are similar to those of other flow-dependent
whole blood systems, such as PFA-100 and T-TAS, which mea-
sure different aspects of platelet function.17 Fourthly, further work
is required to determine the additive value of controlled coagula-
tion, altered shear rates, and kinetic data in addition to the present
conditions.
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