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Abstract

Background: The classic Bernard-Soulier syndrome (BSS) is a rare inherited thrombo-
cytopenia (IT) associated with severe thrombocytopenia, giant platelets, and bleed-
ing tendency caused by homozygous or compound heterozygous variants in GP1BA,
GP1BB, or GP9. Monoallelic BSS (mBSS) associated with mild asymptomatic macro-
thrombocytopenia caused by heterozygous variants in GP1BA or GP1BB may be a
frequent cause of mild IT.

Objective: We aimed to examine the frequency of mBSS in a consecutive cohort of
patients with IT and to characterize the geno- and phenotype of mBSS probands and
their family members. Additionally, we set out to examine if thrombopoietin (TPO)
levels differ in mBSS patients.

Patients/Methods: We screened 106 patients suspected of IT using whole exome- or
whole genome sequencing and performed co-segregation analyses of mBSS families.
All probands and family members were phenotypically characterized. Founder muta-
tion analysis was carried out by certifying that the probands were unrelated and the
region around the variant was shared by all patients. TPO was measured by solid
phase sandwich ELISA.

Results: We diagnosed 14 patients (13%) with mBSS associated with heterozygous
variants in GP1BA and GP1BB. Six unrelated probands carried a heterozygous vari-
ant in GP1BA (c.58T>G, p.Cys20Gly) and shared a 2.0 Mb region on chromosome 17,
confirming that it is a founder variant. No discrepancy of TPO levels between mBSS
patients and wild-type family members (P > .05) were identified.

Conclusion: We conclude that the most frequent form of IT in Denmark is mBSS

caused by the Copenhagen founder variant.
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1 | INTRODUCTION

The classic Bernard-Soulier syndrome (BSS) associated with severe
thrombocytopenia, giant platelets, and bleeding tendency is caused
by homozygous or compound heterozygous variants in GP1BA,
GP1BB, or GP9 resulting in absent or very low levels of the von
Willebrand factor (VWF) receptor GPlb-IX-V on platelets and meg-
akaryocytes.! However, BSS is occasionally inherited as an autoso-
mal dominant trait due to dominant variants in GP1BA and GP1BB.
The molecular mechanism responsible for the monoallelic form
of BSS is a conundrum. The first described GP1BA variant associ-
ated with monoallelic BSS (mBSS) was the Bolzano founder variant
(p. Ala156Val) affecting multiple Italian families due to common an-
cestry.? Subsequently, many singular cases of mBSS associated with
at least 18 different heterozygous variants in GP1BA have been
described.®™ In most cases, the reported variants, including the
Bolzano founder variant, are located in the extracellular leucine-
rich repeat domains of GP1BA. These domains contain the bind-
ing site for VWF and are responsible for the induction of hepatic
thrombopoietin (TPO) generation possibly via the Ashwell-Morell
receptor.!? Carriers of dominant GP1BB variants do not exclusively
have reduced platelet GPIbp, but also impaired expression of GPlba
and GPIX because their correct assembly into the GPIb-1X-V com-
plex is affected.’® Currently, more than 10 different heterozygous
variants in GP1BB associated with mBSS have been reported, and
so far, no causal variants in GP5 or GP9 have been associated with
mBSS.

11 | Aims

The aim of the study was to examine the frequency of mBSS in a
consecutive cohort of patients with inherited thrombocytopenia
(IT). Moreover, we repeatedly encountered a specific GP1BA variant
¢.58T>G and set to investigate if this was in fact a Danish founder
variant. Because platelet production indirectly depends on the in-
duction of hepatic TPO generation by platelet GPlba, we examined
the TPO levels from patients with mBSS.

2 | METHODS

One hundred and six patients suspected of IT were included in
our study. Thrombocytopenia was defined as a platelet count
<145 x 10?/L. The study was approved by the local ethics commit-
tee (H-15011677) and the data registry (30-1470). Bleeding pheno-
type was evaluated using the ISTH bleeding assessment tool (BAT)
with significant bleeding defined as ISTH-BAT >5 for women and

Essentials

e Monoallelic Bernard-Soulier syndrome may be a fre-
quent cause of inherited thrombocytopenia.

e We screened 106 patients suspected for inherited
thrombocytopenia by genome sequencing and identi-
fied causal heterozygous variants in GP1BA and GP1BB
in 13%.

o Co-segregation analyses, flow cytometry, and immu-
nofluorescence confirmed autosomal dominant inher-
itance and mild macrothrombocytopenia with reduced
GPIb-IX levels.

e The predominant cause of inherited thrombocytopenia
in Denmark is the newly identified Copenhagen founder
variant: GP1BA (c.58T>G, p.Cys20Gly).

>3 for men.** Of note, all patients received oral and written infor-
mation about the high-throughput sequencing (HTS) analysis and
signed th informed consent form to allow publication of their data
in concordance with the Declaration of Helsinki. For co-segregation
analysis of family members, single gene diagnosis was performed.
Whole-genome and -exome sequencing (WGS and WES), Sanger se-
quencing, germline variant calling, and classification algorithms have
been previously described in detail.®*>® Platelet diameters were
measured by optical microscopy on May-Griinwald-Giemsa-stained
blood smears and by software-assisted image analysis. The maxi-
mum diameter of 200 platelets was evaluated in each patient, and
platelets belonging to clumps were excluded. Immunofluorescence
(IF) was performed as previously described.” Confocal laser scan-
ning microscopy was performed on a Leica SP5 confocal laser scan-
ning microscope (Leica). For image acquisition, secondary antibodies
were labelled with fluorophores AF488 and AF565. Fluorescence
emission was collected between 505 and 5015 nm for AF488 and
566 and 600 nm for AF565. Image processing was performed on Fili
(ImageJ v.1.53c).

Plasma TPO concentrations in probands and their healthy rela-
tives were analyzed by a commercially available solid phase sandwich
ELISA test (Sanquin). Normal TPO levels, as determined in a popu-
lation of 193 healthy individuals, ranged from 4 to 32 AU (2.5th-
95.5th percentile).!® The levels of TPO in patients were compared to
healthy relatives using a Mann-Whitney U-test. Platelet phenotype
and function were evaluated using a standardized and accredited
flow cytometry (FC) analysis as previously described.® Data were an-
alyzed by Kaluza flow cytometry software v.2.1 (Beckman Coulter).
In-house reference levels (RL) were available. A FC diagnosis of
mBSS was made by calculating the relative ratio between patient
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GPIba (CD42b) in percentage of the median RL and patient GPllb
(CD41a) in percentages of the median RL.Y?

A founder variant is defined by at least 1.0 Mb shared region of
the genome.20 The size of the haplotype associated with the GP1BA
¢.58T>G variant was estimated from WGS variant calling using pro-
band samples from six families. All incompatible variants (i.e., homo-
zygous reference variant in one sample and homozygous alternative
variant in another sample) were manually inspected in Integrative
Genomics Viewer (IGV)21 to confirm the size of the shared haplo-
type. ldentity by descent (IBD) of the genomes was estimated with
PLINK 1.922 after initial pruning of sites in linkage disequilibrium
using 50 kb window size, variant count to shift a window of five, and
variance inflation factor threshold of two.

3 | RESULTS AND DISCUSSION

Our cohort consists of 106 patients (67% females; median platelet
count 98 x10%/L and range [3-143 x 10°/L]; 58% had macrothrom-
bocytopenia [MT]). A causal variant was identified in 50 patients
(49%; Table S1 in supporting information). In the cohort, we identi-
fied five rare heterozygous variants in GP1BA (c.58T>G; c.98G>A,;
¢.247C>T) and GP1BB (c.236_244del; c.236_244dup), in 14 Danish
probands (13%; Table 1). Co-segregation analyses were carried out
in 46 members from the 14 individual families resulting in a total
of 31 thrombocytopenic patients emphasizing an autosomal domi-
nant inheritance. Pedigrees are depicted in Figure 1. All identified
variants co-segregated with thrombocytopenia in the assessed fam-
ily members and the median platelet count was 90 x 10%/L (range
44-131). Peripheral blood smears from all probands demonstrated
macrothrombocytes. The mean platelet diameter value in three pa-
tients carrying the GP1BA p. Cys20Gly variant were 3.7 um (2-8.77),
3.69 um (1.61-9.61), and 3.38 um (1.37-9,9) and the percentage of
large platelets were 40%, 35%, and 26% respectively (Figure 2A-F).
These results are consistent with the previously reported data on
117 cases of mBSS—103 of them carrying the Bolzano founder
variant.?

A typical finding of enlarged platelets is high mean fluorescence
intensity (MFI) values for glycoprotein receptors on the surface (due
to a larger surface area). However, in patients with mBSS the relative
expression of GPlba (CD42b) is reduced compared to GPIlb (CD41a).
Examinations by FC in 16 patients demonstrated a reduced relative
ratio of CD42b to CD41a (median ratio 0.52, range 0.40-0.67). The
GPlb-IX levels were reduced by 50% and this was confirmed by IF
and confocal laser scanning microscopy (Figure 2G-N). Thus, FC and
IF, combined with co-segregation analyses, confirmed a diagnosis of
autosomal dominant BSS in the 14 index patients. Consequently, five
different heterozygous variants in GP1BA and GP1BB, identified in
14 index patients, were classified as pathogenic or likely pathogenic.

Families I-VI carried the same heterozygous variant in GP1BA
(c.58T>G, p. Cys200Gly) not previously reported in the gnomAD da-
tabase. To determineif the variantis a founder variant, we certified (1)
that patient genomes were unrelated and (2) that the region around

the variant of interest is shared by all genomes. The patients had no
cryptic relatedness across the genomes, and they shared a 2.0 Mb
region (chr17:3,745,359-5,699,382) around the GP1BA c.58T>G
variant (1.1 Mb upstream from the variant and 0.9 Mb downstream;
Figure S1 in supporting information). Therefore, the genetic mapping
confirmed that GP1BA c.58T>G is indeed a Danish founder variant.
The ¢.58T>G variant likely breaks the disulfide bond between Cys20
and Cys33, thereby disrupting the local stability of the protein sec-
ondary structure (Figure S2 in supporting information). The altered
protein folding in the N-terminal ligand-binding-domain (LBD) of
GPlba could potentially lead to a decreased binding to the VWF re-
ceptor and hereby reduce the pro-platelet formation by the mega-
karyocytes.?* We identified the GP1BA variant c.98G>A, which was
previously described as a likely pathogenic cause of mBSS,* in three
members of family VII. Three probands representing family VIII, IX,
and X, carried the GP1BA c.247C>T variant, which co-segregated
with MT; it was subsequently classified as pathogenic. The founder
variant c.58T>G and the c.98G>A variant are located in the leucine
rich repeat N-terminus of GPlba required for platelet-mediated he-
patic TPO production.

In the probands from family Xl, XlI, and XlII we found the same
previously described deletion in GP1BB (c.236_244del, p. Pro79_
Leu81del) located in the leucine-rich repeat domain.*’ Interestingly,
the proband from family XIV carried a duplication in the same
locus of the GP1BB gene (c.236_244dup, p. Pro79_Leu81dup), also
co-segregating with thrombocytopenia. Thus, we suspect that the
leucine-rich repeat domain of GP1BB is less stable and perhaps
prone to pathogenic variants. The crystal structure of the GPIbp
protein with the affected domains and locations of the identified
variants are shown in Figure S2. Heterozygous variants in GP1BB,
causal of inhibited trafficking of the GPIb-1X-V complex to the plate-
let surface or GPIb-1X-V dysfunction, may cause mBSS. Variants that
simply impair the platelet expression of GPIb have not been shown
to cause MT.? Consequently, the identified GP1BB variants in our
cohort may disrupt the function or reduce trafficking of the GPlb-
IX-V complex.

Four patients were previously misdiagnosed with immune
thrombocytopenia (ITP) of which two patients were treated with
immunosuppressants during pregnancy. In total, 6 patients had
given 13 births and no bleeding complications occurred. Only 2 of
the 14 index patients had significant ISTH-BAT scores. We did not
identify any other significant variants in bleeding-associated genes
in the two probands with significant ISTH-BAT scores. Additional
variants associated with MTP are listed in Table S2 in supporting
information. Following the American College of Medical Genetics
guidelines, results of flow cytometry, and the absence of inclusion
bodies regarding the MYH9 variants, we concluded that none of the
additional variants were implicated in MTP phenotype. Nor did we
identify any pathogenic genetic variants in 23 additional TIER1 and
TIER2 genes associated with MT. Taken together, mBSS constituted
13% (14/106) of the IT diagnoses and was thus found to be the most
frequent cause of IT in the Oresund region. This result was due
to the GP1BA c.58T>G founder variant, identified in six unrelated
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FIGURE 1 Pedigrees of 14 families with monoallelic Bernard-Soulier syndrome. A, Six families with the GP1BA ¢.58T>G, p. Cys20Gly

founder variant. B, Family VIl carries a GP1BA c.98G>A, p. Cys33Tyr variant. Families VIII, IX, and X has a GP1BA ¢.247C>T, p. Leu83Phe
variant. Families XI, XlI, and XIII share a GP1BB c.236_244del, p. Pro79_Leu81del variant and family XIV harbors a GP1BB c.236_244dup,

x‘+%

W, n w_n

p. Pro79_Leu81dup variant. Arrow indicates index patient. “+” or

indicate carrier status of the family variant. Filled family member

illustrates thrombocytopenia and all depicted variants co-segregate with thrombocytopenia

probands. Hence, GP1BA ¢.58T>G was named the Copenhagen
variant. Compared to the Italian population, in which 20% of IT are

caused by the Bolzano founder variant,26

the frequency of mBSS in
our cohort was lower.

We measured TPO in 18 patients with mBSS and 10 healthy rel-
atives and found a median plasma TPO in patients of 16.5 AU/ml
(range 6-79 AU/ml), which did not differ significantly from the me-
dian TPO in healthy relatives (17 AU/ml; range 7-28 AU/ml; P > .05;
Table 2). Our results indicate a relative deficiency of TPO production
and may suggest that patients with mild mBSS could benefit from
TPO-receptor agonist (TPO-RA) treatment prior to major surgery
or childbirth. In contrast, Noris et al. measured levels of TPO in 46

patients with the monoallelic Alal56Val Bolzano variant and found
increased levels compared to healthy controls.? We do not have a
plausible explanation for the discrepancy between TPO levels in our
studies. The first phase Il trial administering the TPO-RA eltrom-
bopag in different types of IT was published in 2020 and included
two patients with mBSS. They both had a major response with the
lowest treatment dose of 50 mg/day.?”

Because the GPIb-IX-V receptor membrane complex plays a piv-
otal role in thrombosis, a reduction in the expression of GPIb-IX-V in
mBSS patients may protect against arterial thrombosis and thereby
promote a survival advantage. To the best of our knowledge, no
data has been published on the risk of thrombosis in mBSS. Yin et al.
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FIGURE 2 Light- and immunofluorescence microscopy. Representative light microscopy platelet images are shown from three patients
with the GP1BA p. Cys20Gly variant (A-F). A heterogeneous platelet population with large platelets (platelets with mean platelet diameter
(MPD) >3.9 pm)23 and peculiar elongated platelets (D-F) was found in the investigated subjects. By standard immunofluorescence
microscopy (G-L), a partial reduction of the Gplb staining in the larger platelets of the patients was observed with respect to control.
Confocal laser scanning microscopy immunofluorescence image panels (CTRL, control; M, control and N, patient; P, proband; M, mother).
The roman letters indicate the corresponding pedigrees. Scale bars correspond to 5 um

selectively inhibited the VWF-binding function of GPIb-1X by a pep-
tide inhibitor and discovered that the process of lipopolysaccharide-
induced thrombocytopenia in sepsis was attenuated, while the
sepsis mortality of mice expressing a functionally deficient mutant
of GPIb-IX was significantly decreased.?® These findings suggest
that targeting GPIb-IX-V could be a possible prospect for managing

endotoxemia and sepsis?? and with relevance to the present study,
inherited variants in GP1BA or GP1BB may protect against death
from sepsis and thus provide a survival advantage.28 In conclusion,
genetic screening of patients suspected for IT has improved the
diagnostic outcome in our clinics and resulted in the identification

of a Danish founder variant causing mBSS. All identified variants in
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TABLE 2 Thrombopoietin (TPO) in patients with monoallelic
Bernard-Soulier syndrome and their healthy relatives

Median TPO Ref.:

Family variant 4-32 AU/ml

GP1BA c.58T>G, p. Cys20Gly
GP1BA c.247C>T, p. Leu83Phe
GP1BB c.236_244del, p. Pro79_Leu81del/dup

13 (range 6-79)
16.5 (range 14-19)
23 (range 16-35)

Healthy relatives 17 (range 7-28)

GP1BA and GP1BB have been uploaded to the ISTH Gold variant da-
tabase to aid the global interpretation of genetic variants associated
with IT.3°
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