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Abstract

GPIV (CD36) is a multifunctional membrane protein expressed on various cells, including
platelets, where it plays a role in adhesion and activation through the interaction with
its ligands, including collagen types I and III and thrombospondin 1. Inherited GPIV
deficiency, historically recognized in anti-Naka alloimmunized East Asian donors, is con-
sidered asymptomatic and associated with normal platelet aggregation, although impaired
adhesion under high-flow conditions has been reported. Here, we reconsider the molecular
basis, epidemiology and functional consequences of GPIV deficiency and report four unre-
lated patients in whom heterozygous CD36 variants are associated with markedly reduced
platelet GPIV expression and a clinically relevant mucocutaneous bleeding diathesis. Pa-
tients suffered lifelong bleeding symptoms despite normal light-transmission aggregometry
and platelet granule content and release and displayed decreased GPIV expression. Three
of them showed slightly decreased VWE. Platelet adhesion to Type I collagen was reduced
at high shear. These cases suggest for the first time an association between CD36 gene
variants and bleeding and underscore the importance of including GPIV in the diagnos-
tic workup of inherited platelet disorders, particularly when conventional assays do not
reveal abnormalities.

Keywords: CD36; GPIV; platelets; bleeding

1. Introduction

Platelet glycoprotein IV (GPIV), also known as CD36, is an 88-kDa integral membrane
protein expressed on a broad range of cells, including platelets, monocytes, macrophages,
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endothelial cells, adipocytes and cardiomyocytes [1]. Originally identified on the platelet
surface in the 1970s [2], GPIV was later recognized as a multifunctional receptor involved in
lipid metabolism, immune regulation, and vascular biology. In platelets, GPIV functions as
a receptor for thrombospondin-1 (TSP-1) and collagen types I and III, mediating adhesive
interactions and participating in signal transduction events that regulate platelet activation.
Beyond hemostasis, GP1V is a key scavenger receptor responsible for the uptake of oxidized
low-density lipoproteins (oxLDL) and long-chain fatty acids, thereby participating in lipid
metabolism, inflammation, atherogenesis, and thrombosis [3-5].

The CD36 gene, located on chromosome 7, contains 15 exons, 12 of which are coding [4].
It exhibits complex transcriptional regulation, with multiple promoters and alternative first
exons leading to tissue-specific isoforms [6].

Gene variants in CD36 cause GPIV deficiency, an uncommon but well-characterized
inherited condition first described in Japanese blood donors. Two major phenotypes are
recognized, Type I and Type II deficiencies, depending on the absence of GPIV on both
platelets and monocytes or only on platelets [7].

The molecular basis of these conditions includes missense or nonsense mutations,
frameshifts, splice-site defects, and regulatory variants [7].

Although early studies suggested that platelet GPIV acts as a collagen or throm-
bospondin receptor, its precise contribution to hemostasis remains debated, but it is sug-
gested that GPIV plays a modulatory rather than an essential role in platelet adhesion and
activation [8-10].

The present article aims to summarize the current knowledge on the molecular basis,
epidemiology, and functional consequences of GPIV deficiency, with a particular focus
on platelet physiology, and to report a series of unrelated patients with a lifelong muco-
cutaneous bleeding diathesis in whom heterozygous variants in CD36 were identified,
resulting in markedly reduced platelet GPIV expression. To our knowledge, these are
the first documented cases linking inherited GPIV deficiency to a clinically significant
bleeding tendency.

2. GPIV Structure and Function

GP1V, coded by the CD36 gene, is an 88-kDa transmembrane glycoprotein composed
of two short cytoplasmic tails, two transmembrane domains, and a large extracellular loop
that forms a hydrophobic pocket responsible for ligand binding [11]. The extracellular
domain contains ten potential N-glycosylation sites and several disulfide bonds that stabi-
lize its tertiary structure. Post-translational modifications—palmitoylation, glycosylation,
phosphorylation, and ubiquitination—influence GPIV localization, turnover, and signaling
activity [12].

The N-terminal cytoplasmic region and the C-terminal domain anchor the receptor to
the plasma membrane and interact with signaling molecules such as Src-family kinases,
enabling downstream activation in platelets and other cells (Figure 1). The central ex-
tracellular region, highly glycosylated and cysteine-rich, mediates binding to oxidized
phospholipids, fatty acids, thrombospondin-1, and collagen. Distinct motifs within this re-
gion are responsible for ligand specificity: hydrophobic stretches accommodate long-chain
fatty acids, while surface-exposed loops interact with adhesive proteins [7].

Six isoforms of human GPIV have been described, ranging from 317 to 472 amino
acids in length, generated by alternative splicing of the primary transcript [12].

In platelets, GPIV is expressed in 10,000 to 25,000 copies on the cell membrane, the
luminal side of the open canalicular system, and the inner surface of x-granules. It acts not
only as a receptor for subendothelial ligands such as collagen and thrombospondin-1 but
also binds oxidized phospholipids and circulating microparticles released from activated
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or apoptotic cells [4,13,14]. GPIV is not a classical signaling receptor, as it lacks canonical
intracellular signaling motifs. Nonetheless, it engages a well-defined signaling architecture
by functioning as a molecular hub in cholesterol-rich membrane microdomains that clusters
adaptor proteins and non-receptor tyrosine kinases. Upon ligand binding, GPIV undergoes
rapid redistribution into detergent-resistant membrane domains, facilitating the assembly
of signaling complexes [7].

' platelet platelet adhesion
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Figure 1. GPIV-mediated signaling and functional platelet responses. Schematic representation of
GPIV signaling pathways in platelets and their downstream functional consequences. Engagement of
GPIV leads to activation of Src family kinases (Lyn, Fyn, and Yes) and the tyrosine kinase Syk, followed
by activation of MAP kinase pathways, including JNK and p38 MAPK. These signaling events
promote intracellular calcium mobilization and platelet activation, resulting in surface expression of P-
selectin, activation of integrin oy, 33, platelet spreading and platelet adhesion under shear conditions.

Ligand binding initiates signaling via the Src-family kinases Lyn, Fyn and Yes, these in
turn propagate signals to Syk, JNK, and p38 MAPK, resulting in increased intracellular Ca®*
levels and downstream platelet responses, including platelet spreading, P-selectin expres-
sion, oy, 33 activation and the potentiation of collagen-triggered thrombus formation, par-
ticularly during the early phases of shear-dependent adhesion and aggregation [1,10,15-17]
(Figure 1) (see also Section 5).

Beyond its role in platelet—collagen interactions under flow, GPIV also mediates adhe-
sive crosstalk between platelets and red blood cells undergoing programmed cell death.
Indeed, it was shown that phosphatidylserine-positive erythrocytes adhere to immobilized
platelets activated with ADP or thrombin. This adhesion required phosphatidylserine on
erythrocytes and GPIV on platelets, since neutralizing antibodies against GPIV markedly re-
duced erythrocyte adhesion [18]. These findings suggest that the platelet GPIV-erythrocyte
phosphatidylserine interaction may contribute to prothrombotic states in conditions asso-
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ciated with increased eryptosis, such as diabetes, renal failure, and hemolytic disorders.
Moreover, during a malarial infection, GPIV mediates the binding of platelets to P. fal-
ciparum—infected red cells; this also causes platelet activation and release of PF4 from
platelets. PF4 in turn kills the parasite through the binding to red blood cells via the Duffy
antigen [19].

3. GPIV Deficiency

Inherited GPIV deficiency is classically divided into two phenotypes: Type I deficiency,
defined by the absence of GPIV on both platelets and monocytes/macrophages, and Type
II deficiency, in which GPIV is absent only on platelets (see Section 4).

The condition exhibits a striking ethnic distribution: it is rather frequent in East Asian
(2.14% in Thailand, 4.13% in China) and African (4.8%) populations but is rare in Europeans
and Americans (0.3%) [20-26]. In Japan, it has been reported that the frequencies of Type I
and Type II deficiencies are 0.3-0.5% and 4-5.7%, respectively [20,21].

Most individuals with GPIV deficiency are clinically asymptomatic, and GPIV defi-
ciency has been recognized mainly in transfusion medicine because individuals lacking
GPIV (Nak®- phenotype) may develop anti-GPIV alloantibodies during pregnancy or after
transfusion. Women with Type I deficiency carrying a GPIV-positive fetus may develop
anti-GPIV alloantibodies, which cross the placenta and cause fetal and neonatal alloimmune
thrombocytopenia (FNAIT). This immune reaction may result in severe thrombocytope-
nia, hydrops fetalis and intracranial hemorrhage, underscoring the need for prenatal
monitoring [22].

Similarly, transfusion of GPIV-positive platelets to a deficient recipient can elicit
an alloimmune response with the production of anti-GPIV antibodies causing platelet
transfusion refractoriness, a condition characterized by rapid platelet clearance and failure
to achieve post-transfusion increments, or post-transfusion purpura [23].

Some authors have suggested that common variants in the CD36 gene modulate
lipid metabolism and cardiovascular risk in Caucasians: in a population of nondiabetic
individuals of Caucasian ancestry, a particular haplotype represented by five common
SNVs was associated with increased risk of coronary artery disease [24].

Cd36 knockout (Cd36~/~) mice display defects in long-chain fatty acid uptake in heart,
muscle and adipose tissue, and Cd36~/~ /ApoE~/~ double knockout mice show markedly
reduced atherosclerotic lesions due to impaired macrophage uptake of oxidized LDL [25].
Moreover, platelets from Cd36~/~ mice fail to respond to oxidized lipids: they do not
accumulate superoxide or hydrogen peroxide, do not activate Src kinases or NOX2, and
show impaired phosphorylation of the redox-sensitive kinase ERK5 upon oxLDL exposure.
This translates into abolished potentiation by hyperlipidemia of integrin xIIbf33 activation,
P-selectin expression, aggregation, and thrombus formation on collagen under arterial
shear rate [26].

Furthermore, C436~/~ mice exhibit a low bone-mass phenotype, characterized by
reduced trabecular volume, increased trabecular separation, and decreased trabecular
number. These skeletal abnormalities reflect a primary defect in bone formation, as shown
by significantly reduced osteoblast perimeter, decreased bone formation rate, and lower
circulating markers of bone formation, suggesting that GPIV is required for proper os-
teoblast differentiation and function [27]. So far, no cases of bone or cartilage alterations in
GPIV-deficient patients have been reported.

4. Molecular Basis of GPIV Deficiency

The CD36 gene, located on chromosome 7q11.2, spans approximately 50 kilobases and
comprises 15 exons, 12 of which are coding. Exons 1-2 and 15 are noncoding, contributing
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to the 5’ and 3’ untranslated regions (UTRs), respectively [7] (Figure 2). The gene exhibits
marked structural and regulatory complexity, including multiple alternative first exons
and promoters that are tissue-specific, allowing fine-tuned expression [7,28,29]. Regulation
of CD36 transcription depends on metabolic and inflammatory stimuli. Transcription
factors such as PPARy, LXR«, and C/EBP«, as well as cytokines including IL-4, TNF-«,
and TGF-f3, modulate gene expression in a cell-specific manner [7]. In macrophages and
adipocytes, for instance, PPARy activation promotes transcriptional upregulation of GPIV,
while phosphorylation of PPARy through MAPK signaling reduces its activity [30]. Epige-
netic mechanisms, including DNA methylation and histone modifications, also contribute
to the regulation of GPIV expression under conditions such as oxidative stress and exposure
to oxLDL [31].
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Figure 2. Schematic representation of CD36 gene structure and reported variants. Diagram of the
CD36 gene showing the exon organization and the location of reported genetic variants associated
with GPIV deficiency. Exons are indicated as numbered boxes along the genomic sequence, with
variants mapped above or below the gene structure. The variants identified in the patients described
in this study are in red; the CD36 c.649G>A variant identified in one of our patients was previously
reported in the literature. The light blue color indicates non coding exons.

The CD36 gene exhibits extensive polymorphism; more than 20 coding mutations
have been associated with deficiency. Long-read sequencing of Type I and Type II donors
identified 180 gene variants, 12 of which were reported to alter the amino acid sequence.
Four of these variants, ¢.220C>T, ¢.329_330delAC, c.430-1G>C, and ¢.1006+2T>G, introduce
premature termination codons and produce truncated proteins [32].
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The dinucleotide deletion ¢.329_330del AC (also referred to as 329-330del/AC) is one
of the most frequent mutations in East Asian populations [24]. Other recurrent frameshift
or nonsense variants include ¢.1228_1239del ATTGTGCCTATT and ¢.120+1G>T [32].

Type I GPIV deficiency is typically caused by missense or nonsense homozygous or
heterozygous mutations; the most frequent are C268T, 949insA, and 329-330del AC or by
variants that cause instability of CD36 mRNA [7].

Type Il GPIV deficiency is probably heterogeneous and has been observed in individu-
als who carry heterozygous mutations (most commonly ¢.C268T, but also ¢.329-330 delAC,
¢.818+108 del AACT, ¢.T879C, ¢.1125+13C>A, and c.A1163T) [7,33].

However, some Type Il individuals lack detectable coding-region mutations; there-
fore, some authors proposed that Type II deficiency may result from post-transcriptional
mechanisms, such as aberrant tissue-specific pre-mRNA splicing of CD36 [7].

Genome-wide association studies have identified 23 CD36 common single-nucleotide
variants (SNVs) modulating GPIV platelet surface expression in healthy individuals [34].
Some studies also showed that GPIV expression on platelets is associated with -132A>G of
the 5'-untranslated region (UTR) or a silent allele linked to a (TG)n repeat polymorphism
in intron 3 [35,36]. The genetic variants in exons and introns that have been associated with
GPI1V deficiency [37] are shown in Figure 2.

In conclusion, despite progress in identifying genetic variants, the molecular basis
of GPIV deficiency remains incompletely understood. Type I deficiency clearly results
from complete loss of GPIV expression due to biallelic nonsense, frameshift, or splicing
mutations; Type II deficiency, however, encompasses heterozygous mutations, regulatory
changes, and unknown post-transcriptional mechanisms, with some individuals lacking
any detectable mutation.

Further studies are required to elucidate these mechanisms and to enable precise
molecular diagnosis of GPIV deficiency.

5. Function of Platelets Lacking GPIV

Despite its role in platelet activation, GPIV deficiency has not been associated with
bleeding or major platelet dysfunction. A study carried out on seven healthy Japanese
blood donors with GPIV deficiency and no bleeding reported normal responses to collagen,
ADP, epinephrine, arachidonic acid and thrombin at light-transmission aggregometry [8].
Another study that investigated platelet function in two Japanese subjects with the Nak®-
phenotype showed normal or even increased aggregation in response to Type I collagen
and normal adhesion to types I, III, and IV collagens [9]. Moreover, blocking o 31 integrin
with monoclonal antibody 176D7 inhibited aggregation and adhesion to the same extent in
Nak?- and in normal platelets.

TSP-1 expression after thrombin activation was equivalent in Nak?®- and normal
platelets [9]. These findings show that GPIV is not essential for platelet aggregation in
low-shear stress conditions or for adhesion to collagen under static conditions.

In contrast, when platelets encounter collagen under flow, GPIV plays a modulatory
role in the early tethering. In a perfusion system at 800 s~! shear, Diaz-Ricart et al. demon-
strated that normal platelets incubated with the Fab fragments of an anti-GPIV antibody as
well as platelets from a Nak®" donor displayed reduced surface coverage, especially at early
time points. Although overall adhesion finally reached near-normal levels, the delay in
the initial attachment phase suggests that GPIV accelerates initial adhesion, but it becomes
redundant once stable contacts form [10].

Subsequent experiments showed that when normal blood treated with polyclonal anti-
GPIV Fab or monoclonal antibodies against GPIV was perfused over rabbit aorta segments
or endothelial cell extracellular matrix platelet adhesion was reduced by about 30-40% at
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early time points. Blood from a Nak®- donor yielded comparable inhibition [16]. These data
confirmed that platelet GPIV mediates early interactions with subendothelial collagen and
extracellular matrix, particularly at high shear, but is less important for sustained adhesion.

The absence of overt hemostatic defects in GPIV-deficient individuals suggests that
compensatory adhesive pathways, mediated by other collagen receptors (e.g., GPVI and
integrin «2(31), can maintain effective primary hemostasis.

6. Description of Four Cases with GPIV Deficiency and a
Bleeding Diathesis

Here we report four unrelated individuals with a clinically relevant bleeding pheno-
type who were found to carry heterozygous variants in CD36 leading to a marked reduction
in platelet GPIV surface expression and who represent the first reported cases in which an
inherited GPIV deficiency is associated with a hemorrhagic diathesis.

All studies were approved by the responsible institutional review boards (Ethics Board
of the University of Perugia n.13/2024; Ethics Committee of the Reina Sofia University
Hospital of Murcia, Spain; last approval 28 November 2023) and/or followed the locally
approved rules for the use of data and biological samples (mod. 341, version 1, 6 July 2022
Fondazione Policlinico Universitario A. Gemelli IRCCS) and were carried out in conformity
with the Declaration of Helsinki.

Case 1. The first patient (P1) is a 22-year-old woman with easy bruising, bleeding
from minor wounds, prolonged bleeding following dental extractions, and an ISTH-BAT
bleeding score (BS) of 5, which is the upper normal limit for women [38]. She had previ-
ously received a clinical diagnosis of Ehlers-Danlos syndrome due to joint hypermobility,
although not confirmed by genetic testing. No family history of bleeding was reported.

Case 2. The second patient (P2) is a 50-year-old woman who presented with a history
of easy bruising and spontaneous petechiae, nose and gum bleeding, abnormal uterine
bleeding (AUB), prolonged bleeding following dental extractions (n = 3), spontaneous
bleeding into a corpus luteum requiring access to the emergency department at the age
of 43, cutaneous purpura after delivery at the age of 29, and two episodes of rectal bleeding
without rectal lesions at the ages of 42 and 49 and had an ISTH-BAT BS of 10.

In addition, P2 presented a spectrum of bone-related abnormalities, including oste-
olipomas, one of which, located in the iliopsoas muscle, required surgical removal with
associated profuse bleeding; and right ear otosclerosis, which required a surgical procedure
with associated intra-operative profuse bleeding. A subsequent surgical procedure for
left ear otosclerosis performed after desmopressin and tranexamic acid administration
was not complicated by bleeding. Due to the finding of an atrial septal defect during
investigations for episodes of amaurosis fugax, she underwent percutaneous closure with
a MemoPart device after the administration of desmopressin, without bleeding compli-
cations. After this procedure, the patient was started on aspirin. Thus, aspirin therapy
was initiated after the onset of the bleeding manifestations but this does not explain the
patient’s clinical phenotype.

Two male siblings suffered from nosebleed episodes during childhood, and their
mother experienced excessive bleeding requiring red blood cell transfusion in one out of
three deliveries, while the father did not report bleeding symptoms.

Case 3

The third patient (P3) is a 62-year-old woman with a previous diagnosis of mild von
Willebrand disease (VWD). She reported a lifelong history of mucocutaneous bleeding,
including easy bruising, recurrent spontaneous epistaxis, and gingival bleeding. She
also experienced prolonged bleeding after multiple dental extractions, and her ISTH-
BAT BS was 9. Subsequently, she underwent surgery for Reinke’s edema and additional
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dental extractions under hemostatic replacement therapy, without significant bleeding
complications. She also had three uncomplicated vaginal deliveries, with no bleeding
complications during delivery or in the postpartum period. Her mother also reported
spontaneous bruising and gingival bleeding, suggesting an inherited bleeding tendency.
She reported suffering from arthritis.

Case 4

The fourth patient (P4) is a 35-year-old woman who was referred for investigation of
a bleeding diathesis after developing a disproportionately large facial hematoma follow-
ing local anesthesia for a dental procedure. She also reported heavy menstrual bleeding
leading to iron deficiency, that required oral iron supplementation, and delayed cessa-
tion of bleeding after minor cuts. Her ISTH-BAT BS was 6. Her father had a history of
recurrent nosebleeds.

Laboratory Findings and Molecular Analysis

Given the patients” mucocutaneous bleeding symptoms and abnormal/upper normal
limit ISTH-BAT BS, we proceeded with an in-depth evaluation of platelet function [39,40].
At the time of platelet function testing, patients confirmed that they had not taken drugs
possibly interfering with platelet function.

In P1, routine blood clotting assays [41] were normal. Von Willebrand factor (VWEF) val-
ues were at the lower limit of normality or slightly reduced for blood group A (VWEF:Ag 54%,
normal value (n.v.) 61-152%; VWF:RCo 50%, n.v. 58-175%; VWF:CBA 61%, n.v. 50-400%).
FVIII was normal. Platelet count was normal (155 + 5 x 10° platelets/mL) with a normal
mean platelet volume (MPV) (10 fL; controls: 9.87 £ 1.2 fL). The PFA-100% (Dade-Behring,
Deerfield, IL, USA) showed prolonged closure times with both collagen/ADP (C/ADP)
and collagen/epinephrine (C/Epi) cartridges (C/ADP 140 s, n.v. 62-100 s; C/Epi 185,
n.v. 82-150 s), suggesting a possible defect in primary hemostasis.

In P2, VWF was moderately reduced or in the low range on two different oc-
casions (VWF antigen 57% and 65%, respectively, n.v. 61-152%; VWF:RCo 48% and
61%, respectively, n.v. 58-175%); FVIIl and FXIII were normal. Platelet count was
normal (170 x 10° platelets/mL) with a normal mean platelet volume (MPV) (10.3 fL;
controls: 9.87 & 1.2 fL). The skin bleeding time was prolonged (14 min, n.v. 2-9 min), sug-
gesting a possible defect in primary hemostasis. PFA-100 closure time was within normal
range (Coll/EPI =109 s, n.v. <140 s, Coll/ADP =97 s, n.v. <100 s).

In P3, the platelet count was 175 x 10°/L with a slightly increased mean platelet
volume (12.8 fL; controls: 8.8-12.1); the VWF antigen was in the low range (61%), and
VWE:RCo slightly decreased (49%); FVIII was normal. The PFA-100 closure times were
prolonged (C/Epi 181 s, n.v. 76-131's; C/ADP 137 s, n.v. 57-100 s).

In P4, the platelet count was 271 x 10°/L with normal platelet volume (11 fL;
controls: 8.8-12.1). She also had an isolated prolongation of the PFA-100 C/Epi closure
time (218 s, n.v. 76-131 s), which was confirmed on repeat analysis. VWF antigen and RCo
were normal (119% and 114%, respectively). Because PFA-100 closure time is influenced by
multiple determinants, including VWF levels, it cannot be excluded that the borderline-low
VWEF levels detected in three of our patients may have contributed to the prolonged closure
times observed.

In all patients, light transmission aggregometry was normal with all tested agonists,
including ADP, epinephrine, collagen Type I, convulxin (CVX), collagen-related peptide
(CRP), arachidonic acid, U46619 and TRAP-6 [42—44], except for a slight reduction in the
response to CVXin P1 (Supplementary Table S1).

a-granule content was normal, as shown by normal levels of 3-thromboglobulin in
resting platelet lysates as assessed by ELISA (Asserachrom® 3-TG Diagnostica Stago, Paris,
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France) [39,45] in P1. Also x-granule release was normal, as assessed by 3-TG release in
the supernatant [39,45] in P1 and by platelet surface P-selectin expression [42] in P1, P2, P3
and P4 [42,43], except for P3, which showed an impaired platelet P-selectin expression in
response to CRP (Supplementary Table S1).

Similarly, 8-granule content and secretion were essentially normal, as shown by mepacrine
uptake and release [42] in P1 and P2, by ATP release measured by lumiaggregometry in P1 [38],
and by GPIV expression by flow cytometry in P3 and P4 [46]. Interestingly, P3 also showed an
impaired platelet CD63 expression in response to CRP (Supplementary Table S1). Altogether,
these findings excluded 8- or a-granule-relevant disorders.

o, B3 activation assessed by PAC-1 binding by flow cytometry [47] in P1 and by
fluorescent fibrinogen binding [44] in P3 and P4 was also normal (Supplementary Table S1),
except for P3, which, again, showed impaired fibrinogen binding in response to CRP.

The only consistent abnormality was detected by flow cytometry of platelet surface
glycoproteins [42]. While all major receptors, including GPIb/IX/V, x;31, GPVI, and
oury, B3, were expressed at normal levels (Supplementary Table S1), GPIV expression was
markedly reduced in all patients, reaching only about 10% of normal in P1 and P3 and
15-20% in P2 and P4, confirming a selective defect of this receptor (Figure 3A). Moreover,
GPIV expression in monocytes was decreased in P1, P3 and P4 (about 55% of normal) and
normal in P2 (Figure 3B). This suggests Type I GPIV deficiency in P1, P3 and P4 and Type
II'in P2. All patients showed partial GPIV deficiency, characterized by markedly reduced
rather than absent platelet GPIV expression. They were classified as Type I or Type Il based
on the distribution of GPIV expression on platelets and monocytes, respectively [7].

Platelet adhesion on a Type I collagen-coated surface under flow conditions [48,49]
was assessed for P1, P3 and P4, while this was not possible for P2 due to aspirin intake.

At low shear rates (250 s~1), when adhesion to collagen is highly dependent on
the GPIbx interaction with VWEF [50], platelet adhesion and thrombus formation were
comparable to controls, while at high shear rates (1500 and 3000 s~!), when the collagen
receptors have a role in adhesion [51,52], platelets formed smaller thrombi, compatible
with a collagen receptor defect (Figure 3C,D).

Given these results, clinical exome sequencing was performed in P1 and P2, upon
patients” written informed consent, on DNA extracted from peripheral venous blood
samples using the capture-based NGS Clinical Exome Solution® v3 kit (SOPHiA Genetics,
Rolle, Switzerland) that covers the coding regions and splicing junctions of 6380 genes
related to rare and inherited conditions. Sequencing was carried out on the NovaSeq 6000
System NGS platform (Illumina, San Diego, CA, USA). Tertiary analysis was performed by
the Sophia DDM® v4 platform (Sophia Genetics) to detect SN'Vs, indels, and Copy Number
Variations (CNVs) [53]. Firstly, we designed a virtual panel of 94 genes associated with
bleeding, thrombotic, and platelet disorders according to the guidelines of the International
Society on Thrombosis and Haemostasis (ISTH) [54]. Since this first screening was silent,
we extended the analysis to the whole exome, identifying two heterozygous frameshift
variants in the CD36 gene: CD36 (NM_001001548.3):c.660_669del (p.Asn220Lysfs*4) in P1
and CD36 (NM_001001548.3):¢.338_339del (p.Ser113Phefs*20) in P2 (Figure 2).

For P3 and P4, genetic analysis was carried out by an expanded high-throughput
sequencing (HTS) gene panel [46,55] and identified the heterozygous
CD36 (NM_001001548.3):c.323_326del (p.Glul08AlafsTer48) variant in P3 and the heterozy-
gous CD36 (NM_001001548.3):c.649G>A (p.Gly217Arg) variant in P4 (Supplementary Table S2).
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Figure 3. Reduced GPIV expression and impaired thrombus formation under flow in GPIV-deficient
patients. (A) Platelet GPIV surface expression measured by flow cytometry in patients and healthy
controls, reported as median fluorescence intensity (MFI). Patients show markedly reduced platelet
GPIV expression compared with controls. (B) Monocyte GPIV surface expression assessed by flow
cytometry in patients and healthy controls, reported as median fluorescence intensity (MFI). Reduced
GPIV expression is observed in P1, P3 and P4 monocytes compared with controls. (C) Quantification
of thrombus formation on collagen under flow conditions at increasing shear rates (250, 1500, and
3000 s—1). The average thrombus size (um?) is shown for controls, P1, P3 and P4. Thrombus
formation is markedly reduced in the patient, particularly at higher shear rates. Each dot represents
a replicate (technical replicates for patients, biological replicates for controls); violin plots illustrate
the distribution of thrombus sizes with the median indicated by a dashed red line. ** p < 0.01;
*** p < 0.001; **** p < 0.0001, two-way ANOVA. (D) Representative images of thrombi formed under
flow at 1500 s ! in control and P1.

The CD36 (NM_001001548.3):¢c.660_669del variant, found in P1, is reported in the
ClinVar database (Variation ID: 810109) with conflicting classifications. We classified it as
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likely pathogenic according to the recommendation of the ACMG/AMP guideline [56]. It
has indeed a very low frequency (0.00003285) in gnomAD and is predicted to result in a
loss or disruption of normal protein function through nonsense-mediated decay (NMD) or
protein truncation. The strikingly reduced expression of GPIV on the platelet and monocyte
surface further supports its pathogenicity. The variant has been previously reported to be
associated with CD36-related disorder [57].

To our knowledge, the second variant, CD36 (NM_001001548.3):¢.338_339del, found in
P2, has not been reported in the literature, but it is listed in the ClinVar database (Variation
ID: 1302901) as a Variant of Uncertain Significance (VUS). However, both the in silico pre-
dictive models (https:/ /varsome.com) and the ACMG guidelines [56] agree in classifying
this variant as likely pathogenic. In fact, it is predicted to result in a frameshift and prema-
ture protein termination (p.Ser113Phefs*20) with the elimination of important functional
domains; it is present in gnomAD at a very low frequency (0.00004028). Moreover, several
pathogenic variants have been found near this variant [7,32,33].

The third variant, CD36 (NM_001001548.3):¢.323_326del, found in P3, has not been
reported previously and is absent from gnomAD and ClinVar. According to ACMG
guidelines, this variant is likely pathogenic because it is predicted to result in a frameshift
and premature protein termination (p.Glul08AlafsTer48) and is absent from gnomAD.

The fourth variant, CD36 (NM_001001548.3):c.649G>A, found in P4, is present in
ClinVar (variation ID 360761) with conflicting classifications of pathogenicity (four VUS
and one likely benign); moreover, it was reported in individuals with GPIV deficiency
in the homozygous, compound heterozygous and heterozygous states [58]. It is present
in gnomAD at a very low frequency (0.0002), and in silico prediction tools consistently
support a deleterious effect of the variant. We classified this variant as VUS.

7. Discussion

Until now, inherited GPIV/CD36 deficiency has been considered an essentially asymp-
tomatic gene variant with reduced platelet GPIV expression but no consistent association
with bleeding symptoms or platelet dysfunction.

The cases described here expand the clinical spectrum of inherited GPIV deficiency,
suggesting that, although this condition is generally asymptomatic, in rare instances it
may be associated with a mild-to-moderate bleeding tendency. All patients displayed
markedly reduced platelet GPIV expression. The degree of residual GPIV expression
observed in our heterozygous patients is lower than expected based on haploinsufficiency
alone. Previous studies have shown marked interindividual variability in platelet GPIV
expression, suggesting that regulatory variants or other heritable platelet-specific factors
may modulate the expression of the wild-type allele [34]. Consistent with this, we also
observed substantial variability in platelet GPIV expression among the healthy controls in
our study. We speculate that the heterozygous loss-of-function variants identified in our
patients act in the context of additional genetic and/or regulatory factors, resulting in GPIV
levels substantially lower than the approximately 50% that would be predicted from simple
haploinsufficiency. For instance, GPIV undergoes multiple post-translational modifications,
including ubiquitination, glycosylation, palmitoylation and phosphorylation, which can
regulate its stability, trafficking and functional activity [59]. Although these mechanisms
have not been investigated in our patients, they may represent additional determinants of
interindividual variability in platelet GPIV expression.

Functional studies demonstrated, overall, normal aggregation and secretion responses
to conventional agonists, indicating that GPIV is not required for platelet activation under
static or low shear stress conditions. However, the prolonged closure times at PFA-100®,
prolonged bleeding time [60], and the patients” mucocutaneous bleeding symptoms point
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to a defect in platelet adhesion under high shear stress, which may impact the initial phases
of primary hemostasis, consistent with previous observations in Nak®- individuals [8-10]
and with in vitro data showing that GPIV facilitates the early stages of platelet-collagen
interaction in flow conditions [16]. These findings raise the possibility that even a mild
impairment of GPIV-dependent adhesion to collagen may become clinically relevant,
especially in individuals with additional factors affecting collagen integrity or vascular
connective tissue. Notably, two of our patients displayed additional clinical features: P1
presented joint hypermobility with a previous clinical diagnosis of Ehlers-Danlos syndrome,
suggestive of an underlying collagen-related fragility, whereas P2 exhibited distinct bone-
associated abnormalities, including an osteolipoma, a very rare histological variant of
lipoma, and bilateral otosclerosis. Notably, no pathogenic variants were identified in VWF
or Ehlers—Danlos syndrome-related genes.

The skeletal findings observed in some of our patients prompted us to consider
whether they might be related to GPIV function. Studies in Cd36~/~ mice have shown that
GPIV contributes to osteoblast differentiation and bone matrix formation [27], and altered
GPIV expression has been reported in patients with ameloblastoma, a benign tumor of the
maxillary bones [61]. However, any association between congenital GPIV deficiency and
skeletal manifestations in humans remains speculative and will require confirmation by
the observation of additional patients and by functional studies.

Finally, we observed borderline-low VWEF levels in three of our four patients with
GPIV deficiency. Although this finding may simply reflect biological variation, it raises
the possibility of a systematic association. Indeed, Pancratz and colleagues showed in
genome-wide studies that a nonsense variant (p. Tyr325Ter) in CD36 is significantly
associated with FVIII levels and also showed a trend to association with VWF levels
(p = 0.0037) [62]. Moreover, de Vries et al. showed that CD36 silencing reduced VWF
release from HUVECs [63]. However, our data do not allow any conclusions regarding
the underlying mechanism, and specific studies, including VWF multimer analysis, VWF
propeptide measurements and endothelial functional assays, will be required to determine
whether GPIV deficiency has any effect on VWF biology.

Taken together, our findings support the concept that GPIV acts as an accessory re-
ceptor that modulates platelet adhesion and activation in high-shear-rate vascular beds.
Genetic heterogeneity and variable GPIV expression levels might account for the wide
spectrum of bleeding phenotypes observed in GPIV deficiency. It cannot be excluded that
other genetic and/or environmental factors might contribute to this clinical variability. One
possible hypothesis is that the cumulative effect of common genetic variants influencing
platelet count or function may modify the clinical expression of GPIV deficiency. Recent
data from large population cohorts have shown that common variants with small indi-
vidual effects can, when combined into a polygenic score (PGS), substantially modify the
penetrance and expressivity of rare pathogenic variants in genes implicated in bleeding
and platelet disorders [64]. Although no PGS analysis was performed in the present study,
future investigations could explore whether polygenic background contributes to the vari-
ability of the bleeding phenotype in GPIV deficiency. Additional contributors may include
epigenetic regulation, co-inheritance of variants in extracellular matrix or collagen-related
genes, or acquired factors such as inflammation or hormonal status. In this regard, recent
single-cell transcriptomic studies have shown that aging and sex can substantially remodel
megakaryocyte subpopulations and transcriptional programs, for instance, those involved
in platelet activation and receptor expression [65], supporting the concept that the platelet
phenotype may be influenced by biological modifiers beyond the underlying genetic defect.

The bleeding phenotype observed in our patients should be interpreted with caution,
as it may be multifactorial in at least some of the cases. Nevertheless, the consistent platelet
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functional abnormalities observed in our cohort, together with previous experimental and
clinical evidence supporting a role for GPIV in platelet activation and thrombus formation,
support the hypothesis that GPIV deficiency contributes to the bleeding phenotype.

Recognition of this condition may be clinically relevant not only for its potential
impact on hemostasis but also for its immunohematologic implications, such as the risk
of anti-GPIV alloimmunization and transfusion refractoriness. Future studies integrating
functional platelet assays under flow and molecular analyses in larger cohorts will be
required to clarify the contribution of GPIV deficiency to the bleeding phenotype and to
better define the diagnostic and therapeutic implications of this rare disorder.

Beyond its role in platelet biology, recent studies have identified CD36 expression as an
independent immunophenotypic marker of specific high-risk subtypes of acute leukemia,
highlighting its potential value for disease classification and risk stratification [66,67].
Whether these observations have any relevance to inherited GPIV deficiency deserves
further investigation.

8. Conclusions

In conclusion, our findings expand the clinical spectrum of inherited GPIV defi-
ciency, suggesting that this condition, although generally asymptomatic, may in rare
cases contribute to a mild-to-moderate bleeding phenotype, potentially through impaired
platelet adhesion under high shear stress and in combination with additional genetic or
clinical modifiers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom16081205/s1, Table S1: Platelet function studies; Table S2: ACMG
classification of the identified CD36 variants.

Author Contributions: L.B., S.S., E.F,, G.G., AF. and J.R. performed platelet function studies and
analyzed and interpreted data; P.C., A.S.-F. and ].R. performed the genetic analysis and analyzed and
interpreted data; P.G., ED.C,, A.F, AS.-F. and ].R. contributed the patients for this study; L.B. and
E.F. wrote the manuscript; J.R., PG. and E.D.C. critically revised the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by a Telethon grant to PG (GMR22T1086). JR research is funded
by ISCIII through the project “P123/00624” and co-funded by the European Union and by Fundacién
Séneca-Agencia de Ciencia y Tecnologia de la Regién de Murcia (23054/GERM /25; 21920/P1/22).
ASG holds a predoctoral grant from SETH.

Institutional Review Board Statement: All human studies were approved by the responsible insti-
tutional review boards (Ethics Board of the University of Perugia n.13/2024; Ethics Committee of
the Reina Soffa University Hospital of Murcia, Spain; last approval 28 November 2023). Fondazione
Policlinico Universitario A. Gemelli IRCCS uses a general consent module for the use of clinical data
and biological samples to be signed by patients (module 743, vers.# 1 6 July 2022). All studies were
carried out in conformity with the Declaration of Helsinki.

Informed Consent Statement: Patients signed an informed consent approved by the above-cited
institutional review boards.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The collaboration of patients is kindly acknowledged. The authors gratefully
acknowledge the contributions of Angel Pereda Vicandi, Ferdinando Cirillo, and Teodoro Iturbe for
their support in providing patient samples for this study.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390 /biom16081205


https://www.mdpi.com/article/10.3390/biom16081205/s1
https://www.mdpi.com/article/10.3390/biom16081205/s1
https://doi.org/10.3390/biom16081205

Biomolecules 2026, 16, 1205 14 of 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bendas, G.; Schlesinger, M. The Role of CD36/GPIV in Platelet Biology. Semin. Thromb. Hemost. 2024, 50, 224-235. [CrossRef]
[PubMed]

Kobylka, D.; Carraway, K.L. Proteolytic digestion of proteins of the milk fat globule membrane. Biochim. Biophys. Acta 1973, 307,
133-140. [CrossRef] [PubMed]

Chen, K,; Febbraio, M.; Li, W,; Silverstein, R.L. A specific CD36-dependent signaling pathway is required for platelet activation
by oxidized low-density lipoprotein. Circ. Res. 2008, 102, 1512-1519. [CrossRef] [PubMed]

Podrez, E.A; Byzova, T.V,; Febbraio, M.; Salomon, R.G.; Ma, Y.; Valiyaveettil, M.; Poliakov, E.; Sun, M.; Finton, PJ.; Curtis,
B.R; et al. Platelet CD36 links hyperlipidemia, oxidant stress and a prothrombotic phenotype. Nat. Med. 2007, 13, 1086-1095.
[CrossRef] [PubMed]

Chen, Y.; Zhang, J.; Cui, W,; Silverstein, R.L. CD36, a signaling receptor and fatty acid transporter that regulates immune cell
metabolism and fate. J. Exp. Med. 2022, 219, €20211314. [CrossRef] [PubMed]

Pepino, M.Y.; Kuda, O.; Samovski, D.; Abumrad, N.A. Structure-function of CD36 and importance of fatty acid signal transduction
in fat metabolism. Annu. Rev. Nutr. 2014, 34, 281-303. [CrossRef] [PubMed]

Rac, M. Human CD36: Gene Regulation, Protein Function, and Its Role in Atherosclerosis Pathogenesis. Genes 2025, 16, 705.
[CrossRef] [PubMed]

Yamamoto, N.; Akamatsu, N.; Yamazaki, H.; Tanoue, K. Normal aggregations of glycoprotein IV (CD36)-deficient platelets from
seven healthy Japanese donors. Br. J. Haematol. 1992, 81, 86-92. [CrossRef] [PubMed]

McKeown, L.; Vail, M.; Williams, S.; Kramer, W.; Hansmann, K.; Gralnick, H. Platelet adhesion to collagen in individuals lacking
glycoprotein IV. Blood 1994, 83, 2866—2871. [CrossRef]

Diaz-Ricart, M.; Tandon, N.N.; Carretero, M.; Ordinas, A.; Bastida, E.; Jamieson, G.A. Platelets lacking functional CD36
(glycoprotein IV) show reduced adhesion to collagen in flowing whole blood. Blood 1993, 82, 491-496. [CrossRef]
Karunakaran, U.; Elumalai, S.; Moon, J.S.; Won, K.C. CD36 Signal Transduction in Metabolic Diseases: Novel Insights and
Therapeutic Targeting. Cells 2021, 10, 1833. [CrossRef] [PubMed]

Luiken, ].].; Chanda, D.; Nabben, M.; Neumann, D.; Glatz, ].F. Post-translational modifications of CD36 (SR-B2): Implications for
regulation of myocellular fatty acid uptake. Biochim. Biophys. Acta 2016, 1862, 2253-2258. [CrossRef] [PubMed]

Korporaal, S.J.; Van Eck, M.; Adelmeijer, J.; Ijsseldijk, M.; Out, R; Lisman, T.; Lenting, PJ.; Van Berkel, T.].; Akkerman, J.W. Platelet
activation by oxidized low density lipoprotein is mediated by CD36 and scavenger receptor-A. Arterioscler. Thromb. Vasc. Biol.
2007, 27, 2476-2483. [CrossRef] [PubMed]

Ghosh, A.; Li, W.; Febbraio, M.; Espinola, R.G.; McCrae, K.R.; Cockrell, E.; Silverstein, R.L. Platelet CD36 mediates interactions
with endothelial cell-derived microparticles and contributes to thrombosis in mice. ]. Clin. Investig. 2008, 118, 1934-1943.
[CrossRef] [PubMed]

Nergiz-Unal, R.; Lamers, M.M.; Van Kruchten, R.; Luiken, J.J.; Cosemans, ].M.; Glatz, J.E; Kuijpers, M.J.; Heemskerk, J.W.
Signaling role of CD36 in platelet activation and thrombus formation on immobilized thrombospondin or oxidized low-density
lipoprotein. J. Thromb. Haemost. 2011, 9, 1835-1846. [CrossRef] [PubMed]

Diaz-Ricart, M.; Tandon, N.N.; Gomez-Ortiz, G.; Carretero, M.; Escolar, G.; Ordinas, A.; Jamieson, G.A. Antibodies to CD36
(GPIV) inhibit platelet adhesion to subendothelial surfaces under flow conditions. Arter. Thromb. Vasc. Biol. 1996, 16, 883-888.
[CrossRef] [PubMed]

Berger, M.; Naseem, K.M. Oxidised Low-Density Lipoprotein-Induced Platelet Hyperactivity-Receptors and Signalling Mecha-
nisms. Int. . Mol. Sci. 2022, 23,9199. [CrossRef] [PubMed]

Walker, B.; Towhid, S.T.; Schmid, E.; Hoffmann, S.M.; Abed, M.; Munzer, P.; Vogel, S.; Neis, F.; Brucker, S.; Gawaz, M.; et al.
Dynamic adhesion of eryptotic erythrocytes to immobilized platelets via platelet phosphatidylserine receptors. Am. J. Physiol.
Cell Physiol. 2014, 306, C291-C297. [CrossRef] [PubMed]

McMorran, B.J.; Wieczorski, L.; Drysdale, K.E.; Chan, J.A.; Huang, H.M.; Smith, C.; Mitiku, C.; Beeson, J.G.; Burgio, G.; Foote,
S.J. Platelet factor 4 and Duffy antigen required for platelet killing of Plasmodium falciparum. Science 2012, 338, 1348-1351.
[CrossRef] [PubMed]

Kashiwagi, H.; Tomiyama, Y.; Nozaki, S.; Kiyoi, T.; Tadokoro, S.; Matsumoto, K.; Honda, S.; Kosugi, S.; Kurata, Y.; Matsuzawa, Y.
Analyses of genetic abnormalities in type I CD36 deficiency in Japan: Identification and cell biological characterization of two
novel mutations that cause CD36 deficiency in man. Hum. Genet. 2001, 108, 459-466. [CrossRef] [PubMed]

Kashiwagi, H.; Tomiyama, Y.; Kosugi, S.; Shiraga, M.; Lipsky, R.H.; Kanayama, Y.; Kurata, Y.; Matsuzawa, Y. Identification of
molecular defects in a subject with type I CD36 deficiency. Blood 1994, 83, 3545-3552. [CrossRef]

Kankirawatana, S.; Kupatawintu, P.; Juji, T.; Veerakul, G.; Ngerncham, S.; Chongkolwatana, V.; O’Charoen, R. Neonatal
alloimmune thrombocytopenia due to anti-Nak(a). Transfusion 2001, 41, 375-377. [CrossRef] [PubMed]

Fujino, H.; Ohta, K ; Taniue, J.; Nagao, N.; Hino, M.; Yamane, T.; Koh, K.R.; Takeoka, Y.; Hirose, A.; Aoyama, Y.; et al. Primary
refractoriness to platelet transfusion caused by Nak(a) antibody alone. Vox Sang. 2001, 81, 42—44. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biom16081205


https://doi.org/10.1055/s-0043-1768935
https://www.ncbi.nlm.nih.gov/pubmed/37192651
https://doi.org/10.1016/0005-2736(73)90031-x
https://www.ncbi.nlm.nih.gov/pubmed/4268073
https://doi.org/10.1161/CIRCRESAHA.108.172064
https://www.ncbi.nlm.nih.gov/pubmed/18497330
https://doi.org/10.1038/nm1626
https://www.ncbi.nlm.nih.gov/pubmed/17721545
https://doi.org/10.1084/jem.20211314
https://www.ncbi.nlm.nih.gov/pubmed/35438721
https://doi.org/10.1146/annurev-nutr-071812-161220
https://www.ncbi.nlm.nih.gov/pubmed/24850384
https://doi.org/10.3390/genes16060705
https://www.ncbi.nlm.nih.gov/pubmed/40565598
https://doi.org/10.1111/j.1365-2141.1992.tb08177.x
https://www.ncbi.nlm.nih.gov/pubmed/1381610
https://doi.org/10.1182/blood.v83.10.2866.2866
https://doi.org/10.1182/blood.v82.2.491.491
https://doi.org/10.3390/cells10071833
https://www.ncbi.nlm.nih.gov/pubmed/34360006
https://doi.org/10.1016/j.bbadis.2016.09.004
https://www.ncbi.nlm.nih.gov/pubmed/27615427
https://doi.org/10.1161/ATVBAHA.107.150698
https://www.ncbi.nlm.nih.gov/pubmed/17761940
https://doi.org/10.1172/JCI34904
https://www.ncbi.nlm.nih.gov/pubmed/18431509
https://doi.org/10.1111/j.1538-7836.2011.04416.x
https://www.ncbi.nlm.nih.gov/pubmed/21696539
https://doi.org/10.1161/01.atv.16.7.883
https://www.ncbi.nlm.nih.gov/pubmed/8673564
https://doi.org/10.3390/ijms23169199
https://www.ncbi.nlm.nih.gov/pubmed/36012465
https://doi.org/10.1152/ajpcell.00318.2013
https://www.ncbi.nlm.nih.gov/pubmed/24284794
https://doi.org/10.1126/science.1228892
https://www.ncbi.nlm.nih.gov/pubmed/23224555
https://doi.org/10.1007/s004390100525
https://www.ncbi.nlm.nih.gov/pubmed/11499670
https://doi.org/10.1182/blood.v83.12.3545.3545
https://doi.org/10.1046/j.1537-2995.2001.41030375.x
https://www.ncbi.nlm.nih.gov/pubmed/11274593
https://doi.org/10.1046/j.1423-0410.2001.00048.x
https://www.ncbi.nlm.nih.gov/pubmed/11520415
https://doi.org/10.3390/biom16081205

Biomolecules 2026, 16, 1205 15 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ma, X.; Bacci, S.; Mlynarski, W.; Gottardo, L.; Soccio, T.; Menzaghi, C.; Iori, E.; Lager, R.A.; Shroff, A.R.; Gervino, E.V,; et al. A
common haplotype at the CD36 locus is associated with high free fatty acid levels and increased cardiovascular risk in Caucasians.
Hum. Mol. Genet. 2004, 13, 2197-2205. [CrossRef] [PubMed]

Febbraio, M.; Podrez, E.A.; Smith, ].D.; Hajjar, D.P.,; Hazen, S.L.; Hoff, H.F.; Sharma, K.; Silverstein, R.L. Targeted disruption of the
class B scavenger receptor CD36 protects against atherosclerotic lesion development in mice. J. Clin. Investig. 2000, 105, 1049-1056.
[CrossRef] [PubMed]

Yang, M.; Kholmukhamedov, A.; Schulte, M.L.; Cooley, B.C.; Scoggins, N.O.; Wood, ].P.; Cameron, S.J.; Morrell, C.N.; Jobe, S.M.;
Silverstein, R.L. Platelet CD36 signaling through ERK5 promotes caspase-dependent procoagulant activity and fibrin deposition
in vivo. Blood Adv. 2018, 2, 2848-2861. [CrossRef] [PubMed]

Kevorkova, O.; Martineau, C.; Martin-Falstrault, L.; Sanchez-Dardon, J.; Brissette, L.; Moreau, R. Low-bone-mass phenotype of
deficient mice for the cluster of differentiation 36 (CD36). PLoS ONE 2013, 8, €77701. [CrossRef] [PubMed]

Sato, O.; Takanashi, N.; Motojima, K. Third promoter and differential regulation of mouse and human fatty acid translocase/CD36
genes. Mol. Cell. Biochem. 2007, 299, 37-43. [CrossRef] [PubMed]

Andersen, M.; Lenhard, B.; Whatling, C.; Eriksson, P.; Odeberg, J. Alternative promoter usage of the membrane glycoprotein
CD36. BMC Mol. Biol. 2006, 7, 8. [CrossRef] [PubMed]

Nicholson, A.C. Expression of CD36 in macrophages and atherosclerosis: The role of lipid regulation of PPARgamma signaling.
Trends Cardiovasc. Med. 2004, 14, 8-12. [CrossRef] [PubMed]

Ruiz-Velasco, N.; Dominguez, A.; Vega, M.A. Statins upregulate CD36 expression in human monocytes, an effect strength-
ened when combined with PPAR-gamma ligands Putative contribution of Rho GTPases in statin-induced CD36 expression.
Biochem. Pharmacol. 2004, 67, 303-313. [CrossRef] [PubMed]

Xia, W.; Chen, D.; Li, X; Liu, J.; Xu, X.; Ye, X;; Deng, J.; Ding, H.; Ren, H.; Chen, Y.; et al. Haplotypes analysis reveals the genetic
basis of type I CD36 deficiency. Sci. Rep. 2024, 14, 23977. [CrossRef] [PubMed]

Li, R.; Qiao, Z.; Ling, B.; Lu, P; Zhu, Z. Incidence and molecular basis of CD36 deficiency in Shanghai population. Transfusion
2015, 55, 666—673. [CrossRef] [PubMed]

Ghosh, A.; Murugesan, G.; Chen, K.; Zhang, L.; Wang, Q.; Febbraio, M.; Anselmo, R.M.; Marchant, K.; Barnard, ].; Silverstein, R.L.
Platelet CD36 surface expression levels affect functional responses to oxidized LDL and are associated with inheritance of specific
genetic polymorphisms. Blood 2011, 117, 6355-6366. [CrossRef] [PubMed]

Kashiwagi, H.; Tomiyama, Y.; Kosugi, S.; Shiraga, M.; Lipsky, R. H.; Nagao, N.; Kanakura, Y.; Kurata, Y.; Matsuzawa, Y. Family
studies of type I CD36 deficient subjects: Linkage of a CD36 allele to a platelet-specific nRNA expression defect(s) causing type
II CD36 deficiency. Thromb. Haemost. 1995, 74, 758-763. [CrossRef]

Xu, X,; Liu, Y.;; Hong, X.; Chen, S.; Ma, K,; Lan, X,; Ying, Y.; He, J.; Zhu, F,; Lv, H. Variants of CD36 gene and their association with
CD36 protein expression in platelets. Blood Transfus. 2014, 12, 557-564. [CrossRef] [PubMed]

Xu, X.; Zheng, X.; Zhu, F. CD36 gene variants and their clinical relevance: A narrative review. Ann. Blood 2021, 6, 34. [CrossRef]
Gresele, P.; Orsini, S.; Noris, P.; Falcinelli, E.; Alessi, M.C.; Bury, L.; Borhany, M.; Santoro, C.; Glembotsky, A.C.; Cid, AR,
et al. Validation of the ISTH/SSC bleeding assessment tool for inherited platelet disorders: A communication from the Platelet
Physiology SSC. J. Thromb. Haemost. 2020, 18, 732-739. [CrossRef] [PubMed]

Gresele, P.; Falcinelli, E.; Bury, L. Investigation of Bleeding Disorders: When and How Should We Test Platelet Functions?
Hamostaseologie 2025, 45, 335-346. [CrossRef] [PubMed]

Sanchez-Fuentes, A.; Perez-Botero, ].; Bastida, ].M.; Rivera, J. Diagnosis of Inherited Platelet Disorders: Clinical Evaluation and
Functional and Molecular Assays. Biomolecules 2025, 15, 846. [CrossRef] [PubMed]

Bafunno, V.; Bury, L.; Tiscia, G.L.; Fierro, T.; Favuzzi, G.; Caliandro, R.; Sessa, F.; Grandone, E.; Margaglione, M.; Gresele, P.
A novel congenital dysprothrombinemia leading to defective prothrombin maturation. Thromb. Res. 2014, 134, 1135-1141.
[CrossRef] [PubMed]

Bury, L.; Falcinelli, E.; Mezzasoma, A.M.; Guglielmini, G.; Momi, S.; Gresele, P. Platelet dysfunction in platelet-type von
Willebrand disease due to the constitutive triggering of the Lyn-PECAMI inhibitory pathway. Haematologica 2022, 107, 1643-1654.
[CrossRef] [PubMed]

Sanchez-Guiu, I.; Anton, A.IL; Padilla, J.; Velasco, F.; Lucia, ].F,; Lozano, M.; Cid, A.R.; Sevivas, T.; Lopez-Fernandez, M.E,; Vicente,
V.; et al. Functional and molecular characterization of inherited platelet disorders in the Iberian Peninsula: Results from a
collaborative study. Orphanet . Rare Dis. 2014, 9, 213. [CrossRef] [PubMed]

Arndt, N.; Falcinelli, E.; Zamora-Canovas, A.; Fuentes, A.S.; Marin-Quilez, A.; Nieto-Hernandez, M.D.M.; Rivera, J.; Gresele,
P,; Bury, L. The co-inheritance of two ITGB3 variants with additive detrimental effects on platelets leads to variant Glanzmann
thrombasthenia. Haematologica 2026, 111, 1089-1095. [CrossRef] [PubMed]

Emiliani, C.; Ciferri, S.; Mencarelli, S.; Mezzasoma, A.M.; Momi, S.; Orlacchio, A.; Gresele, P. Defective platelet beta-N-acetyl
hexosaminidase content and release in chronic myeloproliferative disorders. Platelets 2006, 17, 20-29. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biom16081205


https://doi.org/10.1093/hmg/ddh233
https://www.ncbi.nlm.nih.gov/pubmed/15282206
https://doi.org/10.1172/JCI9259
https://www.ncbi.nlm.nih.gov/pubmed/10772649
https://doi.org/10.1182/bloodadvances.2018025411
https://www.ncbi.nlm.nih.gov/pubmed/30381401
https://doi.org/10.1371/journal.pone.0077701
https://www.ncbi.nlm.nih.gov/pubmed/24204923
https://doi.org/10.1007/s11010-005-9035-0
https://www.ncbi.nlm.nih.gov/pubmed/16645727
https://doi.org/10.1186/1471-2199-7-8
https://www.ncbi.nlm.nih.gov/pubmed/16515687
https://doi.org/10.1016/j.tcm.2003.09.004
https://www.ncbi.nlm.nih.gov/pubmed/14720468
https://doi.org/10.1016/j.bcp.2003.09.006
https://www.ncbi.nlm.nih.gov/pubmed/14698043
https://doi.org/10.1038/s41598-024-74917-0
https://www.ncbi.nlm.nih.gov/pubmed/39402159
https://doi.org/10.1111/trf.12890
https://www.ncbi.nlm.nih.gov/pubmed/25330908
https://doi.org/10.1182/blood-2011-02-338582
https://www.ncbi.nlm.nih.gov/pubmed/21478428
https://doi.org/10.1055/s-0038-1649809
https://doi.org/10.2450/2014.0209-13
https://www.ncbi.nlm.nih.gov/pubmed/24960640
https://doi.org/10.21037/aob-21-49
https://doi.org/10.1111/jth.14683
https://www.ncbi.nlm.nih.gov/pubmed/31750621
https://doi.org/10.1055/a-2535-9137
https://www.ncbi.nlm.nih.gov/pubmed/40355112
https://doi.org/10.3390/biom15060846
https://www.ncbi.nlm.nih.gov/pubmed/40563486
https://doi.org/10.1016/j.thromres.2014.08.028
https://www.ncbi.nlm.nih.gov/pubmed/25242243
https://doi.org/10.3324/haematol.2021.278776
https://www.ncbi.nlm.nih.gov/pubmed/34407603
https://doi.org/10.1186/s13023-014-0213-6
https://www.ncbi.nlm.nih.gov/pubmed/25539746
https://doi.org/10.3324/haematol.2025.288369
https://www.ncbi.nlm.nih.gov/pubmed/40994361
https://doi.org/10.1080/09537100500235958
https://www.ncbi.nlm.nih.gov/pubmed/16308183
https://doi.org/10.3390/biom16081205

Biomolecules 2026, 16, 1205 16 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Palma-Barqueros, V.; Bury, L.; Kunishima, S.; Lozano, M.L.; Rodriguez-Alen, A.; Revilla, N.; Bohdan, N.; Padilla, J.; Fernandez-
Perez, M.P.; de la Morena-Barrio, M.E.; et al. Expanding the genetic spectrum of TUBB1-related thrombocytopenia. Blood Adv.
2021, 5, 5453-5467. [CrossRef] [PubMed]

Bury, L.; Falcinelli, E.; Chiasserini, D.; Springer, T.A ; Italiano, J.E., Jr.; Gresele, P. Cytoskeletal perturbation leads to platelet
dysfunction and thrombocytopenia in variant forms of Glanzmann thrombasthenia. Haematologica 2016, 101, 46-56. [CrossRef]
[PubMed]

Guglielmini, G.; Appolloni, V.; Momi, S.; De Groot, P.G.; Battiston, M.; De Marco, L.; Falcinelli, E.; Gresele, P. Matrix
metalloproteinase-2 enhances platelet deposition on collagen under flow conditions. Thromb. Haemost. 2016, 115, 333-343.
[CrossRef] [PubMed]

Guglielmini, G.; Falcinelli, E.; De Fano, M.; Mezzasoma, A.M.; Bury, L.; Perriello, G.; Minuz, P; Fanelli, C.G.; Gresele, P. Obesity
and type 2 diabetes mellitus add up to induce platelet hyperreactivity and platelet activation. Thromb. Res. 2026, 259, 109626.
[CrossRef] [PubMed]

Savage, B.; Saldivar, E.; Ruggeri, Z.M. Initiation of platelet adhesion by arrest onto fibrinogen or translocation on von Willebrand
factor. Cell 1996, 84, 289-297. [CrossRef] [PubMed]

Savage, B.; Ginsberg, M.H.; Ruggeri, Z.M. Influence of fibrillar collagen structure on the mechanisms of platelet thrombus
formation under flow. Blood 1999, 94, 2704-2715. [CrossRef]

Ruggeri, Z.M. Platelet adhesion under flow. Microcirculation 2009, 16, 58-83. [CrossRef] [PubMed]

De Paolis, E.; Raspaglio, G.; Ciferri, N.; Zangrilli, I.; Ricciardi Tenore, C.; Urbani, A.; Ferraro, PM.; Minucci, A.; Concolino, P.
Single-Base Substitution Causing Dual-Exon Skipping Event in PKD2 Gene: Unusual Molecular Finding from Exome Sequencing
in a Patient with Autosomal Dominant Polycystic Kidney Disease. J. Clin. Med. 2024, 13, 4682. [CrossRef] [PubMed]

Megy, K.; Downes, K.; Simeoni, I.; Bury, L.; Morales, ].; Mapeta, R.; Bellissimo, D.B.; Bray, P.F.; Goodeve, A.C.; Gresele, P; et al.
Curated disease-causing genes for bleeding, thrombotic, and platelet disorders: Communication from the SSC of the ISTH.
J. Thromb. Haemost. 2019, 17, 1253-1260. [CrossRef] [PubMed]

Bastida, ].M.; Lozano, M.L.; Benito, R.; Janusz, K.; Palma-Barqueros, V.; Del Rey, M.; Hernandez-Sanchez, ].M.; Riesco, S.; Bermejo,
N.; Gonzalez-Garcia, H.; et al. Introducing high-throughput sequencing into mainstream genetic diagnosis practice in inherited
platelet disorders. Haematologica 2018, 103, 148-162. [CrossRef] [PubMed]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef] [PubMed]
Gatto, A.; Mariotti, P.; De Rose, D.U.; Curatola, A.; Mancini, G.; Lazzareschi, I.; Ciccone, R.; Badolato, R.; Valentini, P. Mild
encephalitis/encephalopathy with reversible splenial lesion (MERS) in twin sisters with two CD36 frameshift mutations.
Neurol. Sci. 2020, 41, 2271-2274. [CrossRef] [PubMed]

Flesch, B.K,; Scherer, V.; Opitz, A.; Ochmann, O.; Janson, A.; Steitz, M.; Zeiler, T. Platelet CD36 deficiency is present in 2.6% of
Arabian individuals and can cause NAIT and platelet refractoriness. Transfusion 2021, 61, 1932-1942. [CrossRef] [PubMed]
Feng, T.; Zhang, H.; Zhou, Y.; Zhu, Y.; Shi, S.; Li, K,; Lin, P; Chen, J. Roles of posttranslational modifications in lipid metabolism
and cancer progression. Biomark. Res. 2024, 12, 141. [CrossRef] [PubMed]

Baccolo, A.; Falcinelli, E.; Mezzasoma, A.M.; Guglielmini, G.; Borghi, M.; Bury, L.; Gresele, P. Usefulness of global tests of primary
hemostasis in the initial screening of mild /moderate bleeding disorders for orienting towards von Willebrand disease or inherited
platelet functions disorders. Thromb. Res. 2023, 221, 79-82. [CrossRef] [PubMed]

Zhang, C.X.; Man, Q.W. Proteomics study of bone tissue around ameloblastoma and the potential mechanism of CD36 in bone
remodelling. Br. J. Oral Maxillofac. Surg. 2024, 62, 290-298. [CrossRef] [PubMed]

Pankratz, N.; Wei, P; Brody, ].A.; Chen, M.H.; de Vries, P.S.; Huffman, ].E.; Stimson, M.R.; Auer, PL.; Boerwinkle, E.; Cushman,
M.; et al. Whole-exome sequencing of 14 389 individuals from the ESP and CHARGE consortia identifies novel rare variation
associated with hemostatic factors. Hum. Mol. Genet. 2022, 31, 3120-3132. [CrossRef] [PubMed]

de Vries, PS.; Reventun, P; Brown, M.R.; Heath, A.S.; Huffman, J.E.; Le, N.Q.; Bebo, A.; Brody, J.A.; Temprano-Sagrera, G.;
Raffield, L.M.; et al. A genetic association study of circulating coagulation factor VIII and von Willebrand factor levels. Blood 2024,
143, 1845-1855. [CrossRef] [PubMed]

Stefanucci, L.; Collins, J.; Sims, M.C.; Barrio-Hernandez, I.; Sun, L.; Burren, O.S.; Perfetto, L.; Bender, I.; Callahan, T.J.; Fleming,
K.; et al. The effects of pathogenic and likely pathogenic variants for inherited hemostasis disorders in 140 214 UK Biobank
participants. Blood 2023, 142, 2055-2068. [CrossRef] [PubMed]

Lee, P; Balbi, C.; Allemann, M.S.; Ghosh, A.; Wang, T.; Bacigaluppi, M.; Akhmedov, A.; Camici, G.G.; Luscher, T.E,; Fontana, A.;
et al. Age- and sex-specific transcriptomic changes drive the prothrombotic potential of megakaryocytes. Biomark. Res. 2025,
13,128. [CrossRef] [PubMed]

https://doi.org/10.3390 /biom16081205


https://doi.org/10.1182/bloodadvances.2020004057
https://www.ncbi.nlm.nih.gov/pubmed/34516618
https://doi.org/10.3324/haematol.2015.130849
https://www.ncbi.nlm.nih.gov/pubmed/26452979
https://doi.org/10.1160/TH15-04-0300
https://www.ncbi.nlm.nih.gov/pubmed/26510894
https://doi.org/10.1016/j.thromres.2026.109626
https://www.ncbi.nlm.nih.gov/pubmed/41747315
https://doi.org/10.1016/s0092-8674(00)80983-6
https://www.ncbi.nlm.nih.gov/pubmed/8565074
https://doi.org/10.1182/blood.v94.8.2704.420k41_2704_2715
https://doi.org/10.1080/10739680802651477
https://www.ncbi.nlm.nih.gov/pubmed/19191170
https://doi.org/10.3390/jcm13164682
https://www.ncbi.nlm.nih.gov/pubmed/39200828
https://doi.org/10.1111/jth.14479
https://www.ncbi.nlm.nih.gov/pubmed/31179617
https://doi.org/10.3324/haematol.2017.171132
https://www.ncbi.nlm.nih.gov/pubmed/28983057
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1007/s10072-020-04417-2
https://www.ncbi.nlm.nih.gov/pubmed/32346805
https://doi.org/10.1111/trf.16398
https://www.ncbi.nlm.nih.gov/pubmed/33822386
https://doi.org/10.1186/s40364-024-00681-y
https://www.ncbi.nlm.nih.gov/pubmed/39551780
https://doi.org/10.1016/j.thromres.2022.11.021
https://www.ncbi.nlm.nih.gov/pubmed/36493541
https://doi.org/10.1016/j.bjoms.2024.01.001
https://www.ncbi.nlm.nih.gov/pubmed/38461076
https://doi.org/10.1093/hmg/ddac100
https://www.ncbi.nlm.nih.gov/pubmed/35552711
https://doi.org/10.1182/blood.2023021452
https://www.ncbi.nlm.nih.gov/pubmed/38320121
https://doi.org/10.1182/blood.2023020118
https://www.ncbi.nlm.nih.gov/pubmed/37647632
https://doi.org/10.1186/s40364-025-00830-x
https://www.ncbi.nlm.nih.gov/pubmed/41088436
https://doi.org/10.3390/biom16081205

Biomolecules 2026, 16, 1205 17 of 17

66. Gupta, D.G.; Varma, N.; Sharma, P.; Truica, M.I.; Abdulkadir, S.A.; Singh, P.; Singh Sachdeva, M.U.; Naseem, S.; Siddiqui, M.R,;
Bose, P; et al. Hematological, clinical, immunophenotypic characterization, and treatment outcomes of prognostically significant
genetic subtypes of B-lineage acute lymphoblastic leukemia: A report of 1021 patients from India. Cancer 2023, 129, 3390-3404.
[CrossRef] [PubMed]

67. Strullu, M.; Caye-Eude, A.; Robert, E.; Renard, ].M.; Chaye, A.; Galimand, J.; Fenneteau, O.; Arfeuille, C.; Cuccuini, W.; Theron,
A.; et al. CD36 cell surface expression as a surrogate marker to identify ABL/JAK-class kinase fusions in pediatric BCP-ALL.
Leukemia 2025, 39, 64-74. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/biom16081205


https://doi.org/10.1002/cncr.34957
https://www.ncbi.nlm.nih.gov/pubmed/37498973
https://doi.org/10.1038/s41375-024-02421-5
https://www.ncbi.nlm.nih.gov/pubmed/39420220
https://doi.org/10.3390/biom16081205

	Introduction 
	GPIV Structure and Function 
	GPIV Deficiency 
	Molecular Basis of GPIV Deficiency 
	Function of Platelets Lacking GPIV 
	Description of Four Cases with GPIV Deficiency and a Bleeding Diathesis 
	Discussion 
	Conclusions 
	References

