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Abstract: The gray platelet syndrome (GPS) is a rare platelet disorder, characterized by 
impaired alpha-granule biogenesis in megakaryocytes and platelets due to NBEAL2 muta
tions. Typical clinical features include macrothrombocytopenia, bleeding and elevated vita
min B12 levels, while bone marrow fibrosis and splenomegaly may develop during disease 
progression. Recently, the involvement of other blood lineages has been highlighted, reveal
ing the role of NBEAL2 outside the megakaryocyte-platelet axis. Low leukocyte counts, 
decreased neutrophil granulation and impaired neutrophil extracellular trap formation repre
sent prominent findings in GPS patients, reflecting deranged innate immunity and associated 
with an increased susceptibility to infection. In addition, low numbers and impaired degra
nulation of NK cells have been demonstrated in animal models. Autoimmune diseases 
involving different organs and a spectrum of autoantibodies are present in a substantial 
proportion of GPS patients, expanding the syndromic spectrum of this disorder and pointing 
to dysregulation of the adaptive immune response. Low-grade inflammation, as evidenced by 
elevation of liver-derived acute-phase reactants, is another previously unrecognized feature 
of GPS which may contribute to disease manifestations. This review will focus on the 
mechanisms underlying the pathogenesis of blood cell abnormalities in human GPS patients 
and NBEAL2-null animal models, providing insight into the effects of NBEAL2 in hemos
tasis, inflammation and immunity. 
Keywords: NBEAL2, gray platelet syndrome, α-granules, immune dysregulation, 
neutrophils

The gray platelet syndrome (GPS) (OMIM #139090) is a rare autosomal recessive 
disorder characterized by moderate macrothrombocytopenia, marked decrease or 
absence of platelet alpha (α)-granules, which gives platelets a grayish appearance on 
the blood smear, and mild to moderate bleeding.1 Some patients have splenomegaly 
and develop bone marrow fibrosis during disease progression. First described in 
1979,2 the genetic abnormality leading to GPS remained unknown for a long time. 
Thirty years later, using linkage analysis, the underlying molecular defect was mapped 
to chromosome 3p21,3,4 and shortly thereafter, mutations in NBEAL2 were recognized 
as the cause of GPS by three independent groups by using different approaches.5–7 

NBEAL2 is involved in the biogenesis of megakaryocyte and platelet α-granules, 
although its role beyond hemostasis, particularly in immunity and inflammation, has 
been recently highlighted by Sims et al in a landmark international study.8 This review 
will focus on the mechanisms underlying abnormalities in the megakaryocyte-platelet 
axis and the immune system in GPS patients and Nbeal2-null animal models.
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Spectrum of NBEAL2 Mutations
NBEAL2 is a large gene with 54 exons located on chromo
some 3p21 encoding Neurobeachin-like 2, a scaffolding 
protein composed of 2754 amino acids.9 NBEAL2 belongs 
to a family of proteins known as BEACH (beige and 
Chediak-Higashi syndrome)–domain-containing proteins 
(BDCP), containing armadillo (ARM)-like, Concanavalin 
A-like lectin, pleckstrin homology (PH), BEACH and 
WD40 domains. These domains represent highly con
served regions that are crucial for protein–protein interac
tions, membrane dynamics, vesicle trafficking, lysosome 
size regulation and synaptosome formation.9 It is 
expressed in hematopoietic cells, including megakaryo
cytes, platelets, monocytes, neutrophils and NK cells.

Eighty-six different NBEAL2 variants have been detected 
in 69 GPS pedigrees described to date, harbouring homo
zygous (65%) or compound heterozygous (35%) 
mutations.5–8,10−19 Genetic defects include frameshift, non
sense, missense, splicing and small indel variants,16 which 
are scattered along the gene. The spectrum of NBEAL2 
variants is depicted in Figure 1 and listed in Table 1. Most 
of them are private mutations, while some are found in more 
than one pedigree. Although no mutational hotspots have 
been recognized, missense variants are enriched within the 
BEACH domain, consistent with the essential role of this 
region in NBEAL2 function.8 No genotype-phenotype cor
relation has been demonstrated, either regarding the type of 
mutation or its location.8 In some pedigrees, three different 
variants have been identified and the pathogenic role of each 
one of them is not clear.6,8,10,18 Current gene curation efforts 
for platelet disorders, such as those carried out recently for 
Glanzmann thrombasthenia,20 will contribute to accurate 
interpretation of variants. Heterozygous NBEAL2 variants 
may be found in unaffected carriers, who may display 

a mild decrease in α-granule content, although they are not 
thrombocytopenic.10 Genetic diagnosis may be approached 
by Sanger sequencing of the NBEAL2 gene, when the diag
nosis of GPS is suspected based on the phenotypic features, 
or by high-throughput sequencing, including gene panels for 
inherited platelet disorders19 or whole-exome sequencing.17

Alpha-Granule Deficiency in GPS 
Platelets and Megakaryocytes
Alpha-granule deficiency is a constant feature of GPS. 
Electron microscopy remains the gold standard for diagnosis. 
Platelets characteristically show absent or markedly reduced 
α-granules and frequently display prominent vacuolization of 
the cytoplasm, whereas the content of dense granules, lyso
somes, mitochondria and peroxisomes is preserved.21 The 
content of α-granules may also be quantified by immunofluor
escence staining of blood smears for α-granule proteins, such 
as thrombospondin-1 (TSP1) and platelet factor 4 (PF4), as 
described.10,22,23 The finding of a severe reduction in α- 
granules by this method correlates with the results of ultra
structural analysis.

Although GPS platelets lack typical α-granules, two types 
of abnormal α-granules may be recognized by immune elec
tron microscopy, including normal-sized granules almost 
devoid of content with scant von Willebrand (vWF)- 
positive material and very small vestigious α-granule-like 
vesicular structures with intense vWF staining.24 In contrast 
to the ARC (arthrogryposis, renal dysfunction, and cholesta
sis) syndrome, due to mutations in VPS33B or VP16B, in 
which platelets lack α-granules and their membranes, the 
granule-limiting membranes are present in GPS platelets, as 
well as membrane proteins, such as P-selectin and GMP- 
140.25–28 These findings indicate that, whereas defects in 
VPS33B and VPS16B completely abrogate α-granule 

Figure 1 NBEAL2 variants in GPS patients. Schema of the NBEAL2 protein comprising the ARM (armadillo)-like domain, spanning amino acids (aa) 377–504, the Con 
(concanavalin) A-like lectin domain (aa 580–730), the PH (pleckstrin homology) domain (aa 1915–2040), the BEACH (beige and Chediak-Higashi syndrome domain (aa 2053– 
2345) and WD40 repeat domains (2463–2722), according to Sims et al.8 Published missense, nonsense, frameshift, indel and splicing germline NBEAL2 variants described in 
GPS pedigrees (Table 1) are indicated by the symbols. Missense variants are enriched within the BEACH domain. The position of splicing variants is given according to the 
predicted effect at the protein level.
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Table 1 Published NBEAL2 Variants in GPS Patients

Pedigrees Mutation state Genotype Predicted protein effect Type of mutation Ref.

1 homozygous c.2701C>T p.R901* nonsense 7,16

2 homozygous c.881C>G p.S294* nonsense 7,16

3 homozygous c.1163T>C p.L388P missense 7,16

4 homozygous c.5720+5G>A NA splicing 7,16

5 homozygous c.5515C>T p.R1839C missense 7,16

6 homozygous c.1296+5G>C NA splicing 7,16

7 homozygous c.2257_2260delGCCC p.A753Sfs*65 frameshift 7,16

8 homozygous c.1296+5G>C NA splicing 7,16

9 homozygous c.3819_4174del356 p.V1274Gfs*32 frameshift 7,16

10 homozygous c.2029T>A W677R missense 7,16

11 homozygous c.7604delG p.G2535Vfs*5 frameshift 7,16

12 homozygous c.5505T>G p.Y1835* nonsense 7,16

13 compund heterozygous c.2701C>T p.R901* nonsense 7,16

c.6787C>T p.H2263Y missense

14 compund heterozygous c.2156delT p.F719Sfs*100 frameshift 7,16

c.5497G>A p.E1833K missense

15 homozygous c.5301+1G>A NA splicing 7,16

16 compund heterozygous c.1029+1G>A NA splicing 5,16

c.4371_4375dupCGTGG p.E1459Afs*43 frameshift

17 homozygous c.1820G>A p.W607* nonsense 5,16

18 compund heterozygous c.5413dupG p.A1805Gfs*59 frameshift 5,16

c.1820G>A p.W607* nonsense

19 homozygous c.1163T>C L388P missense 6,8,16

20 homozygous c.2044A>T I682F missense 6,8,16

21 compound heterozygous c.1928A>T E643V missense 6,8,16,18

c.6299C>T P2100L missense

22 compound heterozygous c.1504_1507del p.L502Afs*4 frameshift 10,16

c.6801+7A>T p.E2268Vfs*44 splicing

23 compound heterozygous c.5572C>T p.R1858* nonsense 8,10,16

c.6652G>T p.E2218* nonsense

c.7033C>T p.R2345W missense

24 homozygous c.2187C>A p.Y729* nonsense 10,16

25 compund  

heterozygous

c.1253del p.H418Lfs*54 frameshift 8,10,16

c.3584G>A p.R1195Q missense

(Continued)
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Table 1 (Continued).  

c.5720+1G>A p.M1908* splicing

26 homozygous c.5299C>T p.Q1767* nonsense 11,16,18

27 homozygous c.del4501-4503 p.L1501del deletion 11,16

28 homozygous# c.881C>G p.S294* nonsense 11,16

c.958C>T p.R320W missense

29 homozygous c.7440G>A p.W2480* nonsense 8,12,16

30 homozygous c.5721-1G>C p.M1908* splicing 8,12,16

31 homozygous c.6212G>C p.R2071P missense 13,16

32 compound heterozygous c.3839C>T p.R1280* nonsense 13,16

c.6477C>G p.H2159Q missense

33 homozygous c.5176G>T p.E1726* nonsense 14,16

34 homozygous c.7225-1G>C NA splicing 8,15

35 compund heterozygous c.1870C>T p.R624* nonsense 16

c.2735dupG p.P913Sfs*3 frameshift

36 homozygous c.352-1_352delinsTA NA splicing 16

37 compund heterozygous c.3384 + 5G>A NA splicing 17

c.5965G>A p.E1989K missense

38 homozygous c.7387C>T p.Q2463* nonsense 8

compund heterozygousϕ c.6657C>A p.F2219L missense

39 compound heterozygous c.4081G>T p.E1361* nonsense 8

c.1793G>A p.W598* nonsense

40 compund heterozygous c.3118+2T>G NA splicing 8

c.6959G>C p.R2320P missense

41 homozygous c.6432delT p.F2144Lfs*23 frameshift 8

42 homozygous c.1725_1728dupACGT p.A577Tfs*7 frameshift 8

43 homozygous c.3773_3780delinsTCAGCGTTCGCCTCAGA p.N1259_I1260delinsSVRLR indel 8

44 homozygous c.6460T>C p.F2154L missense 8

45 homozygous c.4928_4929delAT p.D1643Gfs*34 frameshift 8

46 homozygous c.4081G>T p.E1361* nonsense 8

47 homozygous c.881C>G p.S294* nonsense 8

48 homozygous c.607dupA p.I203Nfs*21 frameshift 8

49 compound heterozygous c.1163T>C p.L388P missense 8

c.6202T>C p.W2068R missense

50 homozygous c.7192_7202dupTCCTTCATCAC p.Q2402Pfs*12 frameshift 8

51 homozygous c.6359G>A p.R2120Q missense 8

(Continued)
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Table 1 (Continued). 

52 homozygous c.4890delG p.R1631Gfs*3 frameshift 8,18

53 homozygous c.7506delT p.D2503Mfs*2 frameshift 8

54 compund heterozygous c.6568delT p.C2190Afs*23 frameshift 8,18

c.7937T>C p.L2646P missense

55 compound heterozygous c.2701C>T p.R901* nonsense 8

c.2552C>T p.P851L missense

56 homozygous c.6515G>A p.R2172H missense 8

57 compund heterozygous c.5935C>T p.R1979W missense 8

c.6868G>T p.G2290W missense

c.6881A>G p.E2294G missense

58 compound heterozygous c.2650-1G>A NA splicing 8,18

c.3058T>C p.Y1020H missense

c.7134G>A NA splicing

59 compound heterozygous c.6787C>T p.H2263Y missense 8

c.6894T>A p.N2298K missense

60 compound heterozygous c.1789C>T p.R597* nonsense 8

c.6359G>A p.R2120Q missense

61 homozygous c.6239T>A p.M2080K missense 8

62 homozygous c.1476_1479dupAGGC p.L494Rfs*59 frameshift 8

63 homozygous c.2537T>C p.L846P missense 8

64 homozygous c.7501C>T p.H2501Y missense 8

65 compound heterozygous c.427G>A p.E143K missense 8

c.2751dupT p.D918* nonsense

66 compound heterozygous c.256A>G p.I86V missense 6,8,18

c.6805_6806insAGGGAGT p.S2269* splicing

c.6920-1G>C NA splicing

67 compound heterozygous c.4485-1G>T NA splicing 8,18

c.1936_1938delTTC p.F646del deletion

68 compound heterozygous c.6432delT p.F2144Lfs*23 frameshift 18

c.5497G>A p.E1833K missense

69 homozygous c.5674C>T p.Q1829* nonsense 19

Notes: NBEAL2 variants are named according to reference sequence NM_015175. Intronic variants located at splice junctions, predicted to affect splicing, are listed as 
splicing variants. Mutations detected in more than one pedigree are depicted in bold. All references (Ref.) where the variants are described are included. # both variants (p. 
S294* and p.R320W) were found in homozygosis in pedigree 28. ϕ in addition to the homozygous variant (p.Q2463*) found in the two affected individuals from pedigree 38, 
one of them harboured an additional heterozygous variant (p.F2219L).
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formation, lack of NBEAL2 seems to interfere with α- 
granule maturation and cargo loading and retention, reflect
ing that NBEAL2 acts at a later stage of α-granule 
development.

As recently reviewed,29 α-granules are formed by 
fusion of vesicles budding from the trans-Golgi network 
(loaded with endogenous cargo) or the cell membrane 
(early endosomes carrying exogenous cargo), which are 
directed to multivesicular bodies that represent α-granule 
precursors. Whereas α-granule proteins synthesized in the 
megakaryocyte, such as platelet factor 4 (PF4), vWF, β- 
thromboglobulin, thrombospondin, platelet-derived growth 
factor (PDGF) and fibronectin, are markedly reduced in 
GPS platelets, those routed to α-granules following endo
cytosis of plasma proteins, such as albumin, IgG and 
fibrinogen, are less affected,26 indicating that NBEAL2 
loss of function preferentially affects the delivery of endo
genously synthesized cargo to α-granules. Interestingly, 
analysis of the platelet proteome revealed that, in addition 
to downregulation of α-granule content, unexpectedly, pro
teins normally resident in neutrophil granules, including 
myeloperoxidase and elastase, were overrepresented.8 

Although there is no clear explanation for this finding, 
the transfer of neutrophil proteins during emperipolesis, 
which occurs in a high proportion of GPS megakaryo
cytes, may represent a plausible mechanism.8

Similar to platelet findings, ultrastructural analysis of 
bone marrow or cultured GPS megakaryocytes disclosed 
the absence of typical α-granules, although very small 
granules, consistent with immature α-granule precursors, 
were evident.24,28 In vitro differentiation of GPS primary 
megakaryocytes further revealed that vWF is abundantly 
synthesized but fails to be correctly packaged into gran
ules and is misdirected or discharged into the lumen of the 
demarcation membrane system. On the contrary, 
P-selectin was immunodetected in multivesicular bodies 
in the maturing megakaryocyte and in the membrane of 
vacuolar structures deprived of soluble content resem
bling empty α-granules.25 Altogether, these findings sup
port the notion that NBEAL2 deficiency leads to a defect 
in the transfer of protein cargo into the lumen of devel
oping α-granules or in the retention of granule content, 
rather than a primary impairment in α-granule 
biosynthesis.

Nbeal2 knockout mouse models have been generated 
by three different groups and all reveal a platelet pheno
type which resembles human GPS.30–32 Ultrastructural 
analysis of megakaryocytes disclosed greatly reduced 

numbers of α-granules in two of these studies.30,32 

Intracellular tracking via fluorescence microscopy showed 
that initial trafficking of endocytosed proteins was pre
served, but they were subsequently delivered to recycling 
endosomes and released, and the same fate was demon
strated for endogenous proteins, reinforcing that, as shown 
in humans, the main function NBEAL2 in murine cells 
relies on the retention of molecular cargo, possibly through 
its interaction with P-selectin.33 In contrast to the absence 
of megakaryocyte α-granules found in the two former 
mouse strains, Guerrero et al showed that mature α- 
granules were present in megakaryocytes in their 
Nbeal2-/- murine model, as shown by electron micro
scopy, immunostaining for vWF and Western blot analysis 
of α-granule proteins.31 Furthermore, normal numbers of 
granules were also evident in proplatelet buds, indicating 
preserved granule transport along the proplatelet shaft, 
further suggesting that α-granules are generated, but not 
retained within megakaryocytes.31

Role of NBEAL2 in α-Granule 
Biogenesis
The intrinsic mechanisms and interacting proteins underly
ing the role of NBEAL2 in α-granule biogenesis are begin
ning to be revealed.29 NBEAL2 interactome of human 
embryonic kidney cells, engineered to express 
a subdomain of NBEAL2 containing the BEACH domain 
and its flanking PH and WH40 regions, disclosed several 
interactors, including the endoplasmic reticulum-associated 
protein SEC16a, the phosphatidyl inositol 3,5-biphosphate 
regulator VAC14, and the guanidine exchange factor 
DOCK7.34 Considering that SEC16a participates in the 
transport from the endoplasmic reticulum to the Golgi and 
VAC14 activates the PIKfyve complex involved in the intra
cellular vesicle transport, the defect in both molecules could 
plausibly alter endosomal trafficking and cargo sorting dur
ing α-granule formation. DOCK7 is a guanine nucleotide 
exchange factor for small GTPases, Rac1 and Cdc42, which 
are major regulators of the actin cytoskeleton. Interestingly, 
DOCK7-deficient mice present with a bleeding 
phenotype.27,35 DOCK7 expression is decreased in GPS 
patients and mouse models, and Nbeal2-null mouse platelets 
show decreased actin polymerization and spreading on fibri
nogen, indicating that NBEAL2 is important for cytoskele
ton reorganization in platelets, most probably by modulating 
DOCK7.34 In addition, dysregulation of the DOCK7 signal
ing pathway in megakaryocytes could be a possible cause of 
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aberrant platelet formation in GPS.34 These findings point 
out that NBEAL2 function may not be entirely dependent on 
its ability to regulate granule biogenesis, but that other 
cellular processes may be affected by NBEAL2 deficiency. 
Another NBEAL2 interacting protein was revealed in 
a recent study performed on human megakaryocytes and 
immortalized megakaryocyte progenitors, which demon
strated that NBEAL2 binds SEC22B, an endoplasmic reti
culum-resident trafficking protein.36 Knockout of SEC22B 
in these cells resulted in the failure of α-granule synthesis, 
suggesting that interaction with SEC22B may facilitate the 
role of NBEAL2 in α-granule generation.36 SEC22B bind
ing was mapped to a region located in an N-terminal posi
tion relative to the PH-BEACH domains and was abrogated 
by two GPS missense variants located within this region.36 

Future research may provide further insight into the process 
of α-granule biogenesis and the exact place of NBEAL2 in 
this complex network.

Platelet Features
Thrombocytopenia is a universal feature of GPS, being of 
moderate degree in most patients. In a recent study performed 
by Sims et al, which included the largest GPS cohort gathered 
to date, comprising 47 patients belonging to 38 pedigrees 
recruited worldwide, median platelet count was 57 (28–105) 
x 109/L.8 Notably, hemoglobin, total leukocyte counts, as 
well as neutrophils, eosinophils, basophils, monocytes and 
lymphocyte counts, were all shown to be lower in this GPS 
cohort compared to more than 45,000 healthy controls 
recruited to the INTERVAL trial,8 indicating that abnormal 
blood parameters are not limited to platelets, as previously 
acknowledged, but involve multiple hematopoietic lineages. 
Thrombocytopenia may worsen with increasing age,3 reflect
ing the progressive nature of this disorder. The sequential 

drop in platelet counts may be due to the development of 
bone marrow fibrosis or, alternatively to splenomegaly and 
splenic sequestration. The finding of an inverse relationship 
between platelet counts and bone marrow fibrosis but not 
with splenomegaly supports the former possibility.8 

Consistent with this notion, splenectomy may lead to mild 
increase but not complete restoration of platelet counts.

The finding of pale large and giant platelets in the per
ipheral blood smear is a hallmark feature of GPS, as shown 
in Figure 2, and often the clue to diagnosis, although other 
platelet disorders associated with α-granule deficiency, such 
as those associated with mutations in transcription factors 
GATA-1 or GFI1B or the ARC syndrome, which is caused 
by VPS33B or VPS16B mutations, must also be considered.37 

Mean platelet volume is usually increased, although this 
parameter may be underestimated or may not be informed 
by electronic cell counters, as described for other large plate
let disorders. In such cases, measurement of the platelet 
diameter by image analysis of blood smears may provide 
useful information, showing increased mean values and/or 
increased proportion of large platelets in GPS patients.23,38 

The bleeding diathesis is usually mild to moderate but may 
range from absent to severe intracranial hemorrhage.1,16

Significantly impaired response to different agonists 
such as thrombin and collagen, variable response to ADP 
and ristocetin and normal response to arachidonic acid 
were demonstrated in platelet aggregation studies,1,14,39 

although aggregation responses may be variable among 
different patients.1 The expression of platelet glycopro
teins was normal in most of the patients described,39 

although higher fluorescence intensity for GPIb and 
GPIIbIIIa due to the large size of the platelets may also 
be found,14 whereas loss of GPVI was described in one 
patient.40 Interestingly, impaired platelet response to 

Figure 2 Pale platelets on the blood smear from a GPS patient. Large pale platelets due to absence or marked decrease in α-granules is a typical finding in GPS patients. 
A May-Grünwald Giemsa-stained blood smear from a GPS patient is shown on the right panel. Gray platelets are indicated by the arrows. A blood smear from a healthy 
subject stained simultaneously is shown on the left panel. Images were obtained at 1000x magnification.
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thrombin, protease-activated receptor 1 (PAR1)- and 
PAR4-AP (activating peptide) was a consistent finding in 
several studies1,22,39 and seems to be a common defect in 
GPS patients, which may be paralleled by a reduction in 
PAR1 and PAR4 expression in megakaryocytes and 
platelets.22,39 Although the total P-selectin pool may be 
normal or mildly reduced in GPS platelets,1 P-selectin was 
found to be constitutively expressed on the platelet surface 
in one study,18 whereas upregulation of P-selectin expo
sure in response to agonists, was markedly impaired, both 
in this work18 and in a separate study.39

Mice lacking NBEAL2 display platelet functional 
abnormalities,30–32 delayed arterial thrombus formation30 

and protection from thrombo-inflammatory brain injury 
following focal cerebral ischemia.32 In addition, impaired 
dermal healing due to reduced transforming growth factor 
(TGF)-β release from mutant platelets32 and protection 
against cancer metastasis31 were other remarkable find
ings, pointing to the relevance of platelet α-granule content 
beyond hemostasis, specifically in wound healing, tumor
igenesis and metastatic spread.

Megakaryocyte Abnormalities
The pathogenesis of low platelet counts in GPS has been 
attributed to impaired platelet production, as platelet sur
vival is largely normal or only mildly decreased. To 
address the underlying mechanisms, megakaryocytes 
were cultured from peripheral blood and/or bone marrow 
hematopoietic progenitors from four GPS patients.41 Both 
megakaryocyte output and maturation were normal but 
proplatelet formation was markedly impaired and propla
telets showed aberrant architecture with decreased branch
ing leading to lower number of tips, indicating that 
thrombocytopenia is due to defective thrombopoiesis and 
platelet release. Interestingly, proplatelet tips were larger 
than control, which is consistent with the finding of large 
platelets in circulation. In addition, abnormal megakaryo
cyte interaction with extracellular matrix also shown in 
this work may also lead to reduced platelet production.41 

As mentioned before, bone marrow fibrosis, and, to 
a lesser extent, splenic sequestration may also contribute 
to low platelet counts. The study of megakaryocyte biol
ogy in Nbeal2 knockout mouse models has revealed dis
crepant findings. Kahr et al showed altered development, 
polyploidization and proplatelet formation,30 whereas 
Depperman et al and Guerrero et al showed normal mega
karyocyte development and proplatelet formation.31,32 

Different megakaryocyte source (bone marrow vs fetal 

liver) or culture techniques might account for the differ
ences found between these animal models.

Extensive emperipolesis is a striking feature of GPS 
megakaryocytes and represents a prominent finding both 
in GPS patients and animal models.8,30–32,39 Engulfed 
neutrophils are frequently found inside megakaryocytes 
in bone marrow biopsies. Strikingly, in vitro- 
differentiated megakaryocyte also showed signs of emper
ipolesis, indicating that this is an intrinsic cellular defect 
and not a consequence of altered bone marrow milieu.41 It 
has been proposed that mislocalization of P-selectin at the 
megakaryocyte surface in GPS patients fosters interaction 
with neutrophils, which express the PSGL counterligand, 
promoting emperipolesis.39 In addition, Nbeal2-/- mouse 
megakaryocytes show a proinflammatory gene expression 
profile, reflected by upregulation of several chemokines 
with a role in leukocyte chemotaxis. Paracrine secretion of 
these mediators by inflammatory megakaryocytes may 
attract neighbouring leukocytes favouring emperipolesis.31

GPS patients may develop bone marrow fibrosis during 
follow-up. In a recent study, myelofibrosis was found in 
58% of patients at a median age of 28.5 years (range, 10– 
52 years).8 Although it may remain stable for several 
years, in some patients increased fiber deposition may 
occur during follow-up, but it seldom requires treatment. 
Leakage of α-granule-derived fibroblast growth factors, 
such as PDGF and TGFβ, to the bone marrow milieu 
represents a likely explanation. In addition, proinflamma
tory megakaryocytes may promote bone marrow fibrosis 
by secreting cytokines and chemokines to the surrounding 
environment,31 highlighting the importance of inflamma
tion in the pathogenesis of myelofibrosis, as shown for 
myeloproliferative neoplasms.42 Splenomegaly may occur 
in patients with bone marrow fibrosis, although it may also 
be found in patients without fibrosis.8

Innate Immune Cell Dysfunction
Although GPS has long been considered to involve exclu
sively the megakaryocyte-platelet lineage, more recent 
evidence has revealed that the innate and adaptive immune 
system may also be affected by NBEAL2 loss of function, 
as detailed in Table 2 and depicted in Figure 3, thus 
broadening the phenotypic spectrum of GPS 
abnormalities.8,25

The presence of granule defects in neutrophils, in addi
tion to platelets, has been suggested several years ago by 
the group of Elisabeth Cramer,25 who described four 
patients form two different pedigrees displaying 
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degranulated neutrophils with a grayish appearance on the 
blood smear. Reduced amounts of specific granules and 
secretory vesicles were shown by immune electron micro
scopy, whereas azurophilic granules, which contain neu
trophil proteases such as elastase and myeloperoxidase, 
were preserved. Increased expression of granule mem
brane proteins, such as CD11b (specific granules) and 

CD35 (secretory vesicles) was shown at the cell surface 
of resting neutrophils, suggesting degranulation. However, 
despite these structural defects, no functional abnormal
ities were evident, as demonstrated by normal production 
of reactive oxygen species and neutrophil migration in 
response to stimuli. The same group then confirmed the 
presence of the same neutrophil abnormalities in a patient 

Table 2 Abnormalities in Innate and Acquired Immunity in GPS Patients and Animal Models

Human GPS Nbeal2-null mice

Neutrophil granule content

All granules Normal3,44 (EM) Reduced47 (EM)
Azurophilic granules Normal25,43 (IEM) Reduced48 (EM)

Specific granules Reduced8,25,43 (IEM) Reduced48 (EM)

Gelatinase granules Reduced8 (MS) Reduced48 (EM)
Secretory vesicles Reduced25 (Cyto) Reduced48 (EM)

Surface expression of granule proteins

CD11b (SG and SV) Increased25,43 Increased48

CD66b (SG) Increased18 NE
CD35 (SV) Increased25,43 NE

Release of granule content

Elastase (AG) Normal18 Decreased47

Lactoferrin (SG) Decreased18 NE

Proteomic analysis

SG and GG content in neutrophils Downregulated8,18 Downregulated*47

Neutrophil proteins in plasma Upregulated8 Upregulated**48

Neutrophil proteins in platelets Upregulated18 NE

Neutrophil functions

Reactive oxygen species production Normal18,25 Enhanced47, Normal48

Bacterial killing or phagocytosis Normal18 Normal48

Migration Normal25 Enhanced48

NETosis Impaired18 Normal48

Suceptibility to infection Increased8 Increased47,48

NK cells

NK numbers NE Reduced47

NK degranulation NE Impaired47

Autoimmunity

Autoantibodies Increased8 NE
Autoimmune disease Increased8 NE

Immune response markers in CD4+ cells Elevated8 NE

Inflammation

Acute-phase reactants Elevated8 NE

Notes: Techniques used to assess neutrophil granule content are detailed in parenthesis. *AG content was also shown to be downregulated. **as determined by ELISA. 
Abbreviations: EM, electron microscopy; IEM, immune electron microscopy; MS, mass spectrometry; Cyto, cytochemistry; SG, specific granules; SV, secretory vesicles; 
AG, azurophilic granules; NE, not evaluated.
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from an unrelated pedigree.43 In contrast to these findings, 
no defect in the overall number of neutrophil granules was 
shown by electron microscopy in GPS patients in two 
other studies.3,44

In the study by Sims et al, neutrophil granularity, as 
assessed by side scatter properties, was reduced and pro
teomic analysis revealed selective downregulation of pro
teins contained in specific granules,8 reinforcing previous 
findings from the French group,25 and disclosed 
a concomitant decrease in the content of gelatinase granule 
constituents.8 Reduced protein abundance was not due to 
decreased gene expression, as molecules underrepresented 
in the GPS proteome were expressed normally at the 
transcript level. The reduction in neutrophil content of 
specific granules was paralleled by increased levels of 
specific granule cargo, such as cathelicidin antimicrobial 
peptide, cysteine-rich secretory protein 3, and gelatinase- 
associated lipocalin, in circulation, as disclosed by mass 
spectrometry of patient plasma.8 Interestingly, inflamma
tory proteins synthesized in the liver, such as C reactive 
protein and lipopolysaccharide-binding protein, were also 
found to be upregulated in the plasma proteome, reflecting 
a systemic proinflammatory state. Raised serum vitamin 
B12 levels are an almost universal finding in GPS 
patients,3,8 although the mechanisms leading to B12 

elevation remain undefined. Transcobalamin I, a B12 bind
ing protein, is a major constituent of neutrophil specific 
granules. It might be hypothesized that its leakage to 
circulation could contribute to total B12 elevation, as 
reported for myeloproliferative neoplasms.45 However, 
transcobalamins were not listed among the proteins upre
gulated in the GPS plasma proteome8 and the mechanism 
underlying raised B12 levels remains to be determined. In 
addition to neutrophil abnormalities, this study also 
revealed decreased side scatter properties in eosinophils 
and reduced content of proteins which localize to granule 
structures in the proteome of GPS monocytes,8 hinting to 
a more widespread role of NBEAL2 in granule biology.

A comprehensive study of neutrophil structure and 
function recently performed in 13 GPS patients further 
confirmed the reduction in specific and gelatinase granular 
compartments, as shown by immune electron microscopy 
and proteomic analysis, while azurophilic granules were 
preserved.18 As previously shown for CD11b,25 surface 
expression of CD66b, an integral membrane component 
of specific granules, was elevated at baseline, further 
pointing to degranulation and did not increase signifi
cantly upon activation. Accordingly, the release of the 
content of specific granules, such as lactoferrin, triggered 
by specific stimuli, was significantly impaired, while that 

Figure 3 Abnormalities in the innate and adaptive immune response in GPS. GPS neutrophils display reduced numbers of specific (red circles) and gelatinase (yellow circles) 
granules. Whereas azurophilic (blue circles) granules are preserved in GPS patients, they are decreased in GPS animal models. Proteins resident in specific and gelatinase 
granules are expressed at the cell membrane, such as CD11b, CD66b and CD35, and elevated in plasma, indicating degranulation. Neutrophil extracellular trap formation 
(NETosis) is impaired. NK cell number and function are decreased in GPS animal models, although it is unknown whether it is also altered in patients. Altogether, these 
abnormalities may contribute to higher susceptibility to infections. Autoimmune manifestations and/or autoantibodies (AutoAb) are present in around half of GPS patients, 
coupled to upregulation of immune response markers in CD4+ cells. Liver-derived acute phase reactants are elevated in patient circulation, reflecting ongoing inflammation.
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of azurophilic granules was unaffected. Intriguingly, in 
contrast to GPS circulating neutrophils, neutrophils 
derived from in vitro differentiation of patient hemato
poietic progenitors displayed normal abundance of speci
fic granules, suggesting intact granule biosynthesis during 
granulopoiesis but lack of retention or premature exocy
tosis of specific granules during egress from the bone 
marrow or in the bloodstream. Functional studies of 
blood neutrophils showed preserved production of reac
tive oxygen species, extracellular release of neutrophil 
proteases, such as elastase, and killing of gram-positive 
and -negative bacteria and fungi. Interestingly, however, 
neutrophil extracellular trap (NET) formation was blunted 
or substantially reduced in response to classic NET indu
cers, such as PMA, urate crystals and Candida albicans, 
which engage different NET-triggering pathways.18 

Considering that upstream steps of NET formation, such 
as ROS production and myeloperoxidase and elastase 
reactivity were not altered in GPS neutrophils, this finding 
suggests that, in addition to azurophilic granules, specific 
granules may play a previously unrecognized role in NET 
formation. This granule subset may be particularly impor
tant in the late phases of NETosis, as reflected by defec
tive membrane rupture and chromatin web release, 
whereas initial steps such as chromatin decondensation 
and cell rounding proceeded normally.18 It remains to be 
explored whether a particular specific granule component 
is responsible for this function. Increased susceptibility to 
infections, particularly mild upper respiratory infections 
and otitis media, has been previously pointed out in iso
lated case reports,3,11,25,46 and was recently reported to 
affect 17% of GPS patients in the large international 
cohort mentioned above.8 However, severe or life- 
threatening infections do not appear to occur frequently 
in GPS patients.

Immune function and pathogen defense were also 
assessed in Nbeal2 knockout mice, by two different 
groups. By analyzing public repositories of gene expres
sion data, Sowerby et al disclosed strong NBEAL2 
expression in cells of the immune system, reaching the 
highest levels in neutrophils and NK cells, both of 
which rely heavily on their granule content to fulfill 
their role in innate immunity.47 Neutrophil content of 
primary, specific and gelatinase granules was found to 
be markedly reduced in Nbeal2 deficient mice. 
Proteomic analysis of Nbeal2-/- neutrophils revealed 
significant enrichment of granule- and vesicle- 
associated components among downregulated proteins 

and, accordingly, release of granular proteins, such 
as elastase, was severely dampened. Although 
Nbeal2-/- neutrophils showed preserved phagocytosis 
and enhanced respiratory burst when challenged with 
gram-positive bacteria (Staphylococcus aureus), mice 
developed uncontrolled infection and had a worse out
come. In addition to neutrophil phenotypic defects, low 
numbers and functional abnormalities were shown for 
NK cells in this animal model, mainly consisting in 
altered degranulation, as shown by attenuated upregula
tion of lysosomal protein LAMP-1 triggered by specific 
stimuli. Considering that perforin and granzyme released 
from NK lytic granules are essential for NK cell- 
mediated cytotoxicity, the defect in NK cell degranula
tion could contribute to defective immunity found in 
these mice.47 As shown for bacterial disease, increased 
susceptibility to viral (CMV) infection was demon
strated for Nbeal2-deficient mice, consistent with the 
important role of NK cells in antiviral immunity. In 
line with this study, Claushuis et al corroborated the 
decrease in all neutrophil granule subtypes in Nbeal2 
knockout mice and extended these findings by demon
strating increased levels of neutrophil granular proteins, 
such as MPO and elastase, in circulation.48 Reactive 
oxygen species production and phagocytic capacity by 
Nbeal2−/− neutrophils were normal in this study, as 
well as bacterial (K. pneumoniae) growth, although 
organ damage during infection and endotoxemia was 
enhanced. Another study showed that the content of 
storage vesicles of mast cells was reduced in Nbeal2-/- 
mice,49 suggesting the involvement of yet another cell 
type in the repertoire of GPS abnormalities.

Altogether, these findings clearly demonstrate that 
NBEAL2 deficiency leads to neutrophil abnormalities in 
human GPS and animal models. However, certain differ
ences are evident between both models, highlighting that 
granular biosynthesis or trafficking may differ between 
human and mice neutrophils. The intrinsic mechanisms 
underlying the effect of NBEAL2 in granule formation in 
leukocytes and whether this process shares the same path
ways and interacting proteins operating in platelets are 
currently unexplored issues. Increased susceptibility to 
infection and worse outcome has been described in 
Nbeal2-/- mice, whereas, although GPS patients do not 
usually suffer severe infections, an increase in mild, parti
cularly, respiratory infections, has been reported. 
Defective NK cell function in Nbeal2 knockout mice 
adds further complexity to the defect in innate immunity. 
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It would be interesting to study whether the NK compart
ment is also altered in human GPS.

Autoimmune Manifestations
In addition to deranged innate immunity, there is evi
dence of a deregulated adaptive immune response in 
GPS patients. The association between GPS and auto
immune disease was first suggested by the finding of 
NBEAL2 variants in patients from two different pedi
grees presenting with an autoimmune lymphoprolifera
tive (ALPS)-like syndrome who concomitantly showed 
GPS typical platelet abnormalities.11 Recently, autoim
mune features were frequently found in GPS patients 
recruited by Sims et al, including autoimmune disease 
(26%) and the presence of at least one autoantibody 
(59%).8 Autoimmune manifestations involved several 
systems, including Hashimoto’s thyroiditis, rheumatoid 
arthritis, skin diseases, such as alopecia, discoid lupus 
erythematosus and vitiligo, and atypical autoimmune 
lymphoproliferative syndrome. Autoantibodies were 
directed against different target proteins, with rheuma
toid factor, perinuclear anti-neutrophil cytoplasmic, anti- 
thyroperoxidase and antinuclear antibodies among the 
most frequently detected. Markers of immune response 
were upregulated in GPS CD4+ T helper cells at the 
protein and transcript level, as shown by the analysis of 
the proteomic and RNA-seq profile.8 Overrepresented 
molecules were enriched in proteins with immunomodu
latory function, such as Bruton tyrosine kinase, which is 
crucial for B cell development and has been suggested 
to be involved in autoimmunity.50 On the basis of these 
novel findings, this study highlights the presence of 
immune dysregulation in GPS patients. A more detailed 
phenotypic and functional characterization of B and 
T cells and their subsets in GPS patients would be 
useful to gain further insight into the mechanisms under
lying autoimmunity and help explain the aberrant 
immune pattern.

As mentioned before, a proinflammatory signature in 
GPS plasma proteome, as shown by upregulation of liver- 
derived inflammatory markers,8 was another prominent 
feature of this work. This finding might reflect chronic 
activation of liver resident cells by myeloid-derived pro
ducts leaking to the bloodstream or, alternatively, low- 
grade chronic infection. The potential relationship between 
chronic immune stimulation and the development of auto
immunity may deserve consideration. Conversely, sus
tained autoimmunity may, in turn, trigger further 

inflammation, contributing to the ongoing proinflamma
tory state (Figure 3).

Treatment
Most GPS patients are treated symptomatically, according to 
the severity of bleeding manifestations. Patients may bleed 
spontaneously or secondary to surgical intervention, child
birth or trauma. Non-specific hemostatic measures, such as 
anti-fibrinolytics, local hemostatic measures, avoidance of 
non-steroidal anti-inflammatory drugs and/or platelet trans
fusions are usually adopted to prevent or reduce excessive 
bleeding. Eltrombopag has been shown to increase platelet 
counts in certain inherited platelet conditions, such as MYH9- 
related disorder, ANKRD26-related thrombocytopenia, 
X-linked thrombocytopenia/ Wiskott-Aldrich syndrome, 
monoallelic Bernard-Soulier syndrome or ITGB3-related 
thrombocytopenia.51 The efficacy and safety of thrombo
poietin receptor agonists in GPS remains unknown. 
Considering that these agents may promote bone marrow 
fibrosis, their use in GPS should be viewed with caution, 
especially if long-term treatment is considered. Successful 
hematopoietic stem cell transplantation has been achieved in 
a GPS patient with severe myelofibrosis and pancytopenia, 
with full hematopoietic recovery and resolution of bone 
marrow fibrosis.52 On this basis, stem cell transplantation 
may represent a curative treatment option for selected 
patients who experience a severe clinical course.

In conclusion, recent evidence has expanded the phe
notypic spectrum of GPS, providing new information 
which is relevant to patient care. The combined study of 
GPS patient samples and animal models has provided 
novel insight into the pathogenesis of this rare disorder. 
Future research will be required to further elucidate the 
effects of NBEAL2 in granule biogenesis and trafficking 
and to define its precise function in the biology of blood 
cells, including platelets and leukocytes, thus contributing 
to dissect its role in hemostasis and immunity. Increasing 
knowledge of the mechanisms underlying GPS will hope
fully provide tools for developing appropriate therapies.
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