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Abstract: Gaucher disease (GD) is a rare inherited lysosomal metabolism disorder, characterized by
an accumulation into lysosomes of reticuloendothelial cells, especially in the bone marrow, spleen,
and liver of β-glucosylceramide and glucosyl sphingosine, which is its deacylated product. Impaired
storage is responsible for a chronic inflammatory state at the sites of accumulation and together
represents the pathophysiological cause of GD. GD is a progressive, multi-organ chronic disorder.
Type 1 GD is the most prevalent form, with heterogeneous multisystem involvement and different
severity of symptoms at any age. Hematological involvement is consistent, and a bleeding tendency
is frequent, particularly at diagnosis. Several coagulation and primary hemostasis abnormalities
are observed in GD. Bleeding manifestations are rarely severe and usually mucocutaneous. Post-
operative, delivery, and post-partum hemorrhages are also common. Thrombocytopenia, platelet
function defects, and clotting abnormalities, alone or variably associated, contribute to increase the
risk of bleeding in GD. Enzyme replacement therapy (ERT) or substrate reduction therapy (SRT)
are the two specific available treatments effective in improving typical hematological symptoms
and abnormalities, including those of hemostasis. However, the use of medication to potentiate
hemostasis may be also useful in defined clinical situations: recent starting of ERT/SRT, surgery,
delivery, and life-threatening bleeding.
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1. Introduction

Gaucher disease (GD) is an autosomal recessive lysosomal storage disease that is
caused by deficiency of the enzyme β-glucocerebrosidase (β-GCase), which is required
for the degradation of glycosphingolipids. Deficiency of β-GCase is responsible for the
accumulation of glucosylceramide and its deacylated product glucosylsphingosine into
lysosomes of reticuloendothelial cells [1,2]. These lipid-laden cells are known as Gaucher
cells. Gaucher cells are large and characterized by eccentric nuclei, condensed chromatin
and cytoplasm with heterogeneous “crumpled tissue paper” [2]. The bone marrow, spleen
and liver are particularly infiltrated by these cells in GD, leading to the main clinical signs
of the disease at diagnosis [3].

The GD phenotypic pattern is highly variable [4], from asymptomatic forms to
perinatal-lethal forms, but three major clinical phenotypes have been identified by the
absence (type 1) or presence (types 2 and 3) of primary central nervous system (CNS)
involvement (Table 1). However, it is now recognized that neuropathic GD represents
a phenotypic continuum, ranging from extrapyramidal syndrome in type 1 to hydrops
fetalis in type 2 [5]. The most prevalent form of the disease is type 1, which covers al-
most 95% of Caucasian patients [6]. Type 1 GD is characterized by enlargement of the
liver and/or spleen, thrombocytopenia, anemia, and skeletal abnormalities. Clinical or
radiological evidence of bone disease occurs in 70–100% of type 1 patients. Bone disease
ranges from asymptomatic osteopenia to focal lytic or sclerotic lesions and osteonecrosis [7].
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Bone involvement may also lead to acute or chronic bone pain, pathologic fractures, and
subchondral joint collapse with secondary degenerative arthritis, often being the most
debilitating manifestation of type 1 GD. The lung is a rarer organ involvement of type
1 GD, with interstitial disease and pulmonary hypertension. Neurologic complications
(spinal cord or nerve root compression) may occur as the consequence of bone disease
(e.g., severe osteoporosis with vertebral compression) or coagulopathy [8], although type
1 GD does not directly cause primary CNS disease. A sensory motor axonal polyneu-
ropathy was diagnosed in 10.7% of 103 patients followed prospectively for two years [9].
Finally, in type 1 GD, a significant risk of severe hematological malignant disorders, mainly
multiple myeloma and B-cell lymphoma, has been also reported [10–13]. Gammopathies,
multiple myeloma, and B-cell lymphoma are felt to be the result of an atypical immune
activation [14].

Table 1. Clinical subtypes of Gaucher disease.

Subtype Incidence Ethnic Group Age at Onset Primary CNS
Involvement

Splenomegaly
and/or

Hepatomegaly
Cytopenia 1 Bone

Disease 2 Other

Type 1
1:40,000–1:60,000

1:450 in
Ashkenazi Jews

Panethnic, more
common in

Ashkenazi Jews
Any age No Yes Yes Yes Pulmonary

disease

Type 2
(Acute or
infantile)

<1:100,000 Panethnic Infancy—early
childhood

Bulbar signs
Pyramidal signs

Cognitive
impairment

Yes Yes No

Pulmonary
disease

Dermatologic
changes

Type 3
(Subacute,
juvenile)

<1:50,000 to
<1:100,000 Panethnic Childhood

Oculomotor
apraxia
Seizures

Progressive
myoclonic epilepsy

Yes Yes Yes Pulmonary
disease

Perinatal
lethal form <1:10,000 Panethnic Perinatal Pyramidal signs No No No

Ichthyosiform
or collodion
skin changes
Nonimmune

hydrops fetalis

1 Thrombocytopenia, anemia, leukopenia; 2 osteopenia, focal lytic or sclerotic lesions, osteonecrosis.

GD is the first lysosomal storage disorder for which an effective therapy has become
available. Two approaches are possible for patients with type 1 GD: enzyme replacement
therapy (ERT) and substrate reduction therapy (SRT). ERT, available since 1991, is based
on the provision of sufficient exogenous enzyme to overcome the block in the catabolic
pathway. It has been shown to be effective in reducing glucosylceramide and glucosylsph-
ingosine storage burden and the deleterious effects caused by their accumulation. ERT is
effective in counteracting the peripheral symptoms, in particular hepatosplenomegaly and
hematological symptoms [15–19]. Three different human recombinant GCases have been
approved. Two are available in EU and USA: Imiglucerase (Cerezyme, Genzyme Corpora-
tion, Cambridge, MA, USA) and Velaglucerase alfa (VPRIV, Shire HGT, Cambridge, MA,
USA). An additional agent, Taliglucerase alfa (Elelyso, Protalix Biotherapeutics, Carmiel,
Israel), is not available in the EU. ERT is well tolerated. Approximately 10–15% of patients
develop antibodies to infused imiglucerase, whereas antibodies to velaglucerase have been
reported in only 1% of cases. However, these anti-drug antibodies are not neutralizing and
do not influence the efficacy of replacement treatment.

SRT is an alternative treatment strategy that seeks to balance glucosylceramide pro-
duction and its impaired rate of degradation by partly inhibiting glucosylceramide syn-
thase [20]. SRT aims to restore metabolic homeostasis by limiting the synthesis of the
substrate precursor to a level that can be effectively cleared by the mutated enzyme en-
dowed with residual hydrolytic activity [21]. The first attempt of an SRT for GD with
the iminosugar N-butyldeoxynojirimycin, Miglustat (Zavesca, Actelion Corp, Allschwil,
Switzerland) [22] did not achieve the expected results due to its low benefit–risk profile.
The new ceramide analog of the substrate, Eliglustat (Genz-112638; Genzyme Corp) [23],
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shows a higher potency and improved safety than Miglustat. Several studies showed its
effectiveness in achieving and maintaining the therapeutic goals for visceral and hemato-
logical manifestations in naïve GD1 patients and in those who switched from ERT, with a
good safety profile [24–28].

2. GD and Inflammation

The multi-organ diffuse infiltration by Gaucher cells alone cannot explain the multi-
ple and heterogeneous manifestations of the disease. The accumulation of the β-GCase
substrate leads to a secondary activation of macrophages associated with an autophagy
disruption and an onset of a cascade of inflammatory events that further worsen the
disease [29–32].

Increased expression of tumor necrosis factor-α (TNF-α interleukin-1β (IL-1β)), interleukin-
1 receptor antagonist, soluble interleukin-2 receptor (sIL-2R), interleukin-6 (IL-6), interleukin-
8 (IL-8), interleukin-10 (IL-10), CD14, CD163s, MIP-1β, TGFβ, M-CSF, CCL-18, and chi-
totriosidase have been found in patient plasma [33–38].

The pathogenetic mechanisms of inflammatory propagation in GD have yet to be
delineated, but a possible pathway has been proposed [39]. The primary Gaucher cells
activation triggers the release of monocytes (MOs) and polymorphonuclear neutrophils
(PMNs) recruiting cytokines and chemokines. Monocyte chemoattracting protein-1 (MCP-1)
recruits circulating MOs, whereas IL8 and TNF-a induce the PMNs migration into the
different visceral organs. With migration from the blood into the visceral organs, MOs
mature into tissue-specific macrophages with GCase defect, leading to an increase in
Gaucher cells and further release of IFN-g, IL-4, IL-6, and TGF-b. IFN-g and IL-4 cause the
development of T helper-1 (Th1) and Th2 cell-mediated responses, whereas IL-6 induces the
development of T-follicular cells, thus activating B-cells in germinal centers with associated
hypergammaglobulinemia. IL-6 together with TGF-b impact Th17 cell development with
IL-17 production and subsequently that of IL-8 with recruitment of circulating PMNs in
GD visceral organs. In addition to IL-8, Gaucher cells also secrete IL-1b, INF-g, and TNF-a,
which are crucial for recruiting PMNs with subsequent release of their activation products
(TNF-a, IL-6, IL-1a, IL-1b, IL-1Ra) into the visceral organs. Moreover, TNF-a together with
INF-g and IL-1b induce nitric oxide synthase (NOS) with nitric oxide (NO) production to
trigger immunological inflammation in GD.

3. Inflammation and Hemostasis

Extensive cross talk exists between inflammation and coagulation, whereby inflam-
mation leads to the activation of coagulation, and coagulation considerably affects inflam-
matory activity (Figure 1). Proinflammatory cytokines IL-1, IL-6, and TNF-a stimulate the
production of tissue factor (TF), a transmembrane glycoprotein that serves as a surface
receptor for coagulation factor (F) VIIa. The TF-FVIIa bond plays a key role for the onset
of coagulation and thrombin generation [40]. Conversely, activated coagulation proteases
may affect specific receptors on inflammatory cells and endothelial cells modulating the
inflammatory response [41].

IL-1, IL-6, and TNF-a may also trigger endothelial cells to switch into a procoagu-
lant, clot-promoting state, changing their antithrombotic properties. The same cytokines,
together with IL-8 and IL-12, cause platelet activation and clumping [42,43]. In addition,
upregulated TNF-a may induce complement component 3 (C3). TNF-a and C3 interact
with receptors on platelets. TNF-a, via tumor necrosis factor receptors 1 and 2 (TNFR1
and TNFR2), causes platelet consumption and activation through arachidonic acid path-
way stimulation. C3 also interacts with the surface of activated platelets, as well as with
other components of the complement system. Platelets may also interact with the com-
plement system through non-classical complement receptor proteins, such as P-selectin
or GP1ba. [44]. Finally, the complement plays also an additional role in fibrin deposi-
tion [45]. In experimental and clinical GD, a direct relationship between the accumulation
of glucosylceramide and the C5a and the C5a receptor 1 axis has been observed [46].



J. Clin. Med. 2022, 11, 6920 4 of 16

J. Clin. Med. 2022, 11, x FOR PEER REVIEW 4 of 16 
 

 

 
Figure 1. Relationship between Gaucher cell accumulation, proinflammatory cytokines, and hemo-
stasis. 

IL-1, IL-6, and TNF-a may also trigger endothelial cells to switch into a procoagulant, 
clot-promoting state, changing their antithrombotic properties. The same cytokines, to-
gether with IL-8 and IL-12, cause platelet activation and clumping [42,43]. In addition, 
upregulated TNF-a may induce complement component 3 (C3). TNF-a and C3 interact 
with receptors on platelets. TNF-a, via tumor necrosis factor receptors 1 and 2 (TNFR1 
and TNFR2), causes platelet consumption and activation through arachidonic acid path-
way stimulation. C3 also interacts with the surface of activated platelets, as well as with 
other components of the complement system. Platelets may also interact with the comple-
ment system through non-classical complement receptor proteins, such as P-selectin or 
GP1ba. [44]. Finally, the complement plays also an additional role in fibrin deposition [45]. 
In experimental and clinical GD, a direct relationship between the accumulation of gluco-
sylceramide and the C5a and the C5a receptor 1 axis has been observed [46]. 

In turn, activated platelets express and release several pro- and anti-inflammatory 
molecules, which recruit and capture circulating leukocytes and direct them to inflamed 
tissues. Platelets can also influence adaptive immune responses via the secretion of CD40 
and CD40L molecules. Platelet membrane CD40/CD40L allows interaction with different 
immune cells. Platelet CD40L stimulates the release of IL-8 and MCP-1 from endothelial 
cells and recruits leukocytes to generate platelet–leukocyte aggregates in areas of vascular 
inflammation via the expression on platelet surface of adhesion molecules (E-selectin, 
VCAM, and ICAM-1). Moreover, platelet CD40L induces isotype switching in B-cells and 
enhances CD8+T-cell responses. Platelets also express CD40 and integrin aIIbb3, receptors 
for CD40L, by creating feedback loops from the bond. 

In addition, platelet granules contain several chemokines and cytokines. CXCL4 or 
platelet factor 4 (PF4) together with CCL5 enhance the arrest of MOs on endothelial cells 

Figure 1. Relationship between Gaucher cell accumulation, proinflammatory cytokines, and hemostasis.

In turn, activated platelets express and release several pro- and anti-inflammatory
molecules, which recruit and capture circulating leukocytes and direct them to inflamed
tissues. Platelets can also influence adaptive immune responses via the secretion of CD40
and CD40L molecules. Platelet membrane CD40/CD40L allows interaction with different
immune cells. Platelet CD40L stimulates the release of IL-8 and MCP-1 from endothelial
cells and recruits leukocytes to generate platelet–leukocyte aggregates in areas of vascular
inflammation via the expression on platelet surface of adhesion molecules (E-selectin,
VCAM, and ICAM-1). Moreover, platelet CD40L induces isotype switching in B-cells and
enhances CD8+T-cell responses. Platelets also express CD40 and integrin aIIbb3, receptors
for CD40L, by creating feedback loops from the bond.

In addition, platelet granules contain several chemokines and cytokines. CXCL4 or
platelet factor 4 (PF4) together with CCL5 enhance the arrest of MOs on endothelial cells
and promote their survival, chemotaxis, and differentiation. CXCL7 plays a key role in the
recruitment of neutrophils. Platelet release of PF4 and sCD40L upregulates the release of
co-stimulatory molecules and proinflammatory cytokines from the dendritic cells. Platelets
can directly interact with dendritic cells via CD62P/CD61P, influencing their maturation
and enhancing the synthesis of the Th2 helper chemokine CCL17 [47].

4. Glycolipids and Hemostasis

Glycolipids are important components of cell membranes and can play critical roles
as bioregulators of different processes, such as blood coagulation. Different membrane
phospholipid components differently affect coagulation and anticoagulation reactions.
For instance, anionic phospholipidis, mainly phosphatidylserine, increase prothrombinase
activity; in contrast, posphatidylethanolamine and cardiolipin enhance the activated protein
C (APC) anticoagulant pathway.
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Thrombin generation is inhibited by glucosylsphingosine, but not by glucosylce-
ramide [48]. In turn, glucosylceramide enhances inactivation of factor Va by APC and
protein S, which could represent a potential risk factor for venous thromboembolism [49,50].

It clearly appears that the links between the accumulation of glucosylceramide and
glucosylsphingosine, inflammation, and hemostasis in GD may be many and different.
At present, however, these are more theoretical links, of which the clinical impact on
hemostasis has yet to be outlined. Figure 1 summarizes the relationship between Gaucher
cell accumulation, proinflammatory cytokines, and hemostasis.

Gaucher cell accumulation represents the pathogenetic first step of Gaucher disease.
On the one hand, it causes direct tissue damage by infiltration; on the other hand, it is
responsible for inflammatory cascade activation, with cytokines and chemokines secretion
with biological activity and influence on clinical manifestation. IL-1b, TNF-a, IL-6, and
IL-10 may contribute to osteopenia; IL-6 and IL-10 may be responsible for gammopathies
and multiple myeloma; IL-1b, TNF-a, and IL-6 may have a role in the activation of hyperme-
tabolism. There is also an extensive cross talk between inflammation and hemostasis. On
primary hemostasis, proinflammatory cytokines IL-1, IL-6, and TNF-a may trigger endothe-
lial cells to change their antithrombotic properties into a procoagulant, clot-promoting
state. The same cytokines, together with IL-8 and IL-12, cause platelet activation and
clumping. TNF-a may also induce complement component 3 (C3) and both induce platelet
consumption and activation through arachidonic acid pathway stimulation. IL-1, IL-6, and
TNF-a stimulate the production of tissue factor (TF), which serves as a surface receptor
for coagulation factor (F) VIIa triggering the extrinsic coagulation pathway. The TF–FVIIa
bond plays a key role for the onset of coagulation and thrombin generation. The com-
plement system, induced by TNF-a, plays a role in fibrin deposition. The accumulation
of glucosylceramide and glucosylsphingosine also has a direct action on hemostasis. In
fact, thrombin generation is inhibited by glucosylsphingosine and glucosylceramide can
enhance the inactivation of factor Va by APC and protein S.

5. GD and Bleeding

Clinically, it is known that a bleeding tendency is one of the early symptoms of
GD, being described in around 20% of patients [51]. Bleeding is rarely severe and usu-
ally mucocutaneous (epistaxis, gingival bleeding, menorrhagia, bruises). However, post-
operative [52–54], delivery, and post-partum bleeding [55,56] have been also reported. In
addition to these typical bleeding manifestations of primary hemostasis defects, hemor-
rhages characteristics of coagulation defects, such as spontaneous Iliopsoas hematomas,
have also been reported [57].

Several and often concomitant causes can be responsible for hemorrhagic diathesis.

5.1. Thrombocytopenia

At diagnosis, reduced platelet count is present in 60% of type 1 GD adult patients,
with severe thrombocytopenia (platelets < 60× 109/L) in 15%, moderate thrombocytopenia
(platelets > 60 and <120 × 109/L) in 45%, and mild thrombocytopenia (platelets > 120
and <150 × 109/L) in 40% [6]. Regarding the pediatric population, thrombocytopenia is
described at diagnosis in half of the cases [58]. Different and frequently associated causes
are responsible for thrombocytopenia. Primitive thrombocytopenia usually occurs as a
consequence of impairment of megakaryopoiesis associated with bone marrow infiltration
by Gaucher cells. The most frequent etiology of secondary thrombocytopenia is hyper-
splenism, because splenomegaly is present at presentation in approximately 90% of patients
and can be massive [6]. The spleen volume can reach 1500–3000 cc in size, compared to
an average 50–200 cc in the normal adult. The shrinkage of spleen volumes and increase
of platelet count usually occur within 6 months from the beginning of ERT [17,59] or
within 9 months from beginning SRT [27]. Low platelet count in patients with massive
splenomegaly may require longer periods before increasing, but continuous improvement
usually occurs within the first 2–4 years of treatment. Persistent thrombocytopenia in GD
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patients treated for over 4 years is associated with refractory splenomegaly. More severe
thrombocytopenia and a poor response to ERT may also be associated with the presence of
focal splenic lesions [60].

Persistently low platelet counts or a rapid platelet decline [61] may sometimes also
be due to the coexistence of immune thrombocytopenia (ITP), not surprising considering
the increased incidence of immunological disorders in GD patients. In patients with GD
and ITP the use of corticosteroids, high-dose intravenous immunoglobulin, rituximab,
and thrombopoietin receptor analogues should be considered as therapeutic options in
association with ERT or SRT [62,63].

5.2. Platelet Function Defects

Bleeding can occur in GD patients with platelet counts >100 × 109/L and normal
coagulation assays, thus suggesting the presence of platelet function abnormalities. Defi-
cient platelet adhesion associated with a history of mucosal bleeding has been reported
in two thirds of 48 type 1 GD patients [64] (Table 2). Patients receiving ERT had platelet
counts or platelet adhesion no higher than those untreated, suggesting an intrinsic platelet
abnormality in GD. The mechanism of reduced platelet adhesion in patients with type
1 GD is unclear, but the increased plasma levels of glucocerebroside may affect platelet
activation [65–67], as described in two patients with an acquired pseudo-Bernard–Soulier
syndrome [68]. Bernard–Soulier syndrome (BSS) [69] is a rare autosomal recessive platelet
function disorder caused by the reduction or abnormality of platelet GPIb-IX-V complex
which mediates the binding of von Willebrand factor to platelets, thus promoting platelet
adhesion to the subendothelium. In patients with BSS, the bleeding time is markedly
prolonged, platelet count is moderately decreased, and platelet size largely increased on the
peripheral smear. In platelet aggregation tests, the response to the commonly used agonists
ADP, epinephrine, collagen, and arachidonate are normal, whereas the response to ristocetin
is decreased or absent, similar to what is observed in patients with von Willebrand disease.

Table 2. Studies of platelet abnormalities in Gaucher disease before start ERT/SRT: percentage of
patients in each study found to have bleeding and platelet function abnormalities.

Reference Gillis et al.,
1999 [70]

Giona et al.,
2006 [71]

Spectre et al.,
2011 [64]

Mitrovic et al.,
2012 [72]

Komninaka et al.,
2020 [73]

Revel-Vilk et al.,
2021 [74]

Patients (N) 32 13 48 31 29 149

Bleeding manifestations 12.5% 15% 58% 32% 79% 49%

Plts (×109 L−1)
(median; range)

180
(74–508)

142
(51–284)

193
(153–252) 108 147

(103–192)
176

(30–485)

Plt adhesion deficiency - - 66% - - -

Plt aggregation abnormalities 22% 46% 22% 61% - -

PFA Collagen/EPI prolonged
PFA Collagen/ADP prolonged

PFA Collagen/EPI +
Collagen/ADP prolonged

-
-
-

-
-
-

-
-
-

-
-
-

55%
79%
52%

-
-
-

Platelet reactivity deficiency - - - - - 53%

Legend: Plts, platelets; PFA, platelet function analyzer.

An acquired pseudo-Bernard–Soulier syndrome [68] has been diagnosed in two pa-
tients with GD and a history of severe bleeding. Both patients were splenectomized, had
normal platelet count, and a markedly prolonged bleeding time (>15 min). Laboratory
tests showed absent platelet aggregation to ristocetin, associated with normal expression of
GPIb-IX-V and VWF levels, suggesting that glucocerebroside accumulating in plasma and
coating the platelet membrane could be responsible for the inhibition of ristocetin-induced
platelet agglutination. Defective platelet aggregation in response to the main agonists has
been reported in approximately 22–61% of case series of patients with type 1 GD (Table 2);
like platelet count, aggregation usually improves after starting ERT [52,70–73].
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The analysis of platelet function can be difficult in thrombocytopenic patients. For
this reason, in a recent study, flow cytometry has been used [74] to provide a quantitative
assessment of platelet function, correlating the finding with bleeding and GD-related
data. In 149 patients, a reduced platelet reactivity was found in 53, and 6.7% of them
had a more severe platelet dysfunction. A platelet degranulation defect but no αIIbβ3
integrin activation defect seems to be associated with clinical bleeding. More severe
platelet dysfunction is associated with a higher level of lyso-Gb1, suggesting again an
acquired thrombocytopathy.

5.3. Coagulopathy

Multiple clotting abnormalities of variable severity have been reported in GD patients.
The detection of prolongations of PT and/or aPTT must prompt assaying the plasma levels
of single coagulation factors. In one of the largest studies including 30 type 1 GD patients,
at diagnosis, PT was prolonged in 42% and APTT in 38% of them [75]. The most common
coagulation factor deficiencies are factor V, factor X, and factor II, but the reduction of
all circulating clotting factors has also been reported [53,71–73,75–80] (Table 3). Variable
deficiency of clotting factors is observed at diagnosis, with levels as low as 15% in some
patients [75]. ERT has been shown to improve or normalize the clotting factor levels in
plasma [71,81]. A high frequency of isolated factor XI deficiency has been reported in some
patients with GD [72,82,83], suggesting an association between the two diseases. However,
a poor correlation between FXI level and the severity of bleeding has been shown. Thus,
since factor XI deficiency has a high prevalence in the Ashkenazi Jewish population, with a
heterozygosity as high as 9%, when present, this association is likely casual.

The pathogenetic mechanisms responsible for clotting factor deficiencies in GD are
various and different. Liver disease may reduce the synthesis of clotting factors, an en-
larged spleen may result in their increased clearance, and the elevated concentration of
circulating glucocerebroside or the presence of antiphospholipid antibodies may interfere
with the clotting cascade [84]. Moreover, a significant enhancement of coagulation, as
suggested by elevated concentration of the markers of activation of coagulation (thrombin-
antithrombin complex) and fibrinolysis (plasmin-α2antiplasmin complexes, fibrin cleavage
product D-dimer), has been described, especially in splenectomized patients. Thus, clotting
factor defects may also be linked to their consumption caused by an ongoing low-grade
intravascular coagulation and fibrinolysis, possibly triggered by IL-1α, TNF-α, and IL-6
secreted by the Gaucher cells [75].
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Table 3. Studies of coagulation factor abnormalities in Gaucher disease: percentage of patients in each study found to have coagulation abnormalities.

Reference Boklan et al.
(1976) [76]

Billett et al.
(1996) [77]

Hollak et al.
(1997) [75]

Katz et al.
(1999) [53]

Barone et al.
(2000) [78]

Giona et al.
(2006) [71]

Deghady et al.
(2006) [79]

Mitrovic et al.
(2012) [72]

Serratrice et al.
(2019) [80]

Komninaka et al.
(2020) [73]

Patients (N) 11 9 30 28 5 15 10 31 43 29
↑ PT - 11% 42% 81% 80% 47% 100% 52% 12% 0%
↑ APTT 100% 55% 38% - 100% 53% 60% 42% 21% 7%

↑ Fibrinogen - 0 - - - - - - 0 7%
↓ FII - 11% 50% - 20% - 20% - 8% -
↓ FV 18% 22% 87% 27% 100% 23% 30% - 31% -
↓ FVII 9% - 33% - 0 8% 50% - 3.4% -
↓ FVIII 27% 11% 10% 27% 60% 15% 30% - 4% 0
↓ FIX 73% 0 3% 14% 20% 31% 20% - 4.50 -
↓ FX 9% - 57% - 20% 8% 10% - 11.50 -
↓ FXI - 33% 27% 36% 40% 0 0 - 20% -
↓ FXII - - 30% 27% 25% 15% 10% - 13% -
↓ VWF - 11% - - - 0 - - 0

↓ ADAMST13 - - - - - - - - 0 48%
↓ PC - - 26% - - - - 10% 11.5% 0
↓ PS - - 11% - - - - - 19% 0
↓ AT - - 3% - - - - 0 0 0

↑ D dimer - - 68% - - - - 76% - 38%
↑ TAT - - 46% - - - - 43% - -
↓ PAI - - - - - - - - - 69%

↑ = prolonged/increased; ↓ = reduced.
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6. Hemostatic Management

Even though ERT and SRT may improve and correct hemostatic abnormalities in GD,
treatments meant to enhance hemostasis may be necessary in specific clinical circumstances,
such as recent onset of ERT/SRT, surgery, delivery, and life-threatening bleeding.

A laboratory screening assessment is required, with an evaluation of platelet count
and platelet function tests, i.e., platelet function analyzer (PFA-100) [85] and/or platelet
aggregation, APTT, and PT, in order to provide the most appropriate hemostatic treatment.
When an abnormality of coagulation screening test is found, a diagnostic deepening may
be recommended. After the exclusion of FVIII, FIX, and FXII defects, an isolated prolonged
APTT suggests FXI deficiency, and an isolated PT prolongation is typically caused by a
FVII deficiency. The combined prolongation of APTT and PT suggests the diagnosis of
combined FV + FVIII, FX, FV, FII, or fibrinogen deficiencies.

Thromboelastography (TEG) may be an alternative option to evaluate the bleeding
tendency in a peri-surgical or predelivery setting [86]. TEG provides a quick and visualized
monitoring and analysis of the viscoelastic properties of clot formation and dissolution in
whole blood. In addition, the separate effects of platelets and fibrinogen on overall clot
strength can be rapidly assessed [87]. The goal of TEG is the evaluation at the point of care
for the management decision of the need for blood transfusion or fibrinogen supplemen-
tation. However, the experience of using TEG in patients with GD is still limited and the
assay is not performed in a sufficiently uniform manner worldwide [88].

7. Hemostatic Agents

Several therapeutic options to enhance an impaired hemostatic function are available,
ranging from antifibrinolytics to replacement therapy with platelet transfusion or clotting
factor concentrates. Tranexamic acid represents an important therapeutic aid for the
management of mucocutaneous bleeding [89]. This synthetic derivative of the amino acid
lysine exerts its antifibrinolytic effect through the reversible blockade of lysine binding
sites on plasminogen molecules. It is a cheap and easy to use drug for the treatment and
prevention of bleeding. Tranexamic acid is used at a dose of 15–25 mg/kg every 8 h for
3–6 days by oral or intravenous administration for bleeding or surgery. In addition, it can
be used as mouthwash for oral bleeding or dental procedures. No evidence of increased
thromboembolic or other significant adverse events has been reported in different large
populations treated with tranexamic acid.

To control gynecological bleeding, hormone therapy alone or in combination with
tranexamic acid is often used [56,90]. Oral contraceptives containing both progestin and
estrogen should be started first. In women who failed to have a clinically useful response,
a levonorgestrel-releasing intrauterine device may be recommended, such as in women
with inherited bleeding disorders [91].

When tranexamic acid alone is not able to guarantee an effective hemostasis, desmo-
pressin may be employed. Desmopressin (DDAVP, 1-deamino-8-D-arginin-vasopressin)
is a synthetic analog of the antidiuretic hormone vasopressin, V2 agonist, able to increase
VWF and FVIII in plasma, and, therefore, it is the drug of choice for mild hemophilia A and
type 1 von Willebrand disease [92]. DDAVP is also clinically efficacious in patients with
other, generally mild platelet function disorders of the [93–97], and its use is recommended
for bleeding prophylaxis for situations at low risk of bleeding risk [98]. DDAVP-induced
the rise of circulating VWF high-molecular-weight multimers, leading to an increased
platelet adhesion to the injured vessel wall, which could enhance hemostasis in patients
with platelet function disorders and in those with GD [99,100]. In addition, in vivo DDAVP
strengthens the ability to form procoagulant platelets and increases platelet-dependent
thrombin generation by inducing intracellular Na+ and Ca2+ fluxes [101]. DDAVP can
be administered intravenously (0.3 µg/kg diluted in 50–100 mL saline and infused over
15–30 min), subcutaneously at the same dose, or intranasally (fixed doses of 300 µg in
adults and 150 µg in children). Subsequent doses may be administered every 12–24 h, but
a progressive reduction in magnitude of the response (tachyphylaxis) is observed after
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closely-spaced doses. Side effects, due to the vasomotor effect of the molecule, may include
mild tachycardia, flushing, and headache. Rare side effects attributable to the antidiuretic
properties of DDAVP are hyponatremia, especially in children below the age of 2, and vol-
ume overload. DDAVP should be used with caution in elderly subjects with atherosclerotic
disease [102].

In GD patients with severe thrombocytopenia and/or severe functional defects,
platelet transfusion may be recommended, as well as specific clotting factor concentrates
administration when a serious coagulation defect is diagnosed [103]. Figure 2 summarizes
the therapeutic options to enhance hemostasis and their mechanisms of action.
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Several agents with action on different hemostatic phases are available. In primary
hemostasis, platelet transfusion increases platelet number and improves their function,
whereas desmopressin increases von Willebrand factor and FVIII and improves platelet
adhesion. In the coagulation pathway, desmopressin increases FVIII, whereas clotting
factor concentrates increase levels of corresponding coagulation factors (e.g., FII, FVII, FIX,
FX, FVIII).

In the fibrinolysis, tranexamic acid blocks plasmin generation and can be administered
alone or with all the other treatments.

8. Discussion

Type 1 GD is a rare disease with heterogeneous multisystem involvement, showing
different severity of symptoms at each age. In recent years, it has been understood that the
pathophysiology is caused not just by the burden of glucosylceramide and glucosylsphin-
gosyne storage, but by macrophage activation and the resulting cascade of inflammatory
events. The contribution of definite proinflammatory cytokines is emerging more and
more clearly in the pathogenesis of precise clinical manifestations in GD. IL-1b, TNF-a,
IL-6, and IL-10 may contribute to osteopenia; IL-1b, TNF-a, and IL-6 may have a role in
the activation of coagulation and hypermetabolism; IL-6 and IL-10 may be responsible
for gammopathies and multiple myeloma. Similarly, more and more cross-links between
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inflammation and hemostasis are emerging, such as some direct roles of glucosylceramide
and glucosylsphingosyne on coagulation and anticoagulation reactions. These interactions
may suggest that the prothrombotic risk in GD is high; the studies on thrombophilic profiles
have not been conclusive [104]. The indicator of active microvascular thrombosis, D-dimer,
was found to be related with severity of bone and lung involvement [105,106], though
this could imply that microthrombi are part of the etiology for avascular necrosis and
pulmonary hypertension in patients with GD.

A bleeding tendency has been reported frequently, particularly at diagnosis. The
abnormalities of the hemostatic pathways in GD concern both primary hemostasis and
coagulation. Thrombocytopenia, platelet dysfunction, and clotting factor deficiencies may
be variously associated with each other, predicting a hemorrhagic risk. Thrombocytopenia
can have several and often concomitant etiologies, such as bone marrow infiltration by
Gaucher cells with impairment of megakaryopoiesis, hypersplenism, and autoimmune.
Platelet function defects are likely to be related to glucosylceramide and glucosylsphingo-
sine accumulation in plasma with consequent platelet membrane coating and the blocking
of glycoproteins for adhesion and aggregation. In support of this theory, there is the im-
provement of platelet function with ERT. Glucosylceramide and glucosylsphingosine excess
also interfere with coagulation through thrombin generation inhibition and anticoagulant
APC/PS system activation. Clotting factor deficiencies may also be due to reduced synthe-
sis for hepatic disease, increased clearance in enlarged spleen, or accelerated consumption
in a state of low-grade intravascular coagulation and fibrinolysis, supported by IL-1α,
TNF-α, and IL-6.

ERT and SRT are effective in improving hematological laboratory parameters and
symptoms, including bleeding. However, there are situations in which the hemorrhagic
risk can be significant in GD patients. Special attention should be paid in the early stages
of ERT/SRT, at surgery delivery, and when life-threatening bleeding occur. A careful
assessment of the bleeding risk is always advisable before invasive procedures or deliv-
ery, since several treatment options are available for the prevention of bleeding in GD
patients, ranging from tranexamic acid to DDAVP and platelet transfusion or clotting
factor concentrates.

In conclusion, the present review was aimed at raising attention to a rarely addressed
clinical problem associated with GD, highlighting the complex pathophysiological interplay
between hemostasis and inflammation caused by a lysosomal storage disease and the
therapeutic options available to manage bleeding complications.
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β-GCase β-glucocerebrosidase
BSS Bernard–Soulier syndrome
Desmopressin (DDAVP) 1-deamino-8-D-arginin-vasopressin
ERT enzyme replacement therapy
GD Gaucher disease
IL-1β interleukin-1β
IL-6 interleukin-6
IL-8 interleukin-8
IL-10 interleukin-10
PF4 platelet factor 4
sIL-2R soluble interleukin-2 receptor
SRT substrate reduction therapy
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TEG thromboelastography
TNF-α tumor necrosis factor-α
TNFR1 tumor necrosis factor receptor 1
TNFR2 tumor necrosis factor receptor 2

References
1. Brady, R.O.; Kanfer, J.N.; Bradley, R.M.; Shapiro, D. Demonstration of a deficiency of glucocerebroside-cleaving enzyme in

Gaucher’s disease. J. Clin. Investig. 1966, 45, 1112–1115. [CrossRef] [PubMed]
2. Grabowski, G.A.; Petsko, G.A.; Kolodny, E.H. Gaucher disease. In The Online Metabolic and Molecular Bases of Inherited Disease;

McGraw-Hill: New York, NY, USA, 2006.
3. Cox, T.M. Gaucher disease: Understanding the molecular pathogenesis of sphingolipidoses. J. Inherit. Metab. Dis. 2001, 24

(Suppl. 2), 106–121. [CrossRef] [PubMed]
4. Grabowski, G.A. Phenotype, diagnosis, and treatment of Gaucher’s disease. Lancet 2008, 372, 1263–1271. [CrossRef] [PubMed]
5. Sidransky, E. Gaucher disease: Insights from a rare Mendelian disorder. Discov. Med. 2012, 14, 273–281.
6. Charrow, J.; Andersson, H.C.; Kaplan, P.; Kolodny, E.H.; Mistry, P.; Pastores, G.; Rosenbloom, B.E.; Scott, C.R.; Wappner, R.S.;

Weinreb, N.J.; et al. The Gaucher Registry: Demographics and disease characteristics of 1698 patients with Gaucher disease. Arch.
Intern. Med. 2000, 160, 1754–1760. [CrossRef]

7. Wenstrup, R.J.; Roca-Espiau, M.; Weinreb, N.J.; Bembi, B. Skeletal aspects of Gaucher disease: A review. Br. J. Radiol. 2002, 75
(Suppl. 1), A2–A12. [CrossRef]

8. Pastores, G.M.; Barnett, N.L.; Bathan, P.; Kolodny, E.H. A neurological symptom survey of patients with type I Gaucher disease.
J. Inherit. Metab. Dis. 2003, 26, 641–645. [CrossRef] [PubMed]

9. Biegstraaten, M.; Mengel, E.; Maródi, L.; Petakov, M.; Niederau, C.; Giraldo, P.; Hughes, D.; Mrsic, M.; Mehta, A.;
Hollak, C.E.M.; et al. Peripheral neuropathy in adult type 1 Gaucher disease: A 2-year prospective observational study. Brain
2010, 133, 2909–2919. [CrossRef]

10. Rosenbloom, B.E.; Weinreb, N.J.; Zimran, A.; Kacena, K.A.; Charrow, J.; Ward, E. Gaucher disease and cancer incidence: A study
from the Gaucher Registry. Blood 2005, 105, 4569–4572. [CrossRef]

11. de Fost, M.; Dahl, S.V.; Weverling, G.; Brill, N.; Brett, S.; Häussinger, D.; Hollak, C. Increased incidence of cancer in adult Gaucher
disease in Western Europe. Blood Cells Mol. Dis. 2006, 36, 53–58. [CrossRef]

12. Arends, M.; van Dussen, L.; Biegstraaten, M.; Hollak, C.E.M. Malignancies and monoclonal gammopathy in Gaucher disease; a
systematic review of the literature. Br. J. Haematol. 2013, 161, 832–842. [CrossRef] [PubMed]

13. Taddei, T.H.; Kacena, K.A.; Yang, M.; Yang, R.; Malhotra, A.; Boxer, M.; Aleck, K.A.; Rennert, G.; Pastores, G.M.; Mistry, P.K. The
underrecognized progressive nature of N370S Gaucher disease and assessment of cancer risk in 403 patients. Am. J. Hematol.
2009, 84, 208–214. [CrossRef] [PubMed]

14. Nair, S.; Boddupalli, C.S.; Verma, R.; Liu, J.; Yang, R.; Pastores, G.M.; Mistry, P.K.; Dhodapkar, M.V. Type II NKT-TFH cells against
Gaucher lipids regulate B-cell immunity and inflammation. Blood 2015, 125, 1256–1271. [CrossRef]

15. Weinreb, N.J.; Charrow, J.; Andersson, H.C.; Kaplan, P.; Kolodny, E.H.; Mistry, P.; Pastores, G.; Rosenbloom, B.E.; Scott, C.;
Wappner, R.S.; et al. Effectiveness of enzyme replacement therapy in 1028 patients with type 1 Gaucher disease after 2 to 5 years
of treatment: A report from the Gaucher Registry. Am. J. Med. 2002, 113, 112–119. [CrossRef]

16. Weinreb, N.J.; Goldblatt, J.; Villalobos, J.; Charrow, J.; Cole, J.A.; Kerstenetzky, M.; Dahl, S.V.; Hollak, C. Long-term clinical
outcomes in type 1 Gaucher disease following 10 years of imiglucerase treatment. J. Inherit. Metab Dis 2013, 36, 543–553. [CrossRef]

17. Zimran, A.; Altarescu, G.; Philips, M.; Attias, D.; Jmoudiak, M.; Deeb, M.; Wang, N.; Bhirangi, K.; Cohn, G.M.; Elstein, D. Phase
1/2 and extension study of velaglucerase alfa replacement therapy in adults with type 1 Gaucher disease: 48-month experience.
Blood 2010, 115, 4651–4656. [CrossRef] [PubMed]

18. Zimran, A.; Brill-Almon, E.; Chertkoff, R.; Petakov, M.; Blanco-Favela, F.; Muñoz, E.T.; Solorio-Meza, S.E.; Amato, D.; Duran, G.;
Giona, F.; et al. Pivotal trial with plant cell-expressed recombinant glucocerebrosidase, taliglucerase alfa, a novel enzyme
replacement therapy for Gaucher disease. Blood 2011, 118, 5767–5773. [CrossRef] [PubMed]

19. Ben Turkia, H.; Gonzalez, D.E.; Barton, N.W.; Zimran, A.; Kabra, M.; Lukina, E.A.; Giraldo, P.; Kisinovsky, I.; Bavdekar, A.;
Ben Dridi, M.-F.; et al. Velaglucerase alfa enzyme replacement therapy compared with imiglucerase in patients with Gaucher
disease. Am. J. Hematol. 2013, 88, 179–184. [CrossRef] [PubMed]

20. Platt, F.M.; Jeyakumar, M. Substrate reduction therapy. Acta Paediatr. Suppl. 2008, 97, 88–93. [CrossRef] [PubMed]
21. Dwek, R.A. Journeys in science: Glycobiology and other paths. Annu. Rev. Biochem. 2014, 83, 1–44. [CrossRef]
22. Cox, T.M.; Aerts, J.M.F.G.; Andria, G.; Beck, M.; Belmatoug, N.; Bembi, B.; Chertkoff, R.; Dahl, S.V.; Elstein, D.; Erikson, A.; et al.

The role of the iminosugar N-butyldeoxynojirimycin (miglustat) in the management of type I (non-neuronopathic) Gaucher
disease. J. Inherit. Metab. Dis. 2003, 26, 513–526. [CrossRef] [PubMed]

23. McEachern, K.A.; Fung, J.; Komarnitsky, S.; Siegel, C.S.; Chuang, W.-L.; Hutto, E.; Shayman, J.A.; Grabowski, G.A.; Aerts, J.;
Cheng, S.H.; et al. A specific and potent inhibitor of glucosylceramide synthase for substrate reduction therapy of Gaucher
disease. Mol. Genet. Metab. 2007, 91, 259–267. [CrossRef]

http://doi.org/10.1172/JCI105417
http://www.ncbi.nlm.nih.gov/pubmed/5338605
http://doi.org/10.1023/A:1012496514170
http://www.ncbi.nlm.nih.gov/pubmed/11758671
http://doi.org/10.1016/S0140-6736(08)61522-6
http://www.ncbi.nlm.nih.gov/pubmed/19094956
http://doi.org/10.1001/archinte.160.18.2835
http://doi.org/10.1259/bjr.75.suppl_1.750002
http://doi.org/10.1023/B:BOLI.0000005623.60471.51
http://www.ncbi.nlm.nih.gov/pubmed/14707512
http://doi.org/10.1093/brain/awq198
http://doi.org/10.1182/blood-2004-12-4672
http://doi.org/10.1016/j.bcmd.2005.08.004
http://doi.org/10.1111/bjh.12335
http://www.ncbi.nlm.nih.gov/pubmed/23594419
http://doi.org/10.1002/ajh.21362
http://www.ncbi.nlm.nih.gov/pubmed/19260119
http://doi.org/10.1182/blood-2014-09-600270
http://doi.org/10.1016/S0002-9343(02)01150-6
http://doi.org/10.1007/s10545-012-9528-4
http://doi.org/10.1182/blood-2010-02-268649
http://www.ncbi.nlm.nih.gov/pubmed/20299511
http://doi.org/10.1182/blood-2011-07-366955
http://www.ncbi.nlm.nih.gov/pubmed/21900191
http://doi.org/10.1002/ajh.23382
http://www.ncbi.nlm.nih.gov/pubmed/23400823
http://doi.org/10.1111/j.1651-2227.2008.00656.x
http://www.ncbi.nlm.nih.gov/pubmed/18339196
http://doi.org/10.1146/annurev-biochem-041612-095236
http://doi.org/10.1023/A:1025902113005
http://www.ncbi.nlm.nih.gov/pubmed/14605497
http://doi.org/10.1016/j.ymgme.2007.04.001


J. Clin. Med. 2022, 11, 6920 13 of 16

24. Lukina, E.; Watman, N.; Arreguin, E.A.; Banikazemi, M.; Dragosky, M.; Iastrebner, M.; Rosenbaum, H.; Phillips, M.; Pastores, G.M.;
Rosenthal, D.I.; et al. A phase 2 study of eliglustat tartrate (Genz-112638), an oral substrate reduction therapy for Gaucher disease
type 1. Blood 2010, 116, 893–899. [CrossRef]

25. Lukina, E.; Watman, N.; Dragosky, M.; Pastores, G.M.; Arreguin, E.A.; Rosenbaum, H.; Zimran, A.; Angell, J.; Ross, L.; Puga, A.C.;
et al. Eliglustat, an investigational oral therapy for Gaucher disease type 1: Phase 2 trial results after 4 years of treatment. Blood
Cells Mol. Dis. 2014, 53, 274–276. [CrossRef] [PubMed]

26. Kamath, R.S.; Lukina, E.; Watman, N.; Dragosky, M.; Pastores, G.M.; Arreguin, E.A.; Rosenbaum, H.; Zimran, A.; Aguzzi, R.;
Puga, A.C.; et al. Skeletal improvement in patients with Gaucher disease type 1: A phase 2 trial of oral eliglustat. Skelet. Radiol.
2014, 43, 1353–1360. [CrossRef] [PubMed]

27. Mistry, P.K.; Lukina, E.; Ben Turkia, H.; Amato, D.; Baris, H.; Dasouki, M.; Ghosn, M.; Mehta, A.; Packman, S.; Pastores, G.; et al.
Effect of oral eliglustat on splenomegaly in patients with Gaucher disease type 1: The ENGAGE randomized clinical trial. JAMA
2015, 313, 695–706. [CrossRef] [PubMed]

28. Cox, T.M.; Drelichman, G.; Cravo, R.; Balwani, M.; Burrow, T.A.; Martins, A.M.; Lukina, E.; Rosenbloom, B.; Ross, L.;
Angell, J.; et al. Eliglustat compared with imiglucerase in patients with Gaucher’s disease type 1 stabilised on enzyme replacement
therapy: A phase 3, randomised, open-label, non inferiority trial. Lancet 2015, 385, 2355–2362. [CrossRef] [PubMed]

29. Mistry, P.K.; Liu, J.; Yang, M.; Nottoli, T.; McGrath, J.; Jain, D.; Zhang, K.; Keutzer, J.; Chuang, W.-L.; Mehal, W.Z.; et al.
Glucocerebrosidase gene-deficient mouse recapitulates Gaucher disease displaying cellular and molecular dysregulation beyond
the macrophage. Proc. Natl. Acad. Sci. USA 2010, 107, 19473–19478. [CrossRef]

30. Liu, J.; Halene, S.; Yang, M.; Iqbal, J.; Yang, R.; Mehal, W.Z.; Chuang, W.L.; Jain, D.; Yuen, T.; Sun, L.; et al. Gaucher disease gene
GBA functions in immune regulation. Proc. Natl. Acad. Sci. USA 2012, 109, 10018–10023. [CrossRef]

31. Simonaro, C.M. Lysosomes, lysosomal storage disease, and inflammation. J. Inborn Errors Metab. Screen. 2016, 4, 465. [CrossRef]
32. Aflaki, E.; Moaven, N.; Borger, D.K.; Lopez, G.; Westbroek, W.; Chae, J.J.; Marugan, J.; Patnaik, S.; Maniwang, E.;

Gonzalez, A.N.; et al. Lysosomal storage and impaired autophagy lead to inflammasome activation in Gaucher macrophages.
Aging Cell 2016, 15, 77–88. [CrossRef]

33. Barak, V.; Acker, M.; Nisman, B.; Kalickman, I.; Abrahamov, A.; Zimran, A.; Yatziv, S. Cytokines in Gaucher’s disease. Eur.
Cytokine Netw. 1999, 10, 205–210.

34. Allen, M.; Myer, B.; Khokher, A.; Rushton, N.; Cox, T. Pro-inflammatory cytokines and the pathogenesis of Gaucher’s disease:
Increased release of interleukin-6 and interleukin-10. QJM 1997, 90, 19–25. [CrossRef] [PubMed]

35. Michelakakis, H.; Spanou, C.; Kondyli, A.; Dimitriou, E.; Van Weely, S.; Hollak, C.E.; Van Oers, M.H.; Aerts, J. Plasma tumor-
necrosis factor α (TNF-α levels in Gaucher disease. Biochim. Biophys. Acta 1996, 1317, 219–222. [CrossRef]

36. Hollak, C.E.; Evers, L.; Aerts, J.; van Oers, M.H. Elevated levels of M-CSF, sCD14 and IL8 in type 1 Gaucher disease. Blood Cells
Mol. Dis. 1997, 23, 201–212. [CrossRef]

37. van Breemen, M.J.; de Fost, M.; Voerman, J.S.; Laman, J.D.; Boot, R.; Maas, M.; Hollak, C.E.; Aerts, J.M.; Rezaee, F. Increased
plasma macrophage inflammatory protein (MIP)-1α and MIP-1β levels in type 1 Gaucher disease. Biochim. Biophys. Acta 2007,
1772, 788–796. [CrossRef]

38. Hollak, C.E.; Van Weely, S.; Van Oers, M.H.; Aerts, J. Marked elevation of plasma chitotriosidase activity. A novel hallmark of
Gaucher disease. J. Clin. Investig. 1994, 93, 1288–1292. [CrossRef]

39. Pandey, M.K.; Grabowsky, G.A. Immunological cells and functions in Gaucher disease. Crit. Rev. Oncog. 2013, 18, 197–220.
[CrossRef]

40. Grignani, G.; Maiolo, A. Cytokines and hemostasis. Haematologica 2000, 85, 967–972.
41. Levi, M.; van der Poll, T. Two-way interactions between inflammation and coagulation. Trends Cardiovasc. Med. 2005, 15, 254–259.

[CrossRef] [PubMed]
42. Bester, J.; Pretorius, E. Effects of IL-1B, IL-6 and IL-8 on erythrocites, platelets and clot viscoelasticity. Sci. Rep. 2016, 6, 32188–32198.

[CrossRef]
43. Page, M.; Bester, J.; Pretorius, E. Interleukin-12 and its procoagulant effect on erythrocytes, platelets and fibrin(ogen): The lesser

known side of inflammation. Br. J. Haematol. 2018, 180, 110–117. [CrossRef] [PubMed]
44. Page, M.J.; Bester, J.; Pretorius, E. The inflammatory effects of TNF-a and complement component 3 on coagulation. 3 on

coagulation. Sci. Rep. 2018, 8, 1812–1820. [CrossRef]
45. Subramaniam, S.; Jurk, K.; Hobohm, L.; Jäckel, S.; Saffarzadeh, M.; Schwierczek, K.; Wenzel, P.; Langer, F.; Reinhardt, C.; Ruf, W.

Distinct contributions of complement factors to platelet activation and fibrin formation in venous thrombus development. Blood
2017, 129, 2291–2302. [CrossRef]

46. Pandey, M.K.; Grabowski, G.A.; Kohl, J. An unexpected player in Gaucher disease: The multiple roles of complement in disease
development. Semin. Immunol. 2018, 37, 30–42. [CrossRef]

47. Maouia, A.; Rebetz, J.; Kapur, R.; Semple, J.W. The immune nature of platelets revised. Transf. Med. Rev. 2020, 34, 209–220.
[CrossRef]

48. Deguchi, H.; Yegneswaran, S.; Griffin, J.H. Sphingolipids as bioactive regulators of thrombin generation. J. Biol. Chem. 2004, 279,
12036–12042. [CrossRef] [PubMed]

49. Deguchi, H.; Fernadez, J.A.; Griffin, J.H. Neutral glycosphingolipid-dependent inactivation of coagulation factor Va by activated
protein C and protein S. J. Biol. Chem. 2002, 277, 8861–8865. [CrossRef]

http://doi.org/10.1182/blood-2010-03-273151
http://doi.org/10.1016/j.bcmd.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24835462
http://doi.org/10.1007/s00256-014-1891-9
http://www.ncbi.nlm.nih.gov/pubmed/24816856
http://doi.org/10.1001/jama.2015.459
http://www.ncbi.nlm.nih.gov/pubmed/25688781
http://doi.org/10.1016/S0140-6736(14)61841-9
http://www.ncbi.nlm.nih.gov/pubmed/25819691
http://doi.org/10.1073/pnas.1003308107
http://doi.org/10.1073/pnas.1200941109
http://doi.org/10.1177/2326409816650465
http://doi.org/10.1111/acel.12409
http://doi.org/10.1093/qjmed/90.1.19
http://www.ncbi.nlm.nih.gov/pubmed/9093585
http://doi.org/10.1016/S0925-4439(96)00056-7
http://doi.org/10.1006/bcmd.1997.0137
http://doi.org/10.1016/j.bbadis.2007.04.002
http://doi.org/10.1172/JCI117084
http://doi.org/10.1615/CritRevOncog.2013004503
http://doi.org/10.1016/j.tcm.2005.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16226680
http://doi.org/10.1038/srep32188
http://doi.org/10.1111/bjh.15020
http://www.ncbi.nlm.nih.gov/pubmed/29143311
http://doi.org/10.1038/s41598-018-20220-8
http://doi.org/10.1182/blood-2016-11-749879
http://doi.org/10.1016/j.smim.2018.02.006
http://doi.org/10.1016/j.tmrv.2020.09.005
http://doi.org/10.1074/jbc.M302531200
http://www.ncbi.nlm.nih.gov/pubmed/14722105
http://doi.org/10.1074/jbc.M110252200


J. Clin. Med. 2022, 11, 6920 14 of 16

50. Deguchi, H.; Bouma, B.N.; Middeldorp, S.; Lee, Y.M.; Griffin, J.H. Decreased plasma sensitivity to activated protein C by oral
contraceptives is associated with decreases in plasma glucosylceramide. J. Thromb. Haemost. 2005, 3, 935–938. [CrossRef]

51. Grabowski, G.A.; Zimran, A.; Ida, H. Gaucher disease types 1 and 3: Phenotypic characterization of large populations from the
ICGG Gaucher Registry. Am. J. Haematol. 2015, 90 (Suppl. 1), S12–S18. [CrossRef]

52. Givol, N.; Goldstein, G.; Peleg, O.; Shenkman, B.; Zimran, A.; Elstein, D.; Kenet, G. Thrombocytopenia and bleeding in dental
procedures of patients with Gaucher disease. Haemophilia 2012, 18, 117–121. [CrossRef]

53. Katz, K.; Tamary, H.; Lahav, J.; Soudry, M.; Cohen, I.J. Increased operative bleeding during orthopaedic surgery in patients with
type I Gaucher disease and bone involvement. Bull. Hosp. Jt. Dis. 1999, 58, 188–190.

54. Mitrovic, M.; Elezovic, I.; Grujicic, D.; Miljic, P.; Suvajdzic, N. Complex haemostatic abnormalities as a cause of bleeding after
neurosurgery in a patient with Gaucher disease. Platelets 2015, 26, 260–262. [CrossRef]

55. Granovsky-Grisaru, S.; Belmatoug, N.; Dahl, S.V.; Mengel, E.; Morris, E.; Zimran, A. The management of pregnancy in Gaucher
disease. Eur. J. Obstet. Gynecol. Reprod. Biol. 2011, 156, 3–8. [CrossRef]

56. Zimran, A.; Morris, E.; Mengel, E.; Kaplan, P.; Belmatoug, N.; Hughes, D.A.; Malinova, V.; Heitner, R.; Sobreira, E.; Mrsić, M.; et al.
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