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Abstract  
Introduction: Gaucher disease is an autosomal recessive disorder resulting from the 
deficiency of the lysosomal enzyme glucocerebrosidase (b-glucosidase), associated 
with varying degrees of visceral, bone and central nervous system pathology, 
leading to wide phenotypic diversity. Response to therapy and clinical outcomes 
are very different between the three clinical subtypes – non-neuronopathic, acute 
neuronopathic and chronic neuronopathic forms; hence a definitive clinical 
diagnosis is essential. The availability of two therapeutic options, i.e., enzyme 
replacement and substrate reduction, has transformed the natural course of the 
disease. As pre-treatment disease severity clearly impacts results of therapy, early 
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diagnosis and initiation of treatment especially in the pediatric population are keys 
to achieving an optimal outcome. 
  
Areas Covered:  
We reviewed the literature concerning the treatment of Gaucher disease focusing 
on pediatric presentations, various pharmacological treatment options and 
recommendations for management goals. A PubMed literature search was 
performed for relevant publications between 1991 to September 2018. 
  
Expert Commentary:  
The approval of enzyme replacement therapy(ERT) for Gaucher disease in the 
pediatric age group has significantly altered the course of the disease, especially 
for non-neuronopathic and chronic neuronopathic forms, as ERT does not cross the 
blood-brain barrier. Early diagnosis, regular follow up and early initiation of 
treatment can thus prevent some irreversible complications and improve patient 
quality of life.  
 
Key Words: Gaucher disease, Enzyme replacement therapy, Glucocerebrosidase, 
genotype/phenotype correlation, newborn screening, Paediatric, Substrate 
reduction therapy 
 

1. Introduction 
 
Gaucher disease (GD) is an autosomal recessive lysosomal storage disorder(LSD) 
arising from mutations in the GBA1 gene encoding acid β-glucosidase 
(glucocerebrosidase [EC 3.2.1.45]) (1). Insufficient enzyme activity leads to 
accumulation of glucosylceramide and other glycosphingolipids within the 
lysosomes of various cells and tissues, which results in varying degrees of visceral 
and bone pathology, with neuronal involvement in a subset (2). The mechanistic 
link between substrate storage and clinical disease manifestations, including the 
risk for multiple myeloma and Parkinsonism in a minority of patients, remains the 
subject of intensive investigations. 
 
It has an estimated prevalence of approximately 1 in 111,000 to 1 in 57,000 (1,2), 
with a higher prevalence noted within the Ashkenazi Jewish population of 1 in 855 
(2,3). 
 
GD affects each gender equally. According to the presence of neurological 
deterioration, age at identification, and rate of disease progression, GD is classified 



Acc
ep

ted
 M

an
us

cri
pt

into GD type 1 (non-neuronopathic), GD type 2 (acute neuronopathic), and GD 
type 3 (chronic neuronopathic) (4,5). 
  
GD1, the most common form, which comprises about 95% of cases among 
Caucasians does not involve the central nervous system, as evident in the other 
subtypes. A significant proportion of these affected individuals have one or two 
copies of the p.Asn409Ser (N370S, prior nomenclature) mutation. Often described 
incorrectly as an adult disorder, the majority of patients manifest symptoms in 
childhood, with diagnosis usually established before age 20 (6). Children with GD 
type 1 may have signs or symptoms such as anemia, thrombocytopenia, 
leukopenia, hepatosplenomegaly, bone disease, pubertal delay, and growth 
retardation (7,8). Earlier onset correlates with more severe disease and a high risk of 
morbidity. Splenomegaly, hepatomegaly, and bone disease are each found in more 
than 80% of children at diagnosis. Anemia and moderate-to-severe 
thrombocytopenia, both found in approximately 40% of children, are a 
consequence of bone marrow infiltration and hypersplenism (7). Children may have 
monoclonal gammopathy. Growth and puberty are significantly delayed in ~60% 
of adolescents with untreated GD; which represents a significant disease burden 
and can have a considerable psychological impact (8). GD is associated with a 
hypermetabolic state resulting in a high resting energy expenditure and poor 
weight gain.  
  
GD2 and GD3 are neuronopathic forms that affect about 5% of GD patients (9,10); 
with a higher proportion noted among patients in Asia, the middle east, Arab and 
Egypt. GD2, also known as acute neuronopathic GD, occurs in newborns and 
infants (9). The disorder is marked by severe neurological symptoms whereby 
affected newborns and infants first show oculomotor abnormalities, such as 
involuntary horizontal eye movement, followed by brainstem involvement, which 
can lead to hypotonia, spasticity, strabismus, seizures, and other muscle-related 
issues (9). Affected infants may also develop life-threatening complications, such as 
respiratory distress and pneumonia. Children with GD2 usually die within the first 
two years of life (9,11). 
  
GD3 is a chronic neuronopathic disease, which is further divided into subgroups 
3a, 3b, and 3c. GD3a typically has only mild visceral manifestations but causes 
severe progressive myoclonic seizures, which can lead to death within the first two 
decades. GD3b manifests more pronounced visceral features, such as massive 
enlargement of the liver and spleen, growth and mental retardation, and 
supranuclear gaze palsy. Patients with GD3c exhibit cardiac mitral and aortic 
calcification and often die in early adulthood. In Asia, GD2 and GD3 comprise 
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about 60% of all GD cases (11,12); the majority of whom have one or two copies of 
the p.Leu483Pro (L444P, prior nomenclature) mutation. Brainstem auditory 
evoked (BAER) testing reveal abnormalities, which can help with confirming the 
assignment of clinical subtype (i.e., neuronopathic versus non-neuronopathic 
disease). Unlike Krabbe disease, neuronopathic GD is not a leukodystrophy; thus, 
brain MRI, although it may be useful when assessing differential diagnosis, is of 
no value when assigning GD subtype. 
  
Enzyme replacement therapy (ERT) is recommended for patients, including 
children, with GD1 and GD3 who manifest progressive signs and symptoms. Early 
intervention with ERT in symptomatic children may prevent the development of 
irreversible pathology, e.g., osteonecrosis. Treatment is also important to improve 
growth and bone mineralization and to reduce the impact of the disease on physical 
and psychosocial development (7,13).  
Treatment indications for eliglustat (a substrate reduction drug) are limited to adult 
patients at this time and not approved for children as long-term effects in children 
have not been evaluated yet.  
 
The objective of this review is to discuss the diagnosis, evaluation, therapeutic 
goals and approved pharmacological treatment options available for pediatric 
patients with GD. 
 

2. Diagnosis 
 
When GD manifests in childhood and remains untreated, it is often more severe 
and progresses more rapidly than disease that manifests in adulthood. 
 
This emphasizes the importance of an early and definitive diagnosis followed by a 
comprehensive assessment of disease burden and regular monitoring of affected 
children.  
  
The diagnosis of GD often takes place several years after the onset of the first 
clinical and laboratory signs except in the case of GD2 where symptoms present in 
early infancy. This is a typical problem with rare diseases characterized by a 
progressive onset of symptoms, partly accounting for delayed diagnosis, especially 
in individuals without a positive family history.  
  
Children may first be suspected of having Gaucher disease after a bone marrow 
aspiration for the evaluation of chronic anemia, thrombocytopenia, bone/joint pain 
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mimicking osteomyelitis or leukemia, and/or splenomegaly, which leads to the 
identification of ‘‘Gaucher cells’’ (lipid-laden macrophages in marrow). 
  
Definitive diagnosis of Gaucher disease must be based on the demonstration of 
deficient glucocerebrosidase (GCase) activity in an appropriate tissue such as 
peripheral blood leukocytes (14) or cultured fibroblasts obtained from a skin biopsy 
(15). The typical child with type 1 Gaucher disease will have an enzyme activity that 
is 10% to 30% of normal (14). Indeed, this is the preferred approach, unless there 
are urgency and the need to exclude an underlying malignancy (as opposed to a 
‘storage' disorder) in a symptomatic child. While it has been accepted that the 
activity of GCase in not a reliable predictor of clinical severity(16), a recent 
publication came out during the revision of this manuscript suggesting that by 
measuring residual GCase activity by flow cytometry in monocytes, it might be 
possible to predict disease severity and identify patients in whom treatment would 
become necessary(17).  
 
  
Genotyping may be helpful in identifying a patient's risk for developing 
neuronopathic disease as well as predicting the severity and rate of progression of 
clinical symptoms in patients (18,19). As noted, heterozygosity (in combination with 
other mutations) for p.Asn409Ser (N370S prior nomenclature) is protective against 
primary neurodegenerative features in childhood; and homozygosity for this allele 
is usually associated with a generally less severe phenotype, although wide clinical 
variability exists. (6,20). Mutation analysis can also help to identify heterozygotes 
and potentially affected, but as yet undiagnosed, family members. The wide clinical 
spectrum observed and poor genotype-phenotype correlation implicates the role 
of genetic modifiers (21).  
 
  
In affected families, where the GBA1 mutations are known, prenatal screening can 
easily be performed to detect specific mutations among carrier couples at risk. 
Subsequent pregnancies can be screened as well with samples obtained through 
chorionic villi biopsy or amniocentesis. If the mutations are not known, prenatal 
diagnosis (PND) can be performed by enzymatic assays on CVS or amniocytes in 
an experienced laboratory. The ethics and need for PND are highly debatable and 
discussed along with newborn screening in subsequent paragraphs. 
  
Population screening is now typically done by DNA analyses and can be used to 
diagnose GD prior to symptomatic presentation. This is especially useful in 
countries where there is a higher percentage of Ashkenazi Jews and hence the 
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prevalence of GD is expected to be higher. Most often, GD is included in a panel 
of disorders that is targeted to the higher risk Ashkenazi Jewish population. In 
Israel, where such panels are frequently offered, more than half of the pediatric GD 
diagnoses since 2000 were a result of screening, rather than symptomatic 
presentation (22). In this population, screening for 4–8 common GBA1 mutations 
can identify up to 95% of mutant alleles, making such screens quite effective. 
These panels would identify a far lower percentage of disease-causing mutations in 
populations with different ethnic backgrounds, therefore, sequencing of the entire 
GBA1 gene is recommended. The recognized increased risk for Parkinsonism, 
among both carriers and affected individuals (i.e., those with bi-allelic mutations), 
has led to the introduction of screening for GBA1 mutation in these subjects (23). 
  
Newborn screening for selected LSDs has been introduced in several jurisdictions 
in the United States as well as in other countries. Currently, GD is being screened 
for in Missouri, New York, Illinois, and Taiwan. Several other states have a more 
limited approach or are still considering the implementation of testing (24,25). 
Newborn screening and PND for disorders like GD is a highly debated topic, 
because of the lack of consensus about when to initiate treatment; the potential 
identification of infants with anticipated late-onset presentation, thereby creating a 
population of asymptomatic children who are essentially “patients in waiting” (26); 
possibly violating most of international paediatric genetic ethics guidelines that 
stipulate that screening is not advised for late-onset conditions that could lead to 
parental anxiety and substantial financial implications. Additionally, 50-66%of GD 
patients manifest before 20 years of age so it would not be a lifetime of waiting for 
a diagnosis. On the other hand, these adverse concerns may be overshadowed by 
the benefits of early symptom recognition and treatment, which may prevent 
numerous long-term sequelae (27).  
 
 

3. Evaluation and Monitoring 
 
Symptomatic children with Gaucher disease should have comprehensive 
evaluations to assess the pattern of the disease followed by serial monitoring to 
evaluate the severity and rate of disease progression (13). Asymptomatic children 
who are diagnosed with GD because of affected siblings should be monitored at 
least every 6 months and additional monitoring should be guided by the age and 
severity of manifestations in the older affected sibling(s). Children diagnosed by 
community screening should at a minimum undergo annual examinations as they 
may have an unknown genotype or one that predicts a more attenuated disease 
course. The frequency of monitoring for infants detected in newborn screening 
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programs will be determined by the genotype: for those with a “severe” genotype, 
assessments should be done every 6 months; for those with a more benign 
genotype, including p.Asn409Ser (N370S prior nomenclature), assessments should 
be done annually (28). 
 
Determination of the presence of neuronopathic disease should be done as soon as 
possible after diagnosis of Gaucher disease, as the presence of or risk for 
neurological complications has important implications for prognosis and treatment. 
Failure to initiate horizontal saccade is a consistent finding in neuronopathic 
disease (29). Additionally, the presence of bulbar signs within the first 3 to 6 months 
of life is strongly indicative of the acute variant of neuronopathic disease. As 
noted, BAER testing may provide valuable information. 
  
Authors serving as the US Regional Coordinators for the International 
Collaborative Gaucher Group (ICGG) Registry, which contains data on 6270 
patients with Gaucher disease and is the world’s largest database for this disorder, 
developed recommendations by consensus over a three year period from peer-
reviewed publications, analysis of data from the ICGG Registry, and the medical 
experience of clinicians.  Approximately 66% of the patients in the registry were 
diagnosed before the age of 20 years. The recommendations published in Charrow 
et al in 2004 (13) include specific attention to monitoring of issues of particular 
importance to children and discussion of ERT dosing in children.  
  
In line with the recommendations, all children should receive a thorough history 
and physical examination at least every six to 12 months. Evaluation of linear 
growth and weight gain using standard growth charts and mid-parental heights is 
extremely important. In addition, particular attention should be paid to liver and 
spleen size, heart and lungs, bone and joint pain, and neurologic status. 
Furthermore, the patient's skin should be examined for petechiae and/or bruises. It 
is particularly important that a careful neurologic examination is performed, with 
possible referral to a neurologist, when mutations other than p.Asn409Ser (N370S 
prior nomenclature) are present.  
  
For untreated patients, hemoglobin concentration and platelet counts should be 
measured at least every 12 months. For children receiving ERT, hemoglobin 
concentration and platelet counts should be obtained at the time of diagnosis, every 
three months, and at times of dosage modifications. Children who are symptomatic 
secondary to hematologic abnormalities may need to be tested more frequently. 
Improvement in hematologic cytopenias is among the earliest and most sensitive 
indicators of response to ERT (30). The frequency of monitoring may be decreased 
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to every 12 to 24 months once clinical goals have been reached at a stable dose of 
ERT.  
  
Changes in liver and spleen size are early and sensitive indicators of response to 
ERT, and accurate measurement of organ volumes are very valuable for assessing 
response to ERT and guiding dosage adjustment.  
 
The preferred modalities for measuring organ volume is by volumetric magnetic 
resonance imaging (MRI). Given the amount of radiation exposure to computed 
tomography (CT), abdominal ultrasound scanning would be a preferred alternative, 
although not as accurate as MRI.  
 
Spleen and liver volumes should be assessed at diagnosis and then every 12 to 24 
months in untreated patients. In children receiving ERT, spleen and liver volumes 
should be assessed at the initiation of ERT, every 12 months thereafter, and at 
times of dosage change. The frequency of monitoring may be decreased to every 
12 to 24 months once clinical goals have been reached at a stable dose of ERT. 
  
Although many bone lesions may respond to ERT, osteonecrosis, osteosclerosis, 
and vertebral compression may be irreversible (31). Therefore, thorough and 
sensitive evaluation and monitoring of Gaucher skeletal involvement are 
imperative in symptomatic patients and may allow for timely intervention. 
Vulnerable sites include the femoral head and neck and the spine where there is a 
higher frequency of avascular necrosis leading to potentially disabling 
involvement. In general, X-rays are not sufficiently sensitive to monitor disease 
progression, show changes too late and, if used routinely, expose the patient to 
excessive ionizing radiation (28). T1 and T2 weighted MRIs should be obtained at 
the time of diagnosis and every 12 to 24 months in untreated patients, and every 12 
months and at time of dosage change in children receiving ERT. Although MRI 
imaging is useful in characterizing the pattern of bone marrow involvement in late 
teens and adults, given the predominant ‘cellular' marrow signal normally found in 
children aged <15, its utility in young children may be limited to those 
experiencing a bone ‘crisis’ (32). An experienced radiologist should never-the-less 
be able to characterize bone marrow involvement 
If reluctant to use MRI to assess bone status because it would require sedation,  
MR spectroscopy is advised, which is more sensitive (33). 
 
Bone mineral density is best measured with dual-energy X-ray absorption (DXA) 
of the total body, lumbar spine, and/or hips. In children, bone mineral density must 
be expressed as an age and gender-matched Z-score, requiring appropriate software 
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for data analysis (28). DXA should be performed in treated children at baseline and 
then every 12–24 months until it is normal or if there is a dose change; then every 
3 years (preferably in the same center with the same machine). 
  
Several serum markers like tartrate-resistant acid phosphatase, angiotensin-
converting enzyme (34), and chitotriosidase (35) have been useful for monitoring 
disease activity. Changing trends in the levels of these markers, rather than their 
absolute levels, along with the evaluation of other clinical parameters, may indicate 
worsening or improvement in disease activity and may be useful for monitoring 
response to ERT, particularly after initiation of therapy and after dosage 
adjustments. One or more of these markers should be measured at diagnosis and at 
least every 12 months in untreated patients. In children receiving ERT, levels 
should be measured at initiation of ERT, every three months, and at times of 
dosage change (13). There is increased interest in serial monitoring of 
glucosylsphingosine levels, which may also be useful in targeted population 
screening, given its high specificity and sensitivity (36).  
 

4. Therapeutic Options 
 
Prior to the introduction of ERT, patients with GD underwent symptomatic 
management including splenectomy and orthopedic surgery. A few patients 
underwent allogeneic bone marrow transplantation. Splenectomy was indicated in 
patients with massive splenomegaly and severe hypersplenism, poor nutritional 
status secondary to early satiety, growth retardation in children and various 
mechanical or vascular complications (37). After splenectomy, most patients 
developed bony complications (typically osteonecrosis of large joints), progressive 
hepatomegaly with a tendency to abnormal liver function (and in severe cases, 
even cirrhosis) and a higher risk of death from septicemia (38,39). Following the 
introduction of ERT, splenectomy is almost never needed and should be avoided 
(40). 
  
Today, the natural history of the disease has been dramatically altered in both 
adults and children by the advent of new therapeutic drugs. Approved therapies 
include ERT and substrate reduction therapy (SRT); while other therapeutic 
strategies such as pharmacological chaperones (PC) are currently in development. 
Symptomatic treatment such as analgesics for bone pain, calcium and vitamin D 
supplementation for patients with low bone density, transfusion of blood products 
for severe anemia and bleeding, may also be prescribed   
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Currently, only ERT has been approved for the treatment of GD in the pediatric 
age group.  
 
  4.1 Enzyme Replacement Therapy 
  
Roscoe O. Brady first described the concept of ERT in 1966 (41), a year after 
delineating the inherited deficiency of the glucocerebrosidase (GCase) as the 
etiology of GD (42). ERT for Gaucher disease had been attempted intermittently 
since the middle 1970s but was not successful until manipulation of the enzyme 
exposed inner mannose residues, affording the targeting of the enzyme to 
macrophages (43).  
 
ERT was first implemented clinically in 1991 as a US Food and Drug 
Administration (FDA)- approved therapy for patients with GD1 and later, GD3 (44).  
 
Placenta-derived alglucerase (CeredaseTM, Genzyme) was the first ERT employed 
to treat GD. Sequential deglycosylation of the purified protein enables exposure of 
specific glycoforms to better target ERT to affected macrophages (43).  
 
It had long been appreciated that the extraction and purification of native enzyme 
from human placenta was both labor and time intensive, yet not without inherent 
problems, such as the need for many thousands of placenta per patient per year, the 
need to screen each placenta for a myriad of infectious and contaminating agents, 
and the need to ascertain the integrity of the resultant product upon completion of 
multiple purification steps (45). 
 
Alglucerase was subsequently replaced by human recombinant imiglucerase 
(CerezymeTM, Sanofi/Genzyme), generated using Chinese hamster ovary (CHO) 
cells, in the mid-1990s; this preparation continues to be the most widely used ERT 
in clinics across the world. In 2009, a vesivirus 2117 infection of the bioreactors in 
which imiglucerase was manufactured led to a global shortage of imiglucerase and 
expedited the approval of two ‘new’ enzymes: gene-activated human recombinant 
velaglucerase alfa (VPRIVTM, Shire) derived from a human fibrosarcoma cell line 
and plant cell-derived human recombinant taliglucerase alfa (ElelysoTM 
Protalix/Pfizer). All three recombinant enzyme formulations have exposed 
mannosyl-residues, although the process involved in achieving this is unique for 
each product. These three ERTs are not biosimilar products, and there appears to 
be no major difference in their safety profile (46,47,48,49).  
  
4.1.1 Safety and Efficacy 
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Overall, ERT as a modality is very safe for all ages and all GD subtypes. Safety 
has been documented in clinical trials, through pharmacovigilance programs by 
each of the manufacturers, and via disease or drug registries. Death or irreversible 
damage due to severe drug-related adverse events has not been reported. Only a 
few cases have developed anaphylactic reactions, typically during the first or 
second infusion, and most reported adverse events (AEs) are mild to moderate in 
severity and transient and do not lead to discontinuation of therapy. Allergic 
reactions are efficiently managed by use of premedication, by slowing the infusion 
rate or by switching to another ERT. Anti-drug antibodies have been reported in 
1% to 53% of treated patients (see Table I), but usually, they were not associated 
with anaphylactic reaction or with suppressed response to ERT (40). 
  
With regard to efficacy, most patients do extremely well with correction of disease 
parameters when ERT is administered prior to irreversible skeletal manifestations. 
For patients with non-neuronopathic (type 1) Gaucher disease, both the placental 
and recombinant forms of the enzyme were seen as effective in reducing 
hepatosplenomegaly, improving hematological parameters and to a lesser degree, 
ameliorating bone-referred disease. The bone response in patients from the seminal 
alglucerase trial was only evident after 42 months of therapy (50,51), however, at that 
time assessment had been performed based on X-ray changes in cortical bone 
thickness and not by more sensitive modalities such as MRI or bone mineral 
density (BMD). Some skeletal involvement (osteonecrosis, bone infarcts, fractures, 
and osteolytic lesions) is irreversible; whereas other manifestations such as bone 
pains/crises and osteoporosis/osteopenia and features of bone marrow infiltration 
may be amenable to therapy but are slower to show overt improvement.  
 
ERT administered preventatively in young children with "'deleterious"' genotypes 
and hence with an increased risk of bone disease seems prudent. This 
recommendation is based on fewer cases of osteonecrosis in children born after 
ERT availability relative to cases in symptomatic children growing up before the 
availability of ERT (52).  
 
Although ERT dramatically improves the systemic symptoms of GD, virtually 
eliminating the need for splenectomy as a treatment, ERT may not prevent 
osteonecrosis following splenectomy, as total (53) or partial (54), splenectomy 
increases the risk for bone disease. This procedure should be avoided and reserved 
only for cases of grossly infarcted or massive spleens which are life-threatening.  
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While dosage varies depending on the country guidelines and overall health status 
of the individual, the recommended starting doses are 60 U/kg every other week 
for children and 30–60 U/kg every other week for adults (55). Dose reduction is 
reserved for individuals who have met therapeutic goals and therefore have ‘stable 
GD1’ (56). 
  
  
Enzymes are large molecules that are incapable of crossing the blood-brain barrier 
and hence neurological manifestations are not impacted by available ERT. Hence 
ERT is not recommended for acute neuronopathic GD.  
 
ERT has improved the quality of life of patients with GD in many ways. For 
example, after years of ERT, some patients with GD are often able to take ‘drug 
holidays,’ or temporary delays in enzyme administration of up to a few months 
without redevelopment of symptoms (57). As seen during the shortage of Cerezyme 
in 2009, the clinical state of the patients was assessed two years after 
recommencing ERT after a 6-month drug holiday, no patient had developed an 
overt irreversible complication of their Gaucher disease, with the majority 
returning to their previous clinical state. During ‘drug holidays’, it is important that 
patients are monitored on a regular basis, so treatment can be re-introduced at the 
appropriate time.  
  
With regard to the other disease features, ERT has demonstrated a favourable 
impact on growth and development in children (7,58), improvement of fatigue (not in 
all patients) (59), and decreased bleeding during pregnancy, delivery, and 
postpartum and improves overall outcomes of mothers who have suffered previous 
miscarriages (60).  
 
 
 
 
4.2 Imiglucerase 
  
Imiglucerase (Cerezyme®, Sanofi-Genzyme ) (61) is produced in Chinese hamster 
ovary cells as a recombinant analog of human glucocerebrosidase. The FDA 
approved imiglucerase in 1994, and alglucerase was discontinued in 1998 after 
nearly all patients had been switched (62). Imiglucerase is administered by IV 
infusion over one to two hours. The dosage is individualized for each patient and 
ranges from 30 to 60 units/kg every two weeks.  
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The experience with imiglucerase as ERT has shown it to be safe and effective for 
the majority of patients (62,63,64). An international registry (ICGG; sponsored by 
Genzyme Corporation) has recorded the experiences of thousands of patients 
worldwide (6).  
  
Based on the ICGG experience, benchmarking of "therapeutic goals" was 
introduced (65) whereby one could assess individual patients' progress relative to 
that of historical ICGG experience. The following are the criteria for therapeutic 
goals as formulated by a panel of experts in 2004 (66). For hepatosplenomegaly, the 
goal is to reduce and maintain liver volume 1-1.5 times normal (by 3-5 years) and 
reduce and maintain spleen volume 2-8 times normal (by 2·5 years). For anemic 
and thrombocytopenic patients, respectively, hemoglobin >11g/dl for 
women/children and >12g/dl for men; platelet counts in patients with intact spleen 
and depending on baseline value, 1.5-2.0 fold- increase or doubling by 2-5 years of 
ERT (66). These "goals" also imply that other enzymes/treatment modalities would 
be required to show a lack of inferiority relative to imiglucerase induced 
improvements. Thus, the achievements seen with imiglucerase are 'benchmarks' for 
therapy (67). 
  
Studies with Imiglucerase demonstrated decreased spleen and liver volumes and 
increased hemoglobin levels and platelet count usually within 6 months of the 
advent of therapy with fortnightly infusion using doses between 15-60 units/kg 
body weight. Often dramatic improvements continue within the first 2-4 years of 
therapy in patients with very abnormal profiles at presentation. However, 
eventually, there is a plateau in response to imiglucerase (68), with patients 
remaining stable when compliant with their treatment regimen. 
  
ERT with imiglucerase is safe (69).  Hypersensitivity reactions have been reported 
to occur in 3%-6.5% of the patients and many reactive patients continue ERT (with 
/without pre-medication). Up to 15% of treated patients may develop anti-drug 
antibodies, which are typically non-neutralizing lgG antibodies, with antibody 
titers tending to decrease within 2 years thereafter (70). Most side effects are mild 
and transient. Because of this excellent safety profile, many patients receive home 
therapy (71) and many women receive imiglucerase during pregnancy/lactation 
(68,72). (Table 1) 
 
 
4.3 Velaglucerase 
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Velaglucerase (Vpriv®, Shire, authorized in 2010) (73) is produced using a 
propriety human fibroblast cell line with gene activation of the native enzyme 
sequence. The addition of kifunensine in the manufacturing process alters 
glycosylation and enrichment for mannose residues. It was first tested in a nine-
month Phase 1/2 open-label, single center trial with an extension study (74).  
  
Twelve symptomatic type 1 adult patients with intact spleens received 60U/kg 
velaglucerase alfa every other week. Step-wise dose reduction (to 30U/ kg/) was 
instituted between months 15 and 18 in the extension trial (ClinicalTrials.gov 
identifier NCT00391625). No drug-related serious adverse events or subject 
withdrawals were observed. No antidrug antibodies were detected. Home therapy 
was successfully implemented during the extension. Statistically significant 
improvements were noted in the four therapeutic goals as mean percent change 
from baseline to nine months and 48 months for hemoglobin, platelet counts, 
normalized liver volume, and normalized spleen volume. Moreover, velaglucerase 
alfa was associated with clinically meaningful and statistically significant 
improvements in bone marrow density at both the lumbar spine at 2 years and at 
the femoral neck at 3 years despite dose reduction (75). 
 
Three velaglucerase alfa Phase 3 multi-center, multinational (enrolling type 1 GD 
patients, including children) clinical trials were conducted. One 12-month trial 
(ClinicalTrials.gov identifier, NCT00430625) was designed to assess safety and 
efficacy of two doses of velaglucerase alfa in 25 treatment-naive anemic (ages 4 to 
62 years) patients with intact spleens (76). All patients receiving 60U/kg or 45U/kg 
met primary and secondary end-points: mean increase in hemoglobin and platelet 
counts from baseline, and a mean reduction in spleen and liver volume were 
significant. Importantly, two children were mistakenly included in the trial because 
of false positive dried blood spot GCase test results who were identified 
retrospectively as carriers and not affected: one each was randomized to each of 
the dosing arms, and neither responded to ERT. While unfortunate, this error 
makes efficacy data all the more impressive when their profile is removed from the 
analytic set. Safety was good, with no drug-related serious adverse events or 
withdrawals during the core trial or its extension; however, one patient developed 
antibodies.  
 
The second Phase 3 trial (ClinicalTrials.gov identifier, NCT00478647) was a 12-
month, open-label switch-over from imiglucerase with dosages equal to 
imiglucerase previously received (15-60U/kg), in patients with intact spleen or 
splenectomized; intended to document the safety and lack of deterioration upon 
switching (77). No patient developed anti-velaglucerase alfa antibodies. The third 
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Phase 3 trial (ClinicalTrials.gov identifier, NCT00553631), requested by the EMA, 
was a 9-month, double-blind, comparative study against imiglucerase in 39 
treatment-naive (9 splenectomized) anemic patients at 60U/kg (78). There was lack 
of inferiority and patients on the imiglucerase arm were switched uneventfully to 
velaglucerase alfa.  
 
The results of the three Phase 3 clinical trials and extension trial 
(ClinicalTrials.gov identifier NCT00635427) revealed a good safety profile and 
efficacy data that corroborated the long-term (7 years) experience from the seminal 
Phase 1/2 trial. Velaglucerase alfa has been approved for commercial distribution 
since 2010 and is currently used by more than 1500 patients in more than 40 
countries.  
 
 
4.4 Taliglucerase 
  
Taliglucerase alfa (Elelyso, Pfizer, authorized in 2012) (79) is the first US FDA-
approved plant-cell-expressed recombinant therapeutic protein. It is indicated for 
treatment of adults with Type 1 GD in the US, Israel, Australia, Canada, Chile, 
Brazil, and other countries, and it is additionally approved for the treatment of 
pediatric patients in the US, Australia, and Canada and for the treatment of 
hematologic manifestations in pediatric patients with Type 3 GD in Canada. The 
plant cell production system allows for the generation of appropriately 
glycosylated glucocerebrosidase without the need for postproduction enzymatic 
modification. Moreover, it is free from mammalian-derived components in the 
production process and cannot be contaminated with or propagate mammalian 
pathogens, and it also has a potentially lower manufacturing cost (80,81). 
  
Following a short Phase 1 trial in healthy volunteers (82) and the waiver by the FDA 
of Phase 2 studies, a Phase 3 multi-center, double-blind, randomized, parallel 
group, controlled comparative (30U/kg versus 60U/kg/ every other week) clinical 
trial was conducted (ClinicalTrials.gov identifier, NCT00376168). It was a 9-
month, 20 fortnightly-infusion trial in treatment-naive adult patients with 
splenomegaly and thrombocytopenia. Safety endpoints were drug-related adverse 
events, antibody formation, and hypersensitivity reactions; the primary efficacy 
endpoint was the reduction in splenic volume as measured by MRI (83) and 
secondary endpoints were changes in hemoglobin, hepatic volume, and platelet 
counts; exploratory parameters included biomarkers and bone imaging. There were 
no serious adverse events; all drug-related adverse events were mild/moderate in 
severity and transient. Two patients developed (non-neutralizing) antibodies; two 
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other patients developed hypersensitivity reactions. There was a statistically 
significant difference for all efficacy measures, especially reduction in splenic 
volume from baseline. 
 
There were two other Phase 3 trials: a multi-center, open-label, switch-over trial, 
similar to the one conducted for velaglucerase alfa, which examined the safety and 
efficacy of the switch in treatment from imiglucerase to same enzyme dose of 
taliglucerase alfa in adults and children (ClinicalTrials.gov identifier, NCT 
00712348) who had been stable on various doses of imiglucerase; and a separate 
pediatric protocol as requested by the EMA (ClinicalTrials. gov identifier NCT 
01411228), which was a multi-center, double-blind, randomized, two-dose 
(30U/kg and 60U/ kg) trial of taliglucerase alfa administered to 10 naive pediatric 
patients (age 2-18 yrs). Both trials added support for the safety and efficacy of 
taliglucerase alfa. Summary results for the pediatric trials have been recently 
published by Gupta in 2017 (84) and results for both adult and pediatric trials 
published by Zimran in 2018 (85).  
 
 

5. Therapeutic Goals 
  

Up until now, the mainstay in the assessment of treatment effect is the set of 
therapeutic goals as published by Pastores et al in 2004 (56). These goals are mainly 
based on data from the International Gaucher Registry, a post-marketing drug 
registry sponsored by Sanofi Genzyme. In 2004, Genzyme Corporation invited a 
group of experts to meet in Amsterdam to discuss therapeutic goals for the 
management of GD. As studies on the effectiveness of ERT/SRT traditionally use 
hemoglobin concentrations, platelet counts, reduction in spleen and liver volumes 
and parameters of bone disease as primary outcome measures, therapeutic goals 
were based on these parameters. This meeting led to a seminal paper (56), which 
became very popular, and the selected treatment goals have been accepted by many 
experts to benchmark the response to ERT. The potential effect of ERT, as well as 
the time needed for this effect to be reached, was estimated from patient data 
entered into this database. Based on these calculations, goals for anemia, 
thrombocytopenia, hepatosplenomegaly, skeletal pathology, growth, lung 
involvement, quality of life and biomarkers were formulated (59).  
 
In recent years, there has been an appreciation of which disease manifestations are 
fully responsive to treatment. It has also become clear that the traditional 
therapeutic goals as originally set out in Pastores et al (2004) do not address long-
term disease outcomes and associated diseases (i.e. residual skeletal disease, 
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monoclonal gammopathy of undetermined significance (MGUS) and certain types 
of cancer, pulmonary hypertension, Parkinson disease, and metabolic syndrome). 
Thus, interest has shifted in focus towards those aspects of the disease that are 
relatively refractory to specific intervention and complications or co-morbidities 
(59). 
  
In order to address the evolving trends in the management of GD1 patients, goals 
were redefined with the inclusion of those elements that encompass long-term 
disease complications, associated disease features and patient-reported outcome 
measures (PROMs). A process to achieve consensus among clinical experts with 
input from patients was utilized in which specific outcomes have a central place in 
recommendations for new management goals in GD1. All members of the 
European Working Group on Gaucher Disease (EWGGD) (n = 35) were invited to 
participate in this study. Patients were contacted through the European Gaucher 
Alliance (EGA) by telephone or through email. The results of this consensus study 
were published by Biegstraaten in 2018 (59). 
  
Three rounds of surveys were needed to reach a consensus on the management 
goals. Out of the initial 65 statements, a consensus was reached for a total of 42 
statements after three surveys. 
  
The consensus management goals are presented in Table 2. In general, the panel 
agreed that with regard to anemia, bleeding tendency, bone disease, liver and 
spleen involvement, and pulmonary complications, physicians should aim for 
(near) restoration of key parameters, prevention of complications, and elimination 
or reduction of signs and symptoms. Also, improvement in quality of life, 
reduction of fatigue and normal participation in school and work activities were 
considered important goals for which to strive. Finally, a consensus was achieved 
that early detection of malignancies, Parkinson disease/parkinsonism and (pre-) 
diabetes should be aimed for, since these conditions are likely to benefit from 
prompt initiation of appropriate additional care or treatment. 
  
Additionally, in the pediatric age group, short-term therapeutic goals are aimed at 
attaining normal or ideal peak skeletal mass as well as normalizing growth such 
that the height of the patient is in line with target height, based upon population 
standards and parental height, within 2 years of treatment initiation (Table 2). 
 

6. Conclusions 
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Early screening, presymptomatic diagnosis and the approval of ERT for pediatric 
patients with GD has resulted in a drastically different phenotype, where the 
common and more well-known manifestations of GD are better controlled. 
Predicting associated comorbidities and long-term outcome is turning out to be a 
challenge especially in asymptomatic individuals. Advances in screening and 
diagnostic testing have resulted in an earlier referral to a medical expert in the 
field. Timely intervention remains a critical factor in achieving an optimal 
outcome. GD is a heterogeneous disorder with a very wide spectrum of 
manifestations and no clear-cut genotype-phenotype correlation. As symptomatic 
GD that presents in childhood is often more severe and progresses rapidly, the 
identification of potential biomarkers and other factors that contribute to the 
clinical variation in this disorder will help facilitate earlier treatment as well as 
monitoring the efficacy of new therapies.  
  
 

7. Expert Commentary 
 
Today, children with GD can be treated with various forms of ERT and this has 
resulted in an altered natural history for the condition. ERT unfortunately though is 
lifelong, invasive, extremely expensive and thus, not available in many parts of the 
world. Currently, therapeutic studies are underway for the evaluation of various 
other modalities of treatment such as SRT, pharmacological chaperones, gene 
therapy, and symptomatic treatment, but it will be a challenge in the presence of 
widely used safe and effective therapies as well as being able to find suitable 
untreated symptomatic patients to enroll in trials. 
 
While there has been a dramatic increase in the diagnosis of GD patients through 
carrier screening and newborn screening programs, most of the identified cases are 
asymptomatic and clinicians are facing new challenges in predicting the outcome 
as well as initiating ERT. Next-generation sequencing, , and metabolomics studies 
may help identify new factors and biomarkers (especially those with positive 
predictive value) that can have an impact on disease presentation and progression, 
giving a clearer insight on optimum timing of initiation of treatment in specific 
patients. Other challenges include our understanding and treatment of 
neuronopathic GD, as well as associated comorbidities. Significant new insights 
into GD’s pathophysiology show that GCase deficiency has a much broader impact 
than the simple macrophage load that transforms them into Gaucher cells and 
instead act as an activator of the immune system leading to various downstream 
inflammatory responses.  
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8. Five Year View 

 
We anticipate that presymptomatic diagnosis of GD in children along with new 
advances in our ability to treat GD can result in a normal childhood, with normal 
growth and psychosocial parameters, and eventually to a symptom-free adult life. 
  
Advancements in noninvasive prenatal diagnosis for single gene disorders will add 
to the identification of asymptomatic/presymptomatic GD cases along with carrier 
screening, newborn screening, and next-generation whole-exome or whole-genome 
sequencing, thus continuing to broaden the phenotypic spectrum.  
  
The discovery and improved understanding of genetic and epigenetic modifiers 
that impact disease presentation may improve our ability to predict the phenotypic 
outcome, as well as enable appropriate decisions on the timing, dosage, and 
modality of therapeutic intervention. In some cases, combination therapies may 
also be considered in order to bring about a rapid improvement of severe 
symptoms or for treating refractory symptoms. A lentivirus-based gene therapy 
trial in GD is being planned to be initiated in 2019.  
  
Development of small molecule drugs that can cross the blood-brain barrier and 
impact neuronopathic GD will continue and eventually result in a modified 
phenotype for this subset of patients. There are trials currently enrolling for SRT in 
GD3. 
  
Improved understanding of the role of GCase in the pathogenesis of neuronopathic 
GD will open new pathways for the development of innovative therapeutic 
strategies. Eventually, drugs that can modify the neurological phenotype and early 
parkinsonism are expected to be developed. It is likely that more complex 
molecular studies will ultimately contribute to customized patient management. 
 
 

9. Key Issues 
 

• There is vast phenotypic heterogeneity in GD ranging from severely affected 
infants that don’t survive the first few days of life to asymptomatic adults, 
hence being able to distinguish the various phenotypes is imperative in order 
to provide appropriate medical management. 

• When GD manifests in childhood and remains untreated, it is often more 
severe and progresses more rapidly than disease that manifests in adulthood. 
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Definitive diagnosis by demonstrating reduced GCase activity in an 
appropriate tissue as well as genotyping and assessment of disease burden can 
help predict the risk of developing neuronopathic or severe type 1 GD. 

• Determination of the presence of neuronopathic disease should be done as 
soon as possible after the diagnosis of GD as the presence of neurological 
complications has important implications for prognosis and treatment. 

• Children with GD should have comprehensive evaluations to assess the 
pattern of their disease followed by serial monitoring to evaluate the severity 
and rate of disease progression, if symptomatic. 

• There are three forms of ERT that are currently approved for GD1 and GD3.  
• Enzymes are large molecules that are incapable of crossing the blood-brain 

barrier and hence neurological manifestations are not impacted by available 
ERT, although it dramatically improves the systemic symptoms of GD. 

• ERT has demonstrated a favorable impact on growth and development in 
children, as well as improving other disease parameters when administered 
prior to irreversible skeletal manifestations. 

• The consensus management goals with regard to anemia, bleeding tendency, 
bone disease, liver and spleen involvement, and pulmonary complications, 
aim for (near) restoration of normal values, prevention of complications, and 
elimination or reduction of signs and symptoms. Also, improvement in the 
quality of life, reduction of fatigue and normal participation in school and 
work activities are considered important goals for which to strive.  

• Additionally in the pediatric age group, short-term therapeutic goals aimed at 
attaining normal or ideal peak skeletal mass as well as normalizing growth 
within 2 years of treatment.  
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Table 1. Sources of information from which this information was modified from can be found in Bennet 
et al (12) and Tekoah et al (86)  
Structural and clinical differences between the three recombinant ERTs currently in the market 
 Imiglucerase Velaglucerase alfa Taliglucerase alfa  
Structural Differences 

Amino acid (AA) 
sequence 

Human sequence; includes 
Arg495His substitution  

Wild-type human sequence Human sequence; includes 
Arg495His substitution, two AA at 
C-terminal (Glu, Phe) and seven AA 
at N-terminal (Asp, Leu, Leu, Val, 
Asp, Thr, Met)  

Biotechnological 
platform 

Expressed in Chinese 
hamster (CHO) cells  

Continuous human cell line (HT 1080) 
via targeted recombination with a 
promoter that activates the 
endogenous glucocerebrosidase gene 

Carrot cells-expressed human 
recombinant glucocerebrosidase  

Method to 
produce required 
glycans 

Exoglycosidase digestion 
(post-production) to 
expose mannose sugars  

Addition of kifunensine to inhibit 
glycosylation process and produce 
high mannose structures 

Targeting to vacuole to naturally 
produce pauci-mannose structures 

Exposed 
mannose 

40-60%  ~100%  ~100%  

Mannose length Man3  Man5–Man9 Man3  

Additional sugars GlcNAc/Gal/SA and core 
(α1-6) fucose  

ND Xylose and/or core (α 1-3) fucose 

Clinical Differences 

Immunogenicity 

15% during the first year of  
therapy; ~ 46% will 
experience symptoms of 
hypersensitivity  

1% (1 of 94) IgG neutralizing antibodies 53% (17/32 treatment-naïve) and 
14% (4/28 switch); 3 patients (2 
naïve) have IgG neutralizing 
antibodies (negative on cell-
based assay)  

Hypersensitivity 
evens 

Suggestive in 6.6%  Incidence of hypersensitivity not 
provided in the label. 1 of 94 patients 
had an allergic reaction  

Incidence of anaphylaxis not 
provided in the label. 2 of 32 
patients (6%) reported 
hypersensitivity reactions 

Pregnancy Category C  Category B Category B  

Patient type Standard care for GD1, 
non-neuronopathic GD3  

Pediatric (age 4–17 years) and adult 
GD1, severe GD Adults and children with GD1  

Switching 
between 
medications 

Patients treated with 
imiglucerase can switch to 
velaglucerase alfa or 
taliglucerase alfa with same 
dose.  

Patients on imiglucerase or 
taliglucerase alfa can be switched to 
velaglucerase alfa at same dose.  

Patients on imiglucerase can be 
switched to velaglucerase and 
taliglucerase alfa at the same 
dose.  

Dosing 

Recommended dose: 60 
units/kg IV every 2 weeks. 
Clinical trials ranged from 
2.5 units/kg three times a 
week to 60 units/kg every 2 
weeks.  

Recommended dose: 60 units/kg IV 
every 2 weeks. Clinical trials ranged 
from 15 units/kg to 60 units/kg every 2 
weeks.  

Recommended dose: 60 units/kg 
IV every 2 weeks. Clinical trials 
ranged from 11 units/kg to 73 
units/kg once every 2 weeks.  

Pharmacokinetics 

Plasma half-life, 3–11 
minutes; plasma clearance, 
0.6–1.22 L/h/kg; volume of 
distribution, 0.09–0.15 L/kg  

Plasma half-life, 11–12 minutes; 
plasma clearance, 6.72–7.56 
mL/min/kg; volume of distribution, 82–
108 mL/kg 

Plasma half-life, 18.9–28.7 
minutes; plasma clearance, 20–
30 L/h/kg; volume of 
distribution, 7.3–11.7 L/kg 

Adverse 
reactions 

Nausea, abdominal pain, 
vomiting, diarrhea, rash, 
fatigue, headache, fever, 
dizziness, chills, backache, 
tachycardia, and infusion-
related reactions.  

Adverse reactions more commonly 
seen in pediatrics: upper respiratory 
tract infection, rash, prolonged aPTT, 
pyrexia. Other adverse reactions: 
nausea, abdominal pain, back pain, 
joint pain, diarrhea, rash, fatigue, 
headache, dizziness, pyrexia, asthenia, 
fatigue, and infusion-related reactions. 

Upper respiratory tract 
infection/ nasopharyngitis, 
pharyngitis/ throat infection, 
headache, arthralgia, influenza, 
urinary tract infection, 
pyelonephritis, back pain, 
extremity pain, infusion-related 
reactions.  

aPTT = activated partial thromboplastin time; GD = Gaucher disease; GD1 = GD type-1; GD3 = GD type-3; IV = intravenous.  
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Table 2. Permission was provided for use from Taylor and Francis Ltd for Gary et al(49. Biegstraaten et al 
(59) is from an open access source.  
Short- and long-term goals for management of Gaucher disease type 1 
 Short-term goals for management of Gaucher 

disease type 1  
Long-term goals for management of Gaucher 
disease type 1

Anemia-
related 
symptoms 

• Eliminated blood transfusion dependency 
• Increase hemoglobin levels within 12–24 

months to normal values of age and sex 

• Maintain normal hemoglobin values  

Bleeding 
tendency 

• Increase platelet counts sufficiently to prevent 
surgical, obstetrical, and spontaneous bleeding  

• In patients with splenectomy – normalization of 
platelet count by 1 year of treatment  

• In patients with an intact spleen: achieve 
platelet count of ≥100,000/ mm3 by 3 years of 
treatment  

• Maintain platelet count of ≥100,000/mm3

Mobility 
 

• Lessen bone pain that is not related to 
irreversible bone disease within 1–2 years  

• Decrease bone marrow involvement, as 
measured by a locally used scoring system (e.g. 
BMB score or DGS) in patients without severe 
irreversible bone disease at baseline  

• Increase BMD by 2 years in adults for patients 
with a T-score below −2.5 at baseline  

• Attain normal or ideal peak skeletal mass in 
children  

• Normalize growth such that the height of the 
patient is in line with target height, based upon 
population standards and parental height, 
within 2 years of treatment 

• Prevent bone complications: avascular necrosis, 
bone crises, bone infarcts, and pathological 
fractures  

• Prevent osteopenia and osteoporosis (i.e. 
maintain BMD T-scores (DEXA) of >−1)  

• Prevent chronic use of analgesic medication for 
bone pain  

• Maintain normal mobility or, if impaired at 
diagnosis, improve mobility  

Visceral 
complications 

• Avoid splenectomy, if at all possible 
• Alleviate symptoms due to splenomegaly: 

abdominal distension, early satiety, new splenic 
infarction  

• Eliminate hypersplenism  
• Reduce spleen volume to <2–8 times normal (or 

in absence of volume measurement tools reduce 
spleen size) by year 1–2, depending on baseline 
spleen volume  

• Reduce the liver volume to 1.0–1.5 times normal 
(or in absence of volume measurement tools 
aim for normal liver size) by year 1–2, depending 
on baseline liver volume  

• Maintain spleen volume of <2–8 times normal 
• Maintain normal or (near) normal liver volume  
• Prevent liver fibrosis, cirrhosis, and portal 

hypertension  

General well-
being 

• Improve scores from baseline of a validated 
quality-of-life instrument within 2–3 years or 
less depending on disease burden  

• Reduce fatigue (not anemia related) as 
measured by a validated fatigue scoring system  

• Improve or restore physical function for carrying 
out normal daily activities and fulfilling 
functional roles  

• Maintain good quality of life as measured by a 
validated instrument  

• Maintain normal participation in school and 
work activities  

• Minimize psychosocial burdens of life-long 
treatment  

• Achieve normal onset of puberty  
• Normalize life expectancy  

Pulmonary 
complications 
 

- 
• Prevent or improve pulmonary disease, 

pulmonary hypertension, and hepatopulmonary 
syndrome 

Pregnancy and 
delivery - • Prevent GD-related complications during 

pregnancy and delivery  
BMB: bone marrow burden; BMD: bone marrow density; DGS: düsseldorf Gaucher score.  

 
 




