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Abstract

Introduction: Gaucher disease, the autosomal recessive deficiency of the lysosomal enzyme 

glucocerebrosidase, is associated with wide phenotypic diversity including non-neuronopathic, 

acute neuronopathic, and chronic neuronopathic forms. Overlap between types can render 

definitive diagnoses difficult. However, differentiating between the different phenotypes is 

essential due to the vast differences in clinical outcomes and response to therapy. Genotypic 

information is helpful, but cannot always be used to make clinical predictions. Current treatments 

for Gaucher disease, including enzyme replacement therapy and substrate reduction therapy, can 

reverse many of the non-neurological manifestations, but these therapies must be administered 

continually and are extremely costly.

Areas covered: We reviewed the literature concerning the varied clinical presentations of 

Gaucher disease throughout the lifetime, along with treatment options, management goals, and 

current and future research challenges. A PubMed literature search was performed for relevant 

publications between 1991 to January 2018.

Expert commentary: Interest and research in the field of Gaucher disease is rapidly expanding. 

However, significant barriers remain in our ability to predict phenotype, assess disease progression 

using objective biomarkers, and determine optimal treatment strategy on an individual basis. As 

the field grows, we anticipate identification of genetic modifiers, new biomarkers, and small-

molecule chaperone therapies, which may improve patient quality of life.
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1. Introduction

Gaucher disease (GD) is an autosomal recessive lysosomal storage disorder (LSD) caused 

by mutations in GBA1, resulting in a deficiency of the enzyme glucocerebrosidase (GCase; 

E. C3.2.1.45). GD is a rare pan-ethnic disease that affects approximately 1 in 50,000 to 1 in 

100,000 people in the general population. Although it is a single-gene disorder, there is wide 

variation in the degree and severity of symptoms. The phenotypes encountered have 

historically been classified by type and severity of neurological involvement. Type 1 GD 

(GD1) is defined as the non-neuronopathic subclass and can present at any age. GD1 is far 

more common in individuals of Eastern and Central European (Ashkenazi) Jewish heritage, 

where the carrier frequency is as high as 1 in 16 [1]. Acute neuronopathic GD (GD2) 

generally presents perinatally or within the first year of life and is characterized by rapid 

neurological decline. Chronic neuronopathic GD (GD3) often has an onset in early 

childhood, with a highly variable spectrum of associated neurological and non-neurological 

manifestations. The defining and most common feature of GD3 is slowing of the horizontal 

saccadic eye movements [2].

While GD was first described almost 140 years ago, the past two decades have produced 

great advances in our appreciation of the phenotypic spectrum associated with this disorder, 

as well as our ability to treat patients. These new insights affect the diagnosis and treatment 

of patients at both ends of the age spectrum. This review aims to convey the varied clinical 

presentations along with the evolving diagnostic and treatment options for pediatric and 

adult patients with GD.

2. Pediatric diagnosis at different ages

Establishing the initial diagnosis of GD can be challenging because of the highly variable 

phenotypic presentations and the overlap with other disorders. This is further complicated by 

an increasing number of asymptomatic children being diagnosed through genetic screenings. 

As treatment for GD can be costly, time consuming, and invasive, deciding when and how to 

begin treatment can be difficult. A clearer understanding of the nuances of different disease 

presentations at different ages (Box 1) can lead to better treatment and patient/parental 

counseling.

2.1. Prenatal screening

Although prenatal screening for lysosomal storage disorders (LSDs) is being performed 

more frequently in specific populations, there is no standard list of LSDs that are screened 

for across centers. While enzymatic assays can identify patients with different LSDs, 

typically these assays demonstrate limited reliability for identifying carriers. Population 

screening is now typically done by DNA analyses. Most often, GD is included in a panel of 

disorders that are 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 [3]. In this population, 

screening for 4–8 common GBA1 mutations can identify up to 95% of mutant alleles, 

making such screens quite effective. In populations with different ethnic backgrounds, these 

panels identify a far lower percentage of disease-causing mutations. Therefore, sequencing 
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of the entire GBA1 gene is recommended. This is not trivial, as the presence of a nearby 

highly homologous pseudogene complicates genotypic analyses, limiting wide-scale 

genomic sequencing on a population level. In affected families, where the GBA1 mutations 

are known, prenatal screening can easily be performed to detect specific mutations in 

carriers. Subsequent pregnancies can be screened via chorionic villi samples or amniotic 

fluid. If the mutations are not known, prenatal diagnosis can be performed by enzymatic 

assays in an experienced laboratory.

2.2. Newborn screening

In the United States, several states have begun pilot programs that screen for selected LSDs. 

Currently, Missouri, New York, and Illinois have introduced programs which include GD 

among other LSDs. Several other states have a more limited approach or are still considering 

implementation of testing [4,5]. Newborn screening for disorders like GD is a highly 

debated topic, as such screens will also identify infants who may be asymptomatic for years 

or even a lifetime. In a disorder like GD, where many affected individuals never reach 

medical attention, the negative impact of knowing about this chronic condition, including 

parental anxiety and financial implications, can be substantial. Others argue that this impact 

is greatly overshadowed by the benefits of early symptom recognition and treatment, which 

may prevent numerous long-term sequelae [6].

2.3. Children identified at birth without symptoms

Prenatal and newborn screenings, as well as early screening in families of children with GD, 

have led to the identification of a cohort of children with GD, who are asymptomatic. There 

have been three studies describing these children. The first, conducted in New York, 

followed 38 patients aged 1–18 years (mean age at last visit 6.9 ± 4.1 years) who were 

diagnosed with GD1 either prenatally or postnatally by molecular genetic testing. Only a 

minority had hematological (5%), bone (15%), or linear growth (19%) issues, and just 12% 

displayed splenomegaly. Disease severity, assessed by the pediatric Gaucher severity score, 

remained stable and within the mild disease range for most (95%). During the 1–18 years of 

follow-up, treatment was recommended for four of the children [7]. A similar study, 

conducted in Israel, followed 40 children diagnosed through screening since 2000 [3]. Only 

4 of the 40 required therapy. A third study, reporting the results of newborn screening for 

LSDs in Illinois, described five infants with GD. None required treatment in the 15-month 

follow-up period [4]. It is likely that asymptomatic children will be identified with greater 

frequency in the coming years. Longitudinal studies following these cohorts will be 

imperative. Currently, routine monitoring of asymptomatic individuals identified through 

screening is recommended, so treatment can be initiated quickly, should symptoms develop.

2.4. Symptomatic presentations in the prenatal and neonatal period

Symptoms appearing prenatally or in the neonatal period are usually associated with GD2, 

though presentations differ. Hydrops fetalis, the abnormal accumulation of fluid in at least 

two body areas, has been described in cases of GD2 and may present at birth or perinatally 

[8]. GD and other LSDs remain a small but significant cause of hydrops fetalis, with some 

variability in incidence based on population [9–12]. As such, GD is not usually considered 

until a couple experiences multiple spontaneous abortions or perinatal deaths. The etiology 
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of approximately 20% of cases of hydrops fetalis remains unknown. Testing for GD and 

other LSDs may elucidate the underlying cause in some cases and inform prenatal 

counseling [9].

Congenital ichthyosis, the collodion baby phenotype, can also be associated with GD2. The 

collodion phenotype presents clinically at birth as a thick and shiny membrane, resembling 

cellophane wrap, covering the skin. This is also associated with other autosomal recessive 

conditions and, in GD, is a hallmark of severe neuronopathic disease [13,14]. While 

dysmorphic features are not generally associated with GD, when present, they are most often 

associated with the collodion baby phenotype [15].

Other infants with GD2 may present in the neonatal period with petechiae [13], blueberry 

muffin lesions, oozing, or retinal bleeding, secondary to thrombocytopenia. Many also have 

massive hepatosplenomegaly. In the newborn nursery, affected infants characteristically have 

stridor, poor suck, and difficulty handling secretions. GD2 is further characterized by rapid 

neurological decline, manifesting as brain stem dysfunction, which may include 

supranuclear gaze palsy, irritability, hypertonia, and hypokinesia. The progression of 

symptoms typically includes dysphagia, stridor, pyramidal signs, failure to thrive, cachexia, 

and convergent strabismus, with death occurring within the first months to years of life 

[14,16].

2.5. Symptomatic presentations in the first year of life

Both acute and chronic neuronopathic, as well non-neuronopathic GD, may manifest in 

middle-to-late infancy. An accurate assessment of the phenotype is essential, as the 

difference in prognosis is striking (Figure 1).

In classic GD2, infants may appear normal during the immediate newborn period but begin 

to develop symptoms as described in the above section regarding neonatal onset, with death 

generally ensuing in the first 18 months. In recent years, more aggressive management 

including tracheostomy, gastrostomy, and enzyme replacement therapy (ERT) has increased 

the lifespan. However, arrest or regression of developmental milestones, seizures, and 

myoclonus usually follow [14,16]. While the visceral symptoms can be improved with ERT, 

there is little impact on neurodegeneration, as ERT does not cross the blood–brain barrier 

(BBB).

Patients with GD3 often present during the first year of life with massive organomegaly, 

anemia or thrombocytopenia, and a horizontal supranuclear gaze palsy. Most children meet 

developmental milestones, though their ability to crawl or walk can be impeded by their 

massive organomegaly. These children, in contrast to those with GD2, show remarkable 

improvement with early ERT initiation. Dramatic reversal of non-neurological 

manifestations, rapid catch-up of motor skills, and weight gain are frequently seen. In GD3 

patients with neurodegeneration, progression, while not affected by any available treatment, 

is markedly slower than in GD2.

Patients with GD1 can also present in the first year of life. Usually, they are first noted to 

have organomegaly or cytopenia, often following an unrelated viral illness.
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In recent years, it has become possible to establish the diagnosis of GD using dried blood 

spot analyses [17]. This has enabled physicians to diagnose patients who do not have access 

to appropriate testing facilities in geographically remote regions. These dried blood spots 

can also be used to measure glucosylsphingosine levels, which show promise as a biomarker 

for disease severity and response to treatment.

2.6. Symptomatic presentations in childhood and adolescence

Both GD1 and GD3 can present in the pediatric years, though GD1 is more common. A 

recent survey of 212 patients with GD1 in the United States found that over 50% of those 

who received medical attention were diagnosed in childhood or adolescence [18].

In childhood and adolescence, presenting symptoms of GD1 are primarily hematological, 

leading to frequent misdiagnosis of GD1 as a hematological/oncological disorder [19]. 

These symptoms may include anemia, thrombocytopenia, nosebleeds, excessive bleeding, 

and splenomegaly [18]. Splenomegaly is present in about 95% of children diagnosed with 

GD and usually appears prior to other manifestations [6,20].

GD3 may present in childhood with splenomegaly, anemia, thrombocytopenia, bone crises, 

or kyphosis, along with neurological manifestations. In a rare subset of patients with GD3, 

severe cardiac valve involvement may develop. The diagnosis of GD3 is frequently made by 

a neuro-ophthalmologist when abnormal eye movements are noted [21].

It is recommended that treatment begin early in symptomatic children with GD1 and GD3 to 

avoid irreversible bony and visceral damage as well as other long-term growth and 

development issues [22]. Short stature or growth retardation is prevalent in patients with 

both GD1 and GD3 [6,23]. Prior to development of ERT, patients with severe phenotypes of 

GD often experienced a delay of puberty. When treated, these children had a normalized 

onset of puberty and a corrected growth curve, both in stature and lean muscle mass [3,24]. 

However, even treated patients may not reach a full expected height [25].

Bone manifestations in GD, which typically appear in adolescence, are varied and can 

include osteonecrosis, bone pain crises, lytic lesions, osteoporosis (across the lifespan), 

pathological fractures, and the Erlenmeyer flask deformity. In one study, this characteristic 

deformity was present in 63% of patients who presented with GD prior to age 10 [23]. 

Additionally, altered bone density is most pronounced during and after adolescence [26]. 

Decreases in bone density during this time of bone maturation lead to a decrease in overall 

peak bone mass. Even in asymptomatic patients with normal bone marrow density, there 

may be underlying disruption of the bone’s trabecular architecture, causing a decrease in 

bone stability [27]. While the basis of the bone pathology observed in GD is still only 

partially understood, it is estimated that up to 75–90% of patients diagnosed with GD will 

experience some bone findings throughout the course of their disease [26,28]. Treatment 

during adolescence, when needed, may ameliorate some of these affects, increasing bone 

health and stability later in life [26].

2.6.1. Neurological manifestations in childhood and adolescence—
Neurological manifestations are a hallmark of GD3 and can present in childhood, 
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adolescence, or even adulthood [29]. The most common manifestation is horizontal 

supranuclear gaze palsy, and in some individuals, this is the only neurological symptom 

[14]. These eye movement abnormalities are characterized by a slowing, looping, or absence 

of the horizontal saccades. Vertical saccades may also be affected to a lesser degree [21,30]. 

Some individuals develop additional neurological manifestations including seizures, 

myoclonus, and progressive myoclonic epilepsy. Electroencephalography can reveal 

generalized background slowing or epileptiform discharges [21,31]. Abnormal brainstem 

auditory evoked potentials in addition to abnormal somatosensory evoked potentials have 

also been noted in some individuals [32,33]. The range of neurological manifestations is 

broad and the severity varies greatly. Some individuals exhibit intelligence quotients (IQs) 

well below average, with several learning and functional deficits, while others have IQs in 

the superior range and complete college and advanced degrees [21,31,34]. The performance 

IQ is typically lower than the verbal IQ, suggesting a visual-spatial deficit visuospatial 

deficit that may be related to eye movement or other motor issues. This disparity is 

inconsistent with what is seen in age-matched controls and persists across all ranges of the 

IQ scale [31,34]. The neurological manifestations appear resistant to ERT and can worsen 

with disease progression [35]. However, it is important to note that decline is not seen in all 

individuals, and some improve over time [31].

3. Diagnosis and symptomatic presentations in adulthood

Symptoms presenting in adulthood are often similar to those in childhood and include 

anemia, thrombocytopenia, hepatosplenomegaly, and bone manifestations. In general, 

patients who only develop symptoms in adulthood are considered to have milder GD, but 

there are exceptions.

Women may present with an exacerbation of GD symptoms around menarche or initially 

notice heavier bleeding during their menstrual cycles [36]. Pregnancy can exacerbate GD, 

and bleeding complications in pregnancy frequently lead to diagnosis in adulthood. Normal 

pregnancy outcomes are reported in both symptomatic treated and asymptomatic untreated 

patients with GD [37]. Currently, the recommendations for pregnancy are that asymptomatic 

patients should not begin therapy unless necessary, and symptomatic-treated patients should 

continue ERT, as its safety has been established during pregnancy. Substrate reduction 

therapy (SRT) should be discontinued, as it could cause fetal harm [38]. There are no 

indications that GD affects fertility [39].

Other adult manifestations of GD may include pulmonary fibrosis and pulmonary 

hypertension. The prevalence of subclinical pulmonary hypertension is not well established, 

but is relatively rare. It may become life threatening, especially in patients who have 

undergone a splenectomy [40]. ERT has been shown to decrease pulmonary hypertension 

but does not affect the fibrotic changes that have already occurred [41]. Gallstones are also 

seen with an increased frequency in adults with GD [42].

3.1. Patients with malignancies

During the pre-ERT era, autopsy studies demonstrated that cancers contributed frequently to 

premature death in patients with GD [43]. Currently, multiple myeloma appears to be the 
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most commonly linked malignancy, with a relative risk range of 37.5–51.5 in longitudinal 

studies [44–46]. Furthermore, a recent study demonstrated that clonal immunoglobulin in 17 

of 20 patients with GD, as well as 6 of 6 gba−/− mice, with monoclonal gammopathy was 

reactive against glucoslysphingosine (LGL1) [47]. Other hematological malignancies are 

implicated with GD at a relative risk as high as 12.7 [45,48,49]. Moreover, cases of rare 

malignancies such as ovarian dysgerminoma and neuroblastoma have been reported in 

patients with GD [50,51]. Many cancer therapeutic investigations have focused on the 

glycosphingolipid pathway, with particular interest in ceramide, one product of the 

hydrolysis of glucosylceramide by GCase, because of its proapoptotic and anticancer 

properties [52]. Conversely, sphingosine-1-phosphate, another reactive biolipid that is a 

product of glycosphingolipid metabolism, has been shown to have promitogenic, 

antiapoptotic, and pro-angiogenic properties [53]. In a mouse model of GD that develops 

myeloma, SRT administration with eliglustat tartrate reduced glucosylsphingosine levels and 

prevented the development of myelomas [47,54]. However, it is still unclear whether ERT 

and SRT impact the frequency of malignancies in patients with GD.

3.2. Parkinsonism and GD

Interest in GBA1, and GD research in general, has increased markedly since the connection 

was established between GD and the more common disorder, Parkinson disease (PD) [55]. A 

multicenter study of 5691 patients with PD and 4898 healthy controls demonstrated that 

patients with PD have an odds ratio of 5.43 for carrying a GBA1 mutation [56]. 

Furthermore, heterozygous mutations in GBA1 are the most common known genetic risk 

factor for PD and associated Lewy body disorders. In one study, 25% of patients with GD 

had a first-degree relative who was a carrier for GD and developed parkinsonism [57]. Many 

movement disorder centers now screen their patients for GBA1 mutations, and they have 

identified both patients and carriers of GD.

GBA1-associated parkinsonian manifestations often resemble those of sporadic PD with 

good response to levadopa. Some studies show an earlier age of onset of parkinsonian 

symptoms, greater cognitive deficits, and a more rapid progression of motor impairment in 

GBA1-associated PD [56]. In some individuals, manifestations can more closely reflect 

features of dementia with Lewy bodies (DLB) [58]. Still, symptoms and progression can 

vary greatly.

Studies investigating the molecular cause of GBA1-PD have focused on the inverse 

relationship between GCase levels and α-synuclein [59–61], the protein aggregated in Lewy 

bodies. Two predominating hypotheses have been proposed. The gain-of-function hypothesis 

states that α-synuclein accumulates and aggregates with misfolded GCase. However, null 

alleles in GBA1 are associated with an even higher risk of developing PD [62]. Since the 

gain-of-function hypothesis depends on simultaneous mutant, misfolded GCase, and α-

synuclein accumulation, the observation that null alleles are also associated with a higher 

risk of PD refutes this hypothesis. On the other hand, the loss-of-function hypothesis states 

that loss of GCase activity would result in substrate accumulation and change in α-synuclein 

homeostasis. However, the fact that most patients with GD do not develop PD suggests that 

low levels of GCase alone are insufficient to cause PD.
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4. The challenges in predicting clinical phenotype

Understanding the basis for the phenotypic variation in GD has proven to be challenging at 

all points throughout the lifetime. Neither the amount of residual enzymatic activity [63], 

nor the quantity of lipid stored [64], has correlated well with the patient phenotype. In the 

age of molecular diagnostics, there was considerable hope that the genotype might be used 

to predict the clinical course. To date, researchers have identified over 400 different 

mutations in GBA1 in patients with GD, [65] but phenotypic implications of these mutations 

are not always clear. For example, siblings who share the same mutations can have different 

symptoms, responses to treatment, and disease courses. This has stimulated research to 

identify genetic modifiers that may impact Gaucher pheno-types. Among the modifier genes 

proposed for GBA1 are CLN8 [66], GRIN2b [67], and PGRN [68].

Despite the lack of clear correlations, there are several mutations that are associated with 

neuronopathic and non-neuronopathic illness. The L444P allele has been encountered in all 

three types of GD, although homozygotes generally have GD3 and many have no 

progressive neurodegeneration [65]. L444P homozygotes are common among all ethnicities, 

and pheno-types can range from highly successful college graduates to children with severe 

autism [63], indicating the contribution of genetic modifiers. R463C is another mutation 

frequently seen with GD3, often accompanied by an L444P, null, or recombinant mutation 

on the second allele. Among patients with GD3 and myoclonic epilepsy, mutations V394L, 

G377S, and N188S are frequently found. D409H homozygotes have a unique cardiac 

phenotype which can include cardiac valve abnormalities, cor-neal opacities, and, at times, 

hydrocephalus [69].

Many genotypes are associated with GD2, including some rare mutations specific to 

individual families and others that are more common. An L444P allele might be seen in 

combination with a recombinant allele that includes L444P (L444P/rec), though true 

homozygosity for L444P is rarely associated with GD2. Homozygosity for a null allele, or a 

recombinant allele encompassing large segments of the GBA1 pseudogene, is associated 

with neonatal lethality [16].

In the United States, Europe, and Israel, the majority of patients presenting after the second 

decade have at least one N370S allele, and the frequency of new patients who are N370S 

homozygotes increases as the population ages [23]. N370S homozygosity is solely 

associated with non-neuronopathic GD although it is seen in patients with PD [70]. The 

N370S allele is the most common mutation in the Ashkenazi Jewish population and is often 

associated with milder visceral disease, especially in the homozygous state. However, even 

among N370S homozygotes, symptoms vary, specifically the presence and severity of bone 

disease [71]. Avascular necrosis, especially of the hip, and other bone infarcts, can have 

debilitating effect on joints, leading to a need for joint replacement [72,73].

While these genotype associations are helpful in some cases, there are still many instances 

where no clear phenotypic predictions can be made. Overlap in phenotype can occur 

throughout the entire lifetime and makes definitive diagnosis and prediction of disease 

progression difficult. During infancy and early in the disease course, saccadic eye 
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movements and other diagnostic measures often cannot be assessed accurately. With an 

ambiguous genotype, it may be difficult to distinguish between a child with severe GD1 and 

a child with milder GD3 (Figure 1). Additionally, the distinction between GD2 and GD3 is 

not always clear. Goker-Alpan et al. [74] described a series of children with an intermediate 

phenotype who were diagnosed in the first year of life and lived from 2 to 8 years. These 

children attained some developmental milestones, including walking and talking, but 

ultimately succumbed to neurological disease during the first decade of life [74].

Distinguishing between disease subtypes is essential, as symptomatic infants with GD1 or 

GD3 should begin ERT as soon as possible. Studies completed by the International Gaucher 

Registry demonstrated that pediatric patients with GD3 show great improvement after 

treatment with ERT. Amelioration of most hematological and visceral symptoms is seen in 

under 12 months, with stabilization of all non-neurological parameters within 5 years [75]. 

Because ERT does not affect the neurological symptoms or progression of the disease, 

treatment for GD2 is controversial, and management is generally supportive or palliative. As 

such, there is a great need for methods to distinguish between the different phenotypes 

during young ages. Skin biopsies performed for specific electron microscopy structural 

studies may be used to discriminate GD2 from GD3. In a series of 25 skin biopsies from 

individuals with GD, 20 babies (100%) with GD2 were found to have uniquely disrupted 

epidermal ultrastructure [76]. However, this evaluation is not readily available.

On the other end of the age spectrum, many questions have been raised regarding genotype–

phenotype associations and the impact of genotype on the development of parkinsonism and 

dementia. Some studies suggest differential degrees of cognitive decline based upon the 

‘severity’ of GBA1 mutations [62,77]. However, polymorphisms in GBA1 that do not cause 

GD, such as E326K and T369M, are common in patients with parkinsonism [78,79], as are 

mild mutations like N370S. Gary et al. [80] suggest that because N370S is the most frequent 

GBA1 allele in patients with DLB [81–83], ‘severity’ of the genotype alone cannot account 

for the degree of cognitive decline [80]. As GBA1 receives increased attention in the 

movement disorders community, it is likely that genetic modifiers will reveal the basis for 

some of this variability.

Understanding the relationship of common mutations to different phenotypes presenting 

throughout the entire lifespan is important for patient counseling and treatment. New assays 

or biomarkers may provide additional information to inform phenotypic predictions.

5. Biomarkers of disease severity and therapeutic efficacy

Objective measures that reflect disease severity and can be evaluated as therapeutic 

outcomes are necessary for assessing GD and developing a treatment strategy. This may be 

increasingly important as more patients are diagnosed pre-symptomatically through different 

screening programs.

Chitotriosidase has been employed as a biomarker for over a decade, but some patients have 

an inherited deficiency of this enzyme [84,85]. Currently, LysoGb1 appears to be the most 

sensitive and predictive biomarker of GD symptoms such as thrombocytopenia and 
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splenomegaly [86,87]. Other potential molecular biomarkers include low-density lipoprotein 

[88], osteoactivin [89], serum ferritin [90], progranulin [91], and CCL18 [85,92,93]. 

Imaging modalities such as magnetic resonance imaging [94,95], dual energy X-ray 

absorptiometry [24], Fourier transform infrared spectroscopy [96], and transient and shear-

wave elastography [97] have also been employed to study key features of GD. However, 

further studies are necessary to establish the efficacy of these imaging methodologies.

To date, there is no gold standard biomarker that can confidently predict the key features of 

GD. While many potential biomarkers have been identified, each has inherent limitations; 

so, clinical parameters continue to define treatment goals and assess outcomes.

6. Therapeutic treatment goals for GD

The European Working Group on GD separates treatment goals into short- and long-term 

categories [98] (Table 1). This model includes fatigue, quality of life, and prevention of 

additional long-term sequelae not addressed in earlier guidelines. This more holistic view 

highlights a deeper understanding of the long-term impact of GD and establishes standard 

outcomes in treated patients across all therapeutic modalities.

6.1. Therapeutic management of GD

Historically, GD1 was treated with supportive measures such as splenectomy and orthopedic 

procedures. Today, new therapeutics have dramatically altered the natural history of the 

disease both in children and adults. Approved therapies include ERT and SRT (Box 2); other 

therapeutic strategies are currently in development.

6.1.1. ERT—ERT has revolutionized the treatment of GD and has markedly improved the 

prognoses of patients with GD1 and GD3. The concept of treating GD with ERT was first 

introduced by Brady [99] and was implemented clinically in 1991 as a US FDA-approved 

therapy for patients with GD1 and later, GD3 [100]. Placenta-derived alglucersae 

(Ceredase™, Genzyme) was the first ERT employed to treat GD. The infused enzyme was 

sequentially deglycosylated to expose specific glycoforms in an attempt to better target ERT 

to affected macrophages [101].

Alglucerase was replaced by human recombinant imiglucerase (Cerezyme™, Sanofi/

Genzyme) in the mid-1990s and 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 (VPRIV™, Shire) and 

plant cell-derived human recombinant taliglucerase alfa (Elelyso™ Protalix/Pfizer). 

Although these three ERTs are not biosimilars, there appears to be no difference in safety 

between them [102–104].

In terms of efficacy, when administered prior to irreversible skeletal manifestations, most 

patients do extremely well, with correction of disease parameters. While dosage varies 

depending on the country and health 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 [105]. 
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Dose reduction is reserved for individuals who have met therapeutic goals and therefore 

have ‘stable GD1’ [106]. Some reports have decreased the dosage to 30 U/kg/month and 

demonstrated positive visceral and hematological outcomes [107,108]. Doses below 15 U/kg 

every other week (30 U/kg/month), however, have failed to prevent painful bone crises in 

some patients [109,110].

Although ERT dramatically improves the systemic symptoms of GD, virtually eliminating 

splenectomy as a treatment, neurological manifestations are not impacted by available 

therapies. Despite this, ERT has improved the quality of life of those 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 [111]. Early administration of ERT has also been shown to 

positively impact the growth of children [25,112]. Furthermore, ERT has been shown to 

decrease bleeding during pregnancy, delivery, and postpartum and improves overall 

outcomes of mothers who have suffered previous miscarriages [38].

Substantial efforts have been made to improve clinical recognition of GD and to initiate 

early treatment. However, Mehta and colleagues [18] recently reported that one in six 

patients with GD experience a delay in treatment initiation of 7 years or more, following 

their first physician consultation presenting with hallmark GD symptoms [18]. To further 

compound the delay in treatment, there continues to be a disparity in ERT availability and 

affordability worldwide. This has led to children with GD1 who, despite the proven efficacy 

of the enzyme, are unable to afford or gain access to ERT and die due to GD-related 

complications [113].

6.1.2. SRT—SRT is an alternate treatment strategy first proposed by Radin [114]. While 

ERT aims to rectify the absence and/or inactivity of GCase, SRT decreases glucocerebroside 

(GlcCer) production, making residual GCase activity sufficient to cleave the remaining 

lysosomal GlcCer. SRT was predicted to be more appealing to patients because it is 

administered orally, unlike ERT. Additionally, it was predicted to cost less, act on tissues not 

affected by ERT, and avoid potential immune responses that may be associated with infused 

proteins [115].

Miglustat (N-butyldeoxynojirimycin; Zavesca™, Actelion) was the first SRT approved by 

the FDA and EMA in 2002. Although miglustat improved several hallmark features of GD, 

including hemoglobin concentrations, platelet counts, hepatosplenomegaly, and bone density 

[116–119], several adverse effects were reported. These included diarrhea, weight loss, 

tremor, and peripheral neuropathy. As a result, 49 of 115 patients discontinued use of 

miglustat after experiencing such side effects [120–122].

A newly developed SRT, eliglustat tartrate (Cerdelga™, Sanofi/Genzyme), was approved in 

2014. Eliglustat is administered to CYP2D6 extensive, intermediate, or poor metabolizers 

since it is eliminated via the CYP2D6 pathway. The recommended dosage of eliglustat is 

lower in poor metabolizers, and use is contraindicated in patients who are ultrarapid 

metabolizers due to difficulty obtaining reliable blood levels of the drug [65]. Although 

eliglustat is currently used as a first-line therapeutic, it is necessary to continue to compare 

Gary et al. Page 11

Expert Rev Endocrinol Metab. Author manuscript; available in PMC 2019 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



eliglustat’s performance against ERT using consistent parameters and nomenclature [123], 

as there has been a lack of clarity when comparing results from ERT and eliglustat trials 

[124]. Concerns regarding lack of long-term safety data, in addition to high annual costs, 

have led many individuals to continue ERT, rather than switch to SRT. New forms of SRT 

engineered to cross the BBB are currently being developed and tested.

6.1.3. Pharmacological chaperones—Though not currently approved for clinical 

use, pharmacological chaperones have been the subject of intense investigation due to their 

ability to pass through the BBB, potentially ameliorating the neuronopathic features of GD2 

and GD3. Small molecule chaperones decrease the amount of GCase retained in the 

endoplasmic reticulum (ER) by facilitating proper GCase folding and translocation to the 

lysosome. This reduces physiological stress on the ER and ER-associated GCase 

degradation, increasing lysosomal levels of GCase.

The first chaperone administered to patients with GD was afegostat tartrate (Plicera™ 

Amicus Therapeutics) [125]. In a phase 2 randomized, open-label study to assess the safety, 

tolerability, and preliminary efficacy in treatment-naive adult patients with GD1, results 

were disappointing [126]. Another chaperone, ambroxol, is a pH-dependent mixed inhibitor 

of GCase, which appears to facilitate translocation in cellular and mouse models; a human 

study is underway [127–129]. In a small, non-randomized study by Narita and colleagues 

[129], ambroxol combined with ERT was shown to cross the BBB, increase GCase activity 

in lymphocytes, and positively impact patients with myoclonic epilepsy. However, the 

efficacy of inhibitory active-site chaperones like ambroxol and afegostat tartrate may be 

limited because they must out-compete GlcCer at its active site to facilitate folding and 

translocation of GCase.

Non-inhibitory chaperones, which bind to a site distant from the active site, offer some 

advantages. They do not need to outcompete GlcCer to act upon GCase, and binding to 

GCase can be ‘programmed’ to release the chaperone once GCase is delivered to the 

lysosome. This frees GCase to cleave its glycolipid substrates. Two such chaperones have 

been identified. In primary macrophages, differentiated from patient-derived monocytes and 

induced pluripotent stem cells (iPSCs), these chaperones increased GCase activity, 

decreased substrate accumulation, and restored chemotaxis [130]. In iPSC-derived 

dopaminergic neurons, the same chaperones increased GCase activity, decreased substrate 

storage, and lowered levels of α-synuclein [131]. These results suggest that non-inhibitory 

chaperones are promising drug candidates and might prove useful in patients with GBA1-

associated parkinsonism, as long as there is residual GCase activity. However, development 

of new non-inhibitory chaperones has been slow due to lack of GCase-specific fluorescent-

based substrates that can measure the GCase activity in the lysosomes [132].

Ultimately, the optimal therapeutic strategy may include a combination of therapies. ERT 

may be useful to initiate the ‘debulking’ of diseased cells in patients with significant clinical 

disease burden. Subsequently, or in less-affected patients, SRT or chaperones may be able to 

prevent re-accumulation of the substrate. Combining ERT with chaperone therapy may 

lower the required dose and subsequent cost.
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7. Conclusions

The clinical features of GD have changed drastically due to early screening and the 

administration of ERT. Although there have been significant improvements to the disease 

prognosis since ERT was first approved over 25 years ago, there are still many unmet 

challenges (Box 3). There is an urgent need for less costly therapies, as well as treatments 

that ameliorate the neurological manifestations seen in patients with GD2 and GD3. 

Improved diagnostics are needed to facilitate earlier treatment, and reliable biomarkers are 

needed to assess the efficacy of new therapies. Next-generation sequencing and genotype/

phenotype studies may identify potential biomarkers and uncover other factors contributing 

to the clinical variation encountered in this disorder. These studies may also improve our 

understanding of the link between GD and PD, as well as GD and multiple myeloma, and 

will likely inform our understanding of the pathogenesis of these diseases.

7.1. Expert commentary

The spectrum of phenotypes associated with GD continues to expand. The number of 

children without symptoms identified through screening programs is dramatically 

increasing, providing new challenges for clinicians in predicting outcomes. While genotypic 

assessments can be helpful, clearly, there are other factors impacting disease phenotype. 

Detecting symptomatic GD in very young patients is essential for disease management and 

genetic counseling. While early intervention provides great benefit in symptomatic children 

with GD1 and GD3, palliative care might be considered early on for those with GD2. 

Identifying the different factors that impact disease phenotype will likely provide new 

insights into disease pathogenesis.

Today, there are several effective therapeutic options for patients with GD. Children can be 

treated with the various forms of ERT, and adults have the option of ERT or SRT. Both are 

life-long, extremely costly treatments and thus not available in all parts of the world. New 

therapies, and combinations of therapies, are in different stages of development and will 

require further evaluation. Other remaining challenges are treatments for neuronopathic GD, 

understanding inflammatory and parkinsonian phenotypes, and establishing the optimal time 

to intervene in specific patients.

7.2. Five-year view

• We anticipate new advances in our ability to diagnose and treat GD, as the 

association with parkinsonism is greatly increasing attention to this rare disorder.

• Newborn screening and next-generation whole-exome or whole-genome 

sequencing are with likely to identify more cases of GD, broadening the 

phenotypic spectrum even more.

• Genetic and epigenetic modifiers that impact phenotype are likely to be 

discovered. These factors may improve our ability to make phenotypic 

predictions and identify new biomarkers.

• Development of small molecule drugs that can cross the BBB and impact 

neuronopathic GD will continue.
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• Combinations of therapeutic modalities for specific patients will be considered.

• An improved understanding of the role of GCase in PD pathogenesis could lead 

to new treatments for early parkinsonism.
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Key issues

• GD manifests with vast phenotypic heterogeneity ranging from asymptomatic 

older adults to infants who succumb during the first days of life. Being able to 

distinguish the different phenotypes is imperative.

• While some genotypes are associated with specific Gaucher phenotypes, 

predictions are limited. Genetic modifiers likely play a role.

• Different forms of ERT and SRT have a significant effect on disease outcome 

in patients with GD1 and GD3.

• Current treatments do not significantly change the outcome of GD2.

• Not all identified patients require therapy, but treatment should be 

administered early in symptomatic children.

• Current therapies remain extremely expensive and are not available to all 

patients that need them.

• The benefit of combining therapies needs to be further evaluated.

• As infants are increasingly being identified at birth, close monitoring and 

longitudinal studies will be necessary to better guide the need and criteria for 

therapeutic interventions. Thus far, screening does not appear to be changing 

disease management.

• GD is being diagnosed in older adults with PD or multiple myeloma.

• While mutations in GBA1 are a risk factor for parkinsonism, most patients 

with GD do not develop PD. Current GD therapeutics do not impact 

parkinsonian manifestations, but new therapies are being considered.
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Box 1.

Presenting Features by Age

Newborn

Congenital ichthyosis

Organomegaly

Failure to thrive

Brain stem dysfunction- dysphagia, apnea, difficulty with secretions

Hepatosplenomegaly

Hematological abnormalities (anemia, thrombocytopenia)

First year of life

Failure to thrive

Anemia/thrombocytopenia

Brain stem dysfunction- progressive

Saccadic gaze abnormalities

Seizures

Cardiac valvular stenosis

Childhood

Organomegaly

Hematological abnormalities, including bleeding events

Bone pain crisis

Skeletal/bone involvement-avascular necrosis, osteopenia, pathologic

fractures

Saccadic gaze abnormalities

Myoclonic epilepsy

Adolescence

Organomegaly

Abnormal bleeding

Delayed puberty

Bone pain crises skeletal/bone involvement
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Box 2.

Approved First-line Therapies for Gaucher Disease

Enzyme Replacement Therapy (imiglucerase, velaglucerase alfa, taliglucerase alfa)

• Recombinant enzyme

• Administered intravenously

• Few adverse events

• No demonstration of superiority between the three available ERTs

• Very costly, life-long therapy

• Not effective for GD2

Substrate Reduction Therapy (eliglustat tartrate and miglustat)

• Administered orally

• Approved for use in adults but not children

• Dosage and use depends on rate of CYP2D6 metabolism

• More frequent adverse events than ERT

• Similar cost to ERT, life-long therapy

• Not effective for GD2
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Box 3.

Unmet Needs in Gaucher Disease

• Therapy that crosses the blood-brain-barrier

• Less costly therapies

• Identification of other factors that impact including disease severity

• Improved understanding of specific aspects

• Bone disease

• Chronic fatigue and inflammation

• Pulmonary hypertension

• Gaucheromas

• Parkinsonism

• Association with malignancies
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Figure 1. 
Photo of an 14-month-old child with hepatosplenomegaly and growth delay, recently 

diagnosed with Gaucher disease. Because he presented in the first year of life, his parents 

were initially told that he had type 2 Gaucher disease. While this is clearly not the case, it 

has been challenging to determine whether he has type 1 or type 3 Gaucher disease. He 

currently demonstrates no neurological features, yet his genotype is L444P/L444P. Picture 

with written parent consent.
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Table 1.

Modified from Biegstraaten et al. [98].

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 Maintain normal hemoglobin values

Increase hemoglobin levels within 12–24 months to normal values of 
age and sex

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

Maintain platelet count of 
≥100,000/mm3

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

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

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

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

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

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

Prevent chronic use of analgesic 
medication for bone pain

Attain normal or ideal peak skeletal mass in children Maintain normal mobility or, if 
impaired at diagnosis, improve 
mobility

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

Visceral complications Avoid splenectomy, if at all possible Maintain spleen volume of <2–8 times 
normal

Alleviate symptoms due to splenomegaly: abdominal distension, early 
satiety, new splenic infarction

Maintain normal or (near) normal liver 
volume

Eliminate hypersplenism Prevent liver fibrosis, cirrhosis, and 
portal hypertension

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

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

Maintain good quality of life as 
measured by a validated instrument

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

Maintain normal participation in 
school and work activities

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

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.
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