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Abstract

Over the past decades, tremendous progress has been made in the field of Gaucher disease, the 

inherited deficiency of the lysosomal enzyme glucocerebrosidase. Many of the colossal 

achievements took place during the course of the sixty-year tenure of Dr. Roscoe Brady at the 

National Institutes of Health. These include the recognition of the enzymatic defect involved, the 

isolation and characterization of the protein, the localization and characterization of the gene and 

its nearby pseudogene, as well as the identification of the first mutant alleles in patients. The first 

treatment for Gaucher disease, enzyme replacement therapy, was conceived of, developed and 

tested at the Clinical Center of the National Institutes of Health. Advances including recombinant 

production of the enzyme, the development of mouse models, pioneering gene therapy 

experiments, high throughput screens of small molecules and the generation of induced pluripotent 

stem cell models have all helped to catapult research in Gaucher disease into the twenty-first 

century. The appreciation that mutations in the glucocerebrosidase gene are an important risk 

factor for parkinsonism further expands the impact of this work. However, major challenges still 

remain, some of which are described here, that will provide opportunities, excitement and 

discovery for the next generations of Gaucher investigators.
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1 Introduction

With the recent passing of Roscoe Brady, an era has ended that laid the foundation for the 

contemporary field of lysosomal biology in health and disease. This is particularly true in 

the case of Gaucher disease (GD) where in the past decades much progress was achieved by 

Dr. Brady and other scientists at the National Institutes of Health (NIH) and around the 

world. It is appropriate to honor his lasting contributions to science and medicine through 

evoking the enduring lessons that his life’s work has taught us. This chapter will discuss the 

major developments made in Gaucher disease research over the past century, focusing on the 

many contributions of the NIH (Table 1) and other research centers. It will highlight the 

development of therapies for this disorder, as well as research advancing our knowledge of 

disease pathogenesis and the role of the lysosome in neurodegeneration. Lastly, we will 

identify ongoing challenges in the field of Gaucher disease that merit increased attention 

from the research community in the coming years.

2. Progress in the field of Gaucher disease

2.1 The Historical Context

One hundred and thirty five years ago, Gaucher disease was first described by a French 

medical student Philippe Charles-Ernest Gaucher in his thesis entitled “De L’epithelioma de 

la Rate” [1]. In this work, Gaucher described the presence of unusual appearing cells in the 

spleen of a 34-year-old woman who presented with splenomegaly. The identification of 

similar patients with the same pathological findings in subsequent years lead to the disorder 

being referred to as “Gaucher disease” and the abnormal cells became known as “Gaucher 

cells”. It was only in 1901 that Brill [2] appreciated that Gaucher disease was an inherited 

disorder. Neuronopathic Gaucher disease was first recognized in 1927 [3]. However, the 

biochemical basis for the disorder described by Gaucher was not identified until 1934, 50 

years after Gaucher’s original description, when Aghion, also in Paris, determined that the 

distorted cells, sketched in the publication by Gaucher, resulted from the accumulation of the 

lipid glucocerebroside [4].

2.2 Dr. Brady Enters the Field

The reason for this lipid accumulation still remained a mystery until a young physician 

scientist, Dr. Roscoe Brady entered the scene. Dr. Brady had already committed to this 

career path during his postdoctoral fellowship, where he acquired laboratory skills at the 

University of Pennsylvania in the Department of Physiological Chemistry under Dr. Samuel 

Gurin, a pioneer in the study of lipid metabolism. Dr. Gurin had just arranged to receive 

radioactive carbon 14 from the Manhattan Project, the research and development project that 

developed the atomic bomb, and Dr. Brady began his work studying the metabolism of long 

chain fatty acids, lipids, and sterols using radiolabeled precursors. His early scientific work, 
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published in a series of elegant papers, helped form the basis of the biochemistry of fatty 

acid and cholesterol metabolism. For an investigator interested in studying lipid metabolism, 

the NIH provided a unique opportunity for expanding his research goals, where under Dr. 

Donald Fredrickson’s leadership, a new field of ‘lipidology’ was taking shape. Instead of 

joining the efforts of these pioneering NIH investigators focused on disorders of cholesterol, 

triglyceride and lipoprotein metabolism, Dr. Brady chose to put to use his newly acquired 

skills with radioisotope tracer studies to investigate more challenging “familial 

lipodystrophic conditions” such as Gaucher, Niemann-Pick and Tay-Sachs disease 

characterized by intracellular accumulation of sphingolipids.

In 1956, noting that the anabolism of glucocerebroside was intact in spleen samples of 

patients with Gaucher disease [5], Dr. Brady turned his attention to catabolism of the lipid. 

The use of 14C labeled glucocerebroside, which he synthesized together with Dr. Shapiro at 

the Weizmann Institute in Israel, was key in establishing the deficient enzyme responsible 

for the disease [6]. In 1965, Dr. Brady and coworkers in the United States [7] and 

subsequently Dr. Patrick in the United Kingdom [8] both clearly established that the 

metabolic effect in Gaucher disease was the inherited deficiency of the enzyme 

glucocerebrosidase (GCase). This colossal finding started the NIH team on a quest to 

develop an effective treatment for this disorder. Immediately, Dr. Brady predicted that 

Gaucher disease could be amenable to treatment by administration of exogenous enzyme, 

and he proposed several approaches to target the therapeutic enzyme to the 

reticuloendothelial system [9]. This extraordinary pace of discoveries and conceptual 

advances in a space of a few years underscored the power of traditional isotope tracer studies 

and in fact, is reminiscent of the rate of discoveries in the genomic era [10].

It had long been appreciated that Gaucher disease was a diverse disorder, and the specific 

phenotypes associated with type 2GD [11] and type 3GD [12] had been noted. Now, 

deficient glucocerebrosidase was found to be responsible for all three types of Gaucher 

disease. Uncovering the deficient enzyme also enabled the Brady group to develop reliable 

diagnostic tests for Gaucher disease [13] using washed concentrated white blood cells, a 

method that is still in use today, albeit with fluorescent forms of the substrate and more 

modern technology. In addition, it also later led to prenatal diagnosis for this disease [14]. In 

1968, Weinreb et.al. discovered that in rat liver, glucocerebrosidase, as well as other 

sphingolipid hydrolases, were localized to ultracentrifuge fractions identified with 

lysosomes [15]. As a result, these diseases became known as the lysosomal storage 

disorders.

2.3 Advances in Protein Chemistry

In the following decades, research at the National Institutes of Health performed by Dr. 

Brady and other investigators significantly impacted many different aspects of our 

understanding and treatment of Gaucher disease. Dr. Brady’s mammoth contribution was the 

development and implementation of the first successful therapy for Gaucher disease, which 

later translated into enzyme replacement therapies for other lysosomal storage disorders. 

However, during the long and arduous years while the treatment was being developed, 

optimized and tested, other centennial contributions to this field continued to accumulate.
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The road to successful enzyme replacement therapy was particularly challenging, and in 

order to move forward it was necessary to devise and develop new tools, assays and reagents 

to produce, assess, and measure parameters to follow. It quickly became clear that large 

quantities of purified enzyme were required. Achieving such quantities was problematic, as 

this was long before the era of recombinant production of proteins. The strong 

hydrophobicity of this membrane-associated enzyme necessitated arduous purification 

procedures. Eventually, Pentchev et.al. [16] developed a method of purifying 

glucocerebrosidase from placenta using affinity column chromatography, enabling the 

production of sufficient quantities to begin. Moreover, isolation of this purified enzyme 

facilitated its characterization [17], and allowed the production of the first antibodies to the 

protein, allowing scientists to determine the protein structure and location of carbohydrate 

chains.

It soon became clear that there were different isoenzymes of glucocerebrosidase. Isoelectric 

focusing of patient and control white blood cell samples indicated that the demonstrated 

differences in isozyme patterns from patients correlated somewhat with different types of 

Gaucher disease [18]. This finding was the first indication that different mutant alleles 

contributed to disease pathogenesis and phenotypic expression [19].

While the struggle to produce adequate quantities of purified protein for infusions was 

underway, investigators at NIH and Harvard Medical School performed the first bone 

marrow transplant on a critically ill child with type 3 GD in 1984 [20]. Although 

engraftment of the marrow was successful and some facets of the child’s disease were 

reversed, he ultimately succumbed to sepsis thirteen months post-transplant. However, this 

“proof of concept” intervention later led to the consideration of alternative means to correct 

the bone marrow function using gene therapy strategies.

Advances in purification procedure translated into more availability of placental enzyme for 

evaluation and testing. The active placental enzyme was found to have a molecular mass of 

67kd. The protein sequence and glycosylation sites were determined initially by direct 

enzymatic and chemical cleavage with subsequent amino acid sequencing [21]. 

Glucocerebrosidase is a membrane associated protein that is made up of 497 amino acids, 

with five glycosylation sites [22]. The location of the active site was eventually confirmed to 

be located at amino acid D443 in 1994 [23].

2.4 Molecular Biology: the Glucocerebrosidase Gene and Genotype-Phenotype Studies

While the protein sequence was being elucidated, newly available techniques in molecular 

biology enabled the characterization of the glucocerebrosidase gene (GBA1). The gene was 

localized to chromosome 1q21 by in-situ hybridization analysis [24, 25]. The GBA1 cDNA 

served as a probe to identify and isolate clones from controls and patients. The gene was 

found to encompass 11 exons spanning around 7000 base pairs. Almost immediately, it was 

recognized that a highly homologous pseudogene was present in close proximity to GBA1. 

The elucidation of the full sequence of GBA1 ultimately enabled the production of 

recombinant protein for therapeutic use [26].
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The first mutation in the glucocerebrosidase gene identified was a C to T substitution in 

exon 10, resulting in the replacement of a proline for leucine at amino acid position 444 

[L483P] [27]. Identification of the common N370S [N409S] mutation was later found in a 

patient with type 1 Gaucher disease [28]. To date more than 300 different GBA1 mutations 

have been described [29]. The mutation nomenclature is at times confusing, as the 

numbering of the affected amino acid was eventually changed to include the 39 amino acid 

leader sequence [shown in brackets].

The ability to identify common GBA1 mutations led investigators to explore the correlation 

between genotype and phenotype in this disorder. The first two identified mutations were 

reported as “type 2” and “type 1” mutations, respectively. However, as knowledge continued 

to accrue, it became clear that this was likely an oversimplification. Mutation L444P 

[L483P] was seen in patients with all three Gaucher disease types. Furthermore, patients 

sharing the same mutations, even siblings or twins, could have different phenotypes, 

complications and responses to therapy. Mutation L444P at times was encountered as an 

isolated point mutation, and in other instances was part of a recombinant allele resulting 

from recombination with the nearby and homologous pseudogene sequence [30, 31]. The 

N370S mutation is generally considered to be exclusively associated with non-

neuronopathic forms of GD, and homozygosity for the mutation is often predictive of milder 

disease features and is frequent in asymptomatic individuals [32]. However, other efforts to 

correlate genotype with specific phenotype features have been incomplete, and suggest the 

existence of additional genetic modifiers [30, 33]. Some mutant GBA1 alleles are common, 

while others are private, and they include point mutations, insertions, deletions, splice-site 

alterations and mutations that result from recombination with the nearby pseudogene.

2.5 Enzyme Replacement Therapy – From Concept to Treatment

The actual development of glucocerebrosidase as a therapy for patients took over two 

decades [10]. Dr. Brady was determined to find a human source of the enzyme to minimize 

sensitization and ultimately focused on human placental extracts. However, this required 

rigorous purification, which was accomplished in 1973 [16]. Two patients were infused with 

this material; both infusions were well tolerated without safety issues. Each patient 

underwent a pre-treatment liver biopsy for measurement of glucocerebroside concentration, 

which served as a pharmacodynamic biomarker. A second biopsy performed two days after 

the infusion demonstrated a 26% reduction in glucocerebroside in both patient samples [34]. 

These important observations set the course for subsequent investigations that ultimately 

culminated in demonstration of the clinical effectiveness of enzyme replacement therapy. 

Efforts were undertaken initially to scale up the purification procedure for the native 

placental enzyme so that larger quantities of material would be available for clinical study. 

However, enzyme purified by the new procedure produced inconsistent reductions in hepatic 

glucocerebroside, which was attributed to variable enzyme uptake by hepatocytes versus the 

desired target in macrophages. Since native placental glucocerebrosidase is a glycoprotein, 

modification of the carbohydrate structure of the purified enzyme was attempted in order to 

more selectively target it to macrophages. This was accomplished by the sequential 

enzymatic removal of N-acetylneuraminic acid, galactose and N-acetylglucosamine from the 

protein with exoglycosidases, yielding a mannose-terminal product [35]. With this 
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modification, a striking increase in delivery of glucocerebrosidase to hepatic macrophages 

was observed in laboratory models. Based on these findings, a clinical trial was initiated 

with intravenous infusion of the macrophage-targeted enzyme at a dose of 190 units weekly 

over a 6-month period in eight patients. Only the youngest and smallest subject, who 

received the highest dose per kilogram of body weight (10 U/kg), showed clinical benefit; 

his condition regressed when the infusions were discontinued [36]. Resumption of the 

infusions at a higher dose (30 U/kg body weight) resulted in correction of anemia, massive 

reduction in hepatosplenomegaly and clearance of storage cells from the bone marrow. This 

dramatic clinical response in a single child prompted the investigators to conduct a dose-

response study in 23 Gaucher patients in order to more thoroughly define the 

pharmacodynamics of glucocerebroside clearance from the liver following a single 4-hour 

intravenous infusion of macrophage-targeted enzyme; a dose range of 0.6–234 U/kg of body 

weight was examined [10]. Enzyme doses above 30 U/kg consistently reduced hepatic 

glucocerebroside content. Ultimately, a dose of 60U/kg was chosen for a pivotal efficacy 

trial in twelve subjects who received biweekly 2-hour infusions for six months. All twelve 

patients showed striking clinical improvement in response to treatment, without safety 

concerns [37]. Macrophage-targeted glucocerebrosidase, alglucerase, was approved under 

the brand name of Ceredase (Genzyme, Cambridge MA) by the FDA for the treatment of 

non-neurological forms of Gaucher disease in April 1991. Twenty-six years had passed since 

the initial description of the enzyme deficiency characteristic of the disorder.

2.6 Neuronopathic Gaucher disease

Over the years, Dr. Brady and his group made many contributions to the diagnosis and 

treatment of patients with neuronopathic Gaucher disease. Efforts to distinguish 

neuronopathic Gaucher from non-neuropathic phenotype initially centered on the higher 

molecular weight of glucocerebrosidase in the former, which combined with low residual 

activity suggested that the neuronopathic form involves the active site of the enzyme [19]. It 

was recognized however, that it is the phenotype alone that distinguishes the various form of 

neuronopathic Gaucher disease [38].

Moreover, each type of neuronopathic Gaucher disease is clinically heterogeneous. Gaucher 

disease type 3 in particular encompasses multiple phenotypes [39]. The most common form 

of Gaucher disease type 3, with impaired saccadic eye movements and extensive visceral 

involvement, was named type 3b, and is described in detail neurologically and systemically 

[40, 41]. A more rare form, referred to as type 3a, includes the development of myoclonic 

epilepsy, but likewise, this type does not have a unique genotype [42]. A third variant is so 

distinctive from type 1 (OMIM #230800), type 2(OMIM #230900) and type 3 (OMIM 

#231000) that it has its own OMIM designation (OMIM #231005) and is called type 3c. It 

probably represents the most consistent example of genotype/phenotype correlation 

involving cardiac valves, aortic calcification, coronary artery disease and at times 

hydrocephalus and dysmorphic changes associated with homozygosity for mutation D409H 

[D448H] [43].

Various forms of enzyme replacement therapy for neuronopathic Gaucher disease have been 

contemplated and one of the earliest was kidney transplantation performed with limited 

Mistry et al. Page 6

Mol Genet Metab. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



success in type 2 Gaucher disease [44]. When alglucerase enzyme replacement therapy for 

Gaucher disease was approved in 1991 based on results from patients with type 1 Gaucher 

disease, it remained unclear whether the same intervention would be effective either on the 

systemic disease or the neurological deficits seen in patients with Gaucher disease type 3. 

An open label study in a small number of patients with Gaucher disease type 3 showed a 

marked improvement in hematological, visceral and even skeletal disease. Although the 

initial improvement in well-being in these patients led to a small cognitive improvement in 

the first six months of therapy, it became increasingly clear that systemically administered 

enzyme does not cross the blood-brain barrier and therefore does not truly modify the 

neurological outcome of these patients [45–47]. Dr. Brady and colleagues attempted to 

circumvent this difficulty and determined that the mannose receptor is expressed on the 

surface of neurons allowing the uptake of infused glucocerebrosidase directly into the brain 

[48]. However, enzyme directly infused into the cerebral spinal fluid did not impact the 

neurological deterioration in infants with type 2 Gaucher disease [49]. Using convection-

enhanced delivery Dr. Brady’s team succeeded technically in delivering the therapeutic 

enzyme to the brain of small and large animals and then into the brainstem of a patient with 

Gaucher type 2, albeit without clinical improvement [50]. To date there is no effective 

disease modifying therapy for neurological involvement of Gaucher disease [51]. A small 

molecule therapy approach for neuronopathic Gaucher disease was initiated at Dr. Brady’s 

Branch with a randomized controlled trial of miglustat in patients with Gaucher type 3 [52]. 

Although this was a negative therapeutic trial, this study generated clinical outcome 

measures for future testing of better therapeutic agents. In recent years, Dr. Brady continued 

the effort to target the central nervous system in Gaucher disease and showed that small 

molecules that function as histone deacetylase inhibitors are able to increase the level of the 

endogenous glucocerebrosidase [53–55]. However, effective therapy for the various forms of 

neuronopathic Gaucher disease is still elusive. Systemically administered therapeutic agents 

in the form of pharmacological chaperones, enzyme replacement or gene therapy that can be 

widely distributed into the nervous system are needed, whether to increase 

glucocerebrosidase levels or to reduce substrate synthesis (discussed in Section 4). But even 

with effective widespread biochemical correction, the challenge of initiating therapy 

sufficiently early in Gaucher disease type 2 remains and neurological deficits also may be 

irreversible in patients with Gaucher disease type 3. Thus, a better understanding of the 

natural history and the pathogenesis of neuronopathic Gaucher disease is needed.

3. Recent Clinical Advances

3.1 Gaucher Disease: A Phenotypic Continuum

As our appreciation of the complexity of genotypes associated with Gaucher disease 

expanded, the recognition of the full spectrum of phenotypic manifestations also evolved 

[56]. Classically, it was appreciated that hepatosplenomegaly, cytopenia, abnormal 

coagulation and bone disease could all be features of Gaucher disease type 1. Acute 

neuronopathic Gaucher disease was described as a disorder of late infancy with 

opisthotonos, strabismus, seizures and neurodegeneration, while type 3 Gaucher disease was 

associated with abnormal eye movements and myoclonic epilepsy. However, newer disease 

presentations and organ involvement not previously associated with Gaucher disease, such 
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as the collodian baby phenotype, and patients with parkinsonism, gallstones and cardiac 

valvular calcification or fibrosis are now part of the phenotypic spectrum. Moreover, 

asymptomatic individuals are being discovered through genetic screening and whole exome 

sequencing. It also appears that the phenotypes encountered may be associated with 

ethnicity or genetic background. Patients from Africa and Asia appear to have more severe 

presentations, but it is not clear whether this is related to different distributions of mutant 

alleles in different populations, or the fact that in some regions only patients with more 

blatant manifestations come to diagnosis.

3.2 The Association of Gaucher Disease and Parkinsonism

Parkinson disease is a neurodegenerative disease that affects over 1% of people over age 60 

[57]. This clinical diagnosis is made when patients develop bradykinesia (slowness of 

movement) and either a rest tremor, rigidity that tends to be initially unilateral, and/or 

postural instability. In addition, patients have a favorable response to dopaminergic therapy. 

Symptoms are secondary to loss of dopaminergic neurons in the substantia nigra pars 

compacta, although the involvement of non-dopaminergic pathways has been recognized due 

to development of non-motor manifestations, such as depression or anxiety, cognitive 

dysfunction, sleep disorders and olfactory dysfunction, many years prior to the development 

of motor symptoms [58].

The identification of specific genetic mutations associated with the development of 

Parkinson disease was first achieved in 1997, when Polymeropolous et.al. demonstrated 

segregation of Parkinson disease in affected individuals carrying a mutation in the alpha-

synuclein gene in two Italian and one Greek families [59]. Shortly thereafter, Spillantini’s 

group demonstrated the presence of the alpha-synuclein protein in Lewy bodies, which are 

aggregate inclusions in neuronal bodies that are crucial pathological hallmark for a definitive 

diagnosis of Parkinson disease [60]. To date, many other genes, including some with highly 

penetrant monogenic mutations, have been identified [61]. Each gene discovery continues to 

significantly advance our knowledge of potential mechanisms contributing to 

neurodegeneration and the role of mitochondria, endoplasmic reticulum, and lysosomal 

pathways in neuronal cell death.

The description of occasional patients with Gaucher disease who also developed 

parkinsonian manifestations can be found in the early literature including a small cohort of 

patients affected with both diseases described in 1996 [62]. These patients were described as 

having parkinsonian symptoms similar to patients with sporadic Parkinson disease, but were 

thought to be refractory to dopaminergic therapy. Investigators at the NIH described 

individual patients with Gaucher disease and parkinsonism showing Lewy bodies that were 

in brain regions typically involved in neuropathological Gaucher disease [63, 64][65] These 

findings gave critical credibility to the possibility of a Parkinson-Gaucher link. A series of 

18 patients with the two phenotypes was later published by Tayebi et al demonstrating a 

range of genotypes and disease manifestations [66]. Furthermore, about 25% of patients 

with Gaucher disease surveyed reported a first- or second-degree relative with parkinsonism, 

implicating heterozygous mutation carrier status as a genetic risk factor for the development 

of Parkinson disease [67]. Indeed two early studies screening subjects with Parkinson 
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disease for GBA1 mutations performed in brain bank samples [68] and in a Parkinson 

disease clinic in Northern Israel identified a surprisingly high number of Gaucher 

heterozygotes [69]. In 2009, a large multicenter collaborative effort that included 5691 

patients with Parkinson disease and 4898 healthy controls showed that among patients with 

Parkinson disease, the odds ratio of carrying a GBA1 mutation was 5.43 (95% CI 3.89–

7.57), confirming that mutations in this gene are a major genetic risk factor [70]. GBA1 
mutations have since been associated with other synucleinopathies [71] including Dementia 

with Lewy Bodies [72] and multiple system atrophy [73]. Furthermore, the role of lysosomal 

function integrity in protein aggregation and clearance has been pursued by studying 

mutations responsible for other lysosomal storage disorders, such as Niemann-Pick disease 

in cohorts with parkinsonism [74].

The clinical parkinsonian manifestations in patients with Gaucher disease can be variable, 

ranging from symptoms indistinguishable from sporadic Parkinson disease with good 

response to dopamine supplementation to patients with symptoms suggestive of Dementia 

with Lewy Bodies [75]. In addition, many patients develop parkinsonism at an earlier age at 

onset when compared to those without GBA1 mutations, as well as cognitive and olfactory 

dysfunction [76, 77]. It has been suggested that such patients have a more aggressive disease 

course that may be associated with the severity of the GBA1 mutation [78, 79]. Several 

studies emphasize accelerated cognitive decline in patients with GBA1 associated 

parkinsonism [79–81]. However, alterations such as E326K and T369M, that do not cause 

Gaucher disease have also been identified at an increased frequency in subjects with 

parkinsonism [82].

Neuroimaging studies conducted at the NIH using 18F-dopa Positron Emission Tomography 

have shown that in patients with GBA1-associated parkinsonism the pattern of dopaminergic 

cell loss in the posterior putamen is indistinguishable from sporadic Parkinson disease. 

However, in this small study they had regional cerebral blood flow pattern deficits similar to 

those seen in patients with Dementia with Lewy Bodies that may correlate with the reported 

increased likelihood of cognitive dysfunction reported by patients and found in the literature 

[83].

The precise mechanism of neurodegeneration remains elusive at this time, although there are 

several theories proposed [71, 84–87]. It does appear that there is a reciprocal relationship 

between levels of glucocerebrosidase and alpha-synuclein, as even patients with idiopathic 

Parkinson disease are found to have lower levels of glucocerebrosidase activity in brain 

tissue [88, 89]. Elucidating the mechanisms involved will likely shed light on the 

pathogenesis of parkinsonism and the role of the lysosome.

3.3 The Association with malignancies

From the beginning, when Dr. Phillipe Gaucher misdiagnosed his patient with a type of 

splenic neoplasm, to this day, patients with Gaucher disease presenting with their protean 

manifestations are often given an initial diagnosis of malignancy as they frequently begin 

their long diagnostic odyssey [90]. However, there have been many sporadic reports of 

cancers in patients with Gaucher disease and it was a major contributor of premature death 

in patients in the pre-ERT era [91]. In recent years, investigators have attempted to identify 
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types of cancers and magnitude of risk of malignancy in Gaucher disease. All studies 

uniformly agree that there is an increased risk of multiple myeloma, and it appears that the 

risk of other hematological malignancies may also be increased, especially B cell 

lymphomas [92]. The glycosphingolipid pathway is intimately involved in cancer 

pathogenesis, prompting numerous investigations to exploit it as a therapeutic target via 

inhibitors of glucocerebroside synthase or by shifting the ceramide-sphingosine sphingolipid 

rheostat towards the pro-apoptotic and anti-cancer sphingolipid ceramide [93]. It appears 

that of all the glycosphingolipidosis, Gaucher disease is uniquely associated with increased 

cancer risk, suggesting Gaucher lipids may have a specific role in promoting malignancies.

The highest cancer risk in Gaucher disease is attributable to multiple myeloma with relative 

risk ranging from 5.9 in the International Gaucher registry to 37.5–51.5 from long-term 

observational cohorts from single centers [94–96]. The study from the International Gaucher 

registry may have under-estimated the risk because myeloma occurs in an older age group 

and the registry is not designed to capture cancer data. Polyclonal and monoclonal 

gammopathy, a finding often preceding multiple myeloma, is common in Gaucher disease. 

This may be suggestive of involvement of B cells as a key role in disease pathophysiology, a 

finding reinforced by the Proia group studies in their mouse model, which showed elevated 

serum IL6 and B cell lymphoproliferation [97].

Numerous clinical and animal model studies have clearly implicated a prominent role of 

immune activation in the pathophysiology of Gaucher disease [98]. Studies of immune 

activation in Gaucher disease have revealed broad involvement of innate and adaptive 

immune system [99] but the precise mechanism linking Gaucher lipids to immune activation 

is not understood. Genetic deficiency of glucocerebrosidase leads to accumulation of not 

only the primary lipid substrate, but also the downstream bioactive lipids 

glucosylsphingosine, sphingosine and sphingosine 1 phosphate [100, 101]. Recent studies 

have shown that Gaucher lipids, glucocerebroside and glucosylsphingosine are presented in 

CD1d-restricted fashion to type II NKT cells that exhibit markers of follicular helper T cells 

which then provide help to germinal center B cells to produce lipid-reactive antibodies 

[102]. In patients and mice with Gaucher disease that harbor monoclonal gammopathy, the 

monoclonal immunoglobulin was found to be reactive to Gaucher lipids [103]. In fact, in 

another mouse model of Gaucher disease that spontaneously develop myeloma and other B 

cell malignancies, therapeutic reduction of glucosylsphingosine with eliglustat tartrate 

substrate reduction therapy prevented development of these cancers [104]. Interestingly, in a 

subset of sporadic multiple myeloma patients, clonal immunoglobulin was also reactive to 

lysolipids, such as glucosylsphingosine and lysophosphatidylcholine. Clearly much work is 

needed to understand the basic mechanisms underlying the role of lipids in genetic 

mechanisms underlying myeloma, but this understanding could have benefit not only for 

patients with Gaucher disease but also patients with sporadic multiple myeloma, another 

great example where study of a rare disease provides unique insights into mechanisms in a 

more common disease. More than half-century ago Roscoe Brady was among the first to 

propose that glycolipids can act as antigens, and he demonstrated a role of anti-glycolipid 

antibodies in a human disease when he showed that monoclonal gammopathy associated 

with peripheral neuropathy was glycolipid reactive [105].
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4. Current Therapies for Gaucher disease

4.1 Enzyme Replacement Therapy

Prior to the availability of enzyme replacement therapy (ERT), only symptomatic care was 

available in the form of blood transfusions, splenectomy for relief of pressure symptoms or 

severe cytopenia, and joint replacement surgery. Splenectomy was commonly performed for 

symptomatic relief, but this frequently resulted in accelerated disease and complications 

involving other organs. When patients became dependent on blood transfusions, the natural 

history accelerated alarmingly, with massive load of toxic glycosphingolipids from the 

transfused red and white blood cell membranes. The natural history of type 1 Gaucher 

disease, prior to the availability of ERT, was often one of devastating disease, including a 

high incidence of splenectomy, bleeding complications, bone marrow failure, liver failure, 

crippling skeletal disease, pulmonary hypertension, malignancies, and premature death. Yet 

at the other side of the spectrum, some patients were identified only later in life, when they 

were evaluated because of an affected relative, or were incidentally found to have 

splenomegaly during an evaluation for other reasons.

Striking and rapid reversal of many of the overt aspects of type 1 Gaucher disease were seen 

in pivotal clinical trials of alglucerase and and later with the recombinant form of the 

enzyme, imiglucerase (Genzyme, Cambridge, MA, USA) and have been replicated again 

and again in small series of patients from single centers as well as a global, industry-

sponsored multinational registry comprising almost 6,000 patients that collectively harbor 

~54,000 patient-years of enzyme therapy experience [106]. Enzyme replacement therapy has 

proven highly effective in reversing hepatosplenomegaly, cytopenia, osteopenia, especially 

in children and young adults, and in reducing the risk of avascular osteonecrosis [107]. The 

new generation of patients who have access to enzyme replacement therapy hardly ever 

undergo splenectomy, and generally begin treatment before irreversible complications of the 

disease occur. As a result, certain phenotypes, such as pulmonary hypertension and cirrhosis/

hepatopulmonary syndrome have virtually disappeared from modern-day clinics as hitherto 

unknown aspects of Gaucher disease have been unraveled [65, 108].

As with type 1 Gaucher disease, equally striking responses of visceral, hematological and 

skeletal responses have been described in patients with type 3 Gaucher disease [109]. In fact, 

early childhood lethality due to massive visceral and hematological disease have been 

averted, although eventually, these patients may succumb to progressive neurological and 

pulmonary disease. In some, this is aggravated by a disabling ‘gibbus’ spinal deformity, 

characteristic in certain populations of L444P homozygotes around the world. The success 

of enzyme replacement therapy in reversing visceral and hematological disease has brought 

into focus a major clinical dilemma when a symptomatic infant cannot be reliably assigned 

with a diagnosis of type 2 or type 3 disease. Since ERT does not cross the blood-brain 

barrier, progressive type 2 disease may then be unmasked. Clearly, much progress needs to 

occur in the areas pertaining to accurate predictive phenotyping based on clinical annotation, 

imaging, biomarkers and modifier genes. Two recent studies detailing the autopsy findings 

in treated patients with Gaucher disease have demonstrated variability in response, both in 

different patients and in different organs [110, 111].
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For a protein therapeutic, safety track record of enzyme infusions has been remarkable. 

Anaphylaxis, neutralizing antibodies and anti-IgE antibodies have occurred in only a handful 

of patients around the world [112]. However, up to 15% of patients develop anti-drug 

antibodies that are non-neutralizing and appear to have no effect on efficacy of treatment. It 

has been argued that in fact, presence of non-neutralizing antibodies may in fact improve 

targeting to the macrophages via Fc receptors. The rarity of immune adverse effects may be 

related to the circulating half-life of the mannose-terminated enzyme, which is barely a few 

minutes.

From 1991 to 2009, the only approved ERTs for Gaucher disease were alglucerase and 

imiglucerase. In June 2009, vesivirus 2117 contaminated one of six bioreactors at the 

manufacturing facility which led to temporary suspension of enzyme manufacturing to clear 

the virus. This event triggered a severe global shortage of imiglucerase. At that time, two 

new enzyme preparations were in advanced stages of development: velaglucerase-alfa (h-

GCB, Shire Human Genetic Therapies, MA, USA) and taliglucerase-alfa (pr-GCD, Protalix 

Biotherapeutics, Carmiel, Israel). Global shortage of imiglucerase expedited the approval 

process of velaglucerase-alfa and taliglucerase-alfa in 2010 and 2012, respectively. 

Velaglucerase-alfa is acid β-glucocerebrosidase produced by gene-activation in a human 

fibrosarcoma line (HT-1080) cultured in the presence of kifunensine, an inhibitor of 

mannosidase I, resulting in primary biosynthesis of recombinant wild type enzyme 

terminating in immature high mannose-type N-linked glycan chains. Taliglucerase-alfa is a 

variant human acid β-glucocerebrosidase manufactured in carrot root cells using a plant-

specific C-terminal sorting signal which allows the nascent enzyme to target to storage 

vacuoles and moreover, display terminal mannose residues on its complex glycans. To 

facilitate secretion of the protein via the vacuolar pathway in plant cells, taliglucerase has 

unusual sugar sequences, including xylose. Taliglucerase has the same core amino acid 

sequence as imiglucerase, including the single amino acid substitution of histidine to 

arginine at position 495. Both velaglucerase and taliglucerase have higher mannose terminal 

residues, and it has been suggested that these may improve in vivo targeting to the 

macrophage system. Overall however, all three enzyme preparations have similar safety and 

efficacy with respect to visceral and hematological disease [113–115]. It is expected that 

similar efficacy with respect to marrow and skeletal disease will be seen with longer-term 

experience.

In 2016, additional ERTs may come to market, exemplified by development of Abcertin, 

claimed to utilize an identical system to that used for production of imiglucerase. However, 

clinical studies and trials are necessary to ensure that these agents are genuinely biosimilar 

or interchangeable. With the proliferation of ERTs, two important issues are coming into 

sharp focus. First, there is the need for standardization of antibody assays and secondly, a 

need for registries to capture safety and efficacy data in an unbiased and consistent manner. 

In the small number of patients who develop anti-drug antibodies, their safety depends on 

accurate evaluation of reliable outcome measures and biomarkers to discern true efficacy or 

lack thereof, especially when the patient has developed cross-reacting antibodies to multiple 

ERTs. Current assays are only offered by individual pharmaceutical companies posing its 

unique challenges to interpretation, and results are difficult to compare between 

formulations.
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4.2 Substrate reduction therapy (SRT) for Gaucher disease

In mid-1990s, Fran Platt and Norman Radin proposed the concept of ‘substrate balance 

therapy”, via inhibition of ceramide glucosyltransferase (EC:2.4.1.80) using their respective 

candidate molecules, iminosugar (N-butyl-deoxynojirimycin, NB-DNJ) and a ceramide 

analog (D-threo-l-phenyl-2-decanoylamino-3-morpholino-l-propanol: PDMP), respectively 

[116, 117]. The development of NB-DNJ (miglustat, Actelion, Allschwil, Switzerland ) and 

its introduction into the clinical setting was relatively rapid because there was abundant pre-

existing toxicology and drug metabolism/pharmacokinetic data in multiple species as well as 

pre-existing clinical safety data at high dosage related to its use as a potential antiviral 

therapy for HIV. Moreover, there was almost one metric ton of the drug readily available 

from the HIV trials [118]. Therefore, drug development progressed rapidly from concept in 

1994 to clinical trial in 2000 and its approval in 2003 [119]. The approval of miglustat for 

type 1 Gaucher disease was restricted to patients who could not take ERT and those with 

mild disease due to an unfavorable adverse risk/benefit profile. While NB-DNJ inhibits 

ceramide glucosyltransferase, its inhibitor constant is relatively high (IC50: 50μM) and it has 

multiple off-target effects (IC50 for GBA1 520 μM, GBA2 0.31 μM). It also inhibited 

intestinal disaccharidases, sucrose, maltase and lactase as well as glucosidase I and II. Thus, 

the therapeutic effect of NB-DNJ may be more complex than simply substrate reduction, 

involving inhibition of GBA2 as well as chaperoning effect. In an open label, non-inferiority 

design trial comparing miglustat with imiglucerase ERT, it met the primary end-point of 

reduction in liver volume but almost half of the patients on miglustat discontinued treatment 

due to adverse effects [120]. While the reversal of visceral disease with miglustat is similar 

to ERT, hematological responses are slower and of lesser magnitude compared to ERT. 

Therefore, very few patients are currently being treated with miglustat SRT.

In contrast to miglustat, the development path for eliglustat ( Genzyme, Cambridge, MA, 

USA) was much longer, from IND filing in 2003, to initiation of clinical trials in 2007 and 

final approval for use in adults with type 1 Gaucher disease in 2014 [121]. The original 

prototype molecule was toxic and eventually, eliglustat tartrate was developed as one of a 

series of ceramide-analog glucocerebroside synthase inhibitors, derived from 1-phenyl-2-

decanoylamino-3-morpholino-1-propanol entering clinical trials in 2007. Compared to 

miglustat, eliglustat was a very potent inhibitor of ceramide glucosyltransferase (IC50 0.024 

μM). It was also highly specific with few off-target effects.

The clinical trial program was a massive multinational effort involving 12 countries, 24 

centers and almost 400 patients in a phase 2 and three phase 3 clinical trials including a 

placebo-controlled randomized trial in untreated patients over age 16 with type 1 Gaucher 

disease [122–124]. Together, these studies set a new benchmark for the conduct of clinical 

trials of novel therapies in a rare disease, a far-cry from the pivotal trials of ERTs. The drug 

was well tolerated and the most common adverse reactions affecting ~10% of patients were 

fatigue, headache, nausea, diarrhea, back pain, pain in extremities, and upper abdominal 

pain. The randomized placebo-controlled clinical trial met the primary end-point of 

reduction in spleen volume [124]. Key secondary endpoints were also met (increase of blood 

hemoglobin concentration, reduction of liver volume and increase of platelet count) and 

these were analyzed with statistical significance with the use of a pre-specified fixed-
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sequence hypothesis-testing approach to ensure strong control of the type I error rate. 

Additional clinical trials compared maintenance of therapeutic goals in patients stable on 

ERT who switched to eliglustat using a non-inferiority design [123]. The primary end-point 

of stability in composite therapeutic goals were met as well as in the individual domains of 

stability of hemoglobin concentration, platelets counts, liver volume and spleen volume. 

These studies and phase 2-open label clinical trials showed reduction of biomarkers of 

Gaucher disease including chitotriosidase, CCL18, plasma glucocerebroside, 

glucosylsphingosine, and MIP1-β. Additionally, bone marrow burden score and bone density 

studies also showed improvement.

Eliglustat was approved in 2014 for use in adults with type 1 Gaucher disease who have 

cytochrome P450 2d6 genotypes indicating that they are extensive or intermediate 

metabolizers [125]. Eliglustat is contraindicated in patients who are ultra-rapid metabolizers 

because clinically active blood levels may not be reliably attained. The recommended 

eliglustat dose is lower in patients who are slow metabolizers as well as in patients who are 

concurrent users of interacting medications. For patients on medication regimens that 

include strong or moderate CYP2D6 inhibitors concomitantly with strong or moderate 

CYP3A inhibitors, eliglustat is contraindicated. These drug combinations can potentially 

increase eliglustat plasma concentrations with risk of cardiac arrhythmias via prolongation 

of PR, QTc or QRS cardiac intervals. It is also recommended that eliglustat not be 

prescribed for pregnant women or those who are breast feeding.

Other studies have shown that responses in treatment-naive patients are comparable to those 

seen with ERT [126]. A most intriguing feature of eliglustat SRT is impressive reversal of 

disease in patients with massive disease burden reminiscent of that observed with ERT 

[122]. This observation seems to be at variance with the simple concept of substrate balance 

therapy as initially enunciated. A clue to this unexpected finding may lie in 1960 paper by 

Trams and Brady [5] where they measured incorporation of carbon-14 glucose into 

glucocerebroside and found it was actually increased. Indeed, expression of UGCG, which 

encodes ceramide glucosyltransferase is increased 2–3-fold in spleens of Gaucher mice 

[127]. Moreover, inflammation has been associated with increased activity of ceramide 

glucosyltransferase [128] and glucocerebroside synthesis and Gaucher disease is now 

recognized as an example of metabolic inflammation mediated by bioactive lipids [102]. 

Thus, these observations suggest that increased f glucocerebroside synthesis may function to 

accentuate basic catabolic defect due to GBA1 mutations.

4.3 Prospects for Gene Therapy

Concurrent with successful development of ERT with macrophage-targeted placental 

glucocerebrosidase, Dr.Brady together with Dr. Karlsson at the NIH, turned their attention to 

assess feasibility of gene therapy as a more permanent cure. In 1990, they established the 

proof of principle using a high-titer, amphotropic retroviral vector in which human GBA1 
was driven by the mutant polyoma virus enhancer/herpesvirus thymidine kinase gene (tk) 

promoter (Py+/Htk) [129]. This vector normalized GBA1 activity in transduced Gaucher 

fibroblasts and hemopoetic progenitor cells derived from patients with Gaucher disease. 

These studies were followed by a clinical protocol to explore the safety and feasibility of 
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retroviral transduction of peripheral blood or bone marrow CD34+ cells in three adults with 

Gaucher disease followed for 6–15 months. G-CSF was administered to mobilize target cells 

and CD34+ peripheral blood cells or CD34+ bone marrow cells were transduced ex vivo 

achieving transduction efficiency of 1–10% [130]. Gene-marked cells were found to engraft 

and persist for three months after cell infusion, without prior myeloablation. Nevertheless, 

the level of corrected cells (<0.02%) was too low and transient to confer any therapeutic 

benefit. Since these early efforts, the field of gene therapy has advanced greatly with 

demonstration of clinical benefits of gammaretroviral vectors in the treatment of primary 

immune deficiencies. Moreover, safety profiles have been further improved by transitioning 

to lentiviral vectors, as reflected in recent clinical success in the treatment of X-linked 

adrenoleukodystrophy, Wiskott-Aldrich syndrome and other disorders. Recently, Karlsson 

and his group have reported proof of principle studies using self-inactivating lentiviral 

vectors with GBA1 under the control of a human phosphoglycerate kinase and CD68 

promoter [131]. In their conditional KO mouse model of Gaucher disease, they 

demonstrated prevention, as well as reversal of, disease manifestations after lentiviral gene 

transfer. Therefore, these studies lay the foundation for the use of self-inactivating lentiviral 

vectors with cellular promoters which may play a role in future clinical gene therapy 

protocols for type 1 Gaucher disease.

4.5 Pharmacological Chaperones as Therapeutic Approach for Gaucher Disease

Small molecule chemical chaperones have been considered as a treatment approach for 

diseases caused by improperly folded proteins [132]. These small molecules are designed to 

selectively bind to a specific target protein and can increase enzyme stability, catalytic 

activity, and increase lysosomal translocation [133]. Lysosomal enzymes are folded in the 

endoplasmic reticulum (ER) with the aid of cellular chaperones, and are then translocated to 

the lysosome. When mutated, the enzyme may be misfolded, and undergo premature 

endoplasmic reticulum-associated degradation (ERAD) and never reach the lysosome [134]. 

Treatment with small molecule chaperones aid in protein folding and stabilization, as well as 

lysosomal translocation. Since many GBA1 mutations are missense mutations, this strategy 

merits consideration.

Initially, pharmacologic chaperones developed for Gaucher disease were competitive 

inhibitors of the target enzyme that bind to the active site of the misfolded enzyme and 

facilitate proper folding and translocation. Early work in patient derived fibroblasts 

suggested that the iminosugar N-nonyl-1-deoxynojirimycin (NN-DNJ) increased mutant 

glucocerebrosidase activity up to 2-fold [135]. Subsequently, other iminosugar-based 

dlucocerebrosidase inhibitors have been developed, but since they have a high affinity for 

glycosidases, they can have poor selectivity [136, 137] and also function as inhibitors at 

higher dosages. While preclinical studies appeared to be promising [138–142] a phase 2 

clinical trial of isofagomine failed to improve clinical symptoms in patients with GD.

Recent efforts to develop chaperones for the treatment of GD have utilized high throughput 

screening (HTS) of small molecules. The screen of an FDA-approved drug library led to the 

identification of ambroxol, an agent widely used as cough medicine and a pH-dependent 

mixed inhibitor of glucocerebrosidase [143]. The efficacy of ambroxol as a potent chaperone 
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and translocator of mutant glucocerebrosidase to lysosomes was demonstrated in cell-based 

and mouse models [143–146] and in a very limited study in patients with neuronopathic 

Gaucher disease [147].

Another treatment approach is the use of non-inhibitory chaperones. These small molecules 

assist in the folding of mutant enzyme in the ER and in its translocation to lysosomes by 

binding to a site that is distinct from the active site and ideally they can restore lysosomal 

enzymatic function through chaperone and enzyme stimulatory effects [148]. While such 

chaperones are attractive candidates for therapeutic development, their identification is more 

challenging.

To improve the yield of non-inhibitory chaperones, a novel screening assay was designed 

using patient’s tissue extracts as the source of mutant glucocerebrosidase. Such extracts also 

contain Saposin C, its native activator, and other potential cofactors. A patient spleen-based 

enzyme assay was used to screen a library of 250,000 compounds and identified several lead 

non-inhibitory compounds. The ability of these compounds to chaperone was confirmed in 

subsequent cell-based assays using patient-derived fibroblasts [149]. Two of the lead 

compounds were tested on primary macrophages differentiated from monocytes of patients 

with Gaucher disease, as well as from induced pluripotent stem cells (iPSCs) from dermal 

fibroblasts, The non-inhibitory chaperone increased glucocerebrosidase activity and 

lysosomal translocation and significantly reduced substrate storage in macrophages from 

patients with different genotypes and restored defective chemotaxis [150]. The lead 

chaperones were then tested in iPSC-derived dopaminergic neurons, where in addition to 

restoring enzymatic activity and reducing substrate storage, they were found to lower levels 

of alpha-synuclein [151]. Thus, such chaperones may ultimately also prove efficacious for 

the treatment of patients with Parkinson disease.

4.6 Histone Deacetylase Inhibitors

After the successful development of ERT for type 1 Gaucher disease, a major goal of Dr. 

Brady’s research efforts was to identify tractable therapeutic targets for neuronopathic 

Gaucher disease. Using skin fibroblast cell lines derived from patient with neuronopathic 

Gaucher disease (L444P /L444P) and type 1 Gaucher disease (N370S/370S), in a series of 

studies, the last of which appeared soon after his 90th birthday, he proposed that histone 

deacetylase (HDAC) inhibitors might increase the quantity and catalytic activity of mutant 

glucocerebrosidases by affecting proteostasis [53, 55]. With NIH collaborators, he showed 

that both N370S and L444P mutant glucocerebrosidase result in a reduction of protein 

stability, rather than disruption of intrinsic enzymatic activity. Both mutations led to aberrant 

protein conformation that resulted in altered chaperone binding, hence making the nascent 

glucoerebrosidaseprotein vulnerable to recognition by E3 ligases (parkin and c-cbl) and 

proteasome-associated degradation. Further studies revealed that HDAC inhibitors increased 

the quantity and catalytic activity of mutant GBA1 in fibroblast via impaired deacetylation 

of heat shock protein 90 that hindered the recognition of the mutant GBA1 peptide and 

degradation, thereof. Hsp90β was identified as the key chaperone that recognized misfolded 

mutant GBA1 to guide the nascent protein through a valosin-containing protein (VCP)-

associated degradation pathway. In these studies, HDAC inhibitors caused hyperacetylation 
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of the middle domain of Hsp90β which impaired recognition of mutant GBA1 by Hsp90β 
and hence, resulted in increased levels of the active enzyme in the lysosomes. These proof-

of-principle studies were performed using HDAC inhibitors, suberoylanilide hydroxamic 

acid (SAHA, vorinostat), a clinically available HDAC inhibitor which is CNS-penetrant, and 

a unique investigational HDAC inhibitor called LB-205. These studies are promising enough 

to advance to pre-clinical animal models and eventually to the clinic. Incidentally, vorinostat 

is clinically approved for cutaneous T cell lymphoma and of the various cancers in which it 

has been investigated, it has shown promising results in multiple myeloma. Thus, it is 

tempting to speculate a potential role of HDAC inhibitors as dual therapy for not only 

neuronopathic Gaucher disease but also type 1 Gaucher disease complicated by multiple 

myeloma or another cancers [152].

The Development of New Research Tools

5.1 Mouse Models of Gaucher disease

While it has been long appreciated that mouse models of Gaucher disease are an extremely 

important tool for studying disease pathogenesis and drug development, the generation of an 

appropriate model has proved quite challenging. Genetic alteration of exons 9–10 of Gba has 

been the target of most animal model strategies since this region is most frequently mutated 

in Gaucher disease. The first mouse model of Gaucher disease was created by insertion of a 

Neo cassette in exons 9 and 10 by the group of Dr. Ginns at the NIH in 1992 [153], 

effectively knocking out all glucocerebrosidase activity. This model replicated severe type 2 

Gaucher disease with glucocerebroside accumulation in liver, brain and lungs, and in the 

lysosomes of spleen and liver macrophages. However, the mice died in neonatal period due 

to dehydration related to permeability barrier defects in the skin [154]. These studies 

provided great insight into the collodion skin phenotype associated with the most severe type 

2 Gaucher disease. It lead to the recognition that alterations in epidermal biochemistry and 

ultrastructure in patients could be used to discriminate between type 2 and type 3 disease 

[155]. This has direct clinical utility as it is not uncommon to come across affected infants in 

whom it is not possible to distinguish clinically between type 2 and type 3. However, the 

early lethality of this model limited its utility for therapeutic development. Next, the Proia 

group, also at the NIH, utilized a single insertion mutagenesis procedure to develop mice 

harboring the ‘RecNciI’ mutation (L444P/A456P) and mice homozygous for the L444P 

mutation [156]. Both strains initially died after birth. In an attempt to develop a longer lived 

model homozygous for L444P mutation, Dr. Proia crossed heterozygote mice with 

heterozygous Ugcg knockout mice [97]. After serial intercrosses of Gba+/L444P;Ugcg+/− 

mice, they obtained L444P/L444P homozygous (GbaL444P/L444P;Ugcg+/+ mice). It is 

very intriguing that despite wild type Ugcg, L444P homozygous mice were not lethal and 

although they lacked Gaucher features, the model recapitulated an inflammatory phenotype 

with B cell lymphoproliferation. More recently, mice have been generated harboring other 

missense mutations (V394L, D409H and D409V mice) [157]. These mice from the 

Grabowski laboratory are long lived and express a biochemical phenotype, but have mild to 

no accumulation of Gaucher cells. Surprisingly, N370S homozygous mice died within 24 

hours of birth owing to a skin defect, similar to Gba−/− mice, despite significantresidual 

glucocerebrosidase activity. A conditional GD mouse was generated in 2006 by the 
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Karlsson’s laboratory using Cre-mediated deletion of floxed Gba gene in hematopoetic cells, 

achieved upon treatment with polyinosinic-polycytidylic acid to activate the Mx1 promoter 

after birth [158]. These mice had a normal life-span and recapitulated GD phenotype more 

fully, with massive Gaucher infiltration, splenomegaly and cytopenia. A conditional mouse 

model of type 2 GD was generated by the same group through insertion of a floxed Neo 

cassette into Gba intron 8, and homozygous mice were then bred with keratin-14-Cre 

transgenic mice to rescue Gba in the skin [159]. These mice developed classical phenotype 

of type 2 Gaucher disease and lived ~10 days. This conditional KO strategy was also used to 

generate another conditional deletion in hematopoietic cells by the Mistry group, which 

successfully recapitulated aspects the human phenotype and was instrumental in describing 

immune dysregulation and metabolic inflammation as well as the role of Gba2 in Gaucher 

disease [101, 127, 160]. An important aspect of Gaucher disease that is being explored in 

this murine model is biliary excretion of glucocerebroside and its bioactive lipids. In fact, 

the first and only such study was by Dr. Brady’s group 35 years ago showing impressive 

biliary secretion of the stored lipids in Gaucher disease [161]. Dr. Brady revisited this topic 

recently, working to characterize the nature of biliary transport of Gaucher lipids in mouse 

models with Dr. Mistry’s group [101].

Recently, there has been a resurgence of interest in a chemically induced mouse model using 

conduritol β-epoxide (CBE), an inhibitor of glucocerebrosidase first developed in the 1970s 

[162]. The Futerman lab improved on this model though optimizing dose and timing of CBE 

administration to generate longer-lived models replicating neuronopathic Gaucher disease 

[30]. This system was recently employed to describe impressive variability of Gaucher 

disease phenotypes in different strains of mice and a genome-wide association study has led 

to a list of compelling candidate modifier genes.

5.2 Cell Based Models of Gaucher Disease

Research in the field of Gaucher disease has long sought effective cell models to pursue a 

better understanding of disease pathophysiology and to develop novel therapeutics. 

Fibroblasts, while helpful for some studies, do not store the lipid substrate. Recently, 

attention has turned to developing induced pluripotent stem cell (iPSC) lines from patients 

with Gaucher disease. Several groups have successfully generated such lines and 

differentiated them into different lineages. In one study, macrophages differentiated from 

these Gaucher iPSC lines were evaluated and found to have enzyme deficiency, lipid storage, 

impaired chemotaxis, and impaired respiratory burst [150]. Other investigators used Gaucher 

iPSCs to explore defects in hematopoiesis, offering insight into elements of Gaucher 

pathogenesis outside of macrophages [163].

One field where the use of Gaucher iPSCs is especially exciting is in exploring the link 

between GBA1 and Parkinson disease. Dopaminergic neurons have been generated both 

from iPSCs from Gaucher carriers and patients. In fact, one study investigated the 

differences between iPSC-derived neurons from monozygotic twins with GBA1 mutations 

who were discordant for Parkinson disease [164]. Aflaki et.al. recently studied iPSC 

dopaminergic neurons and found that those made from patients with Gaucher disease 

showed low glucocerebrosidase activity, and elevated levels of glucocerebroside [151]. iPS-
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derived dopaminergic neurons from patients with Gaucher disease with parkinsonism and 

type 2 Gaucher disease had elevated levels of α-synuclein. The cells were treated with a 

small molecule chaperone which increased glucocerebrosidase activity multifold in all 

Gaucher neurons and reduced α-synuclein levels in dopaminergic neurons derived from 

patients with Gaucher disease who also had parkinsonism. A second study by Mazzulli et al 
[165] also used iPSC-derived dopaminergic neurons from patients with mutations in 

PARK9, an A53T mutation in α-synuclein, an α-synuclein triplication, one patient with 

Gaucher disease, and one with idiopathic Parkinson disease to evaluate one of these 

previously described non-inhibitory chaperones of glucocerebrosidase. Treatment with the 

small molecule reduced substrate levels and pathological α-synuclein, also indicating that 

such chaperones may prove beneficial for the treatment of synucleinopathies.

6. Major Ongoing Challenges in the Field of Gaucher Disease

This is truly an exciting time for research in the field of Gaucher disease. When Dr. Brady 

began his work in the field the resources, tools and information available to him were quite 

limited. Currently, the number of publications, companies, organizations, websites and 

conferences focused on Gaucher disease are truly remarkable. The past decades have 

provided new insights, tools and treatments (Figure 1) and Gaucher disease has become a 

beacon, illuminating research directions for other lysosomal storage disorders.. In addition, 

the link with parkinsonism has opened new avenues of research and has infused additional 

energy into the field, and, as a result, the numbers of publications in this field are rising 

exponentially. It is especially gratifying to see that research directed toward a rare disease 

may have important implications for a common complex disorder.

Below are many of the questions and topics that the coauthors feel will be important to study 

in the coming years:

1. Explaining phenotypic heterogeneity in a single gene disorder: Determining 

(rather than speculating on) whether and to what extent environmental (both 

prenatal and post-natal) exposures (such as viral or other infections) influence 

the phenotypes of both type 1 and type 3 Gaucher disease remains elusive. This 

will be even more important if newborn screening becomes more prevalent. 

Studies of patients with identical genotypes and discordant phenotypes, 

especially discordant sibling pairs should help in this endeavor. Next-generation 

whole exome or whole genome strategies should facilitate these studies. Because 

of the relative rarity of Gaucher disease, large multicenter collaborative studies 

may be required in order to achieve the power necessary for the identification of 

genetic modifiers.

2. Understanding the different organ involvement in Gaucher disease: It will be 

important to determine why bone is such a susceptible target for infarction and 

necrosis and why these stochiastic bone complications continue to occur despite 

ERT. What is the cause of the gibbus deformity in some patients with Gaucher 

disease? Furthermore, why do some patients develop pulmonary involvement and 

why is it relatively resistant to treatment? Defining the basic mechanisms by 

which splenectomy, especially when performed in young patients, exerts a 
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deleterious effect especially on bone and lung, might contribute to a better 

understanding of the pathophysiology in non-splenectomized patients.

3. Establishing the full impact of Gaucher disease on macrophage function: 

How do the cellular impairments seen in Gaucher macrophages influence disease 

manifestations and progression? To what extent do platelets, endothelial cells 

and/or circulating microparticles contribute to bone and other pathology either 

intrinsically or under the influence of inflammatory cytokines and chemokines? 

In addition to documenting abnormal increases in these inflammatory mediators, 

understanding why and which are abnormally increased in certain patients and 

not in others, and defining the actual pathways by which they contribute to 

clinical events will be important. From an epidemiologic perspective, what is the 

actual prevalence of the immunological (T cell, Tregs, NKT cells) abnormalities 

described in Gaucher disease models and patients, and do they consistently 

correlate with glucosylsphingosine levels in untreated and treated patients? Is 

there a way to prevent malignancies or provide targeted therapeutics?

4. Determining the relative efficacy of different treatment modalities: Are the 

longer term outcomes, including bone events and propensity for parkinsonism, 

myeloma and other malignancies, different in patients treated with SRT rather 

than ERT and how does this compare to untreated patients? Are there advantages 

in combining these different therapeutic strategies? How can we best compare 

therapeutic outcomes when new treatments like pharmacologic chaperones or 

HDAC inhibitors are developed? How can data be accessed by all when much is 

held in specific industry-sponsored registries? Why do autopsy studies indicate 

variable responses to therapy and what other factors contribute to the differences 

in effectiveness seen?

5. Identifying improved biomarkers to inform treatment decisions and to 
predict prognosis: How can we discern which subjects are likely to need 

therapeutic intervention and when? This will be particularly critical as more 

patients are identified by screening.

6. Reducing the cost of treatment for Gaucher disease: How can we make 

therapy accessible to all patients around the globe?

7. Clearly defining the mechanism underlying the association between 
Gaucher disease and parkinsonism: Why are carriers of a single GBA1 

mutation at increased risk of developing parkinsonism? What are the 

implications for treatment of Parkinson disease and for understanding pathways 

contributing to disease pathogenesis? Why is GBA1-associated parkinsonism 

associated with an earlier disease onset and often with cognitive impairment? 

What determines the anatomical distribution of protein aggregation responsible 

for the different clinical parkinsonian presentations? Identification of novel 

ligands and or chemical changes that could act as surrogate biomarkers of 

disease progression and can be followed over time to assess treatment efficacy 

are crucial to accurate determination of response in future clinical trials.
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8. Identifying the mechanisms underlying neuronopathic Gaucher disease: 

How can we explain the vast diversity of phenotypes encountered? What is the 

reason for involvement of the saccadic eye movements? Why is mutation D409H 

associated with such a unique phenotype (Gaucher disease type 3C)? What 

determines who develops myoclonic epilepsy?

9. Elucidating the best therapeutic strategy for neuronopathic GD: Assuming 

that new treatments (SRTs, chaperones) are active in the CNS, how early does 

treatment have to be started to prevent or arrest clinical CNS pathology. Can 

existent disease be reversed and when does it become irreversible?

10. Understanding the natural history and prevalence of GD in other 
continents: Much of the data collected on Gaucher disease has primarily come 

from specific regions such as North and South America, Europe and Israel. How 

does Gaucher disease present and develop in other continents and what do these 

differences teach us about the disorder?

11. Identifying and training the next generation of Gaucher investigators: Many 

of the current investigators were trained in the previous century. How do we 

ensure leadership and continuity in the field? In which specialty programs will 

they find the best home?
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Highlights

• With the recent passing of Roscoe Brady, an era has ended in the field of 

lysosomal biology in health and disease.

• In the past decades considerable progress has been achieved in many aspects 

of Gaucher disease, including treatment.

• The association of glucocerebrosidase and parkinsonism has broadened the 

relevance of this research.
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Figure 1. 
Timeline illustrating some of the progress made in different aspects of Gaucher disease and 

the ongoing challenges.
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Table 1

Gaucher Disease: NIH Milestones

1965 - Defect in glucocerebrosidase identified [7]

1967 - Diagnostic test for Gaucher disease [13]

1968 - Lysosomal localization of glucocerebrosidase [15]

1972 - Prenatal diagnosis of Gaucher disease [14]

1973 - Method for purifying the enzyme [16]

1980 - Different glucocerebrosidase isoforms found [18]

1984 - First bone marrow transplant [20]

1984 - Protein sequence identified [21]

1985 - Localization of gene to chromosome 1q21 [24]

1987 - First mutations identified [27, 28]

1991 - Successful ERT in type 1 Gaucher disease [37]

1992 - First mouse model of Gaucher disease generated [140]

1992 - Initial genotype-phenotype studies [40]

1994 - Identification of skin ultrastructural changes [141]

1996 - Neonatal Gaucher disease described [142]

1997 - ERT Trials in type 3 Gaucher disease [44]

2003 - Appreciation of link with Parkinson disease [63]

2004 - Parkinsonism in GBA1 carriers [65]

2007 - High throughput screens for small molecules impacting GCase [153]

2007 - Intracerebral infusion of ERT attempted [49]

2008 - Description of randomized controlled trial of miglustat in patients with type 3 Gaucher disease

2009 - Multicenter study of GBA1 mutations in Parkinson disease [67]

2011 - Histone deacetylation inhibitors proposed for Gaucher disease [52]

2012 Identification of non-inhibitory chaperones of glucocerebrosidase [136]

2012 PET imaging studies of GBA1-associated Parkinson disease [77]

2013 Multicenter study of GBA1 mutations in Dementia with Lewy Bodies [69]

2014 Development of iPSC-derived models of Gaucher disease [137]

2016 Demonstration that a GBA1 chaperone decreases a-synuclein in iPSC neurons [138]
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