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Abstract

Gaucher disease (GD), the most common lysosomal storage disease, results from a deficiency of
the lysosomal enzyme glucocerebrosidase. GD has been classified into 3 types, of which type 2
(the acute neuronopathic form) is most severe, presenting pre- or perinatally, or in the first few
months of life. Traditionally, type 2 GD was considered to have the most uniform clinical
phenotype when compared to other GD subtypes. However, case studies over time have
demonstrated that type 2 GD, like types 1 and 3, manifests with a spectrum of phenotypes. This
review includes case reports that illustrate the broad range of clinical presentations encountered in
type 2 GD, as well as a discussion of associated manifestations, pathological findings, diagnostic
techniques, and a review of current therapies. While type 2 GD is generally associated with severe
mutations in the glucocerebrosidase gene, there is also significant genotypic heterogeneity
observed.
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Introduction

Gaucher disease (GD), the most common lysosomal storage disease, results from a
deficiency of the lysosomal enzyme glucocerebrosidase. It is a disorder primarily affecting
the reticular endothelial system, in which macrophages become engorged with stored lipid,
giving rise to the characteristic appearance of Gaucher cells. Patients with GD are typically
divided into three types, based on the presence or absence and rate of progression of
neurologic manifestations [1]. In type 1, the non-neuronopathic form, clinical manifestations
are restricted to the hematopoietic system, skeletal system and visceral organs. Types 2 and
3 are both neuronopathic forms affecting the central nervous system (CNS), however they
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exhibit differing rates of neurological deterioration. Type 2 GD (MIM 231000) describes the
acute neuronopathic form [2].

Type 2 GD, originally described in 1927, is the rarest and most severe form of Gaucher
disease [3]. Patients with type 2 GD typically present with symptoms either prenatally or
during infancy, and usually die before the age of 3 years [2]. Type 2 GD makes up the
minority of GD cases overall. In general, GD has an estimated frequency of 1 in 100,000 to
500,000 live births [4;5]. Like other types of GD, type 2 GD is pan-ethnic in occurrence.

Traditionally, type 2 GD was considered to have the most uniform clinical phenotype when
compared to other GD subtypes. However, case studies over time have demonstrated that
type 2 GD also manifests along a phenotypic spectrum, similar to types 1 and 3. This review
includes case reports that illustrate the phenotypic spectrum, with a discussion about the
clinical and molecular features of type 2 GD.

Case Reports

Case 1: [6]

Case 2: [7]

Case 3: [8]

Case 4: [9]

The following case reports, selected from the literature, illustrate the range of variation in
the clinical presentation of patients with type 2 GD. The age of presentation varies, from
perinatal lethal forms to later-onset presentations. All of the cases demonstrate a rapid rate
of neurological progression.

A male fetus, resulting from a consanguineous mating, died in utero at 22 weeks of
gestation. Upon autopsy, the fetus was found to have hydrops fetalis, hepatosplenomegaly,
and multiple external abnormalities of the extremities, ears and nose. Decreased f3-
glucocerebrosidase activity was established in fetal fibroblasts.

A neonate, born at 32 weeks of gestation to a non-consanguineous couple, displayed
moderate ichthyosis with ectropion, some restriction of limb movements,
hepatosplenomegaly, and thrombocytopenia. The patient’s clinical condition deteriorated
with the development of apnea, a suspected infection, and jaundice, resulting in death at 3
weeks of age. Leukocyte enzyme assay showed a significant decrease in the levels of -
glucocerebrosidase activity.

A male neonate, born at term to a non-consanguineous couple, was noted to have collodion-
like skin at birth. The skin findings cleared by 2 weeks of age; however, he subsequently
developed feeding difficulties and regression of motor milestones. Physical exam at 6
months of age was significant for spasticity, abnormal eye movements, an opisthotonic
posture and hepatosplenomegaly. He died at 7 months of age. Fibroblast f3-
glucocerebrosidase activity was significantly decreased.

A male neonate, born to a non-consanguineous couple following a pregnancy notable for
intrauterine growth retardation, presented with facial dysmorphism, intense jaundice,
massive hepatosplenomegaly and cutaneous hemorrhagic syndrome. Vitamin K replacement
and multiple platelet transfusions partially improved his coagulopathy and
thrombocytopenia. Neurological findings were noted at 2 months of age. Death occurred at 4
months following uncontrollable digestive tract bleeding. p-glucocerebrosidase activity in
leukocytes was significantly decreased.
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Case 5: [10]

A female infant with an uneventful perinatal course presented at 8 months of age with acute
pneumonia and was noted to have splenomegaly, anemia, opisthotonus, and an absent gag
reflex. Following demonstration of deficient p-glucocerebrosidase activity, she was treated
with enzyme replacement therapy, alglucerase. A tracheostomy was performed due to
frequent aspiration. Subsequently, she developed seizures refractory to epileptic treatment
and died due to aspiration pneumonia at two and a half years of age.

Case 6: [11]

A previously healthy female infant, born to a non-consanguineous couple, was noted to have
an oculomotor apraxia at 10 months of age. B-glucocerebrosidase activity was decreased in
lymphocytes and Gaucher cells were seen on a bone marrow aspirate. The clinical picture
was initially consistent with type 3 GD, however the neurological findings progressed
rapidly, with bilateral abducens paralysis at 14 months and myoclonus at 16 months. A
supranuclear gaze palsy with bilateral ptosis, a fixed downward gaze, absent vertical eye
movements, and severely impaired swallowing were evident at 22 months. Splenic
enlargement and growth retardation with gradual wasting increased steadily. A partial
splenectomy was performed at 28 months but it failed to arrest the clinical deterioration. She
died at 32 months of age.

Clinical Phenotypes (see Table 1)

Perinatal lethal forms

In perinatal lethal forms of GD, the pregnancy is typically complicated by non-immune
hydrops fetalis. Hydrops may cause the fetus to die in utero or to be delivered prematurely,
resulting in death soon after. Although the pathophysiology of hydrops fetalis in patients
with GD remains obscure, a few hypotheses exist. Some authors propose that hydrops fetalis
is caused by anemia related to hypersplenism and Gaucher cells infiltrating the bone
marrow, resulting in a high output congestive heart failure and eventual fetal and neonatal
death [12]. An alternative hypothesis is that it is due to hypoproteinemia, resulting from
massive liver involvement or vascular occlusion by Gaucher cells [13]. Dimmick and
Applegrath [14] proposed that vascular occlusion by Gaucher cells is a plausible cause, with
excessive erythroblastosis and hypoproteinemia as secondary causes. The supporting
evidence includes the extensive presence of Gaucher cells in the hepatic sinusoids, hepatic
veins and in the capillaries of the placental villi.

When hydrops is absent, the fetus usually reaches full term, and may present with distress
that requires resuscitation, or with a rapidly worsening neurological condition beginning in
the first week and leading to death within three months.

Neonatal ichthyosis—Neonatal ichthyosis is frequently encountered in type 2 GD. The
abnormal skin is erythematous and shiny, and is present all over the body but predominately
over the palms and soles or in flexural folds [10]. At times, the infant is considered to have
the “collodian—-baby” phenotype due to a cellophane-like membrane covering the skin
(Figure 1). This dermopathy usually disappears within a few weeks. Histological and
ultrastructural studies of skin from patients with type 2 GD, even without overt skin
manifestations, reveal epidermal extracellular lamellar bilayer abnormalities [15]. These
skin studies show findings similar to the mouse model of GD generated by targeted
disruption of the mouse glucocerebrosidase gene [16]. The ichthyotic skin demonstrates an
increased epidermal glycosylceramide to ceramide ratio, abnormal stratum corneum
ultrastructure, and an increased transepidermal water loss [17]. It has been speculated that
the altered cutaneous desquamation seen in patients with congenital ichthyosis could be a
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result of abnormal intercellular cohesion and/or induction of an abnormal skin permeability
barrier leading to hyperproliferation [15].

Dysmorphology—Overall, up to 35 % of fetuses diagnosed perinatally with type 2 GD
are observed to be dysmorphic, with low-set ears, a small nose with a flat nasal bridge and
anteverted nares. Given how similar the features are to those observed in fetal akinesia
syndrome, it is presumed that either partial or full fetal akinesia sequence occurs in patients
with perinatal lethal GD [18].

Neurological involvement—Typical neurological features in individuals with perinatal
lethal forms are related to central nervous system degeneration, and include arthrogryphosis,
microcephaly, and neonatal distress. The secondary progressive bulbar syndrome is
represented by poor sucking, laryngeal stridor, neck hyperextension, opisthotonus and apnea
[18].

Non-neurological involvement—Splenomegaly at birth is a major non-neurological
sign in patients with perinatal lethal GD [18;19] and is frequently associated with
hepatomegaly (Figure 1). Jaundice, purpura with thrombocytopenia, and a deficiency of
clotting factors have been reported. Causes of death related to non-neurological
complications include pulmonary hypoplasia due to plural effusion, liver failure [18], and
digestive tract bleeding [20;21;22].

Non-perinatal lethal forms

The clinical presentations of patients with non-perinatally lethal type 2 GD are all fairly
similar, with the exception of the age of presentation and age of death. The prenatal history
for most of the patients is unremarkable. The infants appear normal at birth, and the first
signs of GD usually present before 9 months of age as visceral and/or neurological
symptoms [23].

Neurologic involvement—Signs consistent with brain stem degeneration include
hyperextension of the neck, strabismus, laryngeal stridor, trismus, rarely esophageal
dysmotility [24], and unstable heart rate [25]. These signs may appear individually or in a
cluster. Changes in motor function, such as limb hypertonia, brisk tendon reflexes and,
rarely, expressionless facies or athetosis, may be related to brain stem dysfunction [26;27].
Epilepsy, myoclonic epilepsy/myoclonus, and progressive microcephaly are less frequent.

It is difficult to evaluate cognition in patients with type 2 GD given the acuity of the disease,
the young ages of the patients, and the severity of motor impairment. Reports range from
decreased rate of gain [28], to regression of developmental milestones [23].

The association of oculomotor involvement with other signs of GD in the acute and chronic
neuronopathic forms is quite characteristic. Strabismus is the most frequent sign of
oculomotor involvement [23]. Other oculomotor signs less commonly observed in patients
with acute neuronopathic involvement are oculomotor apraxia, and the absence or slowing
of the horizontal saccades with preservation of vestibulogenic deviation and vertical gaze
[26;29;30;31;32;33;34].

The major progressive neurological feature and most frequent cause of death is prolonged
spontaneous apnea, occurring with increased frequency in the later stages of the disease
[23].

Non-neurologic involvement—Visceral involvement primarily includes splenomegaly,
usually associated with anemia, thrombocytopenia, and liver enlargement. Although
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hepatosplenomegaly is a common sign in type 2, complications such as portal hypertension,
which was frequent in untreated type 3 GD, are rarely reported [20].

Skin involvement is less commonly observed as compared to patients with perinatal lethal
forms.

Unlike other lysosomal storage diseases, fever is frequently observed in type 2 GD [23].
Fever may be a sign of a non-specific infection, or it may be present in the absence of
infection and thus, resistant to antibiotic therapies. In these cases, type 2 GD appears to
cause fever independently, suggesting an inflammatory component to the disease, possibly
mediated by the activated glucosylceramide-laden macrophages.

Given the acuity of type 2 GD, the skeletal manifestations have not been well described. The
skeletal complications seen in chronic GD types are primarily long term, such as growth
retardation, osteoporosis, and fractures.

Pulmonary involvement is the most significant non-neuronopathic feature, and may be
attributable to recurrent aspiration. Aspiration may be due to recurrent choking episodes
related to neurological degeneration. Bilateral interstitial lung involvement, pulmonary
hypertension, restrictive pulmonary insufficiency and intrapulmonary arterial-venous shunts
are not frequently described in type 2 GD [23].

Failure to thrive may result from anorexia, nausea, vomiting and swallowing difficulties.
Alternatively, failure to thrive may relate to increased resting energy expenditure [28]. Fatal
gastrointestinal bleeding has been reported [35].

Intermediate phenotypes

Patients who survive beyond their second birthdays and whose clinical pictures fall between
types 2 and 3, have been described as having intermediate phenotypic forms. Goker-Alpan
et al. (2003) [36] reported nine such patients with severe neurologic disease and later ages of
onset, with an average age at diagnosis of 12.6 months as compared to the average of 3.5
months in the typical cases studied by Mignot et al. [18]. The mean age of onset for type 3
was reported to be 4.2 years [37]. The skeletal and visceral involvement associated with this
intermediate phenotype was mild to moderate, consistent with most cases of type 2 GD, and
in contrast to the severe skeletal and visceral involvement of type 3. Similar to the cases
with type 3, myoclonic epilepsy refractory to antiepileptic treatment was one of the most
frequent findings, in contrast to what is typically seen in type 2. The study also found that
most patients with the intermediate forms died of progressive brain stem involvement and
aspiration pneumonia. The rate of disease progression in these patients was faster compared
to patients with type 3, where death usually ensued in either adolescence or adulthood.

Overlap between neuronopathic forms of Gaucher disease

The ever-expanding spectrum of neurological involvement in patients with GD has
compelled researchers and clinicians to describe patients with both acute and chronic
neurologic GD as having neuronopathic GD, rather than restricting classification to types 2
or 3 [38]. Furthermore, patients with type 1 GD may present with neurological dysfunction,
however the profile of neurological manifestation differs from that observed in patients with
types 2 and 3. Patients with type 1 may show Parkinson disease symptoms and peripheral
neuropathies [39]. In contrast, swallowing abnormalities are more common in patients with
classical type 2. Dysfunction of major motor circuits, myoclonic epilepsy, oculomotor
abnormalities, learning disabilities, and at times, intellectual deterioration are seen in
classical type 3.
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Davies et al. [40] developed a list of clinical signs and symptoms, along with a severity-
scoring system, for patients with neuronopathic GD. It is important to note, however, that
during the development of this severity scoring tool, authors excluded reports of patients
with type 2, and focused primarily on the severity and progression of symptoms in patients
with chronic GD only. Currently, two scales are used to assess the severity of involvement
for patients with GD [41;42]. Of note, these scales calculate all neurological involvement in
one domain only, and are not sensitive enough to track neurological changes seen over time.

Pathological findings in patients with type 2 GD

Gaucher cells

Even though there is deficient activity of B-glucocerebrosidase in all cells of the body in
GD, the clinical manifestations are primarily related to the macrophages that phagocytose
senescent white and red blood cells. The phagocytic macrophages, intended to degrade large
quantities of sphingolipids, are termed Gaucher cells and exhibit a characteristic
morphology [43]. Microscopically, the cells are 20-100um in size, have an eccentric
nucleus, and a wrinkled tissue paper appearance of the cytoplasm [44;45]. The contents of
the cells react with periodic-acid Schiff (PAS) reagent [45], PAS leucofuchsin stain [46],
acid phosphatase [47], and often ferritin. Electron micrographs of these cells show
characteristic engorged lysosomes. They have a single limiting membrane surrounding a
pale matrix with regular-appearing elongated structures of up to 5 um in length, containing
as many as 10-12 twisted fibrils [46].

Visceral pathology

The spleen is significantly enlarged, with grossly observed fibrosis, infarcts and nodules
related to vascular malformations of the red pulp or extramedullary hematopoiesis [46].
While the size of the spleen increases up to 25-fold in patients with GD, including patients
with type 1, glucosylceramide accounts for less than 2% of the additional tissue mass [48].
This disproportionality implies that although glucosylceramide accumulates significantly in
GD, other biochemical pathways must be activated in GD, thus contributing to changes in
the tissue.

The liver is usually grossly enlarged, and microscopy reveals Gaucher cells in the sinusoids.
Glycolipids accumulate in the macrophages that line the walls of the sinusoids, but the
hepatocytes are spared. Destructive changes, such as fibrosis, are occasionally observed
[20;46;49].

The lungs frequently show extensive intra-alveolar accumulation of Gaucher cells [50].
Gaucher cells are also found in the cortical and medullary portions of the thymus, deep
layers of the adrenal cortex, lymph nodes, and the lamina propria of the gastrointestinal
tract.

In perinatal lethal forms, changes in the muscles of the pelvic girdle and lower limbs are also
observed, with perimesial fibrosis and fiber size variation without fiber type grouping, pan
fascicular atrophy, or clusters of hypertrophied type 1 fibers [49]. Fibrotic papillary muscles
have been reported in one case of type 2 with hemosiderosis [51]. Skin shows compact
orthokeratotic hyperkeratosis in many case reports.

Neuropathology

Despite the acute neurological involvement differentiating type 2 from other GD
phenotypes, the gross histological appearance does not appear to be abnormal [52].
Microscopically, there is variable neuronal loss [2;53;54; 55], most prominent in the
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thalamus, brain stem, occipital cortex [56], and Purkinje fibers. The most consistent finding
in the nervous system is the presence of Gaucher cells perivascularly in Virchow-Robin
spaces and in cerebral grey matter, either individually or as clumps [32].

Neuronophagia, or destruction of nerve cells, is variably present. Neurons show
intracytoplasmic striations, membrane-bound vacuoles, and cytosomes filled with flat
parallel membranes [2;53]. A variable degree of demyelination has been reported
[2;52;56;57].

While extreme widespread storage of glucosylceramide is a typically expected biochemical
finding in lysosomal storage diseases, it is remarkably not found in most cases of GD. Even
the cases where “extreme and widespread storage” has been reported, the cellular response

to stored glucosylceramide is minimal [56].

It has been postulated that the small and focal lesions observed in postmortum brain samples
from patients with GD type 2 may result more from dysfunction of surrounding cells rather
than from the discrete pathological changes caused by minimal lipid accumulation [50].
Another possibility is that the glucosylceramide stored in the tissue macrophages either
releases toxic substances, or causes failure of the protective mechanisms of these cells [58].
Since glucosphingolipids are potent inhibitors of protein kinase C activity [59] and could
disrupt neuronal activity by interfering with signal transduction, they have also been thought
to have neurotoxic effects in patients with type 2 GD [50]. Glucosylsphingosine is found at
higher levels in the brains of the patients with type 2 and type 3 GD [60], suggesting a
potential pathological role of this lipid in types 2 and 3 [61]. As compared to patients with
type 2 GD, patients with type 3, who have more prolonged clinical courses, have
pathological findings that show more extensive neuronal storage, as well as neuronal loss,
neuronophagia and gliosis [53;2].

Studies have been conducted at the cellular level in order to uncover how lysosomal
accumulation of the substrate, glucosylceramide, mediates cellular pathology. The studies
have looked at neuronal models of GD [62;63;64], chemically induced macrophage models
[65], and postmortem brain samples from patients with type 2 GD [66]. The results have
shown that changes in phospholipid metabolism and calcium homeostasis occur. They have
also demonstrated that glucosylceramide can escape the lysosomes, and then interact with
biochemical and cellular pathways located in other organelles.

Neurodiagnostics

Analysis of the findings from structural and functional imaging in patients with type 2 GD
has been conducted in order to establish a uniform method to assess clinical neurologic
severity, to predict progression, and to optimize therapeutic intervention. Vellodi et al. [38]
presented a clinical protocol for the minimal initial assessment of primary neurological
involvement in GD, which includes brain imaging, neurophysiology, and neuropsychometry.

The tests designed for imaging structural CNS involvement have shown variable results.
Cerebral CT and MRI findings in type 2 disease range from normal to mild cerebral atrophy
[28;34;52;67]. Dural thickening, which is considered to be specific for lysosomal storage
diseases, has also been reported with contrast enhanced MRI imaging [68].

Electroencephalograms (EEG’s) may show disorganization of the background and variable
foci of sharp waves and spikes [23]. However, the EEG findings may have little clinical
significance [52;67]. As would be expected, electrophysiological findings specific for brain
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stem neurodegenerative disease have abnormal responses with disappearance of 111-V
waves or with prolonged latencies [23;67].

There is only a single report [32] regarding the noninvasive assessment of functional status.
The single photon emission computed tomography (SPECT) in two patients revealed
decreased perfusion of the brain initially, with progression that involved the entire cerebrum
as the neurological manifestations intensified over a period of four months. Since there is an
insufficient understanding of the functional and structural cerebral changes in this disease,
more functional studies may result in a better understanding of the disease process.

Molecular diagnhosis

The gene for human B-glucocerebrosidase (GBA) is located on chromosome 1g21. GBA
contains 11 exons and 10 introns, covering 7.6 kb of sequence. A pseudogene for GBA,
sharing 96% exonic sequence homology, is located 16kb downstream from the functional
gene (Figure 2) [69;70]. The 1g21 region is gene rich, with seven genes and two
pseudogenes located in close proximity (GenBank accession number AF023263) [70]. The
gene for metaxin (MTX) is located immediately downstream of the GBA pseudogene and is
convergently transcribed, encoding a protein of 317 amino acids that appears to be part of a
preprotein import complex in the outer membrane of mitochondria [71]. MTX also has a
pseudogene located between the GBA gene and pseudogene, immediately adjacent to the 3’
end of the functional GBA gene [72]. These genes increase the likelihood of unequal pairing
and recombination events in this region. Thus, polymerase chain reaction (PCR)
amplification of genomic DNA for sequencing must selectively amplify the functional gene
[73]. The first mutation described for patients with type 2 GD, Leu444Pro [74], remains
among the most frequently encountered mutations, although over 50 different mutations
have been described in patients with type 2 GD.

In 2000, Stone et al. [73] summarized 33 different mutant alleles by characterizing all 62
alleles in 31 patients with type 2 GD. A few generalizations were observed that suggested
genotype-phenotype correlations: (1) the most severe outcome of perinatal lethality due to
hydrops fetalis often resulted from homozygosity for a recombinant allele; (2) the
combination of one allele with the point mutation, Leu444Pro, and another mutation with a
null or very severe allele seemed to be associated with classical type 2; (3) Leu444Pro was
the most common mutation identified in patients with the intermediate phenotype [36]. None
of the patients with type 2 have been described with the Asn370Ser mutation, commonly
seen in type 1 GD. Various studies from other laboratories [75;76;77] have also associated
homozygosity of Leu444Pro with neuronopathic GD, although not usually with type 2 GD.
A unique mutant allele containing two distinct point mutations, Asp409His and His255GIn,
also seems to be associated with the type 2 phenotype [78].

Different groups have attempted expression studies of human B-glucocerebrosidase isoforms
from protein extracts taken from fibroblast cell lines with specific mutant alleles. The results
range from absent to very weak expression, to expression of different isoforms
[73;79;80;81;82;83;84]. Also, only a few point mutations have been assessed using
functional studies.

In 2005, Goker-Alpan et al. [85] analyzed 32 non-type 2 patients who were all homozygous
for the mutation Leu444Pro, and found the genotype to be associated with wide phenotypic
variation. It was concluded that other factors, such as promoter mutations, modifier loci,
environmental factors, and other non-genetic causes, must play roles in the observed
variability. A genome-wide single nucleotide polymorphism (SNP) scan may help to
highlight genetic modifiers.
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Biochemical diagnhosis

Documentation of a deficiency of B-glucocerebrosidase is the gold standard diagnostic
measure for GD. Enzyme level is typically measured in leukocytes, amniocytes or
fibroblasts cultured from the skin, and enzyme activity is usually assayed using fluorescent
substrate 4-MU (4-methylumbelliferyl-p-glucoside). However, there is not a good
correlation between the clinical phenotype and the amount of residual p-glucocerebrosidase
activity [4].

Murine macrophage cell lines have demonstrated that p-glucocerebrosidase activity can be
reduced to about 11-15% of the normal control level before increased storage of
glucosylceramide occurs [86]. However, glucosylceramide does not accumulate in
fibroblasts of patients with GD limiting their utility in some cell based studies.

The biochemical properties of B-glucocerebrosidase in patients with GD differ from those of
control subjects in terms of pH optimum, Ky, and heat stability [87]. Furthermore, the
mutant enzyme studied in lymphoid cells from a patient with type 2 was found to be
profoundly labile at pH 4 and 37 °C, in contrast to the residual enzyme activities from types
1 and 3, which were stable and similar to the enzyme in control subjects [88]. Monoclonal
antibody studies have also demonstrated that, although the mutant enzyme from patients
with type 2 has the same apparent molecular weight as enzyme from other patients with GD,
an antigenic epitope is missing [89].

Surrogate biochemical markers

Even when enzyme activity is deficient, biochemical markers may be important for
monitoring the disease course and the effect of medical therapy. For example, the dosage of
costly enzyme replacement therapy, which can reverse visceral manifestations, can be
modified according to disease severity and therapeutic response. Chitotriosidase is a marker
that best correlates with disease severity. However, 6% of patients with GD lack serum
chitotriosidase activity as a result of a mutation in the chitotriosidase gene [90], and the test
is labor intensive and not standardized between laboratories. Increases in B-hexosamindase,
tartarate resistant acid phosphatase, and/or angiotensinogen converting enzyme have been
tracked, but the results are neither universal nor consistent [91]. Thus, research is currently
being performed to identify more reliable surrogate markers, such as pulmonary and
activation-regulated chemokine (PARC) [92] and CD163 [93], which reflect macrophage
activity and which may help to monitor the severity and course of the disease.

Prenatal diagnosis

Except for one case report [51], GD has not been detected via routine non-invasive prenatal
blood testing, including the triple test. However, prenatal ultrasound in the second trimester
has been able to detect symptoms associated with perinatal lethal type 2 GD, such as fetal
ascites, hepatosplenomegaly, and reduced fetal movements in association with
polyhydramnios, thickened skin, a characteristically flattened nose, proptosis and a
continuously opened mouth [94]. Cultured amniotic fluid cells collected in suspected cases
clearly demonstrate deficiency of B-glucocerebrosidase activity [51]. Mutation analysis can
also be performed on aminocytes or chorionic villi samples if the mutations in the family are
known.

Bone marrow or tissue biopsy

Even though bone marrow, like other reticuloendothelial tissues, shows the presence of
Gaucher cells, bone marrow biopsy is not indicated for the diagnosis of GD. The less
invasive biochemical analysis of reduced enzyme activity in leukocytes or cell lines, in
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conjunction with the identification of mutations in GBA, is sufficient for diagnostic
confirmation [95].

Ultrastructural electron microscopy of epidermal samples may have promise in the
discrimination between type 2 GD and type 1 or type 3 [5;96]. Skin samples from patients
with type 2 GD show abnormal arrays of loosely packed lamellar body-derived sheets in the
stratum corneum, as opposed to the normal lamellar bilayer structures found in the stratum
corneum of control subjects and patients with types 1 and 3 GD [5]. These ultrastructural
changes are found in patients with type 2 GD regardless of cutaneous clinical manifestations
such as ichthyosis. These ultrastructural changes mirror lipid biochemical analyses of
epidermal samples from patients with type 2 GD, which show a higher content of
glucosylceramides than ceramides [15]. Control subjects and patients with type 1 or type 3
GD show a reversal of this ratio: they have a higher content of ceramides than
glucosylceramides. However additional samples need to be evaluated to determine whether
these complicated tests are truly predictive.

The goals of treatment in any patient with GD are to reduce the glucosylceramide storage
and to minimize the deleterious consequences caused by its accumulation. Enzyme
replacement therapy achieves this by supplementing the defective enzyme with the active
enzyme [75] using a recombinant form of glucocerebrosidase, Cerezyme (Genzyme
Corporation, Cambridge, MA, USA). The modified enzyme is endocytosed and is
subsequently delivered to lysosomes where it supplements the defective enzyme [75].

Enzyme replacement therapy (ERT) has been proven to be safe and effective in most
patients with type 1 GD. Trials of ERT in patients with neuronopathic GD have
demonstrated improvements in most visceral symptoms, similar to patients with type 1 GD.
However, there have not been improvements in pulmonary manifestations [97;98].

Most reports [36;97;99;100] that have examined the effects of ERT on acute, intermediate
and chronic neurological manifestations have concluded the therapy to be useful to treat
systemic involvement, but ineffective in treating neurologic manifestations of the disease.
Vellodi et al. [101] summarized the preliminary evidence, which showed that higher dosages
of ERT (120U/kg intravenously every two weeks) have reversed, stabilized or slowed the
progression of visceral involvement in cases with chronic neuronopathic GD. The same
dosages have shown an increase in glucocerebrosidase activity in cerebrospinal fluid of
patients with type 3 GD [102]. In one patient with type 2 GD, the levels of enzyme activity
in cerebrospinal fluid (CSF) increased by 2.3-folds three hours after administration of higher
dosages of ERT, but returned to pre-dose level within 24 hours. This CSF increase was only
0.08 % of that observed in plasma in a case with acute type 2 GD [103].

The most recent recommendations have stated that ERT has little effect on the progressive
downhill course of acute neuronopathic GD, and may merely result in the prolongation of
pain and suffering [38]. The almost negligible effect on neurological involvement is due to
the inability of the recombinant enzyme to cross the blood-brain barrier [104] by systemic
route of administration. In 2005, Lonser et al. [105] investigated the potential use of
convection-enhanced delivery of Cerezyme to perfuse the brain and brain stem of rats with
therapeutic levels of recombinant glucocerebrosidase. Enzyme activity substantially
increased in the cortex and white matter compared to controls, without evidence of toxicity.

A follow-up study [106] performed two similar infusions in a human patient with type 2 GD
at ages 10.5 months and 13 months. The first infusion was to the right paramedian frontal
lobe, and the second was directed to the brainstem in the region of the right facial and
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abducens nuclei. Co-infusion of a gadolinium tracer allowed for real-time observation of
glucocerebrosidase distribution. No toxicity was noted out to a follow-up point of 9 months,
however the patient remained in his pre-infusion neurologic state. Other aggressive
therapeutic interventions that have been considered include bone marrow transplantation,
gene therapy and substrate reduction therapy. Bone marrow transplantation has been
undertaken in patients with chronic neuronopathic GD, again with improvement primarily in
visceral involvement [101;107]. However, due to the significant morbidity and mortality
associated with this procedure, it is not recommended as current management.

Counseling

Professional counseling, including genetic counseling, can enhance the quality of life for
families at high risk for or with established neuronopathic GD. Local and national
organizations are important for facilitating support of families with individuals affected by
GD. Counseling regarding end of life planning, as well as bereavement counseling, should
be offered to parents and siblings of individuals with acute neuronopathic GD. Newborn
testing, and/or testing through amniocentesis, may be considered to assist with early
diagnosis and planning of future pregnancies.

Discussion

Type 2 GD involves a rapidly progressive downhill course, though it presents with a wide
phenotypic spectrum, ranging from perinatal lethal to later-onset forms. Correlation of
genotype-phenotype is difficult, especially given how the clinical phenotypic spectrum has
expanded. Thus, researchers have proposed using the broader term “neuronopathic GD” to
describe types 2 and 3, which classically refer to acute and chronic presentations,
respectively. Furthermore, the broad phenotypic spectrum calls for the need to look for
genetic and environmental modifiers.

Despite the delineation of the type 2 subtype of GD in 1927, we still face major challenges
in understanding the pathogenesis of this disease. For example, it is unclear as to whether
the disease is due to the accumulation of glucosylceramide or due to another toxic
metabolite, or to both. Our understanding of the disease could benefit from reevaluation of
the metabolism of accumulated substrates in reticuloendothelial and neuronal tissues.

The absence of a therapy to halt, slow down or stabilize the rate of neurological

deterioration in the patients with this rarest phenotype of GD remains a major challenge. The
recognition of prenatal lethal forms of the disorder indicates that neurologic damage may
already be present prenatally in other forms. Early experiences with ERT have confirmed
our inability to alter or prevent neurologic damage in type 2 GD. A better understanding of
the factors contributing to the phenotypic diversity in Gaucher disease may help to uncover
other targets for therapeutic interventions.
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Figure 1.
Two patients with symptoms of type 2 Gaucher disease, including (A) collodion skin, and
(B) abdominal protrusion, due to hepatosplenomegaly, and opisthotonus
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Figure 2.

The structure of the gene for human B-glucocerebrosidase (GBA) is shown, depicting is the
62-kb region surrounding GBA along chromosome 1q, with known genes and pseudogenes
and their transcription directions. C1lorf2, chromosome 1 open reading frame 2 (cotel);
GBA, glucocerebrosidase; MTXP, metaxin 1 pseudogene; GBAP, glucocerebrosidase
pseudogene; MTX1, metaxin 1; THBS3, thrombospondin 3.
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Summary of clinical manifestations encountered in different forms of type 2 Gaucher disease

Perinatal Lethal

Non-Perinatal Lethal

Intermediate

bleeding

Lifespan In utero to 3 months of age Up to 2 years of age 2-6 years of age
Cutaneous Hydrops fetalis, ichthyosis, disrupted Ultrastructural alterations of stratum NA
lamaller bilayers in startum corneum corneum on EM observed
Pulmonary Pulmonary hypoplasia Recurrent aspiration Recurrent aspiration, restrictive
lung disease
Visceral Hepatosplenomegaly, jaundice, GI Hepatosplenomegaly, GI bleeding Hepatosplenomegaly

Hematological

Purpura, thrombocyptopenia

Anemia, thrombocytopenia

Anemia, thrombocytopenia

Neurological

Arthrogryphosis, microcephaly, poor
sucking, laryngeal stridor, neck
hyperextension, opisthotonus, apnea

Strabismus, trismus, laryngeal stridor, neck
hyperextension, esophageal dysmotility,
unstable heart rate, limb hypotonia,
expressionless facies, athetosis, epilepsy,
myoclonus, apnea

Myoclonic epilepsy, progressive
brainstem involvement, seizures

Ophthalmological

NA

Strabismus, oculomotor apraxia, absence/
slowing of saccades

Strabismus, oculomotor apraxia,
absence/slowing of saccades

Intensive Care Units

Dysmorphology Low-set ears, small nose with flat NA NA
nasal bridge, anteverted nares
Global Frequent prolonged stays in Neonatal Fever, failure to thrive Failure to thrive
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Table 2

Genotype—phenotype correlations in Type 2 Gaucher disease

Patients with manifestations in utero

Ethnic background | Genotype Clinical presentation | Reference
Afghan recD/recD Hydrops [108]
Ashkenazi Jewish recA/IVS 10+2 T>G Hydrops [109]
Turkish ¢.533delC/c.533delC Hydrops [6]

Cape Verdean His311Arg/His311Arg Hydrops [110]
North American recB/recB Hydrops [10]

North American recD/recD Hydrops [73]
Lebanese recD/recD Ichthyosis/Hydrops [94]
Greek ¢.[1505+1-1505+12ins 1505, G>A]//recNci | Ichthyosis/Hydrops [111]
Pakistani Cys16Ser/Cys16Ser Hydrops [112]

Patients diagnosed at birth

Ethnic background | Genotype Clinical presentation | Reference
Dutch/Surinamese Arg359X/Val398Phe Ichthyosis [110]
Australian €.1263-1317del/Arg257GIn Ichthyosis 7

Greek recC/His255GIn Hepatosplenomegaly [113]
Lebanese Arg120Trp/Ser196Pro Ichthyosis [114]
Lebanese Ser196 Pro/Ser196Pro Respiratory difficulty | [73]

North American Phe259Leu/Asn188Lys Opisthotonus [73]

North American €.1263-1317del/Arg285His Unknown [73]
Ashkenazi Jewish Leu444Pro/Leud44Pro+Alad56Pro | Strabismus [67]
Spanish Leu444Pro+Glu326Lys/Pro182Leu | Ichthyosis [115]

Patients identified after several months of age

Ethnic Background | Genotype Age at presentation | Reference
African American recE/Glu41Lys+Argl31Cys 8 months [116]
North American Leu444Pro/Gly202Arg 8 months [10]
North American Leu444Pro/Unknown 7 months [10]
North American Leu444Pro/recF 5 months [10]
Mexican Argl31Leu/Argl3lLeu 5 months [8]
Swedish Leu444Pro/c.330delAla 3 months [73]
Belgian Gly202Arg/Gly202Arg 6 months [73]
North American recG/Leu444Pro/Arg257GIn 6 months [73]
North American Leud44Pro/IVS +1G>A 4 months [73]
North American Gly202Arg/Gly202Arg 5 months [73]
Kenyan/Filipino Leud44Pro/IVS +1G>A 4 months [73]
Chinese Phe213l1le/Asn382Lys 10 months [117]
Chinese Phe213lle/Leu383Arg 7 months [117]
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Patients identified after several months of age

Ethnic Background | Genotype Age at presentation | Reference
Chinese Tyr363Cys/Unknown 5 months [117]
Chinese Met416Val/c.1263-1317del55 | 8 months [117]
Spanish Leu444Pro/11e260Thr 6 months [115]

Patient diagnosed near

or after first birthday (intermediate phenotype)

Ethnic Background | Genotype Age at diagnosis | Age at death | Reference
Black Leu444Pro/Leu444Pro | 20 months 3 years [36]
French Rec Ncil/Val394Leu 12 months 6 years [36]

North American Leu444Pro/Tyr304Cys | 12 months 2 years [36]

North American Phe213lle/Ser107Leu 11 months 3.5 years [36]

North American Leu444Pro/Gly202Arg | 11 months 4 years [36]
Chinese Pro122Leu/Val375Leu | 12 months unknown [117]
Chinese Leu385Pro/Leu444Pro | 11 months 1.5 years [117]

Genotypes are presented using traditional nomenclature. The various forms of rec refer to different recombinant alleles. RecA carries the

Page 23

pseudogene sequence beginning from intron 3, and the crossover site is in intron 3; recB carries the 55-bp deletion in exon 9, as well as point
mutations Asp409His, Leu444Pro, Ala456Pro, and Val460Val, and the crossover site is in the intron 8 or the beginning of exon 9 region; recC
carries mutations Asp409His, Leu444Pro, Ala456Pro, and Val460Val, and the crossover site is in exon 9; recD, E, F carry mutations Leu444Pro,
Alad56Pro, and Val460Val, and the crossover sites include exon 9-intron 9, intron 9 or intron 9-exon 10, recG carries the pseudogene sequence
beginning from the 3' UTR or has a duplicated pseudogene with a fusion between MTX and pseudometaxin, and the crossover site is in the 3'UTR

or in MTX gene; recNci carries mutations Leu444Pro, Ala456Pro and Val460Val, and the crossover site is at the end of exon 9 or intron 9.
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