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Abstract: The glycoprotein disorders are a group of lysosomal storage diseases (α-mannosidosis,
aspartylglucosaminuria, β-mannosidosis, fucosidosis, galactosialidosis, sialidosis, mucolipidosis II,
mucolipidosis III, and Schindler Disease) characterized by specific lysosomal enzyme defects and resultant
buildup of undegraded glycoprotein substrates. This buildup causes a multitude of abnormalities in
patients including skeletal dysplasia, inflammation, ocular abnormalities, liver and spleen enlargement,
myoclonus, ataxia, psychomotor delay, and mild to severe neurodegeneration. Pharmacological treatment
options exist through enzyme replacement therapy (ERT) for a few, but therapies for this group of
disorders is largely lacking. Hematopoietic cell transplant (HCT) has been explored as a potential
therapeutic option for many of these disorders, as HCT introduces functional enzyme-producing cells
into the bone marrow and blood along with the engraftment of healthy donor cells in the central nervous
system (presumably as brain macrophages or a type of microglial cell). The outcome of HCT varies
widely by disease type. We report our institutional experience with HCT as well as a review of the
literature to better understand HCT and outcomes for the glycoprotein disorders.
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1. Introduction

The glycoproteinoses are a group of lysosomal storage diseases (alpha-mannosidosis,
aspartylglucosaminuria, beta-mannosidosis, fucosidosis, galactosialidosis, sialidosis, mucolipidosis
II, mucolipidosis III, and Schindler Disease) characterized by specific lysosomal enzyme defects
and resultant buildup of undegraded glycoprotein substrates. This buildup causes a multitude of
abnormalities in patients including skeletal dysplasia, inflammation, ocular abnormalities, liver and
spleen enlargement, myoclonus, ataxia, psychomotor delay, and mild to severe neurodegeneration.
Pharmacological treatment options exist through enzyme replacement therapy (ERT) for a few,
but therapies for this group of disorders is largely lacking. Hematopoietic cell transplant (HCT) has
been explored as a potential therapeutic option for many of these disorders, as HCT introduces
functional enzyme-producing cells into the bone marrow and blood along with the engraftment
of healthy donor cells in the central nervous system (presumably as brain macrophages or a type
of microglial cell). The outcome of HCT varies widely by disease type. We report our institutional
experience with HCT as well as a review of the literature to better understand HCT and outcomes for
the glycoprotein disorders.
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1.1. α-Mannosidosis

α-Mannosidosis is an autosomal recessive disease caused by mutations in the MAN2B1
gene on chromosome 19 that encodes the lysosomal enzyme α-mannosidase [1,2]. Historically,
deficiency in α-mannosidase was classified as a mucopolysaccharidosis (Hurler-like syndrome) due
to similar coarse facial features [3] but later was identified as a distinct entity. There is significant
variability in clinical presentation as clinical phenotypes can range from mild to severe with no
apparent genotype–phenotype correlation based on age at presentation and aggressive nature of the
disease. Manifestations include skeletal abnormalities, namely scoliosis and sternum deformation;
hearing impairment; immune deficiency; progressive developmental delays; and worsening intellectual
disability [4]. Severe manifestations include progressive neurologic deterioration and is associated with
myopathy. Elevated urinary presence of mannose-rich oligosaccharides accompanies α-mannosidosis.
The diagnosis can be established by deficient α-mannosidase activity in leukocytes or fibroblasts and is
confirmed by genetic testing for mutation in MAN2B1. Disease with earlier presentation is usually
severe and commonly ends with early death [5–7]. Patients with milder phenotype often present in the
second decade of life, have slower progression, and survive into adulthood with milder symptoms
consisting of some hearing loss and intellectual disability.

1.2. HCT for α-Mannosidosis

Over 20 α-mannosidosis patients have undergone HCT, more than any of the other glycoprotein
disorders. In a 2012 review, 17 patients who had undergone HCT were evaluated. Two patients in
this study died shortly after transplant, yielding an 88% survival rate, which is similar to previously
published survival rates for transplants in other nonmalignant diseases and similar to the reported
5-year survival rate after HCT in Hurler disease [8–10]. In the eight patients that were tested for
peripheral bloodα-mannosidase activity, the results were within the unaffected range. Developmentally,
while all patients scored below average for their age group, they all made significant improvements after
HCT and were able to participate in activities of daily living [10]. Additionally, there was no regression
in previously learned skills. One patient who was 22 at the time of the study and had undergone HCT
12 years prior was able to live independently and have a normal social life. Hearing improvement
was variable, and even though none achieved normal hearing capacity, some participants were able to
discontinue hearing aids temporarily after transplant [10]. Skeletal abnormalities were more difficult
to quantify, especially in the pediatric population, but some physicians reported stabilization or
improvement [10].

Newer analyses specifically highlight the beneficial effects of HCT on central nervous system
(CNS) pathology. For example, untreated α-mannosidosis patients have worsening white matter
abnormalities, diminished myelination, and gliosis [11–14]. Additionally, cerebral magnetic resonance
spectroscopy (MRS) has shown abnormal signals (presumed pathological) in two untreated patients
that were not present in a patient who had undergone HCT [15]. In another case report, the authors
identified a mannose-containing oligosaccharide resonance complex (MC) using MRS in a 2.5-year-old
α-mannosidosis patient prior to HCT. Furthermore, they demonstrated complete disappearance of the
MC at 9.5 months after HCT, which persisted even at 5.5 years post-HCT [12]. These reports suggest
that MRS could be a useful modality to follow patients and to determine treatment effect. These studies
also demonstrate that HCT can attenuate CNS disease, giving indirect evidence that healthy donor
cells are playing a role in alleviating neuropathology.

HCT is considered a therapeutic option for α-mannosidosis and should be pursued as early as
possible in order to minimize storage material accumulation and irreversible pathological changes,
with the main concerns being neurologic function and skeletal development.
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1.3. Enzyme Replacement Therapy (ERT) for α-Mannosidosis

Preclinical testing of recombinant human lysosomal acid α-mannosidase (rhLAMAN) in
α-mannosidosis mouse models showed significant pathologic improvements including decline in
substrate level and restoration of endogenous enzymatic levels in the CNS [16,17]. After 12 months
of ERT, there was a marked decline of disease state biomarkers including urinary and serum
oligosaccharides accompanied by improvement in behavioral, cognitive, and motor deficits [17].
A recent human trial of rhLAMAN in 33 patients demonstrated a reduction in serum oligosaccharide
levels and clinical improvement in the 3-min stair climb test as well as improvements in endurance
and pulmonary function [18]. Such clinical benefits can be linked to improved health-related quality of
life [19]. Although there have been no head-to-head comparisons of the effectiveness of ERT and HCT
in α-mannosidosis, ERT is not thought to have a significant blood–brain barrier penetration as stated
by the European Medicines Agency, leaving HCT as the only modality with potential neurocognition
preservation [20].

2. Aspartylglycosaminuria

Aspartylglycosaminuria (AGU) is recessively inherited with a relatively high prevalence in
Finland due to the C163S, “Fin,” mutation in the AGA gene which is responsible for 98% of cases
there [21]. AGU is characterized by insufficient aspartylglucosaminidase (AGA) activity that results in
accumulation of aspartylglucosamine and other glycoaspargines throughout the body [21,22]. Often,
the chief symptom is progressive developmental delay, but other clinical features include premature
aging; coarse facial features in addition to other skeletal abnormalities; and an increased potential
for arthritis, respiratory infections, psychiatric disorders, and epileptic seizures [21]. The typical
course of disease includes slow development until the age of 13–16 years, a period of stability or
slow decline until mid-20s, and rapid decline thereafter, with life expectancy estimated at 45–50 years.
Cerebral pathology includes delayed myelination and poor differentiation between white and grey
matter on T2-weighted images [23]. Currently, there is no curative treatment and the literature suggests
treating associated symptoms according to the general therapeutic guidelines [21].

2.1. HCT for AGU

HCT was first performed on three AGU patients in the early 1990s, two of which achieved
engraftment [23]. Three years after HCT, follow-up demonstrated disappearance of cellular
“storage lysosomes” on rectal biopsy, increased distinction between cerebral white and grey matter,
and heterozygous levels of AGA activity. A larger case series followed 19 patients with AGU, 5 of
whom had undergone successful HCT including the two previously noted [24]. Though the sample
size was limited, the findings of this study were concerning as those who underwent HCT faced more
severe intellectual disabilities, achieving an average developmental age of 9 months inferior to the
non-transplanted patients [24]. On the contrary, two patients (siblings) were followed further [25].
Five years after HCT, both patients made gains in temperament and attention and had not lost any
learned abilities since transplant. Both patients also exhibited near normal cerebral spinal fluid of
Tau-protein, a marker of neuronal and axonal degeneration/damage 5 years post-HCT [25]. MRI revealed
an improvement of myelination in the youngest sibling and an arrest of demyelination in the older
sibling [25]. This study indicated that there was a possible arrest in the disease course after HCT. At best,
HCT may be AGU-disease modifying or arresting [26]. Due to these mixed results and the risk of
serious complications with HCT, it is not currently the treatment of choice for patients diagnosed with
AGU [21]. If HCT is pursued, donors should be unrelated or noncarrier relatives and the transplant
should be done during infancy to spare as much intellectual function as possible.
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2.2. ERT for AGU

Preclinical trials of ERT showed potential in AGU mouse models where in vitro administration of
recombinant human AGA demonstrates correction of enzyme levels in AGA-deficient fibroblasts and
lymphoblasts in addition to intracellular clearance of precursors [27]. After a two-week course of ERT,
adult mouse models showed pathological correction in nonneural tissues, increased AGA activity in the
brain to within 10% of normal levels, and reduced aspartylglucosamine stores by 20% [28]. In newborn
mice, AGA treatment was even more effective, with clearance of 40% of the aspartylglucosamine
accumulation in neural tissue [29]. Despite this preclinical data, no company is currently producing an
ERT product for AGU.

3. Fucosidosis

Mutations in the FUCA1 gene result in α-L-fucosidase deficiency resulting in fucosidosis—an
ultrarare glycoprotein storage disorder with less than 100 reported cases [30,31]. Like the other
glycoprotein storage disorders, there is great phenotypic variation, even within the families, with clinical
features like coarse facial features, developmental delay, dysostosis multiplex, hepatosplenomegaly,
seizures, and angiokeratoma [32,33]. A severe form of fucosidosis can present in infancy and frequently
leads to death before age 10, while a milder form will present in early childhood but is associated with
significant morbidity and mortality with death often before the age of 20 years.

3.1. HCT for Fucosidosis

Due to the rarity of the disease, only a few transplants for fucosidosis have been performed.
The decision to do the very first HCT for this disease came following promising results in canines with
fucosidase deficiency treated with HCT. These studies showed that HCT normalized alpha-L-fucosidase
enzyme activity in leukocytes, plasma, and neural and visceral tissues [34,35]. HCT performed prior
to clinical findings delayed the onset and reduced the severity of disease, while HCT performed
after symptom onset was not effective [35]. Transplantation was first pursued in humans when an
asymptomatic 7-month-old child was diagnosed with fucosidosis after the diagnosis of the symptomatic
older brother [36]. Prior to transplant, MRI imaging demonstrated hyperintense cerebral and cerebellar
white matter, indicating delayed myelination. Twenty days after HCT, the patient achieved increasing
but subnormal levels of plasma α-fucosidase and normal levels in leukocytes, while urine analysis
demonstrated near total disappearance of fucosidosis-associated oligosaccharides. One year after
HCT showed a social, happy child with low-average range of abilities including locomotor, speech,
and hearing delays. Cerebral spinal fluid (CSF) analysis one year after transplant demonstrated that the
donor-derived enzyme had reached the CNS. Cerebral imaging demonstrated improved myelination
in the cerebral hemispheres, internal capsule, and basal ganglia. The patient’s clinical disease course
appeared to be markedly better than the untransplanted sibling. This first HCT showed signs that
transplant could be a potential therapy option for children diagnosed with fucosidosis if performed
before clinical onset.

A similar outcome was found in a minimally symptomatic child transplanted at 11 months of age
after an older sibling was diagnosed with fucosidosis [33]. At four years post-HCT, there were major
improvements in MRI findings, psychomotor development, swallowing, and number of pulmonary
infections. The disease course was altered in comparison to the older sibling who progressed to
death at age 7. Even with early transplant, the patient still exhibited delays in coordination and
sociability but did gain the ability to walk alone at the age of 30 months [33]. Another case report
summarized an umbilical cord blood (UCB) HCT in a symptomatic 3-year-old girl, noting that no further
neurological deterioration after HCT was detected, cranial MRI results at two years post-HCT improved,
MRS showed a prior lactic acid peak disappearing, and dysostosis multiplex persisted [32]. Three other
patients underwent HCT for this disease; two of which showed slowing of neurologic progression
and a dramatic reduction in respiratory infections (a common improvement after HCT for LSD) [37].
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In consideration of these few case reports and despite clinical variability, HCT could be beneficial when
it is performed early before significant symptoms are present.

3.2. ERT for Fucosidosis

ERT is still in preclinical development for fucosidosis. Interestingly, it is the first glycoprotein
disorder to use intracisternal ERT to deliver a recombinant enzyme directly to the CNS in a canine
model [38]. It was found that the enzyme reached all areas of the CNS but were higher near the injection
site (39%–73% of normal) and lower in deep brain structures (2.6%–5.5% of normal). Ultimately,
the study showed that direct CNS delivery of enzyme was safe; however, therapeutic levels were
not achieved in “far reaching areas” as substrate levels did not decline substantially in those regions.
A follow-up study (in the same experiment) showed partial improvement in neuropathology following
intracisternal ERT, suggesting that perhaps a more intensive ERT protocol could improve outcomes [38].

4. Sialidosis

Mutations in NEU1 lead to deficiency in lysosomal neuraminidase (NEU1) and results in
the glycoproteinosis termed sialidosis due to the accumulation of sialyated glycoconjugates [39].
Two phenotypes exist. Type I is a mild, non-neuropathic (normosomatic) form that presents in the
second decade of life and is associated with ataxia, myoclonus, and ocular defects [40]. Type II sialidosis
is a severe, neuropathic presentation with much earlier onset. Clinical manifestations of type II
sialidosis consist of mucopolysaccharidosis-like features including myoclonus, coarse facies, dysostosis
multiplex, progressive intellectual delay, and sometimes the presence of a cherry-red spot. For unclear
reasons, a subset of patients with type II sialidosis develop nephropathy due to abnormal kidney
storage material accumulation [39,41].

4.1. HCT in Sialidosis

The first HCT occurred with a patient that presented at 1.5 months of age with failure to thrive,
dysostosis multiplex, and dysmorphic features [39]. Urine and protein analyses led to the diagnosis of
sialidosis prior to the onset of clear neurological impairment. Allogenic HCT was performed at 9 months
of age with successful engraftment. Asymptomatic proteinuria was noted at 25 months of age, and a
subsequent renal biopsy showed large cytoplasmic vacuolation resulting in enlargement of glomerular
epithelial and tubular cells. The patient went on to develop renal failure, leading to hemodialysis at age 6,
and subsequently underwent renal transplant a year later. Despite the absence of major complications,
by age 11, the patient remained in poor condition with significant psychomotor retardation and
musculoskeletal involvement. While HCT prevented the rapid and severe encephalopathy associated
with type II sialidosis, HCT did not prevent renal disease or failure. It is unclear as to why HCT did
not prevent kidney disease, but it is worth noting that HCT fails to prevent renal pathology in other
lysosomal storage disorders such as has been observed in the Fabry’s disease mouse model [42]. Due to
failure to attenuate nephropathy and psychomotor retardation, the effect of HCT in type II sialidosis is
still an open question.

4.2. ERT for Sialidosis

Preclinical experiments in mouse models indicate that ERT can attenuate nephropathy, restore Neu1
activity in multiple tissues, and reduce lysosomal storage [43]. Limitation to ERT includes inefficient
crossing of rNeu1 into the blood–brain barrier. This was confirmed in studies showing that
neuraminidase activity was restored in all tissues except the brain and ears after ERT [43]. Also,
it was also described that ERT triggered severe immune response against the exogenous enzyme,
having implications for future use in sialidosis patients [43].
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5. β-Mannosidosis

β-mannosidosis is an autosomal recessive disorder caused by mutations in MANBA resulting in
the lack of the β-mannosidase enzyme and accumulation of oligosaccharides in lysosomes [44].
Clinical presentation is quite variable, even when accompanied by null mutations but may
include facial dysmorphism, neurocognitive deficits (or delays), angiokeratomas, hearing loss, and
aggressive/hyperactive behavior [45].

5.1. HCT in β-mannosidosis

Only one known HCT has occurred in a patient with β-mannosidosis [46]. HCT was performed
for a 4-year-old boy who was diagnosed after presenting with macrocephaly and gross motor delays
including deficits in balance and gait. The patient achieved engraftment, near normal CSF and plasma
enzyme levels, and displayed a dramatic drop in urine oligosaccharides following HCT. At 2 years
post-HCT, the patient had persistent impairment in motor function and a decline in visual/motor
integration, memory, and overall IQ [46]. The limited experience with HCT in this disease suggests
that the peripheral biochemical defect can be corrected with successful donor engraftment, but the
extent of overall musculoskeletal and neurocognitive benefits have yet to be fully realized.

5.2. ERT for βMannosidosis

There are no ongoing preclinical studies or clinical trials for ERT in β-mannosidosis.

6. Mucolipidosis Type II

Mucolipidosis type II (MLII) is an autosomal recessive glycoprotein disorder resulting from
mutation in the GNPTAB gene and loss of N-acetylglucosamine (GlcNAc)-1-phosphotransferase
activity [47]. Functional GNPTAB is present in the Golgi and transfers phosphate moieties to
the N-glycans on select lysosomal enzymes that are destined to be trafficked to the lysosome.
Aberrant GlcNAc-1-phosphotransferase function results in lysosomal enzymes being mis-targeted to
the extracellular compartment, where they contribute to the pathophysiology of disease (in addition to
the loss of their native lysosomal function) [48,49]. On phase-contrast microscopy, dense granules filling
the cytoplasm define the pathologic “inclusion cell”, which led to the original name of “I-cell Disease”
for MLII. Null GNPTAB mutations result in a severe storage disease that is often diagnosed in infancy
or prenatally. Death due to cardio-pulmonary disease is common in the first decade, and early clinical
findings include dysostosis multiplex, growth failure, marked developmental delay, and generalized
hypotonia [50–52].

6.1. HCT for MLII

Lund et al. summarized the outcomes of 22 MLII patients who underwent allogenic HCT [47].
Patients were transplanted at a median age of 9 months; patients were 3 months after diagnosis (median).
Fourteen patients had UCB transplants, with the remaining receiving bone marrow from related or
unrelated donors. Nineteen patients achieved primary engraftment, while one patient underwent two
additional transplants after graft failures. Only 6 patients remained alive at last follow-up, with a
median time to death of 27.6 months. After HCT, most caregivers reported that patients required
supportive measures such as gastrostomy tubes and ventilator support along with outcomes such
as impaired ambulation and intellectual delay. Only two patients survived past the age of 10 years,
with one ultimately being determined to have attenuated MLII, an intermediate form of the disease
(not known at the time of HCT). It is not clear whether HCT improved neurocognitive development.

Even after transplant, patients continued to exhibit extracellular secretion of many lysosomal
enzymes, resulting in very high plasma levels perhaps contributing to lack of efficacy of HCT in this
disease. Furthermore, there was little change in overall survival for MLII patients after HCT compared
to historic reports [47]. Therefore, HCT seems to be inefficient at significantly affecting the MLII disease
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process even when HCT is performed in a young age. This may be due to the severity of disease or other
factors such as continued inappropriate extracellular secretion posttransplant from non-hematopoietic
cell types. HCT would not inhibit the extracellular action of these mis-targeted enzymes and, therefore,
would not rescue pathology. Nonetheless, more effective therapies are in need for development.

6.2. ERT for MLII

There are no ongoing preclinical studies or clinical trials for ERT for MLII. ERT for this condition
is a challenging prospect in light of the multiple hydrolases that are deficient in MLII lysosomes.
An understanding of how loss of specific hydrolases impacts affected tissues is poorly understood,
and there is growing evidence that some of the pathology may be caused by hypersecretion of
enzymes into the extracellular space, a molecular consequence of MLII that would not be addressed by
ERT [48,49].

7. Mucolipidosis Type III

Mucolipidosis type III (MLIII) is a rare autosomal recessive disorder with reduced
GlcNAc-1-phosphotransferase activity as with MLII [53]. MLIII can be broken into two subtypes:
alpha/beta or gamma, depending on the defective subunit of the enzyme [54,55]. A recent review
of 13 adult patients demonstrated variability in clinical presentation [56]. Four of these patients
were originally misdiagnosed with a type of mucopolysaccharidosis. Skeletal abnormalities were
the primary impairment, with all 13 displaying dysostosis multiplex and secondary osteoarthritis.
Surgical interventions due to destruction of cartilage and bone lesions are common in the second or
third decades of life, especially total hip replacements. Importantly, most patients experience normal
cognitive function or only mild cognitive impairment. Despite some severely affected patients that
may die in childhood, most survive into adulthood suffering primarily from the progressive skeletal
problems, joint destruction, bone pain, and cardiopulmonary dysfunction. Currently, there is no
curative treatment, and HCT has not been pursued because the risks of HCT do not seem to outweigh
the relatively attenuated disease course of MLIII (compared to MLII). Secondarily, as with all other
LSDs, the dysostosis multiplex would not likely be affected even with “successful” HCT.

ERT for MLIII

There are no ongoing clinical trials or preclinical work with ERT for MLIII.

8. Galactosialidosis

The lysosomal disorder galactosialidosis (GS) results from a mutation in the CTSA gene and from
deficiency in the lysosomal carboxypeptidase protective protein/cathepsin A (PPCA) [57], leading to
insufficient β-galactosidase (β-Gal) and N-acetyl-α-neuraminidase (NEU1) activities [58]. This deficit
leads to a buildup of sialyloligosaccharides and glycopeptides. Like sialidosis, sialyloligosacchariduria
is present in this disorder. Manifestations of GS include coarse facies, a cherry-red spot, and foamy
bone marrow cells [59,60]. There is also a severe neurological component that is marked by ataxia,
diffuse leukoencephalopathy, and severe cognitive impairment. GS can be subdivided into early
infantile, late infantile, and juveniles/adult forms demonstrating the spectrum of severity [61]. Many of
those diagnosed with early infantile type do not survive past their first year of life, while those
diagnosed with the late infantile form can survive well into adulthood. The juvenile/adult type presents
any time after infancy and can have a more severe presentation than the late infantile type due to
severe neurologic impairment (myoclonus, cerebellar ataxia, generalized seizures, and progressive
cognitive impairment) [61].
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8.1. HCT for Galactosialidosis

HCT with donor bone marrow cells that overexpress PPCA adoptively transferred into the PPCA-/-

mouse model corrects the systemic pathology of galactosialidosis and partially corrects the CNS
pathology [62,63]. Other studies have retrovirally introduced a normal copy of PPCA into PPCA-/-

hematopoietic progenitor cells [64]. Transplantation of these gene-corrected cells led to resolution of
systemic pathology with a stronger CNS response and correction of coordination defects in PPCA-/-

mice [64]. These studies show that HCT or gene therapy could be a promising option for patients
diagnosed earlier in the disease course, but thus far, use of HCT in these patients has not been reported.

8.2. ERT for Galactosialidosis

The baculovirus-insect cell expression system has been utilized to generate recombinant human
PPCA [65]. Infusion of PPCA or combination PPCA and NEU1 into 1-month-old PPCA-/- mice
completely corrected the GS phenotype, and normal cathepsin A activity was demonstrated two weeks
after ERT was initiated. These preclinical findings provide a positive prelude for future clinical trials
in ERT.

9. Schindler Disease

Schindler disease is an autosomal recessive disorder resulting from mutations in the NAGA
gene and reduced α-N-acetylgalactosaminidase (α-NAGA) deficiency [66,67]. Like the other LSDs,
there is a spectrum of clinical severity that is genotype dependent [68]. Those with the infantile type
(type I) may appear healthy until about one year of age when they begin to lose previously acquired
developmental milestones [69]. This condition is neurologically progressive, leading to seizures and
death during childhood. A milder form of α-NAGA deficiency known as type II or Kanzaki disease
presents with less severe symptoms such as mild cognitive impairment, sensorineural hearing loss,
and angiokeratomas [70]. An intermediate form also exists (type III).

HCT for Schindler Disease

Given the rarity of the disorder, HCT has not yet been pursued as a therapeutic option, but it is
possible that, given the LSD-related pathophysiology, HCT could be used to attenuate this disorder
and to alter the progressive natural history.

10. Discussion

Many of the glycoproteinoses described here lead to devastating physical and intellectual
complications and often premature death. Insufficient enzymatic activity due to genetic defects results
in intralysosomal substrate accumulation and subsequent pathophysiology. The foundation for the
role of HCT in lysosomal storage disease lies with observation by Neufeld et al. that cells defective in
lysosome enzyme production can take up mannose 6-phosphate-bearing enzyme from neighboring
healthy cells, thereby “cross-correcting” the defect [71,72]. This observation was fully realized clinically
when HCT proved to attenuate some of the clinical and biochemical features of mucopolysaccharidosis
type I-H (Hurler syndrome) and type VI (Maroteaux-Lamy syndrome) [73,74]. Clinicians theorized
that HCT could be extrapolated to a wide variety of LSDs including the glycoproteinoses with the
published outcomes as we have summarized. Though HCT and ERT are efficacious in treating
many of the visceral manifestations of these storage diseases, peripheral delivery of ERT does not
cross the blood–brain barrier efficiently, leaving neurological manifestations of LSD unmodified.
Hematopoietic cells can cross the blood–brain barrier (potentially differentiating in microglia or
microglia-like cells), distributing the functional enzyme to neighboring deficient glia and neurons,
thereby allowing a positive impact on the CNS disease pathophysiology [75–78]. While it is not
completely understood, not all LSDs respond to HCT equally as outlined above. This is likely due to
the vast differences in genetic cause, disease mechanism, and disease severity. However, for those that
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do, HCT can attenuate neurocognitive loss, can preserve quality of life, and can prolong survival for
patients if performed early. Further studies are needed to explore how efficiently enzymes that are
derived from transplanted hematopoietic cells are modified with mannose 6-phosphate residues, as
this may represent an important variable in their ability to be taken up from the bloodstream and to
cross-correct the affected tissues. Differences in the processing of HCT-derived enzymes might also
explain the variable therapeutic benefit seen for some conditions when comparing HCT and ERT.

11. Conclusions

Some glycoproteinoses respond well to HCT when pursued early, as outlined in Table 1.
The majority of the experience is with α-mannosidosis, aspartylglycosaminuria, fucosidosis, and MLII,
with results ranging from positive to mixed and to poor. ERT is being studied for several of these
ultrarare diseases with positive results in animal models, but clinical translation has often been slow.
Importantly, HCT can be considered for some glycoproteinoses, especially if the affected individual is
diagnosed very early in life. Given the rarity of these diseases, patients and families should be evaluated
on a case by case basis in consultation with physicians and centers having transplant experience in
storage diseases.

Table 1. Summary of glycoprotein disorders and outcomes with Hematopoietic cell transplant (HCT)
or enzyme replacement therapy (ERT).

Glycoprotein Disorder HCT ERT

α-Mannosidosis Positive outcomes when pursued early Positive preclinical results (mouse)

Aspartylglycosaminuria Mixed results but possible attenuation
when pursued early Positive preclinical results (mouse)

Fucosidosis Positive outcomes when performed before
symptom onset Positive preclinical results (canine)

Sialidosis Prevents encephalopathy but not renal
failure or psychomotor impairment

Prevents nephropathy in mouse models,
NEU1 not restored in brain

β-Mannosidosis One known case with stable outcome No known studies
Mucolipidosis II Likely does not improve outcomes No known studies
Mucolipidosis III No known cases No known studies
Galactosialidosis No known cases but positive mouse studies Positive preclinical results (mouse)

Schindler’s Disease No known cases No known studies

Author Contributions: Conceptualization, T.C.L.; writing—original draft preparation, B.M.N., A.G., and T.C.L.;
writing—review and editing, H.F.-S., R.A.S., S.S.C., and P.J.O. All authors have read and agreed to the published
version of the manuscript.
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