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For the past three decades, hematopoietic stem cell 
transplantation (HSCT) has been used as an effective 
therapy for selected inborn errors of metabolism 
(IEM), mainly lysosomal storage diseases and per-
oxisomal disorders. The main rationale for HSCT in 
IEM is based on correcting the decreases enzymes 
by the donor cells within and outside the intravas-
cular compartment. Instead, the success of enzyme 
replacement therapy (ERT) in patients with a mod-
erate/good clinical condition generated interest in 
employing ERT prior to or during HCT in patients 
with a poor clinical condition. The goal of HSCT is 
to achieve normal or near-normal quality of life by 
preventing further neurologic and development de-
terioration1. 

MUCOPOLYSACCHARIDOSIS

The mucopolysaccharidosis (MPS) diseases are a 
group of lysosomal storage disorders caused by 
deficiency of degradative enzymes of glycosami-
noglycans (GAGs). These GAGs are usually excreted 
in urine and can be detected by initial diagnostic 
screening tests. Lysosomal enzymes are present at 
elevated levels in serum and body fluids of affected 
patients. Metabolic correction of lysosomal storage 
diseases is due to the mannose-6-phosphate recep-
tor-mediated endocytosis of secreted enzymes, or 
by direct transfer of enzymes from adjacent cells. All 
the MPS disorders are autosomal recessive in their 
inheritance, except for Hunter syndrome (MPS- II 
X-linked)2-5.

Mucopolysaccharidosis type I (MPS-IH, Hurler Syn-
drome) is caused by deficient enzyme activity of 
alpha-L-iduronidase (IDUA). The severe form of the 
disease is characterized by a progressive systemic 
dysfunction, affecting heart, liver, eyes, bones, joints, 
respiratory system, facial appearance, and often the 
central nervous system (CNS)2-5. 

In mucopolysaccharidosis type II (MPS-II, Hunter 
Syndrome) there is a deficiency of the enzyme iduro-
nate-2-sulfatase (IDS).  The severe neuropathic form 
of the disease presents before the age of 3 years with 
profound neurocognitive and developmental delay 
and shares clinical features with MPS-IH2-5. 

The mucopolysaccharidosis type VI (MPS-VI, Maro-
teaux-Lamy Syndrome) is caused by deficient enzyme 
activity arylsulfatase B (N-acetylgalactosamine 4-sul-
fatase). The patient with the rapidly progressive form 
often presents with short stature, several skeletal and 
joint abnormalities, compromised pulmonary and 
cardiovascular function, ocular alterations, including 
blindness in some cases, and early mortality2-5.

HSCT is indicated for types I and II, whereas for type 
VI only for those who do not respond to enzyme 
replacement therapy. HSCT should preferably be 
performed in children under two years of age or 
in older children who have minimum cognitive 
deficit. The performance of HSCT in the pre-symp-
tomatic phase offers the best results and the suc-
cess of HSCT is associated with the level of enzyme 
production and the percentage of chimerism in the 
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donor. Despite successful HSCT, the benefits may 
be limited in skeletal deformities, in progression of 
corneal clouding and in the mitral and aortic valve 
deformities, in some, this may lead to progressive 
valvular dysfunction6.

It can be performed with related non-carriers and un-
related donors (preferably hematopoietic cell source: 
bone marrow). In the literature, the use of umbilical 
cord blood has shown superiority in achieving com-
plete chimerism and adequate enzyme production 
compared to other cell sources, but there is a high-
er rate of engraftment failure and these results have 
not been reproduced in Brazilian scenario. A recent 
study has shown that the use of a reduced toxicity 
regimen with the addition of thiotepa improves en-
graftment and is related to a low transplant mortal-
ity7. The use of heterozygous donors is NOT recom-
mended. The use of haploidentical donors should 
also be avoided, except for X-linked forms or proved 
non-carrier relatives, parents are obligated hetero-
zygotes. Myeloablative conditioning regimens are 
recommended, based on Busulfan (with pharmaco-
kinetics), fludarabine, and thymoglobulini8-12. 

Intense international collaboration during the last 
decade has identified predictors of clinical out-
comes, including myeloablative conditioning, early 
timing of transplantation, and probably enzyme ac-
tivity level in blood after HSCT. This has resulted in 
optimized transplantation protocols and 5-year sur-
vival rates > 90%6, 10,11. The Brazilian government has 
approved HSCT with related and unrelated donors 
for patients with MPS I and II.

X-LINKED ADRENOLEUKODYSTROPHY

X-linked adrenoleukodystrophy (X-ALD) is a peroxi-
somal disorder characterized by cerebral demye-
lination, adrenal insufficiency and progressive neu-
rologic deterioration. The ALD gene encodes the 
ABCD1 protein which is involved in transport of fatty 
acyl coenzyme A substrates or their cofactors into 
peroxisomes. Its metabolic hallmark is the accumu-
lation of very long chain fatty acids (VLCFA) in tissues 
and plasma, due to impaired transport and beta-ox-
idation of these fatty acids in peroxisomes. However, 
it has no effect in patients with established neuro-
logic deficits, as brain levels of VLCFA are unchanged 
by the treatment13. 

Patients with X-Linked ADL may present with 6 forms 
of the disease. The cerebral form affects approxi-
mately 40-60% of patients and is characterized by 
cognitive deficits followed by progressive demyelin-
ation of the CNS and evolution to disability, demen-

tia, neurovegetative state and death within a few 
months to several years from diagnosis. A complete 
evaluation of a boy with cerebral X-ALD includes a 
thorough neurologic examination, comprehensive 
neuropsychological assessment with IQ and an MRI 
of the brain with and without contrast (gadolinium) 
with MRI severity score determination, referred to as 
the Loes score. The predominant pattern of demye-
lination seen by brain MRI is posterior in 80-85% of 
cases. Although neurologic deterioration occurs in 
all boys with the cerebral form, 40% of female het-
erozygous carriers exhibit mild-to-moderate non-ce-
rebral signs of the disease13.

HSCT is indicated in the progressive cerebral form, 
at an early stage, aiming to prevent the progression 
of cerebral demyelination. The patient should un-
dergo clinical assessment of neurological status (IQ 
>80) and MRI (Loes score >1 and <9) before the pro-
cedure. The neurologic benefits of HSCT in X‐linked 
adrenoleukodystrophy are mediated by the replace-
ment of brain microglial cells derived from donor 
bone marrow myeloid cells. HSCT can prevent the 
progression of neurological disease, but there is no 
improvement in other disease manifestations such 
as adrenal insufficiency and so far, there is no evi-
dence that it prevents the development of adreno-
myeloneuropathy14-16.

HSCT can be performed with related non-carriers 
and unrelated donors (preferably hematopoietic cell 
source: bone marrow). The use of heterozygous car-
rier’s donors is NOT recommended. There are case 
series using haploidentical (non-carrier) donors, but 
the experience is very limited and should be done 
in reference centers. Conditioning regimens are my-
eloablative and based on busulfan (recommended 
with pharmacokinetics), fludarabine, and thymo-
globulin14-16. 

The Brazilian government has approved HSCT from 
related and unrelated donors for patients with 
X-linked ADL who have signs of cerebral disease 
(Loes score 1-9) and good performance.

GLOBOID CELL LEUKODYSTROPHY - KRABBE 
DISEASE

Krabbe Disease is a rare autosomal recessive lyso-
somal neurodegenerative disorder caused by defi-
ciency of galactocerebrosidase (GALC). It is charac-
terized by white matter degeneration in the CNS and 
peripheral nervous system, with large macrophages 
(globoid cells). There is progressive neurological de-
terioration, with loss of motor function, spasticity, 
cognitive deficit, auditory and visual deficit, seizures 



J O U R N A L  O F  B O N E  M A R R OW  T R A N S P L A N TAT I O N  A N D  C E L LU L A R  T H E R A P Y   J B M T C T

2 5

are common, and the disease leads to early death17,18. 
There are 3 different presentations:

1. Classic or infantile form, with manifestations be-
fore 6 months and death before 2 years

2. Juvenile form, starting in childhood and dying in 
early adolescence.

3. Adult form, starting from late childhood to 5th. 
decade of life.

HSCT is indicated for patients with the infantile form 
if performed before the development of neurologi-
cal symptoms, preferable in the first two months of 
life. In these cases, the diagnosis is usually made by 
family history or neonatal screening. It is also indi-
cated for patients with juvenile and adult forms, with 
no or early neurologic symptoms. HSCT improves 
clinical outcomes in KD patients only if delivered 
pre-symptomatically or in oligosymptomatic. It can 
be performed with related non‐carriers and unre-
lated donors (preferably hematopoietic cell source: 
bone marrow). The use of heterozygous carrier’s do-
nors is NOT recommended. Conditioning regimens 
are myeloablative and based on busulfan (with phar-
macokinetics), fludarabine, and thymoglobulin17,18. 

METACHROMATIC LEUKODYSTROPHY

Metachromatic leukodystrophy is caused by arylsul-
fatase A (RSA) deficiency and is characterized by cen-
tral and peripheral demyelination. Diagnosis is made 
by measuring the enzyme and urinary sulfatides15,16. 
The disease is classified according to the clinical pre-
sentation and age of symptom onset:

1. Late Infantile Form: The clinical presentation 
occurs before 30 months of life with rapid evo-
lution and progressive motor dysfunction, walk-
ing difficulty, dysarthria, dysphagia, decerebra-
tion. Death occurs 2 to 4 years after the onset of 
manifestations.

2. Juvenile Form: Manifests between 2.5 and 16 
years of age with postural abnormalities, behav-
ioral changes, optic atrophy, spastic quadripare-
sis, language regression.

3. Adult form: It manifests after 16 years of age 
with psychiatric or intellectual symptoms, in-
continence, spastic tetra paresis, cognitive re-
gression. Progression tends to be slower than in 
other forms of the disease.

HSCT is not indicated in the late infantile form as it 
does not prevent the progression of the disease. In 
juvenile or adult forms, HSCT should be indicated in 

asymptomatic or mildly symptomatic patients. It can 
be performed with related non-carriers and unre-
lated donors (preferably hematopoietic cell source: 
bone marrow). The use of heterozygous carrier’s do-
nors is NOT recommended. Conditioning regimens 
are myeloablative and based on busulfan (with phar-
macokinetics), fludarabine, and thymoglobulin15,16.

GAUCHER DISEASE

Gaucher disease is the most common lysosom-
al storage disorder. It is autosomal recessive and 
characterized by deficient activity of the lysosomal 
enzyme glucocerebrosidase and as a result, the ac-
cumulation of glucocerebroside in the lysosomes. 
The pathophysiologic feature of Gaucher disease 
is the presence of Gaucher cells derived from the 
monocyte-macrophage system. Most Gaucher cells 
are found in the spleen, liver, bone marrow, and 
lymph nodes, causing enlargement and dysfunction 
of these organs and resulting in clinical manifesta-
tions. Bleeding due to thrombocytopenia, anemia, 
and hepatosplenomegaly are the common early 
features. Bone involvement is common, but it is not 
always associated with symptoms, when present, 
range from mild to severe bone pain crises.

 The diagnosis can be made by measuring the 
glucocerebrosidase activity of peripheral blood 
leukocytes or by cultured skin.

 There are three types of Gaucher disease:

Type 1: It is the most common form accounting for 
90–95% of the cases, characterized by onset in 
adulthood and by the absence of primary CNS 
involvement.

Type 2: It is characterized by severe neurologic 
involvement, that include oculomotor apraxia, 
opisthotonos and bulbar signs, and an onset 
during infancy.

Type 3: It presents by the onset of neurologic dis-
turbances later in the first decade of life.

Enzyme replacement therapy is the treatment of 
choice for type 1 Gaucher disease. However, since 
the pathophysiology of Gaucher disease is due to 
the accumulation of lipid‐laden macrophages, HSCT 
is also considered a possible treatment choice, espe-
cially for those with matched unaffected related do-
nors. The benefit of transplantation varies between 
organ systems. Hematologic and physical improve-
ment is rapid and sustained. Reticuloendothelial 
organs, such as the liver and spleen, regress within 
a few months, and there is some evidence that the 
skeletal changes seen in Gaucher disease regress.
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OSTEOPETROSIS

Osteopetrosis is a genetic disease characterized by 
skeletal sclerosis, resulting from the reduction or 
loss of osteoclasts function, consequently there is 
impairment of bone reabsorption. The severe form is 
an inherited autosomal recessive disease and is char-
acterized by fractures, neurological symptoms and 
early spinal cord failure. These children rarely survive 
more than 2 years of life19,20.

HSCT is indicated in the severe form (infantile malig-
nancy), except in patients with neurodegeneration 
(OSTM1 mutation) and with mutations in RANKL. 
There is also a rare form of OP with CLCN7 mutation 
that presents with neurodegeneration, these cases 
may not be candidates for HSCT. HSCT can be per-
formed with related or unrelated donors (preferably 
hematopoietic cell source: bone marrow) and, more 
recently, studies have shown satisfactory survival 
rates with haploidentical donors21. The use of unre-
lated umbilical cord is associated with a higher inci-
dence of graft failure. Conditioning regimens should 

be myeloablative and based on busulfan (with 
pharmacokinetics), fludarabine, thymoglobulin and 
thiotepa. HSCT in osteopetrosis has high rates of en-
graftment failure (even with related sibling donors) 
and of a second transplant, in addition to a very high 
risk of sinusoidal obstruction syndrome19,20,22. 

GENERAL RECOMMENDATIONS FOR HSCT IN 
METABOLIC DISEASES

1. Do not use a carried donor.

2. Umbilical cord blood or bone marrow are the 
preferred stem cell source.

3. Most regimens are myeloablative and busulfan 
pharmacokinetics are strongly recommended.

MYELOABLATIVE CONDITIONING REGIMENS 
FOR METABOLIC DISEASES23: 

Busulfan (weight based) mg/kg or recommended 
myeloablative AUC of 85-95 ng/ L x h. 

Body weight mg/kg/day

3 to 15kg 5,1

15 to 25kg 4,9

25 to 50kg 4,1

50 to 75kg 3,3

75 to 100kg 2,7

TABLE 1 -  Initial busulfan dose is based on weight:

2. Fludarabine 160mg/m2
3. Rabbit ATG 7,5-10mg/kg

GVHD prophylaxis: with cyclosporine and mycophenolate mofetil or prednisone (1mg/Kg/day) for cord blood 
transplantations and cyclosporine and short course of methotrexate (Day +1, +3, +6, ± 11) for patients receiv-
ing bone marrow.

FINAL CONSIDERATIONS

HSCT corrects the enzymatic defect but does not modify the course of the disease in some organs. Due to the 
particularities of these diseases, it is recommended that these patients be transplanted in specialized centers. 
Even after the transplant, most patients will still need care from the multidisciplinary team (neurologists, car-
diologists, orthopedists, ophthalmologists, endocrinologists, psychologists).
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