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Purpose: Hurler syndrome is a debilitating genetic disease with a typical life span of 5 to 8 years. Early

hematopoietic stem cell transplantation (HSCT) mitigates disease symptoms and improves survival. However,

morbidity and mortality associated with HSCT can limit its success. We describe the initial experience with

combined use of enzyme replacement therapy (ERT, laronidase) and HSCT in Hurler syndrome. Methods: Thirteen

transplants were performed in 12 patients. ERT was given at a standard dose of 0.58 mg/kg per week. Transplant

conditioning regimen and donor graft source were determined by institutional protocol. Results: The median age

at initiation of ERT was 12 months (range, 8 to 18 months). The median duration of pre-HSCT ERT was 12 weeks

(range, 4 to 28). All but 1 patient tested showed decrease in urinary GAG excretion during ERT. ERT infusion–related

toxicity was limited to mild reactions. Development of antibodies to laronidase did not correlate with infusion

reactions or responses in urinary GAG excretion. ERT was given for a median of 7 weeks (range, 3 to 20) after

HSCT. After transplantation, eight patients demonstrated complete donor engraftment and four suffered graft

failure. Two patients required ventilator support and three developed acute GVHD. Eleven of the 12 patients are

surviving with a median follow-up of 3 months (range, 1 to 7 months). Conclusions: In children with Hurler

syndrome, ERT with HSCT is feasible and well tolerated. Development of antibodies against exogenous enzyme

does not appear to correlate with infusion reactions or response to ERT. A prospective study is needed to

determine the effect of concomitant ERT on transplant outcomes. Genet Med 2005:7(2):143–146.
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Mucopolysaccharidosis type I (MPS I) is caused by an
inherited deficiency of the lysosomal enzyme �-L-iduroni-
dase, which results in accumulation of partially degraded
glycosaminoglycans (GAGs) in lysosomes and their excre-
tion in urine.1 Hurler syndrome (MPS IH) represents the
most severe phenotype of MPS I and is characterized by

progressive multisystem manifestations including obstruc-
tive airway disease, cardiac manifestations, hydrocephalus,
neurocognitive decline, and dysostosis multiplex.1 Hemato-
poietic stem cell transplantation (HSCT) can reverse the
airway obstruction, prevent certain aspects of the cardiac
disease, stabilize learning ability, and increase longevity.2–4

However, morbidity and mortality inherent to HSCT limit
its benefits. As a group, children with Hurler syndrome are
particularly susceptible to pulmonary complications in the
early period after HSCT.5,6

Enzyme replacement therapy (ERT) represents another via-
ble therapeutic option in MPS I.7,8 Laronidase (recombinant
human �-L-iduronidase) infusions reduce abnormal and ex-
cessiveGAGdeposits in several tissues, resulting in decreases in
hepatomegaly and urinary GAG excretion and improvements
in upper airway obstruction as well as lung function tests.7,8

However, a limitation of intravenous ERT is its inability to
cross the blood brain barrier9; hence, it is not predicted to help
the central nervous system directly.
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As ERT can mitigate airway and pulmonary manifestations
of MPS I, we hypothesized that ERT before and after HSCT
would decrease transplant-related complications in Hurler
children. We describe the initial multi-institution experience
using ERT and HSCT combination therapy in Hurler
syndrome.

METHODS

We received data from nine institutions on 12 HSCTs in-
volving 11 children with Hurler syndrome. In addition, data
on one patient was captured from an abstract.10 The diagnosis
of Hurler syndrome was established by clinical features and
deficient activity of leukocyte �-L-iduronidase. Enzyme re-
placement therapy with laronidase was infused once a week at
a standard dose of 0.58 mg/kg. Preparative regimens for the
transplant procedure were determined by the participating
centers. Institutional review boards approved all treatment
protocols.

RESULTS

Patient characteristics and transplant-related outcomes are
summarized in Table 1.

Enzyme replacement therapy

Infusion-associated reactions were seen in two patients
during the pre-HSCT infusion phase; these were limited to

flushing and hives in one patient and fever with vomiting in
another. The intensity of reactions did not increase with
subsequent infusions. An additional patient had a single
infusion-associated reaction only after HSCT (rash and hy-
potension), which did not recur. At baseline, titers of anti-
body against laronidase were negative in all five patients
evaluated. Follow-up evaluations were available in three of
these patients: two patients (patients 2 and 8) were subse-
quently tested for development of antibodies during ERT;
both developed positive titers, but neither had infusion-
associated reactions and both showed progressive decreases
in urinary GAG excretion. The third patient (Patient 1),
who did not develop any infusion-associated reactions, was
subsequently evaluated for antibodies 12 weeks after HSCT
and was found to have positive titers.

Nontransplant outcomes

Baseline (before initiation of ERT) urinary GAGs were ele-
vated in all 10 patients tested. Follow-upmeasurements during
therapy were performed in seven patients. During the pre-
HSCT ERT phase, the urinary GAG concentration declined by
amedian of 40% (range, 30%–70%) in six of the seven (the one
exception was Patient 4). In three of these six patients, the
levels of urinary GAG further declined to the normal range
after HSCT.
Apnea/hypopnea index (by polysomnogram) or high-risk

respiratory history (snoring, frequent respiratory infections, or

Table 1
Summary of patient, enzyme replacement, and transplant characteristics

Pre-HSCT HSCT Post-HSCT

Mutation
Analysis Agea

Duration of ERT
before HSCT

Conditioning
regimen for HSCT

Donor
graft

Follow-
up

Duration
of ERT

after HSCT
Vital
status

Donor
engraftment Acute GvHD

Ventilator
support

Pulmonary
hemorrhage

1. ND 18 mo 24 weeks Bu, Cy R-BM 3 mo 12 weeks alive complete no no no

2. ND 9 mo 12 weeks Bu, Cy, Flu U-BM 7 mo 4 weeks alive complete Yes, grade II Yes, for 12 days no

3. ND 8 mo 8 weeks bFlu, Melphalan,
Campath, TLI

R-BM 1 mo 3 weeks alive complete no no no

4a
4b

W402X, W402X 15 mo 10 weeks
8 weeks

bFlu, Cy, ATG
Bu, Cy

UCB
UCB

1 mo 4 weeks Dead Failed
complete

No
no

no
Yes, till death

no
Yes

5. W402X
W402X

13 mo 6 weeks Bu, Cy, Flu R-PBSC 6 mo 20 weeks alive complete Yes, grade II no no

6. ND 14 mo 16 weeks Bu, Cy, ATG U-BM 3 mo 8 weeks alive complete yes no no

7. Q70X
W402X

9 mo 12 weeks bAlemtuzumab, Flu,
Treosulfan

U-BM 1 mo 12 weeks alive complete no no no

8. W402X
W402X

8 mo 12 weeks bAlemtuzumab, Flu,
Treosulfan

R-BM 4 mo 12 weeks alive failed no no no

9. ND 18 mo 14 weeks Bu, Cy, Flu U-BM 3 mo 4 weeks alive complete No data no no

10. ND 16 mo 24 weeks Bu, Cy, ATG UCB 5 mo Yes alive failed no no no

11. ND 10 mo 28 weeks Bu, Cy, ATG U-BM 1.5 mo Yes alive failed no no

12. A327P, W402X 11 mo 4 weeks bCampath, Flu,
Melphalan

R-PBSC 3 mo 6 weeks alive complete no no no

a Age, age at initiation of ERT; b Represents a reduced intensity conditioning regimen.
Abbreviations: ND, not done; mo, months; for donor graft: UCB, unrelated cord blood; U-BM, unrelated bone marrow; R-BM, related donor bone marrow;
R-PBMC, related donor peripheral blood stem cells; for preparative regimens: Bu, busulfan; Cy, cyclophosphamide; Flu, fludarabine; TLI, total lymphoid irradiation;
ATG, anti-thymocyte globulin; Complete engraftment, � 90% donor; failed engraftment, � 10% donor. 4a and 4b represent the two transplants in patient 4.
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night time oxygen requirement) was noted in 8 of the 12 pa-
tients at presentation. Follow-up sleep apnea studies were
available in two patients. One child (Patient 1), who demon-
strated a sleep study without apnea or hypopnea, showed nor-
mal sleep studies when tested after 24 weeks of ERT, and
showed similar results when evaluated afterHSCT. The second
child (Patient 5) showed moderate obstructive sleep apnea at
baseline; a repeat study was done 6 months after HSCT, which
showed marked improvement. Cardiomyopathy was diag-
nosed in one patient before initiation of ERT, which resolved
after 14 weeks of ERT before HSCT.

Transplant outcomes

Eleven patients received a single hematopoietic stem cell
transplant, and one patient who suffered graft failure after first
transplant received two transplants. Preparative regimens, do-
nor source, and transplant outcomes are summarized in Table
1; in five patients, a reduced-intensity conditioning regimen
was used. The median time to recovery of neutrophil count to
� 5� 108/Lwas 15 days, with a range of 10 to 31 days (n� 10).
Two of the four transplants with failed donor engraftment
were performed using reduced intensity conditioning regi-
mens; this included Patient 4, who subsequently engrafted
with donor cells after a second HSCT using a myeloablative
preparative regimen.
Two patients developed respiratory failure after HSCT. Pa-

tient 2, with an abnormal sleep study before initiation of ERT,
manifested respiratory failure 7 days after stem cell infusion,
which was diagnosed as a rapid engraftment pulmonary syn-
drome; the child required ventilator support for 12 days. Pa-
tient 4, who did not have a high-risk respiratory history, re-
quired ventilator support 6 days after second HSCT; major
post-HSCT complications at time of ventilator support in-
cluded venoocclusive disease and pulmonary hemorrhage; the
patient died 1 month after second HSCT due to multiorgan
failure.

DISCUSSION

HSCT can stabilize long-term neurocognitive function and
improve survival in children with Hurler syndrome.2–4,11

However, allogeneicHSCT, particularly using unrelated donor
grafts, has significant treatment-relatedmorbidity andmortal-
ity. Enzyme replacement therapy can significantly reduce ab-
normal GAG deposits in MPS I; however, as it does not pene-
trate into the central nervous system, it is not an effective long-
term treatment in Hurler children. The rationale for the
combined use of ERT and HSCT in Hurler syndrome was
based on (1) the high risk of pulmonary complications with
HSCT in the early posttransplant period,5,6 and (2) the symp-
tomatic benefit of ERT in terms of reducing upper airway ob-
struction as well as improving lung function in patients with
MPS I.7,8 This led to the hypothesis that ERT in combination
with HSCTmay reduce transplant-related complications, par-
ticularly pulmonary complications. We present the first mul-

ticenter report on the preliminary experience with ERT and
HSCT for Hurler syndrome.
In two previous trials of laronidase ERT in MPS I patients,

infusion-related toxicity was frequent but typically mild; reac-
tions during subsequent infusions usually became less com-
mon and intense by slowing the rate of infusions.7,8 These trials
typically involved subjects with less severe clinical phenotypes
of MPS I (i.e., Scheie and Hurler-Scheie syndromes), and sug-
gested that antibodies that develop against laronidase are non-
neutralizing and do not effect efficacy.12 Similar to these data,
in our series of 12 patients with Hurler syndrome, infusion-
associated reactions were infrequent and mild. Three patients
had follow-up data on antibody titers after initiation of ERT;
all three developed positive titers against the enzyme. Interest-
ingly, none of these three patients developed hypersensitivity
reactions and all showed decline in urine GAG concentration.
When ERT is used in combinationwithHSCT, a concern (at

least theoretical) is with respect to any potential adverse impact
of ERT on the donor engraftment. In this series, 4 of the 13
transplants were associated with failure of donor engraftment.
Of the three patients who developed positive antibody titers
against the enzyme, two showed complete donor engraftment.
Due to the different preparative regimes and donor sources
used in this series, it is not possible to conclude what effect, if
any, pretransplant ERT had on donor engraftment. However,
these data are consistent with engraftment results from larger
multi-institutional series of HSCT (without ERT) in Hurler
syndrome in which donor-derived engraftment varied from
63% after unrelated donor transplants to 72% after related
donor HSCT.2,3

Children with Hurler syndrome are at higher risk for pul-
monary and airway related complications, especially in the
early period after HSCT. Data from a single center study of 74
children with Hurler syndrome undergoing HSCT showed a
31% incidence of ventilator intervention and 14% risk of seri-
ous pulmonary hemorrhage in the first 100 days after HSCT.5

Another center observed major pulmonary hemorrhage re-
quiring ventilatory support in 3 of 15 children with Hurler
syndrome in the first weeks after HSCT.6 We speculated that
the addition of ERT would decrease the risk of pulmonary
complications associated withHSCT. This limited study, how-
ever, could not provide sufficient data to determine whether
ERT protected the patients from pulmonary complications.
In summary, the data from this multi-institutional series

suggest that in children with Hurler syndrome, ERT in combi-
nation with HSCT is feasible and relatively safe. The develop-
ment of antibodies did not affect efficacy of ERT in terms of
reduction of urinary GAG concentration. It is hypothesized
that ERT in the peritransplant period would reduce the trans-
plant-related morbidity and mortality in children with Hurler
syndrome. This initial report, however, was not able to address
this issue. To conclusively determine the effect of concomitant
ERT on transplant-related outcomes in Hurler syndrome, fur-
ther study, preferably a multinational, multicenter collabora-
tive study with a standardized protocol is urgently needed. We
suggest that this study address the following issues: (1) should

Enzyme therapy with transplant in Hurler syndrome
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all patients affected with Hurler syndrome be candidates for
ERT before HSCT as compared to HSCT alone; (2) what is the
appropriate duration of ERT before transplant, (3) what is the
appropriate duration of ERT after stem cell infusion, and
should that duration be modified under any specific circum-
stances (such as in the presence of partial donor engraftment or
presence of acute graft vs. host disease); and (4) how can we
best evaluate outcomes associated with combined ERT and
HSCT, compared to HSCT, alone in patients with Hurler
syndrome.
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