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Abstract

Allogeneic blood or marrow transplantation (BMT) is currently considered the standard of care for
patients with specific inborn errors of metabolism (IEM). However, there is a paucity of studies
describing long-term survival and cause-specific late mortality after BMT in these patients with
individual types of IEM. We studied 273 patients who had survived =2 years after allogeneic

BMT for IEM performed between 1974 and 2014. The most prevalent IEM in our cohort were
X-linked adrenoleukodystrophy (ALD; 37.3%), Hurler syndrome (35.1%), and metachromatic
leukodystrophy (MLD; 10.2%). Conditional on surviving =2 years after BMT, the overall survival
for the entire cohort was 85.5 + 2.4% at 10 years and 73.5 + 3.7% at 20 years. The cohort had

a 29-fold increased risk of late death compared with an age- and sex-matched cohort from the
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general US population (95% CI, 22- to 38-fold). The increased relative mortality was highest

in the 2- to 5-year period after BMT (standardized mortality ratio [SMR], 207; 95% confidence
interval [CI], 130 to 308) and declined with increasing time from BMT, but remained elevated

for =21 years after BMT (SMR, 9; 95% Cl, 4 to 18). Sequelae from the progression of primary
disease were the most common causes of late mortality in this cohort (76%). The use of T
cell-depleted grafts in patients with ALD and Hurler syndrome was a risk factor for late mortality.
Younger age at BMT and use of busulfan and cyclosporine were protective in patients with Hurler
syndrome. Our findings demonstrate relatively favorable overall survival in =2-year survivors of
allogeneic BMT for IEM, although primary disease progression continues to be responsible for the
majority of late deaths.
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INTRODUCTION

Inborn errors of metabolism (IEM) are a group of inherited metabolic disorders
characterized by accumulation of toxic substrates that interfere with normal organ

function [1]. Patients present with a wide range of clinical symptoms. For example,
mucopolysaccharide (MPS) disorders, such as Hurler syndrome (MPS IH), are characterized
by coarse facial features, dysostosis multiplex, hydrocephalus, organomegaly, corneal
clouding, cardiac abnormalities, and loss of developmental milestones [2—-4], whereas
peroxisomal disorders, such as X-linked adrenoleukodystrophy (ALD), are primarily
neurologic disorders marked by progressive loss of function [5-7]. Although the severity

of the phenotype varies, in most cases, if left untreated, these disorders are progressive and
ultimately result in premature death [8-10].

Gene therapy for IEM is currently experimental [11,12], and enzyme replacement therapy
has been ineffective in treating central nervous system deterioration, owing to its inability
to penetrate the blood-brain barrier [13]. Given its potential to correct the underlying defect
and traverse the blood-brain barrier, allogeneic blood or marrow transplantation (BMT)

has been used with the goal of halting or slowing disease progression [5-7,10,14-20].
Transplantation remains the standard of care in younger patients with Hurler syndrome,
early cerebral ALD, and asymptomatic late infantile or early juvenile metachromatic
leukodystrophy (MLD) and globoid cell leukodystrophy. BMT has also been used in other
types of IEM, including, but not limited to, Hunter syndrome (MPS I1), Maroteaux-Lamy
syndrome (MPS VI), alpha-mannosidosis, and Wolman syndrome [21-27].

Previous studies have described survival outcomes after allogeneic BMT for a heterogeneous
population of patients with IEM [28,29], and most of these studies relied on passive
ascertainment of vital status, with no attempt to link with death registries, such as the
National Death Index (NDI) [2,3,10,30]. A comprehensive assessment of overall and cause-
specific late mortality in patients with specific types of IEM treated with allogeneic BMT

is needed to inform both the transplantation physicians as well as the patients and their
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families. In the present study, we addressed these gaps using the resources provided by the
Blood or Marrow Transplant Survivor Study-2 (BMTSS-2).

PATIENTS AND METHODS

BMTSS-2 is a collaboration between City of Hope, University of Minnesota, and University
of Alabama at Birmingham, examining the long-term outcomes of individuals treated with
BMT. To be included in this analysis, patients had to have undergone allogeneic BMT
between 1974 and 2014 for a diagnosis of IEM and have survived for =2 years after BMT.
The vast majority of the patients underwent transplantation at the University of Minnesota.
The Human Subjects Committee at each participating institution approved the BMTSS-2
protocol. Informed consent was obtained in accordance with the Declaration of Helsinki.

Data Collection

Information on demographic characteristics, primary diagnosis, preparative regimens, stem
cell source, type of donor (sibling versus unrelated), agents used for graft-versus-host
disease (GVHD) prophylaxis and presence of chronic GVHD was obtained from the
institutional transplantation databases and supplemented by medical records. Chronic
GVHD was classified as none, limited, or extensive based on the Seattle Classification

[31]. NDI Plus and/or medical records provided information regarding the date and cause

of death through December 31, 2015. Additional information from the Accurint database
[32] was used to extend the vital status information through December 31, 2016. All patients
were assigned a primary and, if present, secondary cause of death, independently by 2
investigators (A.W. and J.W.). Cause of death assignments were further verified by a third
investigator (P.J. O.). In the event of discrepant assignments, a fourth investigator (S.B.)
provided adjudication. Causes of death (primary or secondary) attributable to the underlying
IEM were classified as disease-related mortality. Causes of death due to therapeutic
exposures and the transplantation procedure were collectively classified as transplantation-
related mortality.

Statistical Analysis

Kaplan-Meier techniques were used to describe overall survival, conditional on surviving
for =2 years after allogeneic BMT. The cumulative incidence of cause-specific mortality
was calculated using competing-risk methods [33]. The standardized mortality ratio (SMR),
a ratio of observed to expected number of deaths, was used to compare the mortality
experienced by this cohort to the age- (5-year intervals), sex-, and calendar-specific (5-year
intervals) mortality of the general US population, using data obtained from the Centers for
Disease Control and Prevention [34]. The 95% confidence intervals (Cls) of the SMR were
calculated using the Poisson regression method described by Vandenbroucke [35]. SMRs
were calculated for the entire cohort, as well as separately by sex, year of transplantation
(1983 to 1988, 1989 to 1994, 1995 to 2000, 2001 to 2006, and 2007 to 2014), primary IEM
diagnosis, and presence or absence of chronic GVHD.

Cox regression analysis was used to identify predictors of all-cause mortality for the entire
cohort, as well as for the most prevalent IEM diagnoses considered individually. Owing to
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the small number of subjects and deaths in each model and the associated collinearity among
the variables, a parsimonious model was created using the variables with associated P values
<.10 in the multivariable model. Furthermore, owing to the varied clinical presentations of
different IEM and the significant differences in median age at BMT by type of IEM, we

used the median age at BMT of each primary disease to evaluate its effect on late mortality.
Multivariable regression models could not be constructed for MLD because of the small
number of patients and associated deaths. All analyses were performed with SAS version 9.4
(SAS Institute, Cary, NC).

RESULTS

Entire Cohort

A total of 273 patients underwent allogeneic BMT for IEM between 1983 and 2014 and
survived for =2 years after BMT at 1 of the 3 participating centers (University of Minnesota,
n = 272; City of Hope, n = 1; University of Alabama at Birmingham, n = 0). The IEM
diagnoses included ALD in 102 patients (37.4%), Hurler syndrome in 96 (35.2%), MLD

in 28 (10.2%), and other miscellaneous IEM in 47 (17.2%). Table 1 summarizes the
demographic and clinical characteristics of the entire cohort, as well as for the patients

with ALD, Hurler syndrome, and MLD. The median age at BMT was 4.9 years (range, .10
to 44.2 years). Overall, 189 patients (69.2%) were male, 233 (85.3%) were non-Hispanic
white, 192 (70.3%) underwent an unrelated donor BMT, and 121 (44.3%) received a cord
blood transplant. The majority of transplantations (n = 172; 63%) were performed after
2000. Cyclophosphamide was used in the preparative regimen in 228 patients (83.5%),
busulfan in 194 (71.1%), and total body irradiation (TBI) in 111 (40.7%). Cyclosporine was
the most commonly used agent for GVHD prophylaxis (n = 255; 93.4%); other prophylaxis
strategies included mycophenolate mofetil (MMF; n = 103; 37.7%) and T cell depletion (n =
64; 23.4%). T cell depletion for GVHD prophylaxis declined with progressing transplant era
(before 2000, n = 46 [72%]; 2000 to 2010, n = 18 [28%]; after 2010, n = 0; £<.0001).

Conditional on surviving the first 2 years, 54 patients (19.8%) had died after a median
follow-up of 10.5 years (range, 1.6 to 34 years), yielding overall survival rates of 92.8 §
1.7% at 5 years, 85.5 + 2.4% at 19 years, and 73.5 = 3.7% at 20 years post-BMT (Figure
1A). The median age at death was 13.8 years (range, 2.7 to 51.4 years). The mortality

rate declined with time from BMT (2 to 5 years, n = 22 [40.7%]; 6 to 10 years, n = 12
[22.2%]; 11 to 15 years, n = 7 [12.9%]; 16 to 20 years, n = 6 [11.1%]; and =21 years, n =7
[12.9%)). Causes of death were available for 47 patients (87%), the majority of which were
directly attributable to the primary disease (76%). Other causes of death included infection
(2%), subsequent malignant neoplasms (4%), cardiac disease (2%), pulmonary disease (2%),
and other miscellaneous causes (2%) (supplementary Table S1 and Figure S1). The 20-year
cumulative incidence of disease-related mortality (19.7%; 95% CI, 13.7% to 26.5%) was
higher than that of transplantation-related mortality (3.9%; 95% CI, 1.4% to 8.5%) (Figure
1B).

Overall, the cohort exhibited a 29-fold (95% Cl, 22- to 38-fold) increased risk of premature
death when compared with age-, sex-, and calendar-specific rates observed in the general
US population (Table 2). SMR values were higher in females than in males (47; 95%
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Cl, 31 to 68 versus 22; 95% CI, 15 to 31; P=.01), even after exclusion of the all-male
ALD cohort (SMRpon-ALD males, 21; 95% Cl, 12 to 33). The excess risk of late mortality
remained fairly stable over the transplantation eras. The SMR values declined with time
after BMT (2 to 5 years post-BMT: SMR, 207; 95% ClI, 130 to 308; =21 years post-BMT:
SMR, 9; 95% ClI, 4 to 18). Patients with chronic GVHD and without chronic GVHD had
comparable SMR values (33; 95% ClI, 17 to 56 versus 28; 95% CI, 20 to 38; P=.70).

As shown in Table 3, multivariable regression analysis of the entire cohort did not identify
any statistically significant associations between demographic or clinical characteristics and
all-cause late mortality, although use of busulfan appeared to have a protective effect on the
risk of late mortality (HR, 0.6; 95% ClI, 0.3 to 1; £=.05), and the association trended toward
significance.

X-Linked ALD

ALD was the most prevalent IEM in our cohort of 22-year BMT survivors, affecting 102
patients. The median age at transplantation was 8.6 years (range, 4 to 23.3 years) (Table

1). Overall, the majority of patients received stem cells from an unrelated donor (n = 72;
70.6%), and one-half (n = 52; 51%) received a cord blood transplant. Cyclophosphamide
was included in the preparative regimen in 75.5% of the patients, and almost all patients (n =
100; 98%) received cyclosporine for chronic GVHD prophylaxis. The prevalence of chronic
GVHD in this cohort was 9.8% (n = 10). T cell depletion was used in 10.8% of the patients
but was not used in any patients after 2000.

After a median follow-up of 7.8 years (range, 1.7 to 25.2 years), 13 (12.7%) of the 2-year
survivors of allogeneic BMT for ALD had died, yielding an overall survival of 94.3 +
2.5% at 5 years and 86.6 + 4.4% at 10 years post-BMT (Figure 2A). The ALD cohort

was at a 28-fold greater risk of late death (95% Cl, 16- to 45-fold) compared with the

age- and sex-matched general US population (Table 2). As shown in Table 3, the use of T
cell-depleted grafts (HR, 18.8; 95% Cl, 2.8 to 126; £=.003) and BMT performed after
2010 (HR, 12.6; 95% CI, 1.3 to 118.7; P=.03) were associated with a significantly greater
risk of all-cause late mortality in patients with ALD. Younger age at BMT (ie, less than the
median age of the cohort) (HR, .10; 95% CI, .02 to 1.1; A= .06) and unrelated donor BMT
compared with related donor BMT (HR, .20; 95% ClI, .04 to 1.0; £=.05) were suggestive
of having a protective effect on all-cause late mortality. Causes of death were available

for 8 patients (62%); all were directly attributable to progression of primary disease, with
pulmonary disease the most common secondary cause of death for these patients (n = 5;
63%) (Supplementary Table S1).

Hurler Syndrome

A total of 96 patients with Hurler syndrome underwent allogeneic BMT during the study
period and survived for =2 years. These patients were younger at the time of transplantation
(median age at BMT, 1.5 years; range, .40 to 6 years) compared with patients with ALD

or MLD (8.6 years [range, 4 to 23.3 years] and 9.8 years [range, .40 to 44.2 years],
respectively; £<.001). The majority received an unrelated donor transplant (n = 70;

72%), and bone marrow was the most common source of stem cells (n = 53; 55%).
Cyclophosphamide (n = 86; 90%) and busulfan (n = 83; 87%) were the 2 most commonly
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used agents in the preparative regimen, with only 32% (n = 31) receiving TBI. The use of
TBI as part of preparative regimen for patients with Hurler syndrome declined over time
(before 2000, n = 21 [67.7%]; 2000 to 2010, n = 7 [22.6%]; after 2010, n = 3 [9.7%]; P
=.002). Cyclosporine was the most commonly used agent for GVHD prophylaxis (n = 86;
89.6%). T cell depletion was used in 26% of patients as part of GVHD prophylaxis, and
its use declined with transplantation era (before 2000, n = 18 [72%]; 2000 to 2010, n =7
[28%]; after 2010, n = 0; A< .0001). The prevalence of chronic GVHD in patients with
Hurler syndrome was 14.6% (n = 14).

Conditional on surviving for =2 years after BMT and after a median follow-up of 13.2 years
(range, 1.6 to 31.4 years), 14 patients (14.6%) had died, yielding an overall survival of

96.6 £ 1.9% at 5 years and 93.6 + 2.8% at 10 years post-BMT (Figure 2B). This cohort
exhibited a 22-fold increased risk of relative mortality (95% CI, 12- to 37-fold) compared
with an age- and sex-matched cohort from the general US population (Table 2). BMT at
younger age (ie, less than the median age at BMT of 1.5 years) was associated with a

lower risk of all-cause late mortality (HR, .20; 95% CI, .05 to .90; A= .03) compared with
BMT performed at older than the median age (Table 3). Other factors found to be protective
included the use of busulfan in the preparative regimen (HR, .30; 95% Cl, .07 to .90; P
=.04) and the use of cyclosporine for GVHD prophylaxis (HR, .10; 95% Cl, .04 to .50;
P=.004). The use of T cell-depleted grafts was associated with an elevated risk of late
mortality (HR, 5.3; 95% ClI, 1.4 to 20.3; P=.02) compared with non-T cell-depleted grafts.
Cause of death data were available for all patients who had died; the most prevalent cause
was primary disease progression (n = 10; 71%), with cardiac diseases (n = 4; 29%) and
pulmonary diseases (n = 4; 29%) the most common secondary causes of death in this cohort
(Supplementary Table S1). Transplantation-related disorders as the primary cause of death
included infection, subsequent malignant neoplasm, cardiac disease, and pulmonary disease
in 1 patient each.

MLD

A total of 28 patients with MLD underwent allogeneic BMT during the study period and
survived for =2 years (Table 1). These patients had the longest follow-up in our study, with a
median duration since transplantation of 15.6 years (range, 2.2 to 31.9 years). Cyclosporine
(n =27; 96.4%) and T cell depletion (n = 12; 42.9%) were the most commonly used
approaches for GVHD prophylaxis, and the prevalence of chronic GVHD approached 18%
(n =5). Six deaths occurred during the study period, yielding an overall survival of 92.9
+4.9% at 5 years and 81.7 + 7.4% at 10 years (Figure 2C). This cohort experienced a
16-fold increased relative mortality (95% ClI, 6- to 32-fold) compared with the age- and
sex-matched general US population (Table 2). All deaths were attributable to the primary
disease (Supplementary Table S1).

DISCUSSION

In the present study, 2-year survivors of allogeneic BMT for IEM had a 10-year overall
survival of 86%. These findings are comparable to those in a previous study assessing late
mortality in 2-year survivors of BMT for IEM, which reported a 9-year survival rate of 88%
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[29]. With the availability of longer follow-up in our cohort, we were able to show that the
overall survival declined to 79% at 15 years and to 74% at 20 years after BMT. Nonetheless,
given that these disorders can have a debilitating and rapidly fatal course if untreated, our
study demonstrates relatively favorable long-term survival in 2-year survivors of allogeneic
BMT for IEM.

Nonetheless, the excess mortality in these 2-year survivors of allogeneic BMT for IEM

is high compared with the low baseline mortality in the age- and sex-matched general
population. Our study population had exceptionally high rates of premature death compared
with the age- and sex-matched general population in the 2- to 5-year post-BMT period.
Thereafter, the relative mortality declined with time but remained significantly elevated
beyond 20 years, at a 9-fold greater risk compared with the general population. Previous
studies have reported similarly high relative mortality for all IEM considered together
[28,29]; we and we found significantly elevated all-cause late mortality in our patients

with ALD, Hurler syndrome, and MLD. We also show that the high relative mortality in
these patients has remained unchanged over time and is likely attributable to the underlying
disease.

An analysis of registry data from the Center for International Bone Marrow Transplant
registry [29] found active chronic GVHD and unrelated donor BMT to be associated with
increased risk of all-cause late mortality in 2-year survivors of allogeneic BMT for IEM.
Our study did not identify these factors as influencing late mortality. We found that use of
busulfan was associated with a lower risk of all-cause late mortality when assessed for all
patients; however, given the heterogeneity in demographic and clinical characteristics of the
various IEM, it is more important to understand the predictors of all-cause mortality and
causes of death in these diseases individually.

Age at BMT had a significant impact on survival in patients with Hurler syndrome.
Similar to previous studies [2,14], we observed that allogeneic BMT at a younger age for
patients with Hurler syndrome was protective against late mortality, likely due to its role

in preventing or slowing the progression of the disease when performed at an earlier stage.
Although we did not have data on busulfan pharmacokinetic targeting, we observed that
the use of busulfan was protective against late mortality in patients with Hurler syndrome.
Busulfan pharmacokinetic targeting has been shown to improve engraftment in patients
with Hurler syndrome [36], and its use in preparative regimens has been shown to improve
engraftment of donor-derived microglial cells post-transplantation in animal models, which
potentially could improve disease phenotype [37]. We also found a lower risk of late
mortality in patients with Hurler syndrome associated with the use of cyclosporine as
GVHD prophylaxis compared with the use of T cell depletion and MMF for prophylaxis.
Finally, patients with ALD and Hurler syndrome who received a T cell-depleted graft were
at increased risk for late mortality. T cell depletion has been previously identified as a risk
factor for graft failure in patients with Hurler syndrome and possibly could have played a
role here [36].

We have demonstrated that 2-year survivors of allogeneic BMT for IEM continue to be
at increased risk of death from primary disease-related complications. In our cohort, the
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risk of death at 20 years post-BMT from progression of the primary disease was higher
than the risk of death from other transplantation-related causes (19.7% versus 3.9%). It is
known that despite the intent of BMT for IEM to correct the underlying deficiency and
prevent further worsening of the clinical course, transplantation is insufficient to eradicate
disease or to repair damaged tissue, most notably in the brain or skeleton, and patients
continue to experience significant disease-related morbidity [2,7,10,19]. We did not have
data on the functional status of these patients; however, Aldenhoven et al [2] have shown
that although survivors of BMT for Hurler syndrome had an improved clinical course, these
survivors faced significant disease-related complications. Similarly, other reports on long-
term outcomes following BMT in patients with ALD [6,7,19,38] and MLD [10,39,40] have
shown disease stabilization. Nevertheless, patients continue to suffer from disease-related
morbidity. In our cohort, 76% of deaths were attributable to primary disease. For patients
with Hurler syndrome, cardiac and pulmonary causes were the most common secondary
causes of death. The majority of patients with ALD died from pulmonary causes, likely
secondary to neurologic impairment and the resultant aspiration. Although these numbers
are too small to allow us to draw statistical inferences, these results suggest that progression
of primary disease continues to be the leading cause of death for these patients.

Despite the small number of certain IEM in our cohort, limiting the statistical analyses

for individual disorders, our study illuminates characteristics and outcomes of one of the
largest cohorts of ALD patients reported to date. In addition to medical records, this analysis
relied on active ascertainment of vital status by using the NDI Plus Program and Accurint
databases, providing comprehensive and complete ascertainment of vital status and cause of
death. However, although causes of death were assigned independently by 2 investigators
and then verified by a physician who specializes in BMT for IEM, limitations of the causes
of death recorded on death certificates could result in misclassification of causes of death
[41]. We also lacked information regarding cause of death in 13% of cases. In addition, our
study lacks information on pretransplantation enzyme replacement therapy for patients with
Hurler syndrome, which is now widely used [42,43]. We did not have the pretransplantation
magnetic resonance imaging severity score [44] for patients with ALD, which has been
shown to be an important prognostic indicator for outcomes after BMT [5,6]. In addition,
information on the phenotype of MLD (late infantile, juvenile, or adult forms) and the
extent of disease at transplantation was not available. Despite the multicenter nature of the
BMTSS-2 study, almost all patients in this cohort underwent transplantation at 1 center,
which possibly could limit the generalizability of our findings. Finally, data on post-BMT
donor chimerism and enzyme levels were not available.

These limitations notwithstanding, our data show that patients with IEM who undergo
allogeneic BMT and survive for at least 2 years have a relatively favorable overall survival
even at 20 years after BMT. These patients continue to be at risk for primary disease-related
complications for many years after transplantation, however. These findings regarding

the late mortality experience in patients with ALD, Hurler syndrome and MLD provide
important information for the families and the healthcare providers caring for these patients.
Future research should include collaborative efforts between various transplantation working
groups to collectively study outcomes for these rare diseases, in addition to developing
transplantation practices that can effectively reduce the disease burden in these patients.
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Table 2
SMR among 273 2-Year Survivors of Allogeneic BMT for IEM
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Variables Deathssn  SMR  95% CI
All patients 53 28.9 21.9-375
Sex
Male 28 216 14.6-30.6
Female 25 46.9 30.9-67.8
Year of BMT
1983-1988 11 36.8 19.1-63
1989-1994 10 23.1 11.6-40.5
1995-2000 12 24.8 13.3-41.6
2001-2006 14 35.2 19.9-57.1
2007-2014 6 21.7 11-56.1
Years after BMT
2-5 21 206.5 130.3-307.9
6-10 12 52 27.8-87.2
11-15 7 324 13.9-62.6
16-20 6 11.2 45-22.7
21+ 7 9.4 4.0-18.2
Chronic GVHD
Yes 11 329 17-56.3
No 42 28.0 20.4-37.5
Primary diagnosis
ALD 14 27.8 15.7-45
Hurler syndrome 12 222 11.9-37.3
MLD 6 16.1 6.4-32.7
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Table 3
Risk of Late Mortality for the Entire Cohort and Patients with ALD or Hurler Syndrome

Variable HR (95% Cl) P Value

Entire cohort
Race/ethnicity
Other 1 _
Non-Hispanic white 2.8 (.90-8.9) .09

Busulfan as conditioning agent

No 1 -
Yes 60 (.30-1) 05
ALD
Age at BMT

At or older than the median age of the cohort 1 -

Younger than the median age of the cohort .10 (.02-1.1) .06

Donor type
Related 1 -
Unrelated .20 (.04-1) .05
Year of BMT
<2000 1 -
2000-2009 40 (.10-1.6) .20
>2010 12.6 (1.3-118.7) .03

T cell depletion for GVHD prophylaxis
No
Yes

Hurler syndrome

Age at BMT
At or older than median age of cohort
Younger than the median age of cohort
Chronic GVHD
No
Yes
Busulfan as conditioning agent
No
Yes
T cell depletion for GVHD prophylaxis
No
Yes
Cyclosporine for GVHD prophylaxis
No
Yes

1 -
18.8 (2.8-126) .003

1 -

20(.05-90) .03

]_ -
3.9(80-18.8) .08

]_ -
30(07-90) .04

]_ -
53(1.4-203) .02

]_ -
10(.04-50)  .004
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