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A B S T R A C T

Objective: The prognosis of adrenoleukodystrophy (ALD)with neurological involvement is generally dismal;
however, allogeneic stem cell transplantation (SCT) is recognized as effective to stabilize or improve the clinical
symptoms of ALD. Herein, we report the clinical outcomes of patients with ALD who consecutively underwent
allogeneic stem cell transplantation with reduced intensity conditioning at our institution.
Patients: Sixteen patients with ALD, who were symptomatic (n=14) or presymptomatic (n= 2), received SCT
from 2010 to 2016. The stem cell source was cord blood (n=14), or bone marrow from a human leukocyte
antigen identical sibling (n= 2). The conditioning regimen prior to transplantation was reduced intensity and
consisted of fludarabine (125mg/m2), melphalan (140mg/m2) and low dose total body irradiation (TBI) of 4Gy
(n=15) or 3Gy (n=1).
Results: Primary engraftment was obtained in 11 patients, and 4 of the 5 patients who lost the primary graft
received a second cord blood transplantation and were engrafted. Five years overall and event-free survival were
90.9% and 61.1% respectively, with a median of 45months (range 16–91). Loes score stabilized or improved by
18months after transplantation except for patients with internal capsule involvement.
Conclusion: Allogeneic SCT with reduced intensity conditioning for patients with ALD was safely performed
without major transplant-related complications even in symptomatic patients and neurological symptoms were
stabilized after SCT in patients without internal capsule involvement.
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1. Introduction

Adrenoleukodystrophy (ALD) is a neurodegenerative disorder with
progressive neurological symptoms and clinical outcome is usually
dismal in terms of neurological function and survival [1]. Various
treatments were not effective to stabilize or improve the neurological
symptoms [2,3]. However, allogeneic stem cell transplantation (SCT)
for ALD was initiated in 1984 and was reported promising in stabilizing
clinical symptoms [4]. Since then, allogeneic SCT has been recognized
as the only effective treatment modality for ALD patients, although it
depends on neurological status at SCT [5]. Originally, SCT for ALD
patients was done with myeloablative conditioning (MAC) [4,5] con-
sisting of busulfan (BU) or cyclophosphamide (CY), but recently a re-
duced intensity conditioning (RIC) regimen was introduced to ALD
patients undergoing allogeneic SCT [6–8] in a small patient cohort.
However, transplant outcomes such as engraftment, transplant-related
complications or overall survival are not well documented. Herein, we
describe the transplant outcomes of allogeneic SCT with RIC regimen
for patients with ALD and analyze the safety and efficacy of trans-
plantation.

2. Patients and methods

2.1. Patients

Sixteen patients with ALD underwent SCT from 2009 to 2016 at our
institution. The diagnosis of ALD was confirmed by ABCD1 gene mu-
tation and brain magnetic resonance imaging (MRI) findings, as well as
elevated very long chain fatty acid (VLCFA) at C24:0/C22:0, and
C26:0/C22:0. Informed consent for SCT was obtained from guardians
and this study received approval from the institutional review board of
the Japanese Red Cross Nagoya First Hospital.

2.2. Transplantation

2.2.1. Conditioning regimen and graft-versus host disease prophylaxis
(GVHD)

The conditioning regimen prior to transplantation was of reduced
intensity and consisted of fludarabine (FLU) at 25mg/m2/day from day
−7 to day −3, melphalan (MEL) at 70mg/m2/day from day −4 and
−3, and total body irradiation (TBI) at 4 Gy (n= 15) or 3 Gy (n= 1) on
day −1. GVHD prophylaxis was done with short- term methotrexate
(MTX) and cyclosporine A for bone marrow transplantation (BMT) from
human leukocyte antigen (HLA) identical siblings, otherwise MTX and
tacrolimus were given. MTX was given at 15mg/m2 on day 1 and
10mg/m2 on day 3, 6, 11. The trough level of cyclosporine A was
100–200 ng/ml, and that of tacrolimus was 7–12 ng/ml.

2.2.2. Donor selection and HLA disparity
Stem cell source was cord blood (CB) from an unrelated donor

(n=14) or BM from an HLA identical sibling (n=2). In case of SCT
from a sibling, the donor was identified as a non-carrier by biochemical
analysis of VLCFA and genetic analysis of ABCD1 gene. HLA compat-
ibility for graft-versus host direction at the allelic level for HLA-A, B, C,
and DR was 8/8 (n=5), 7/8 (n=2), and 6/8 (n=8), and one patient
was serologically identical in 6/6 antigens with a sibling donor. Anti-
HLA antibody was weakly positive in two patients, but they were not
donor-specific.

2.2.3. Supportive care
Patients were isolated in a laminar air flow room from the beginning

of the conditioning regimen until engraftment was confirmed, and
sulfamethoxazole trimethoprim, polymyxin B, micafungin, acyclovir,
intravenous gamma globulin were given as infection prophylaxis.

For prophylaxis of transplant-related complications such as sinus
obstruction syndrome or thrombotic microangiopathy, danaparoid

sodium [9,10], ursodeoxycholic acid, eicosapentaenoic acid and toco-
pherol alpha were given from the beginning of the conditioning re-
gimen to day 60 or stabilization of clinical condition. Virological as-
sessment for human herpesvirus-6 (HHV-6), cytomegalovirus (CMV)
and Epstein-Barr virus (EBV) was performed weekly after SCT until
discharge.

2.2.4. Chimerism
Chimerism of patient and donor was periodically analyzed after SCT

with whole leukocytes. For sex-mismatched pairs, it was analyzed
weekly until day 28 after SCT (on day 7, 14, 21, and 28) with fluor-
escent in situ hybridization (FISH) using sex chromosome, and in sex-
matched pairs, it was done on day 14 and 28 by PCR of short tandem
repeats. Long-term follow-up of chimeric analysis was done periodically
in available cases.

2.2.5. Evaluation of neurological and biochemical outcomes
Pre- and post-transplant development scores were evaluated by the

intelligence quotient (IQ) of full-scale IQ and verbal IQ. Performance IQ
was evaluated by WISC III before and after SCT. The IQ of patients after
SCT was evaluated with full scale IQ or verbal IQ because performance
IQ was rarely evaluated in patients with motor dysfunction or visual
impairment. The post-transplantation developmental score was as-
sessed with achievement at last follow-up. Developmental quotient
(DQ) was assessed in patients less than three years old.

Brain MRI of patients was performed within two months prior to
SCT and periodically after SCT. The Loes score of MRI was counted by
neurologists specialized in ALD brain MRI according to an original
published paper [11]. Serum VLCFA was periodically measured before
and after SCT by gas chromatography-mass spectrometry, and transi-
tion of VLCFA was evaluated by comparison of the pre-transplant level
and that of last follow-up. Neurological status of patients before and
after SCT was described according to neurologic function score (NFS)
[12].

2.2.6. Statistical analysis
Neutrophil engraftment was defined as the first day of three suc-

cessive days of an absolute neutrophil count of over 500/mm3. Acute
and chronic GVHD were defined according to the published criteria
[13,14]. Overall survival (OS) and event free survival (EFS) were cal-
culated by Kaplan-Meier method, and log-rank test was used for com-
parison. An event was defined as engraftment failure or any death.
Cumulative incidence was calculated for the probabilities of neutrophil
engraftment, and acute or chronic GVHD. All statistical analyses were
performed with EZR (Saitama, Japan) [15].

3. Results

3.1. Patients

The patient characteristics described in Table 1 were collected from
the electronic chart at the author's institution, as well as the original
institutions from where the patients were referred to our hospital.
Median ages at diagnosis and SCT were eight years old (range 3–14)
and 10 years old (range 3–14), respectively.

In ALD patients, the median Loes score before SCT was 12 (range
10.0–17.5) in fourteen symptomatic patients and 0 in two presympto-
matic patients (cases 13, 14) who had a symptomatic older brother with
the same ABCD1 gene mutation. White matter abnormality was ob-
served in occipital and/or parietal lobes in 13 patients and the frontal
lobe in one patient (case 8). Demyelination of the internal capsule with
local Loes score of 1.0 was observed in five patients (cases 3, 8, 11, 15,
16). The median pre-SCT IQ of symptomatic patients was 83 (range
10–104), and those of the presymptomatic patients were 95 and 61.
Adrenal dysfunction was observed in three patients and corticosteroid
supplementation was necessary (cases 13, 15, 16). No patients received

K. Kato et al. Molecular Genetics and Metabolism Reports 18 (2019) 1–6

2



glyceryl trioleate or glyceryl trieucate (“Lorenzo's Oil”) before or after
transplantation. Median neurologic function scale (NFS) before SCT
was 1.5 (range 0–6).

3.2. Engraftment and chimerism

Primary neutrophil engraftment was obtained in 11 patients with
median 21 days (range 15–29), and five patients resulted in graft failure
(cases 4, 11, 12, 13, 15). Cumulative incidence of engraftment by day
30 was 68.8% (95% confidence interval (CI) 35.3–84.9%). Four of the
five patients who rejected the graft underwent second CBT at median
37 days (range 34–51) from first transplantation (cases 4, 12, 13, 15),
but one patient with autologous recovery refused a second SCT (case
11). The conditioning regimen for second SCT was FLU (25mg/m2/
day× 2 days)+ cyclophosphamide (CY, 1 g/m2/day× 2 days) and
3Gy TBI (n= 1) or FLU (25mg/m2/day×2 days)+MEL (50mg/m2/
day× 2 days) and 3Gy TBI (n= 3), and all four patients achieved en-
graftment within a median of 22 days (range 20–25).

A chimerism study of 11 patients with engraftment achieved>95%
donor chimerism by day 28, but in the five patients with graft failure,
donor chimerism declined after day 14 and ended with aplasia (n=1)
or autologous recovery (n= 4). One of the two patients who received
bone marrow from an HLA identical sibling showed mixed chimerism
after day 100 (case 5) and a donor lymphocyte infusion resulted in full
chimerism.

3.3. GVHD and transplant related complications

Acute GVHD was observed in one case with grade I and the cu-
mulative incidence of acute GVHD was 6.3%. Chronic GVHD was not
observed in our study population. Transplant-related complications
other than GVHD include engraftment syndrome (n=2), and hemo-
lytic anemia (n= 1), and these symptoms improved with supportive
care. No bloodstream infection was observed, while viral reactivation
was observed with HHV-6 (n=1), CMV (n=6), EBV (n= 1), and
Parvo B19 (n= 1), but the symptoms disappeared with ganciclovir
(n= 6) or supportive care.

3.4. OS and EFS

Five-year OS and EFS rates were 90.9% (95% CI, 50.8–98.7%) and
61.1% (95% CI, 32.7–80.5%), respectively, with a median follow-up of
45months (range 16–91) as of October 2017.One patient died from an
infection of an unknown origin 32months after SCT and his Loes score
was 23.0 at 24months from SCT (case 10).

3.5. Neurological outcomes

The MRI Loes score of patients before and after SCT is shown in
Fig. 1. The Loes score of MRI after SCT was markedly different between
patients with or without involvement of the internal capsule (IC) before
SCT. In 10 of 11 patients without IC involvement (IC−), post-transplant
Loes score stayed between 10 and 15 after 1.5 years from SCT and re-
mained stable thereafter, but in all five patients with IC involvement
(IC+) before SCT, it worsened by> 15 from 1.9 to 7.4 months after
SCT, i.e., the median post-transplant Loes score of symptomatic patients
with IC+ was 21 (range 15.5–31), which was significantly higher than
those with IC− (median 14, range 12–23) (P=0.009). In our study
population, six patients (cases 1, 2, 4, 5, 7, 9) showed a decreased Loes
score after SCT compared to maximum Loes score at pre-transplant or
the immediate post-transplant period. The score decreased by 3 to 6
(median 4) and the score stayed at 12 to 14 at their last examination.

Pre-and post-SCT MRI with Gadolinium (Gd) enhancement was
done in 10 symptomatic ALD patients. Nine showed Gd enhancement
before SCT, which was diminished (n= 6, cases 2, 3, 5, 6, 8, 12) or
weaker (n= 2, cases 9, 10) between 2 and 4months after SCT, exceptTa
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in one patient with graft failure (case 11).
The development score of ALD patients before and after SCT is

shown in Fig. 2. The median IQ of patients with IC− was 57(range
0–91) after SCT, but those with IC+ declined to a significantly lower
level within 6months after SCT(P < 0.001). Median NFS after SCT was
3 (range 0–25).

3.6. Biochemical markers

The level of VLCFA (C24:0/C22:0and C26:0/C22:0) was measured
in 14 patients after transplantation (Fig. 3) and significantly decreased
after SCT (P=0.002, and P=0.006, respectively) but was still higher
than normal. The transition of VLCFA was not correlated with either
involvement of internal capsule or neurological outcomes after

transplantation.

4. Discussion

The prognosis of patients with ALD who develop neurological
symptoms is dismal in terms of physical function and life expectancy
[1]. Various therapeutic modalities including medication, SCT, or gene
therapy were introduced in the clinical field [2–4,16]. In ALD patients,
Lorenzo's oil or various medications were tried, but no obvious positive
effect was observed [2]. Gene therapy for ALD patients was introduced,
but applied to only a small cohort of patients at an early disease stage,
and not for large cohort or neurologically advanced patients [16]. Of
these various treatment modalities, SCT is so far recognized as the only
clinically effective treatment and it has been carried out since 1984 [4].

Fig. 1. Loes score of brain MRI in patients with adrenoleukodystrophy before and after stem cell transplantation.

Fig. 2. Development scores of patients with adrenoleukodystrophy.
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However, the clinical effect of SCT clearly depends on neurological
status prior to transplantation as previously reported [5]. According to
previous reports, when SCT was undergone for patients with advanced
neurological symptoms, not only did the clinical symptoms deteriorate,
but overall survival also declined, and it also decreased when SCT was
performed from unrelated donors compared to related donors [5,17].
There are one or two possible reasons for these transplant outcomes.
Regarding the conditioning regimen, busulfan was commonly used in
SCT for patients with inborn errors of metabolism [5,18], but often
causes hepatic damage and may also be neurotoxic to symptomatic ALD
patients because it is easily permeable to the central nervous system,
causing convulsions or other neurological damage [19–21]. To improve
transplant outcomes of symptomatic ALD patients, other agents should
be considered to eliminate busulfan as an agent in the conditioning
regimen. Recently, SCT with a RIC regimen, consisting of fludarabine,
melphalan and low dose TBI, was tried and promising results were re-
ported [6–8]. This conditioning regimen may be a candidate for
symptomatic ALD patients who are vulnerable to neurotoxic agents.

In SCT for symptomatic ALD patients, the immediate availability of
a stem cell source is critically important because neurological symp-
toms progress rapidly and barely improve if transplant performed at an
advanced stage. In the case of unrelated BMT, it takes at least four to
five months from registration to transplant, but CB is readily available
for patients who need urgent transplantation or for those who have no
HLA matched related or unrelated donor. The other advantage of CB is
the low incidence of acute and chronic GVHD, which are major causes
of early or late mortality after transplantation [22]. In CBT, most pa-
tients receive CB units from an HLA mismatched donor and it is re-
ported that the more the incompatibility increases, the higher the
mortality [23]. However, in our study overall survival was not affected
by HLA incompatibility. In contrast to these advantages, graft failure is
more frequently observed in CBT than BMT. In our study, five patients
lost the graft after a month from transplantation, but immediate second
CBT was successful to achieve engraftment without any major trans-
plant related complications, except for one patient who refused to re-
ceive the second graft. The short conditioning regimen used for second
SCT in our patients is commonly applied for patients with graft failure
after CBT [24] and was tolerated in our study population. To overcome
graft failure, a more intensive conditioning regimen or improvement in

GVHD prophylaxis is essential.
Out of 34 anatomical regions identified by the Loes scoring system

[11], internal capsule is important because major neuron fibers
transmit afferent sensory signals and efferent motor signals through this
tract. In adult ALD patients, high mortality was reported when the in-
ternal capsule was involved before SCT [25]. In our study, all five pa-
tients with IC+ showed neurological deterioration soon after SCT, but
10 of 11 patients with IC− were neurologically stable, even though the
follow-up period was relatively short. In our study, the pre-transplant
Loes scores of all symptomatic patients were more than ten, which is
considered an advanced neurological stage, but they tolerated trans-
plant-related complications and IC involvement did not affect survival.
As we have mentioned, six patients showed decreased Loes score
compared to their maximum score at pre or immediate post-transplant
period and their developmental score stayed at subnormal level without
deterioration. The improvement in the Loes score of ALD patients after
SCT was demonstrated in a case report [8] and this finding was also
observed in our study.

We followed the transition of VLCFA after SCT and found that it
came down to a lower level than pre-transplant as reported by Aubourg
[26], but was still higher than normal level, although the VLCFA level
after SCT in IC+ patients was similar to that of patients with IC−. This
means that allogeneic SCT partially corrects VLCFA levels in ALD pa-
tients and possibly plays some role in stabilization of neurological
symptoms, because a high level of VLCFA is known to be toxic to the
oligodendrocyte, which supports the myelination of axons in the brain
[27].

We transplanted two presymptomatic patients with genetic ab-
normality of the ABCD1 gene and elevated VLCFA. They had a symp-
tomatic older brother and were carefully observed after diagnosis of the
brother. They showed no neurological symptoms or MRI abnormality19
and 29months after transplantation. In childhood onset ALD, neuro-
logical symptoms usually develop around 7 years old, but in some cases
the start is 3 or 4 decades later as a different clinical entity of adre-
nomyeloneuropathy (AMN), or adult type ALD, even in the same family
member who shares the same genetic abnormality [28].

As we have mentioned, early diagnosis is essential to achieve neu-
rological improvement for ALD patients whatever treatment modality is
applied. However, practically, early diagnosis of ALD is not easy

Fig. 3. Transition of very long chain of fatty acid (VLCFA) of C24:0/C22:0 (a) and C26:0/C22:0 (b) before and after stem cell transplantation. Shaded area shows the
normal range of VLCFA, which is 0.628–0.977 in C24:0/C22:0, and 0.003–0.006 in C26:0/C22:0.
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because of its rarity and subtle clinical manifestation at an early stage.
To overcome the difficulties of early diagnosis, newborn screening for
ALD patients is essential and has already started in some countries
[29,30]. This newborn screening is very encouraging in terms of early
detection of ALD, although the incidence is quite low it does involve
critical ethical issues of informed consent for late appearing symptoms,
typical features of childhood onset ALD. Even so, the importance of
newborn screening should be emphasized because regardless of how far
treatment techniques progress, there is no or limited beneficial effect if
done after neurological deterioration.

In conclusion, SCT with an RIC regimen for ALD is feasible in terms
of safety and stabilization of neurological symptoms in patients without
internal capsule involvement.
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