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Accumulated experience supports the efficacy of allogenic haematopoietic stem cell transplantation in arresting the progression of

childhood-onset cerebral form of adrenoleukodystrophy in early stages. For adulthood-onset cerebral form of adrenoleukodystro-

phy, however, there have been only a few reports on haematopoietic stem cell transplantation and the clinical efficacy and safety of

that for adulthood-onset cerebral form of adrenoleukodystrophy remain to be established. To evaluate the clinical efficacy and

safety of haematopoietic stem cell transplantation, we conducted haematopoietic stem cell transplantation on 12 patients with ado-

lescent-/adult-onset cerebral form/cerebello-brainstem form of adrenoleukodystrophy in a single-institution-based prospective

study. Through careful prospective follow-up of 45 male adrenoleukodystrophy patients, we aimed to enrol patients with adoles-

cent-/adult-onset cerebral form/cerebello-brainstem form of adrenoleukodystrophy at early stages. Indications for haematopoietic

stem cell transplantation included cerebral form of adrenoleukodystrophy or cerebello-brainstem form of adrenoleukodystrophy

with Loes scores up to 13, the presence of progressively enlarging white matter lesions and/or lesions with gadolinium enhance-

ment on brain MRI. Clinical outcomes of haematopoietic stem cell transplantation were evaluated by the survival rate as well as

by serial evaluation of clinical rating scale scores and neurological and MRI findings. Clinical courses of eight patients who did not

undergo haematopoietic stem cell transplantation were also evaluated for comparison of the survival rate. All the patients who

underwent haematopoietic stem cell transplantation survived to date with a median follow-up period of 28.6 months (4.2–

125.3 months) without fatality. Neurological findings attributable to cerebral/cerebellar/brainstem lesions became stable or partial-

ly improved in all the patients. Gadolinium-enhanced brain lesions disappeared or became obscure within 3.5 months and the white

matter lesions of MRI became stable or small. The median Loes scores before haematopoietic stem cell transplantation and at the

last follow-up visit were 6.0 and 5.25, respectively. Of the eight patients who did not undergo haematopoietic stem cell transplant-

ation, six patients died 69.1 months (median period; range 16.0–104.1 months) after the onset of the cerebral/cerebellar/brainstem

lesions, confirming that the survival probability was significantly higher in patients with haematopoietic stem cell transplantation

compared with that in patients without haematopoietic stem cell transplantation (P¼ 0.0089). The present study showed that

haematopoietic stem cell transplantation was conducted safely and arrested the inflammatory demyelination in all the patients with
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adolescent-/adult-onset cerebral form/cerebello-brainstem form of adrenoleukodystrophy when haematopoietic stem cell trans-

plantation was conducted in the early stages. Further studies are warranted to optimize the procedures of haematopoietic stem cell

transplantation for adolescent-/adult-onset cerebral form/cerebello-brainstem form of adrenoleukodystrophy.
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Introduction
Adrenoleukodystrophy (ALD) is an X-linked neurological

disorder caused by mutations in ABCD1 encoding the ALD

protein in peroxisomes, which leads to increased levels of

very-long-chain saturated fatty acids (VLCFAs) in blood

and various tissues (Igarashi et al., 1976; Moser et al.,

1981; Tsuji et al., 1981; Mosser et al., 1993). Ages at onset

and clinical presentations are highly variable, including

childhood-/adolescent-/adult-onset cerebral form of ALD

(CCALD/AdolCALD/ACALD), adrenomyeloneuropathy

(AMN), cerebello-brainstem form of ALD, Addison disease

only, asymptomatic male and symptomatic heterozygotes

(Ohno et al., 1984; Suzuki et al., 2005; Moser et al.,
2007). These various phenotypes are observed even in

patients carrying the same mutation without any obvious

genotype–phenotype correlations (Takano et al., 1999;

Matsukawa et al., 2011).

In CCALD, once neurological symptoms appear, in-

flammatory demyelination progresses rapidly and patients

become bedridden within a few years. Allogeneic haem-

atopoietic stem cell transplantation (HSCT) was first
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conducted on a child with early-stage CCALD, who

showed the arrest of demyelinating lesions (Aubourg

et al., 1990). Subsequently, HSCT was conducted on

many CCALD patients, which showed convincing benefi-

cial effects when conducted in early stages (Shapiro et al.,
2000; Peters et al., 2004).

The clinical presentations of AdolCALD and ACALD

are similar to those of CCALD. Although patients with

AMN initially show slowly progressive lower limb spasti-

city and pyramidal weakness, �50% of the patients de-

velop cerebral form of ALD within 10 years after onset

(AMN with later development of cerebral form of ALD)

(Suzuki et al., 2005). Approximately 50% of patients

with cerebello-brainstem form of ALD develop the cere-

bral form within 2 years (cerebello-brainstem form with

later development of cerebral form of ALD) (Suzuki

et al., 2005). Patients with AMN with later development

of cerebral form of ALD and cerebello-brainstem form

with later development of cerebral form of ALD show a

rapidly deteriorating clinical course similarly to patients

with ACALD (Suzuki et al., 2005).

In contrast to HSCT for CCALD, however, HSCT for

ACALD has been conducted only on a few patients to

date (Hitomi et al., 2005; Fitzpatrick et al., 2008; Saute

et al., 2016; Kühl et al., 2017; Waldhüter et al., 2019).

Recently, a multicenter-based retrospective study of long-

term outcomes of HSCT in 14 patients with ACALD has

been reported (Kühl et al., 2017). Although the arrest of

progressive cerebral lesions was observed in five patients,

three patients showed the progression of brain MRI

lesions >1 year after HSCT and eight patients died

(Hitomi et al., 2005; Fitzpatrick et al., 2008; Saute et al.,
2016; Kühl et al., 2017). A single center-based retrospect-

ive study of additional seven ACALD patients in addition

to the eight patients in the previous report (Kühl et al.,
2017) has also been reported (Waldhüter et al., 2019).

Of additional seven patients with ACALD, two patients

died after HSCT. Thus, the clinical efficacy and safety of

HSCT for ACALD remain to be established.

We herein report the clinical outcomes of 12 patients

with AdolCALD/ACALD and cerebello-brainstem form of

ALD treated with HSCT in a single-institution-based pro-

spective study. Comparison of the survival time after the

onset of cerebral/cerebellar/brainstem lesions between the

12 HSCT-treated patients and the 8 non-HSCT-treated

patients convincingly supports the clinical efficacy and

safety of HSCT based on patient selection at early stages.

Materials and methods

Patients

Forty-five male patients with ALD were enrolled in this

study prospectively from September 29, 2003, to October

31, 2018. The average (SD) follow-up period was 5.2

(4.3) years. When cerebral/cerebellar/brainstem lesions

were detected by MRI, we then confirmed the progressive

enlargement of the lesions by brain MRI with gadolinium

(Gd) enhancement. Indications for HSCT included cere-

bral form of ALD or cerebello-brainstem form of ALD

with Loes scores (Loes et al., 1994) up to 13, the pres-

ence of progressively enlarging white matter lesions and/

or lesions with Gd enhancement on brain MRI. Patients

with severe neuropsychiatric symptoms that made coordi-

nated treatment during HSCT difficult were not enrolled.

Of the 45 ALD patients, 25 patients were considered for

HSCT, among whom 12 patients were treated (Fig. 1 and

Table 1A). We did not conduct HSCT on eight patients for

the following reasons: five patients were in advanced stages

not fulfilling the inclusion condition and three patients

declined to undergo HSCT (Fig. 1 and Table 1B). Three

patients with minute white matter lesions without any

neurological symptoms were under careful observation. The

other two patients were at the stage of preparing for HSCT.

This is a single-institution-based prospective study.

Written informed consent was obtained from all the par-

ticipants. This study was approved by the institutional re-

view board of the University of Tokyo.

Allogenic haematopoietic stem cell
transplantation

Bone marrow transplantation from unrelated donors was

performed in Patients 1–7, 9, 10 and 12 [human leuko-

cyte antigen-8/8 allele-matched donors in Patients 1–3, 5,

7, 10 and 12 and one-antigen (DRB1) mismatched

donors in Patients 4, 6 and 9], and that from allele-

matched related donors was performed in Patients 8 and

11 (Table 2). Allele-matched female siblings carrying het-

erozygous ABCD1 mutations were not considered as can-

didate donors. Details of the nonmyeloablative

preparative regimens and prophylaxis of graft-versus-host

disease (GVHD) are summarized in Table 2.

Outcome evaluations after allogenic
haematopoietic stem cell
transplantation

Survival probability was evaluated using Kaplan–Meier

plots. We determined survival time from the earliest time of

either the onset of cerebral/cerebellar/brainstem MRI lesions

or the onset of clinical symptoms attributable to cerebral/

cerebellar/brainstem lesions. Clinical rating scale scores

including the expanded disability status scale (Kurtzke,

1983), the Barthel Index (Mahoney and Barthel, 1965), and

X-linked ALD-disability rating scale (Peters et al., 2004),

neurological findings, brain MRI findings and blood exam-

ination results were evaluated prospectively before and after

HSCT. The Loes score (Loes et al., 1994) on brain MRI

was evaluated by the radiologist (H.M.) and the neurologist

(T.M.) independently, and we made the ultimate decision

by mutual agreement.
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Mutational analyses of ABCD1

We conducted mutational analysis of ABCD1 as described

previously (Matsukawa et al., 2011). For the analysis of

large-deletion and large-insertion mutations in ABCD1, we

employed GS junior (F. Hoffmann-La Roche, Basel,

Switzerland) to determine breakpoints in ABCD1 and

fluorescence in situ hybridization.

Very-long-chain saturated fatty acid
measurement

The VLCFA levels in plasma and red blood cell membrane

sphingomyelin (C24:0/C22:0, C25:0/C22:0 and C26:0/

C22:0) were measured using gas–liquid chromatography–

quadrupole mass spectrometry as described previously

(Tsuji et al., 1981; Ohno et al., 1984).

Chimerism analysis after allogenic
haematopoietic stem cell
transplantation

We performed chimerism analysis by deep sequencing of

ABCD1 PCR products employing MiSeq (Illumina, San

Diego, CA, USA) or by detecting ABCD1 mutations employ-

ing QX200 droplet digital PCR (Bio-Rad Laboratories,

Hercules, CA, USA) using genomic DNAs extracted from per-

ipheral white blood cells (Supplementary Tables 1 and 2). We

also conducted microsatellite analysis for sex-matched HSCT

and fluorescence in situ hybridization analysis for sex-mis-

matched HSCT using bone marrow cells.

Statistical analysis

We analysed the survival time of patients who underwent

HSCT and those who did not using Kaplan–Meier plots

Figure 1 Prospective follow-up of 45 patients with adolescent/adult ALD and enrolment for HSCT. Forty-five male patients with

ALD were enrolled in this study in a prospective manner from September 29, 2003, to October 31, 2018. Among them, 25 patients were

considered for HSCTon the basis of detection of MRI lesions in the cerebrum, cerebellum or brainstem. HSCTwas conducted on 12 patients.

We did not conduct HSCTon eight patients because five patients were in advanced stages (Patients 13, 14, 16, 17 and 19) and three declined to

undergo HSCT (Patients 15, 18 and 20). CB ¼ cerebello-brainstem form of ALD; AMN-CB ¼ AMN with later development of cerebello-

brainstem form of ALD. aOne patient with AMN died of a brain haemorrhage.
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and the log-rank test using EZR (Easy R) (Kanda, 2013).

Statistical significance was defined as a P-value of <0.05.

Data availability

The data supporting these findings are available upon request.

Results

Clinical outcomes

All the 12 patients have achieved neutrophil engraftment

and survived to date with a median follow-up period of

28.6 months (4.2–125.3 months) after HSCT (Fig. 2,

Supplementary Fig. 1 and Table 3). To evaluate the efficacy of

HSCT, we conducted Kaplan–Meier survival analysis by com-

paring the survival time from the onset of cerebral/cerebellar/

brainstem involvement between the 12 patients who under-

went HSCT and the 8 patients who did not. Six of the eight

patients who did not undergo HSCT died 69.1 months (me-

dian period; range 16.0–104.1 months) after the onset of cere-

bral/cerebellar/brainstem involvement (Fig. 2 and Table 1B).

The remaining two patients became wheelchair bound owing

to disease progression. The survival probability was signifi-

cantly higher in patients with ALD who underwent HSCT

than in those who did not (P¼ 0.0089) (Fig. 2).

Neurological findings attributable to the cerebral/cerebel-

lar/brainstem lesions became stable or partially improved

in all the patients after HSCT (Table 3). In Patients 4, 5,

7, 9, 11 and 12, slight progression of lower limb weak-

ness, ataxia, sensory disturbance, decreased gait speed or

bladder disturbance was observed in 1–9 months after

HSCT but became stable thereafter. Improvement of dys-

arthria or dysphagia was observed in Patients 1, 4, 5 and

10. Patient 10 could not turn in bed without using his

hands and had communication difficulties due to weak

voice before HSCT but became able to sit on a wheelchair

and communicate with a normal voice volume. Patient 1

showed gradual progression of bilateral lower limb weak-

ness accompanied by disuse muscle atrophy presumably at-

tributable to AMN symptoms but he did not develop any

new symptoms attributable to brain lesions. Patients 2, 3

and 7 returned to their previous working places, Patient 4

started to work at another place and Patient 5 returned to

his university and recently graduated from the university.

Patient 6 started to work at home. Patients 1 and 8 stayed

at home. Patients 9–12 have undergone HSCT recently

and await careful follow-up.

MRI findings after allogenic
haematopoietic stem cell
transplantation

Gd-enhanced brain MRI lesions rapidly disappeared with-

in 2 months after HSCT in all the patients except in

Patients 2, 10 and 12. As shown in Fig. 3, reduction ofT
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contrast enhancement in the right temporal lobe white

matter (Patient 2), in the pyramidal tract (Patient 4) and

in the splenium of the corpus callosum (Patient 7) is ob-

vious. The Gd-enhanced lesion in Patient 2 became ob-

scure at 3.5 months and was no longer detected

19 months after HSCT. The Gd-enhanced lesions in

Patients 10 and 12 became obscure 1.4 and 1.6 months

after HSCT, respectively.

The white matter lesions stopped enlarging within

2 months in nine patients (Patients 1–3, 6, 8 and 9–12)

and within 12 months in the remaining three patients

(Patients 4, 5 and 7) after HSCT. No new white matter

lesions have appeared in any of them to date. Of note,

reduction in size of the white matter lesions was observed

in seven patients (Patients 1–4, 7 and 9–10) (Fig. 3A,

Supplementary Figs. 2 and 3 and Table 3). The median

Loes scores before HSCT and at the last follow-up visit

after HSCT were 6.0 and 5.25, respectively. The Loes

score increased by one point in Patients 1, 4 and 5 with

atrophic changes of the brainstem, but otherwise stabi-

lized or even improved (Table 3). Representative MRI

findings of Patients 2, 4 and 7 showing reduction in the

size of the white matter lesions are shown in Fig. 3A. As

shown in Supplementary Fig. 3, in Patient 1, reduction in

the size of the lesion of the splenium of the corpus cal-

losum is obvious. There was also a prominent regression

of the white matter lesions in the auditory pathways even

taking the mild atrophic change of the brainstem into

consideration. In Patient 4, there was a regression of

white matter lesions in the pyramidal tracts including the

internal capsule and the brainstem, and in the cerebellum

even allowing the mild atrophic changes of the brainstem

and cerebellum. In Patient 5, white matter lesions in the

brainstem and cerebellum stabilized and the atrophic

changes in the brainstem and cerebellum progressed. In

Patients 2, 3 and 6–12, there were no obvious atrophic

changes of brain. In patients who did not undergo

HSCT, the white matter lesions continued to enlarge

accompanied by marked atrophic changes in the brain

(Fig. 3B and Supplementary Fig. 4).

Complications associated with
allogenic haematopoietic stem cell
transplantation

No grade IV infections or other serious complications

including neurological problems (Common Terminology

Criteria for Adverse Events Version 3.0) were observed in

all the patients after HSCT (Table 2). Cryptogenic organiz-

ing pneumonitis appeared in Patient 2, transplantation-

associated thrombotic microangiopathy appeared in Patient

6 with declining renal functions 5 months after HSCT,

which became stable in the follow-up study, and Patient 7

was suspected of having tacrolimus-induced nephrotoxicity

with declining renal function 2 months after HSCT.

No acute GVHD symptoms appeared in Patients 3, 5,

7–10 and 12. Only grade I cutaneous symptoms of acute

GVHD appeared in Patients 2, 4, 6 and 11 and treated

with topical or oral steroid (Przepiorka et al., 1995).

Stage 2 gastrointestinal and stage 3 skin acute GVHD

appeared in Patient 1 and managed with methylpredniso-

lone (1 mg/kg). Chronic GVHD appeared in two patients,

including bronchiolitis obliterans in one patient.

Changes in very-long-chain
saturated fatty acid levels after
allogenic haematopoietic stem cell
transplantation of patients with
adrenoleukodystrophy

The average ratios of C26:0/C22:0 before and after

HSCT, excluding the data of Patients 4 and 6 taking

Lorenzo’s oil before HSCT, were 0.024 and 0.022 (nor-

mal range 0.003–0.006), respectively (Table 3).

Considering the possibility that plasma sphingomyelin

VLCFAs may not have exclusively derived from bone

marrow-derived cells, we further measured VLCFA levels

in red blood cells. In Patient 2, the ratio of C26:0/C22:0

in the red blood cell membrane sphingomyelin

25.1 months after HSCT was 0.190, which was between

the average levels in patients [0.26þ 0.04, mean þ SD

(n¼ 8)] and those in controls [0.10þ 0.02 (n¼ 16)] in

the previous report (Tsuji et al., 1981). These results

Figure 2 Survival probability of HSCT-treated and non-

HSCT-treated ALD patients. We performed Kaplan–Meier

analysis and the log-rank test for patients with ALD who

underwent HSCTand for those who did not. The horizontal axis

shows months after the onset of cerebral/cerebellar/brainstem

lesions. The vertical axis shows the survival probability of patients

with ALD. The solid line shows the survival probability of patients

with ALD who underwent HSCT, and the dotted line shows the

survival probability of those who did not. Survival probability was

significantly different between patients with ALD who underwent

HSCTand those who did not (P ¼ 0.0089). The numbers of

Patients 0, 50, 100, 150, 200 and 250 months after the onset of

cerebral/cerebellar/brainstem lesions were 12, 7, 2, 0, 0 and 0

among those who underwent HSCTand 8, 5, 2, 1, 1 and 1 among

those who did not undergo HSCT, respectively.
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suggest that VLCFAs may not be exclusively derived

from bone marrow-derived cells.

Chimerism analysis after allogenic
haematopoietic stem cell
transplantation

Chimerism analysis showed that all the patients kept full-

donor chimerism after HSCT to date (Table 3 and

Supplementary Table 3).

Discussion
We showed that HSCT was safely conducted and effect-

ive in arresting the progression of brain MRI lesions. As

shown in Fig. 2, the survival probability was significantly

higher in the patients who underwent HSCT than in

those who did not (P¼ 0.0089). The arrest of enlarge-

ment of brain MRI lesions was confirmed in all the 12

patients. Of note, seven patients showed reduction in size

of the white matter lesions (Table 3), suggesting that

HSCT not only stabilizes the enlargement of brain lesions

but may also improve the brain lesions in patients in

early stages. Moreover, neurological findings attributable

to cerebral/cerebellar/brainstem lesions became stable or

partially improved in all the 12 patients. Compared with

the clinical outcomes in previous studies (Hitomi et al.,
2005; Fitzpatrick et al., 2008; Saute et al., 2016; Kühl

et al., 2017; Waldhüter et al., 2019), the results described

in the present report demonstrated outstanding clinical

outcomes including arrest of disease progression of the

clinical presentations and stabilization of the MRI find-

ings as well as the safety associated with HSCT. The

clinical courses of patients with ALD after HSCT were

also better than those described in a natural history study

(Suzuki et al., 2005).

In previous reports on HSCT for ACALD, variable

clinical outcomes have been described (Hitomi et al.,

2005; Fitzpatrick et al., 2008; Saute et al., 2016; Kühl

et al., 2017; Waldhüter et al., 2019). Recently, a multi-

center-based retrospective study of the long-term out-

comes of HSCT in 14 patients with ACALD has been

reported (Kühl et al., 2017). Stabilization of cerebral

lesions within 1 year after HSCT was observed in five

patients, supporting the efficacy of HSCT (Hitomi et al.,
2005; Fitzpatrick et al., 2008; Saute et al., 2016; Kühl

et al., 2017). Of the 17 patients, however, three patients

showed the progressive enlargement of cerebral lesions or

appearance of new lesions >1 year after HSCT and eight

patients died because of HSCT-related complications or

disease progression (Hitomi et al., 2005; Fitzpatrick

et al., 2008; Saute et al., 2016; Kühl et al., 2017). Of the

additional seven patients with ACALD recently reported

in addition to the eight patients in the previous multicen-

ter-based retrospective study, two patients died because

of HSCT-related complications or disease progressionT
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Figure 3 Changes in brain MRI findings. (A) Representative coronal or axial images obtained by FLAIR imaging (upper panels) and T1W

imaging with Gd enhancement (lower panels) on brain MRI before and after HSCT in Patients 2, 4 and 7. In Patient 2, the white matter lesions

enlarged and were Gd-enhanced before HSCT. The white matter lesions became small (upper panels) and the Gd-enhanced lesions became

gradually obscure (lower panels) after HSCT. In Patient 4, the white matter lesions in the pyramidal tracts enlarged until 1.4 months after HSCT

but subsequently became small (upper panels). The white matter lesions in the pyramidal tracts were Gd-enhanced before HSCT but

disappeared after HSCT (lower panels). In Patient 7, the white matter lesions in the frontal, parietal, temporal and occipital lobes enlarged until

1.3 months after HSCT, but the white matter lesions subsequently became small (upper panels). The white matter lesion in the splenium of the

corpus callosum was Gd-enhanced before HSCT but disappeared after HSCT (lower panels). (B) Axial FLAIR images of Patient 18 who declined

to undergo HSCT. When we considered HSCT for the patient, brain MRI showed limited white matter lesions in the pyramidal tracts and mild

white matter lesions in the optic radiations, the brachia of the inferior colliculus and the cerebellum (Loes score, 3.5). These white matter lesions

showed progressive enlargement, and brain MRI taken 57.5 months later showed massive cerebral, cerebellar and brainstem white matter

lesions accompanied with marked atrophy (Loes score, 34). FLAIR ¼ fluid-attenuated inversion recovery; T1W ¼ T1 weighted.
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(Waldhüter et al., 2019). The source of stem cells was ei-

ther cord blood or peripheral blood for 4 of the 10

patients who died (Fitzpatrick et al., 2008; Saute et al.,

2016; Kühl et al., 2017; Waldhüter et al., 2019), whereas

the source of the stem cells in the present study was the

bone marrow for all the patients. In CCALD, cord blood

is often selected as the source of stem cells owing to not

only the unavailability of the bone marrow from allele-

matched related donors but also the relatively short co-

ordination period for cord blood transplantation (Martin

et al., 2006). Limitation in the number of stem cells

obtained from cord blood might underlie the different

survival rates among patients with ACALD. In the above-

mentioned previous studies (Kühl et al., 2017; Waldhüter

et al., 2019), myeloablative regimens were used in 19 of

the 21 patients. In our study, we safely conducted non-

myeloablative regimens in all the patients with full-donor

chimerism and without any fatal complications (Table 2).

Nonmyeloablative regimens seem to be favourable be-

cause of their reduced toxicity to the central nervous sys-

tem and mucosal membrane. Life-threatening or fatal

infections occurred in five of the six patients who died in

the previous study, whereas no such infections occurred

in the present study. A good condition in activities of

daily living, a prerequisite for HSCT in the present study,

may have contributed to the prevention of serious infec-

tions. Relatively low incidence of acute and chronic

GVHD in our study also may contribute to the good out-

come. Nonmyeloablative regimens and use of antithymo-

cyte globulin might have contributed to the low

frequency of GVHD (Kröger et al., 2016).

The present study demonstrates that HSCT was con-

ducted safely and arrested the inflammatory demyelination

in patients with AdolCALD/ACALD and cerebello-brain-

stem form of ALD similarly to the clinical outcomes that

have been accumulated with HSCT for CCALD (Shapiro

et al., 2000; Peters et al., 2004). In particular, early diag-

nosis of cerebral form and cerebello-brainstem form of

ALD based on the careful prospective observation of the

patients seems to be essential for better outcomes with

HSCT. The brain MRI lesions were first detected in

Patient 7 when he still did not show any neurological

symptoms attributable to the lesions. It is helpful to pro-

vide detailed clinical information including that on HSCT

to patients, male individuals at risk and families to facili-

tate the early detection of brain lesions. Indeed, 5 of the

12 patients with ALD who underwent HSCT in this study

had a family history of ALD, which contributed to early

diagnosis. Thus, patient selection at early stages in a set-

ting of a single-institution-based prospective study substan-

tially contributed to the excellent clinical outcomes in the

present study. We consider that patients with adult-onset

cerebral form of ALD fulfilling the following conditions

would be ideal to achieve a good outcome of HSCT: (i)

MRI findings with Loes scores �13 and with an early

stage of white matter lesions in brain MRI and (ii) good

conditions in activities of daily living and cooperativity

along with preserved or only mildly decreased cognitive

functions (Mini–Mental State Examination �25). These

conditions are consistent with those that have been recom-

mended for CCALD (Peters et al., 2004).

Although unrelated donors were found for all the

patients, it took 3–8 months from the time of registration

with the Japan Marrow Donor Program to HSCT

(Table 2). During this period, white matter lesions

enlarged in seven patients (Patients 1, 2, 4, 5, 9, 10 and

12) and neurological symptoms deteriorated in five

patients before HSCT (Patients 4, 5, 9, 10 and 12). Since

it is of vital importance to conduct HSCT as early as

possible, every effort should be made to accelerate coord-

ination with unrelated donors.

Despite the arrest of inflammatory demyelination in the

brain white matter, including reduction in the size of

lesions of auditory pathways, Patient 1 showed gradual

progression of bilateral lower limb weakness. We need to

further follow-up the patient to address the long-term

outcomes of HSCT with regard to AMN symptoms, be-

cause in some patients with CCALD who underwent

HSCT, AMN symptoms reportedly developed later in life

(van Geel et al., 2015).

The efficacy of the gene therapy for CCALD has re-

cently been reported (Eichler et al., 2017). In that report,

17 patients with CCALD received infusion of autologous

CD34þ cells transduced with a lentiviral vector contain-

ing normal ABCD1 complementary DNA. Fifteen of the

17 patients survived with no major functional disability,

demonstrating the clinical efficacy of the gene therapy.

One patient, however, died due to disease progression.

Most of the patients showed deterioration of their Loes

scores on MRI, and the reemergence of enhancement was

observed in four patients 18–24 months after the therapy.

Thus, clinical efficacy may be limited in part. Since the

ages of the patients are different, direct comparison of

the clinical efficacy between gene therapy and HSCT is

difficult. However, we consider that the following point

deserves attention. All of our patients showed full-donor

chimerism after HSCT throughout the observation period,

while the median percentage of CD14þ cells expressing

the ALD protein was 19% 24 months after the therapy.

Thus, the proportion of cells expressing the normal ALD

protein might be useful in evaluating the clinical efficacy

in these therapies. The clinical efficacies of HSCT and

gene therapy for cerebral ALD should be further

investigated.

In conclusion, this single-institution-based prospective

study demonstrated that HSCT is safe and efficacious for

arresting the disease progression of AdolCALD/ACALD

and cerebello-brainstem form of ALD. The source of

stem cells, preparative regimens, early detection of brain

lesions based on prospective follow-up and a good condi-

tion in activities of daily living play key roles in achiev-

ing better outcomes of HSCT.
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Kühl J-S, Suarez F, Gillett GT, Hemmati PG, Snowden JA, Stadler M,
et al. Long-term outcomes of allogeneic haematopoietic stem cell
transplantation for adult cerebral X-linked adrenoleukodystrophy.

Brain 2017; 140: 953–66.
Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an

expanded disability status scale (EDSS). Neurology 1983; 33:
1444–52.

Loes DJ, Hite S, Moser H, Stillman AE, Shapiro E, Lockman L, et al.

Adrenoleukodystrophy: a scoring method for brain MR observa-
tions. AJNR Am J Neuroradiol 1994; 15: 1761–6.

Mahoney FI, Barthel DW. Functional evaluation: the Barthel Index.
Md State Med J 1965; 14: 61–5.

Martin PL, Carter SL, Kernan NA, Sahdev I, Wall D, Pietryga D, et al.

Results of the cord blood transplantation study (COBLT): outcomes
of unrelated donor umbilical cord blood transplantation in pediatric
patients with lysosomal and peroxisomal storage diseases. Biol

Blood Marrow Transplant 2006; 12: 184–94.
Matsukawa T, Asheuer M, Takahashi Y, Goto J, Suzuki Y,

Shimozawa N, et al. Identification of novel SNPs of ABCD1,
ABCD2, ABCD3, and ABCD4 genes in patients with X-linked adre-
noleukodystrophy (ALD) based on comprehensive resequencing and

association studies with ALD phenotypes. Neurogenetics 2011; 12:
41–50.

Moser HW, Mahmood A, Raymond GV. X-linked adrenoleukodystro-
phy. Nat Rev Neurol 2007; 3: 140–51.

Moser HW, Moser AB, Frayer KK, Chen W, Schulman JD, O’Neill

BP, et al. Adrenoleukodystrophy: increased plasma content of satu-
rated very long chain fatty acids. Neurology 1981; 31: 1241–9.

Mosser J, Douar A-M, Sarde C-O, Kioschis P, Feil R, Moser H, et al.
Putative X-linked adrenoleukodystrophy gene shares unexpected
homology with ABC transporters. Nature 1993; 361: 726–30.

Ohno T, Tsuchida H, Fukuhara N, Yuasa T, Harayama H, Tsuji S,
et al. Adrenoleukodystrophy: a clinical variant presenting as olivo-

pontocerebellar atrophy. J Neurol 1984; 231: 167–9.
Peters C, Charnas LR, Tan Y, Ziegler RS, Shapiro EG, DeFor T, et al.

Cerebral X-linked adrenoleukodystrophy: the international hemato-

poietic cell transplantation experience from 1982 to 1999. Blood
2004; 104: 881–8.

Przepiorka D, Weisdorf D, Martin P, Klingemann HG, Beatty P, Hows

J, et al. 1994 Consensus Conference on Acute GVHD Grading.
Bone Marrow Transplant 1995; 15: 825–8.

Saute JAM, Souza C. F M D, Poswar F. D O, Donis KC, Campos LG,
Deyl AVS, et al. Neurological outcomes after hematopoietic stem
cell transplantation for cerebral X-linked adrenoleukodystrophy,

late onset metachromatic leukodystrophy and Hurler syndrome. Arq
Neuropsiquiatr 2016; 74: 953–66.

Shapiro E, Krivit W, Lockman L, Jambaqué I, Peters C, Cowan M,
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