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Summary

Background Effective treatment for metachromatic leukodystrophy (MLD) remains a substantial unmet medical
need. In this study we investigated the safety and efficacy of atidarsagene autotemcel (arsa-cel) in patients with
MLD.

Methods This study is an integrated analysis of results from a prospective, non-randomised, phase 1/2 clinical
study and expanded-access frameworks. 29 paediatric patients with pre-symptomatic or early-symptomatic early-
onset MLD with biochemical and molecular confirmation of diagnosis were treated with arsa-cel, a gene therapy
containing an autologous haematopoietic stem and progenitor cell (HSPC) population transduced ex vivo with a
lentiviral vector encoding human arylsulfatase A (ARSA) cDNA, and compared with an untreated natural history
(NHx) cohort of 31 patients with early-onset MLD, matched by age and disease subtype. Patients were treated and
followed up at Ospedale San Raffaele, Milan, Italy. The coprimary efficacy endpoints were an improvement of more
than 10% in total gross motor function measure score at 2 years after treatment in treated patients compared with
controls, and change from baseline of total peripheral blood mononuclear cell (PBMC) ARSA activity at 2 years
after treatment compared with values before treatment. This phase 1/2 study is registered with ClinicalTrials.gov,
NCT01560182.

Findings At the time of analyses, 26 patients treated with arsa-cel were alive with median follow-up of 3-16 years
(range 0-64-7 - 51). Two patients died due to disease progression and one due to a sudden event deemed unlikely to be
related to treatment. After busulfan conditioning, all arsa-cel treated patients showed sustained multilineage
engrafiment of genetically modified HSPCs. ARSA activity in PBMCs was significantly increased above baseline
2 years after treatment by a mean 18-7-fold (95% CI 8-3-42-2; p<0-0001) in patients with the late-infantile variant
and 5-7-fold (2-6-12-4; p<0-0001) in patients with the early-juvenile variant. Mean differences in total scores for
gross motor function measure between treated patients and age-matched and disease subtype-matched NHx patients
2 years after treatment were significant for both patients with late-infantile MLD (66% [95% CI 48 -9-82-3]) and early-
juvenile MLD (42% [12-3-71-8]). Most treated patients progressively acquired motor skills within the predicted range
of healthy children or had stabilised motor performance (maintaining the ability to walk). Further, most displayed
normal cognitive development and prevention or delay of central and peripheral demyelination and brain atrophy
throughout follow-up; treatment benefits were particularly apparent in patients treated before symptom onset. The
infusion was well tolerated and there was no evidence of abnormal clonal proliferation or replication-competent
lentivirus. All patients had at least one grade 3 or higher adverse event; most were related to conditioning or to
background disease. The only adverse event related to arsa-cel was the transient development of anti-ARSA antibodies
in four patients, which did not affect clinical outcomes.

Interpretation Treatment with arsa-cel resulted in sustained, clinically relevant benefits in children with early-onset
MLD by preserving cognitive function and motor development in most patients, and slowing demyelination and
brain atrophy.

Funding Orchard Therapeutics, Fondazione Telethon, and GlaxoSmithKline.

Copyright © 2022 Elsevier Ltd. All rights reserved.
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Articles

Research in context

Evidence before this study

We searched PubMed from database inception to Feb 8, 2021,
for relevant studies of treatments for metachromatic
leukodystrophy (MLD), including acronyms, synonyms, and
closely related words for the terms “metachromatic
leukodystrophy (MLD)", “therapy”, “enzyme replacement
therapy (ERT)", and “gene therapy (GT)". We did not restrict our
search by study design or language. We identified further studies
by searching relevant websites and the reference lists of all
included articles identified by our search. Evidence of allogeneic
haematopoietic stem-cell transplantation being beneficial in
patients with late-infantile MLD appears to be very scarce.
Children treated when pre-symptomatic might show delayed
disease onset and attenuated progression compared with
untreated patients, but still have severe peripheral neuropathy
and severe impairment of gross motor function post-treatment.
Furthermore, allogeneic haematopoietic stem-cell
transplantation did not slow down disease progression in
patients with early-onset MLD with overt neurological
symptoms at the time of transplantation. Outcomes in juvenile
and adult MLD patients are more favourable, with long-term
stabilisation of neurological symptoms, but are associated with
conditioning-related complications and graft-versus-host
disease. Intracerebral gene therapy with an adeno-associated
viral vector has been tested in the context of a clinical trial but
did not reverse the fatal outcome of the disease
(NCT01801709). Preliminary results on the safety and
tolerability of intrathecal enzyme replacement therapy have
been recently published but the efficacy of this treatment in
halting disease progression has yet to be shown. Contrarily,
haematopoietic stem and progenitor cell gene therapy
(HSPC-GT) consisting of an autologous transplant of
haematopoietic stem and progenitor cells (HSPCs) transduced
ex vivo with a lentiviral vector encoding the ARSA gene, resulted
in prevention and correction of CNS and peripheral nervous
system in the mouse model. A non-randomised, single arm,
phase 1/2 clinical study on HSPC-GT combined with a

Introduction

Metachromatic leukodystrophy (MLD) is a rare inherited
lysosomal storage disease caused by deficiency of
arylsulfatase A (ARSA), due to mutations in the
ARSA gene! Reduced ARSA activity results in
accumulation of sulfatides in the CNS and peripheral
nervous system, leading to progressive dysmyelination,
neuroinflammation, and neurodegeneration.”” These
events result in progressive motor and cognitive
deterioration, with loss of motor and neurocognitive
functions, and ultimately death."** Sulfatides also
accumulate in visceral organs, such as the gallbladder
and kidneys.**

The clinical spectrum of MLD is broad and
heterogeneous. Three clinical forms are commonly
described on the basis of age at first symptom onset:
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myeloablative conditioning regimen was therefore initiated in
patients with early-onset MLD in 2010 (NCT01560182).
Preliminary results for the first three patients with the late-
infantile variant who took part in the trial were reported in 2013.
The safety and efficacy profile of HSPC-GT in early-onset MLD
was expanded in a paper published in 2016, describing the first
nine patients treated, indicating a favourable outcome in late-
infantile patients treated in a pre-symptomatic phase, with a
maximum follow-up of 54 months.

Added value of this study

This study provides key and novel information on the safety
profile of HSPC-GT and the long-term efficacy in a large cohort
of 29 patients with early-onset MLD treated in the context of
the phase 1/2 study and expanded access frameworks and
followed up for up to 75 years. All treated patients showed
high and sustained engraftment of corrected cells that was
associated with increased, sustained ARSA activity in peripheral
blood and cerebrospinal fluid. HSPC-GT provided benefit in
pre-symptomatic late-infantile and pre-symptomatic and
early-symptomatic early-juvenile patients treated before
entering the rapid phase of disease progression, preserving
cognitive function, delaying time to severe motor disability,
and slowing down brain demyelination and atrophy.

Implications of all the available evidence

This study shows the long-term benefits of administering a
lentiviral-based gene therapy to patients with MLD, for whom
there are currently no effective treatment options. On the basis
of the interim analyses presented in this work, HSPC-GT has
recently been granted full marketing authorisation in Europe
by the European Commission and in the UK by the Medicines
and Healthcare products Regulatory Agency (Libmeldy) and is
under investigation in the USA. We believe that the findings
from this study represent an important advance in the
treatment of the most severe variants of MLD, and its efficacy
is currently being further studied in the late-juvenile variant of
MLD (NCT04283227).

late-infantile (=30 months), juvenile (subdivided into
early juvenile [30 months-6 years] and late juvenile
[7-16 years]), and adult MLD (=17 years), with earlier age
at onset or presence of motor symptoms at onset
associated with a more severe and rapid disease
course.”** Regardless of the clinical variant, the
underlying disease pathophysiology is similar for all
phenotypic forms of MLD."*?

There is a high unmet need for effective therapies for
MLD, particularly in the early-onset variants (age
<7 years at onset) for which disease management is
mainly focused on palliative care. Allogeneic
haematopoietic stem-cell transplantation has shown
poor efficacy, particularly in early-onset MLD, and in
halting progression of peripheral demyelination." For
other experimental therapies, including enzyme
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replacement therapy and CNS-administered adeno-
associated virus gene therapy, preliminary clinical data
showed no or little efficacy."

Atidarsagene autotemcel (arsa-cel) is a gene therapy
medicinal product based on autologous haematopoietic
stem and progenitor cells (HSPCs) transduced ex vivo
with a lentiviral vector encoding the ARSA ¢cDNA driving
supranormal ARSA expression in HSPCs and their
progeny, which has previously shown preliminary
evidence of safety and efficacy in nine patients with early-
onset MLD."" In this Article, we present results from
29 patients with early-onset MLD (16 with late-infantile
MLD, 13 with early-juvenile MLD) treated with arsa-cel,
with maximum follow-up of 7-5 years.

Methods

Study design

We undertook an integrated analysis of results from a
prospective, non-randomised, phase 1/2 clinical study
and expanded-access frameworks (appendix p 4). Treated
patients were compared with a historical cohort of
31 patients with early-onset MLD from a non-
interventional natural history (NHx) study (patients
enrolled from 2004, data collected with retrospective and
prospective assessments from 2000 to 2017) to assess the
safety and efficacy of arsa-cel.” All studies had comparable
endpoints and schedules of assessments.”’*” Important
protocol deviations are detailed in the appendix (p 4).
Patients were treated and followed up at Ospedale
San Raffaele, Milan, Italy.

All studies were undertaken in accordance with
the principles of Good Clinical Practice and the
Declaration of Helsinki and with approval of the Ospedale
San Raffaele Ethics Committee and Agenzia Italiana del
Farmaco, where applicable. Informed consent was
obtained from the patients’ parents or guardians.

Patients

Eligible patients had a molecular and biochemical
diagnosis of MLD of either pre-symptomatic late-
infantile or pre-symptomatic or early-symptomatic
early-juvenile variants, as detailed in the appendix (p 10).
Late-infantile MLD was diagnosed when predicted age
at symptom onset was 30 months or less of chronological
age, based on the index sibling. Early-juvenile MLD was
diagnosed when predicted age at onset based on the
index sibling or the patient’s own age at disease onset
was between 30 months and 6 years. Early-symptomatic
status was initially defined as presence of symptoms for
less than 6 months. The definition was subsequently
amended in January, 2014, to allow the treatment of
patients with an intelligence quotient (IQ) of
70 or greater and the ability to walk ten or more steps
independently, and to prevent enrolment of severely
impaired patients or those entering a rapid phase of
disease progression for whom benefit from treatment
was not expected.

Procedures

Patients were treated and monitored according to the
schedule described in the appendix (p 17) and as
previously reported.”” HSPCs harvested from bone
marrow or mobilised peripheral blood (MPB) were
transduced with clinical-grade lentiviral vector encoding
human ARSA c¢DNA under the control of the human

phosphoglycerate kinase gene promoter.® Before
intravenous infusion of arsa-cel, patients received
busulfan  conditioning.  Busulfan was initially

administered at a target cumulative area under the curve
(AUC) of 67-2 mgxh/L (submyeloablative; actual range
63-4-84-3 mgxh/L; n=13) and then increased to a target
AUC of 85-0 mgxh/L (myeloablative; actual range
78-0-88-3 mgxh/L; n=16) with the goal of reducing the
variability of transduced cell engraftment observed in the
first nine patients treated (for further details, see
appendix p 8). The actual median busulfan cumulative
AUC overall was 79-9 mgxh/L (range 63-4-88-3; n=29).

Outcome measures

The coprimary efficacy endpoints were an improvement
of more than 10% (considered a clinically relevant change
in response to treatment in different settings)” in the
total score of the gross motor function measure (GMFM)”
at 2 years after treatment in treated patients compared
with controls matched by age and disease subtype, and
change from baseline of total peripheral blood
mononuclear cell (PBMC) ARSA activity at 2 years after
treatment compared with values before treatment. The
gross motor function measure instrument used in this
study (GMFM-88)"” consists of 88 items organised into
five domains: lying and rolling; sitting; crawling and
kneeling; standing; and walking, running, and jumping.
Each of the 88 questions is scored from 0 to 3 (maximum
number of points=264) and a composite percentage score
(0-100%) is calculated from the total score, with
0% corresponding to loss of all voluntary movement. The
GMFM score is also related to age; by the age of
60 months most healthy children will achieve their
maximum score, approximating 100%.

Other endpoints included the percentage of lentiviral
vector-positive ~ bone = marrow-derived  clonogenic
progenitor cells, ARSA activity in cerebrospinal fluid on
soluble enzyme from ion-exchange chromatography,®
gross motor function classification for MLD (GMFC-
MLD) at different ages, and brain MRI total score and
nerve conduction velocity index at 2 and 3 years after
treatment in treated patients compared with controls
matched by age and disease subtype. A supplementary
set of exploratory analyses were also specified for the
integrated dataset (severe motor impairment-free
survival and cognitive age-equivalent profiles) and are
detailed in the appendix (p 7). Safety endpoints included
conditioning regimen-related safety, short-term and
long-term safety of lentiviral vector-transduced cell
infusion, and monitoring of adverse events and
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ITT set

Natural history cohort

Late infantile (n=16)

Early juvenile (n=13) Late infantile (n=19) Early juvenile (n=12)

Pre-symptomatic 15 (94%)
Early-symptomatic* 11 (6%)
Mean age at GT (ITT set) or initial assessment (natural ~ 12-81 (4-3)

history cohort), months (SD)

Median follow-up, years (range) 3:04(0-99-7:51)

Female sex 6 (38%)
Race
Asian (South-East Asian heritage) 1(6%)
White (Arabic/North African heritage) 4 (25%)§
White (White/Caucasian European) 11 (69%)S
MLD variants in matched populations
Matched analysis set (n) 16
Matched sibling analysis set (n) 8

Data are number (%), mean (SD), or median (range), unless otherwise indicated. GT=gene therapy. ITT=intention-to-treat. MLD=metachromatic leukodystrophy.
*Symptomatic at time of treatment (for atidarsagene autotemcel [arsa-cel]) or at time of enrolment (for natural history). tOne patient with late-infantile MLD was
pre-symptomatic at time of enrolment but showed disease progression between enrolment and treatment. $Two patients with early-symptomatic early-juvenile MLD were
enrolled according to the original inclusion criteria, one of them showing disease progression between enrolment and treatment. STwo patients with late-infantile MLD in
the ITT set and one patient with late-infantile MLD in the natural history cohort were incorrectly coded as White-White/Caucasian European in the clinical database. After
database lock, it was confirmed that these patients are White-Arabic/North African heritage, and the table reflects the correct classification.

5(38%) 0 0

8 (62%)% 19 (100%) 12 (100%)
65-86 (33-4) 20-64 (47) 5198 (19-2)

349 (0-64-6-55)

454 (1-80-14-19) 6-79 (2:51-16-10)

7 (54%) 11 (58%) 7 (58%)
0 0
3 (16%)S 0
13 (100%) 16 (84%)S 12 (100%)
13 17 12
4 7 4

Table: Baseline characteristics in the ITT set and natural history cohort

laboratory values in treated patients. A detailed list of
study endpoints is available in the appendix (p 12).

Statistical analysis

Total scores for GMFM were compared with
NHx study participants matched by age and disease
subtype using an analysis of covariance model adjusted
for treatment and age at assessment of gross motor
function measure. ARSA activity in PBMCs was analysed
using a mixed-model repeated measures model. The
safety population, comprising all arsa-cel treated patients,
was analysed descriptively. All statistical analyses were
two-sided and undertaken at the 5% significance level.
Further details of the statistical methods for the
integrated efficacy and safety analyses are provided in the
appendix (p 7).

Role of the funding source

The study was originally designed by San Raffaele
Telethon Institute of Gene Therapy investigators and
sponsored by Ospedale San Raffaele and Fondazione
Telethon until 2014, when financial sponsorship was
transferred from Telethon to GlaxoSmithKline. Full
sponsorship was then transferred to GlaxoSmithKline
in 2016, and subsequently to Orchard Therapeutics
in 2018. Data were collected by trial investigators with
analysis conducted through collaboration between the
sponsor and the principal investigators.

Results

Integrated analyses were done on 29 patients treated
with arsa-cel (primary study, n=20 [69%]; expanded-
access frameworks, n=9 [31%]) from May, 2010, to

www.thelancet.com Vol 399 January 22,2022

October, 2017, according to the timeline described in the
appendix (p 4). 16 (55%) patients had late-infantile MLD
(one was pre-symptomatic at enrolment and became
symptomatic by time of treatment) and 13 (45%) had
early-juvenile MLD (eight [28%] were early-symptomatic
at treatment). 26 of 29 (90%) patients were alive at the
time of data cutoff. Median follow-up was 3-16 years
(range 0-64-7-51). The table shows patients’ baseline
characteristics, and patients’ disposition and drug
product characteristics are described in appendix
pp 18 and 13, respectively. All patients received bone
marrow-derived CD34* cells apart from two patients who
were infused additionally with MPB-derived CD34" cells
and one patient with MPB-derived CD34" cells only; the
drug product characteristics and transduction efficiency
obtained with MPB as a cell source was within the range
observed for that obtained with bone marrow (appendix
p13).

Three deaths occurred during follow-up. Two were due
to rapid disease progression in patients with early-
symptomatic early-juvenile MLD (at 8 and 15 months after
treatment), and were considered unrelated to arsa-cel.
One was due to ischaemic stroke following an infectious
event 13-6 months after treatment in a patient with
pre-symptomatic early-juvenile MLD. The patient had a
normal neurological examination and neuroimaging, and
normal motor and cognitive development at 1 year follow-
up. The event occurred away from the treatment centre. A
clinical summary was provided; however, there was no
available post-mortem examination. Integration site
analyses did not show signs of clonal expansion or clonal
dominance (appendix pp 8-9). On the basis of the
available, albeit limited, data, the working cause of death
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was ischaemic stroke that had been deemed by the study count <500 cells per pL) was 28 days (range 13-39). The
investigators not related to the treatment. most frequently reported grade 3 or higher adverse events

All patients achieved haematological engraftment. were febrile neutropenia (n=23, 79%), gait disturbance
Median duration of neutropenia (absolute neutrophil (n=15, 52%), and stomatitis (n=12, 41%). Most adverse

A B
1007
g 90 4
5 80 1]
£ 70 Nj
[ * E
< 60 @ 025
e p—
£ 50 T E
2 40 g_ 0-0625
%
?>g 30 é 00156 —
= 20
3 10 -®- Late infantile GM 0-0039
o~ —@ Earlyjuvenile GM
T T T T T T T T T 1 0-0098 “———7 T T 1 T T T 1 T T T
13 6 12 18 24 30 36 48 60 72 036912 18 24 30 36 42 48 54 60 66 72 78 84
Number of patients Number of patients
Late infantile 121313 12 8 7

7 4 3 Late infantile 1616141016 11 11 9 9 6
- - Earlyjuvenile 1312101011 10 10 9 10 6 5 3

o~
o Ul
w

Earlyjuvenile 121210 11 10 9

C D
8- 4096 Coprimary
g 2048 endpoint
< 24 1024
g g 512
5= 2 256
ES 054 £ >
2% 2 128
8o =z || L T
20 s 64
g 0-125 P Reference range #
g 2 32
o
z < 16 <
B 003137 I
2]
1T T 1TTT T T T T T T T T T T T
036 912 18 24 30 36 48 60 72 036912 18 24 30 36 42 48 54 60 66 72 84
Number of patients Number of patients Time since gene therapy (months)
Late infantile - 1513 12 8 9 7 5 7 5 3 Lateinfantile 1515111216 11 11 9 10 5 7 6 5 4 3 3
Early juvenile - 1211 11 10 9 9 7 4 . . Earlyjuvenile 1312101010 10 9 9 9 6 4 . .
E
3A0_

Reference range §

ARSA activity in CSF

057

0
T T T T T T
036 12 24 36 60

Time since gene therapy (months)

Number of patients
Late infantile 16 5 10 14 9 8 5
Early juvenile 13 - 9 11 10 8

Figure 1: High-level engraftment of gene-corrected HSPCs

(A) Assessed over time by disease subtype by percentage of lentiviral vector-transduced cells in bone marrow clonogenic progenitors. (B) Mean VCN in PBMCs. LLQ is 0-0037 VCN per cell. Zero values
are plotted as 0-001. (C) Mean VCN in bone marrow-derived CD34- cells. LLQ is 0-0037 vector copy number/cell. Zero values are plotted as 0-001. (D) Mean ARSA activity in PBMCs. LLQ is

2579 nmol/mg/h. ARSA activity measured in PBMC in the intention-to-treat set after treatment at years 2 (coprimary endpoint) and 3 was compared with pre-treatment values using a mixed-model
repeated measures model. (E) Mean ARSA activity in cerebrospinal fluid (CSF). LLQ is 0-0032 nmol/mg/h. Geometric means and 95% Cls are presented where there are at least three patients with
non-missing data. ARSA=arylsulfatase A. GM=geometric mean. LLQ=lower limit of quantification. PBMCs=peripheral blood mononuclear cells. VCN=vector copy number. *95% Cl for 60-month
timepoint: 24-35-128.73. 195% Cl for 72-month timepoint: 6-69-303-48. tFrom adult reference donors. SFrom paediatric reference donors.” In all panels, values less than the LLQ were imputed as the
LLQ as this represents a conservative approach to treatment evaluation in those cases.
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events were associated with busulfan conditioning or
MLD disease progression (appendix pp 15-16).
Three (10%) patients had events of veno-occlusive disease
and two (7%) had events of thrombotic microangiopathy
associated with conditioning; one (3%) patient required
unmanipulated autologous back-up bone marrow
infusion to support haematological recovery.” The patient
remains in good clinical condition and with stable gene
marking within the range of other treated patients (after
an expected transient drop following back-up infusion) at
latest follow-up (272 years). Two (7%) patients had
metabolic acidosis (one [3%] life-threatening), which
resolved after specific treatment, and two (7%) had
gallbladder polyps requiring cholecystectomy, all
considered related to the underlying disease.*®

Five treatment-related events of anti-ARSA antibodies
were reported in four (14%) patients, which resolved
spontaneously or after B-cell depleting (rituximab)
therapy, with no obvious effect on clinical outcome or
safety profile (appendix p 9). The anti-ARSA antibody
titres were usually low, and in three (10%) patients they
were associated with presence of other autoantibodies or
clinical manifestations of veno-occlusive disease or
thrombotic microangiopathy.

To date, there has been no evidence of malignant clonal
expansion, replication-competent lentivirus, or adverse
events indicative of oncogenic transformation with arsa-
cel. Insertion site analyses indicated an overall polyclonal
reconstitution pattern, without evidence of clonal
dominance or proliferation.”

The mean percentage of lentiviral vector-positive bone
marrow clonogenic progenitors 1 year after treatment
was 55% (range 20-100%), exceeding the protocol-defined
target of 4%, and was stably persistent throughout follow-
up (figure 1A). All patients had high and stable vector copy
number values in PBMCs (figure 1B) and bone marrow-
derived CD34 cells (figure 1C), and in myeloid-lineage
(appendix p 19) and lymphoid-lineage (appendix p 19)

Figure 2: GMFM scores and age at severe motor impairment or death

(A) GMFM scores for patients with late-infantile and early-juvenile MLD
compared with age-matched and disease subtype-matched untreated natural
history controls at 2 and 3 years after treatment. Adjusted least-squares means,
treatment difference (atidarsagene autotemcel [arsa-cel] minus natural history),
and the associated 95% Cl and p value were reported overall and by disease
subtype (late infantile, early juvenile) for the null hypothesis of 10% or less
difference in total GMFM scores between treated and natural history patients at
years 2 and 3. (B) Kaplan-Meier plot showing age at severe motor impairment or
death in patients with late-infantile MLD versus untreated natural history late-
infantile MLD controls. (C) Kaplan-Meier plot showing age at severe motor
impairment or death in patients with pre-symptomatic and early-symptomatic
early-juvenile MLD versus untreated natural history early-juvenile MLD controls.
Severe motor impairment-free survival is defined as the interval from birth to
the earlier loss of locomotion and sitting without support (GMFC level 5 or 6) or
death from any cause; otherwise severe motor impairment-free survival is
censored at the last GMFC assessment date. Symptomatic status refers to arsa-
cel treated patients at the time of treatment. GMFM=gross motor function
measure. MLD=metachromatic leukodystrophy. *p values calculated using an
unstratified log-rank test.
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subpopulations. The three patients who received a drug
product derived from MPB alone or in combination with
bone marrow showed similar engraftment of gene-
corrected cells (appendix pp 20-21). All patients showed
reconstituted ARSA activity in PBMCs within or above
normal range from 3 months after treatment (figure 1D),
including CD14" and CD15" myeloid cells (appendix p 22).
ARSA activity in PBMCs was significantly increased above
baseline 2 years after treatment by a mean 18-7-fold
(95% CI 8-3—42-2; p<0-0001) in patients with late-
infantile disease and 5-7-fold (2-6-12-4; p<0-0001) in
patients with early-juvenile disease, and sustained
throughout follow-up (figure 1D). We noted no relevant
difference in the level of ARSA activity in PBMCs between
patients with late-infantile and early-juvenile MLD.

Mean ARSA activity in cerebrospinal fluid, undetectable
at baseline, was above the level of quantification by the
first post-baseline measurement at 3 months after
treatment, reached normal levels by 6-12 months, and
remained within normal range throughout available
follow-up (year 3 for early-juvenile patients; year 5 for
late-infantile patients; figure 1E).

A subanalysis of pharmacodynamic outcomes by
conditioning regimen (submyeloablative or myeloablative)
showed similar percentages of lentiviral vector-transduced
HSPCs (or their progeny) measured over time in bone
marrow (appendix p 23), with no differences observed in
the level of transduced cell engraftment, as measured by
vector copy number in bone marrow and PBMCs
(appendix p 24), and ARSA activity in total PBMCs and
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Figure 3: Cognitive performance and verbal age-equivalent profiles

(A) Age-equivalent cognitive performance in late-infantile patients. (B) Age-equivalent cognitive performance in early-juvenile patients. (C) Verbal-age equivalent in
late-infantile patients. (D) Verbal-age equivalent in early-juvenile patients. Age-equivalent corresponds to the chronological age at which, on average, typically
developing children reach a given raw score. Cognitive age-equivalent for late-infantile (A) and early-juvenile (B) at each visit has been derived as follows. For
Wechsler Preschool & Primary Scale of Intelligence (WPPSI) and Wechsler Intelligence Scale for Children (WISC): (development quotient performance x chronological
age)/100 for which development quotient is derived by dividing the age-equivalent by the chronological age and then multiplying by 100. For Bayley IlI: cognitive
raw scores have been compared with the tabulated values in the Bayley Il manual to calculate cognitive age-equivalent. For Bayley Il and in cases for which a

neuropsychological assessment has been done but a questionnaire could not be completed because of severe clinical condition, cognitive age-equivalent is based on
mental development age as reported on the case report form (CRF). Verbal age-equivalent for late-infantile (C) and early-juvenile (D) at each visit has been derived as
follows. For WPPSI and WISC: (development quotient language x chronological age)/100. For Bayley III: expressive communication and receptive communication raw
scores have each been compared with the tabulated values in the Bayley Ill manual and based on the average of the mental development ages for the two scores.

For Bayley Il and in cases for which a neuropsychological assessment has been done but a questionnaire could not be completed because of severe clinical condition,
verbal age-equivalent is based on mental development age as reported on the CRF. Arsa-cel=atidarsagene autotemcel. MLD=metachromatic leukodystrophy.
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bone marrow-derived mononuclear cells (appendix p 25).
The level of busulfan exposure did not have a notable
effect on ARSA activity in cerebrospinal fluid, with
persistent levels within normal range in both regimens.
However, the interpretation of these results could be
confounded by the disproportionate representation of
patients with late-infantile MLD in the submyeloablative
subgroup and the small difference in exposure between
regimens.

Mean differences in total scores for gross motor function
measure between treated patients and age-matched and
disease subtype-matched NHx patients 2 years after
treatment far exceeded the predefined minimum threshold
for cdlinically meaningful efficacy (10%) and were

significant for both patients with late-infantile MLD (66%
[95% CI 48-9-82-3])) and early-juvenile MLD (42%
[12-3-71-8]; figure 2A). The difference was larger at 3 years
for patients with both late-infantile and early-juvenile MLD
overall (figure 2A), and patients with early-juvenile MLD
stratified by symptomatic status at time of treatment
(appendix p 26). Furthermore, 25 of 29 treated patients
displayed gross motor development similar to or slightly
below normally developing children, or stabilisation of
motor performance or delay in the rate of motor decline
compared with NHx patients (appendix pp 27-30).

Severe motor impairment-free survival (defined as
surviving and maintaining gross motor function
classification level 4 or less, able to sit, or crawl or roll, or
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C
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Figure 4: Longitudinal evaluation of brain MRI of patients treated with arsa-cel vs natural history
(A) Axial T2-weighted MRI obtained from a patient with late-infantile MLD (patient 3) over time showing, at baseline, a physiological T2 signal corresponding to myelin maturation, typical of the first
year of life, followed by appearance of subtle posterior periventricular T2 hyperintensities that stabilised over time, with normal maturation of the remaining brain regions. (B) The comparison with the
corresponding images obtained from his untreated sibling at the same age. (C) The comparison with an unrelated untreated patient with late-infantile MLD with similar age of onset, followed along
disease course demonstrating white matter alterations (T2 hyperintensities) involving, in the earliest phases, periventricular areas and corpus callosum, spreading to subcortical regions, cerebellum
and corticospinal tracts, and associated with progressive brain atrophy (enlargement of ventricular system and subarachnoid spaces). (D and E) Comparison of brain MRI total scores of patients with
late-infantile (D) and early-juvenile by symptomatic status (E) treated with atidarsagene autotemcel [arsa-cel] versus natural history through an non-linear mixed-effects model based on a published
methodology and strategy for model selection.” MRI severity scoring system is a modified Loes’ score using methodology as previously described.” The maximum total score is 31-5.

MLD=metachromatic leukodystrophy.
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better; appendix p 17) was maintained in most treated
patients regardless of disease subtype and symptomatic
status at time of treatment. At 4.5 years of age, an
estimated 92% (95% CI 57-99%) of treated late-infantile
patients remained event-free versus 0% for NHx patients
(figure 2B). At 8 years of age, an estimated 80% (95% CI
20-97%) of pre-symptomatic early-juvenile and
63% (23-86%) of early-symptomatic early-juvenile
treated patients remained event-free versus 36%
(9-65%) for NHx (figure 2C). Moreover, 88% of treated
late-infantile patients maintained gross motor function
classification level 2 or less (ability to walk) throughout
available follow-up (appendix p 29).

Performance and verbal IQs remained within normal
range throughout follow-up in most treated patients.
Specifically, age-equivalent scores showed normal
acquisition of cognitive skills in 20 of 25 (80%) assessed
patients at similar chronological ages at which
NHx patients showed severe cognitive impairment
(figure 3).

Brain MRI total scores of patients with both late-
infantile and early-juvenile disease at year 2 and 3 after
treatment were significantly lower (less white matter
involvement or less atrophy, or both) than in age-matched
and disease subtype-matched NHx patients (appendix
p 31). According to non-linear mixed-effects modelling,
MRI total scores for treated patients with late-infantile
and pre-symptomatic early-juvenile MLD stabilised at
significantly lower levels throughout follow-up than they
did for NHx patients, who displayed sharp increases
indicating severe demyelination and atrophy (plateau
parameter; p<0-0001 for late-infantile, p=0-0001 for pre-
symptomatic early-juvenile; figure 4A-D). Similarly, MRI
total scores of treated patients with early-symptomatic
early-juvenile MLD, although stabilising at higher levels
than for pre-symptomatic patients, were statistically
significantly lower than in NHx patients (plateau
parameter, p<0-0001; figure 4E).

Analyses of nerve conduction velocity index showed
significant differences between treated patients with late-
infantile MLD and NHx patients matched for age and
disease subtype at year 2 (p=0-004) and year 3 (p=0-010;
appendix p 32), whereas results in early-juvenile patients
were more heterogeneous and showed marked
imbalances at baseline than results for NHx patients
(data not shown).

An exploratory sub-analysis of 12 treated patients with
their untreated siblings confirmed the main treatment
effects described above (appendix pp 27-30, 33-34),
supporting the validity of the NHx cohort as a comparator.

Discussion

Arsa-cel provided meaningful long-term clinical benefit
in the most severe forms of MLD, confirming earlier
preliminary findings.” Arsa-cel therapy was generally
well tolerated with no treatment-related serious adverse
events; the most common adverse events were those

expected in patients undergoing myeloablative condi-
tioning and HSPC transplantation. There were no cases
of transplant-related mortality, in contrast to known
reactions with allogeneic haematopoietic stem-cell trans-
plantation for MLD for which substantial mortality due
to regimen-related toxicity, infections, or graft-versus-
host disease has been reported.™*

One patient died because of acute ischaemic stroke
following an infectious event of unknown cause
13.6 months after treatment; after careful review of the
available data, there was not sufficient information to
establish a causal relationship and it was considered
unlikely to be related to arsa-cel. Two patients with early-
juvenile MLD, one with cognitive impairment at baseline
and one whose gait progressively worsened between
screening and infusion, had rapid disease progression
shortly after treatment and died; both deaths were
deemed unrelated to arsa-cel.

Polyclonal haematopoietic reconstitution of gene-
corrected cells was observed in all patients, up to nearly
complete gene-marked haematopoiesis, without signs
suggestive of genotoxicity.

Busulfan-based, full-intensity myeloablative condi-
tioning with pharmacokinetic-guided dosing is the
current recommendation for lysosomal storage
disorders.** We found no significant difference in terms
of transduced cell engraftment or ARSA activity in
PBMCs and cerebrospinal fluid between patients who
received a standard myeloablative dose of busulfan and
those who received submyeloablative conditioning. To
maximise therapeutic benefit, we currently target a
myeloablative dose of busulfan (AUC of 80 mgxh/L).

The transient occurrence of anti-ARSA antibodies was
observed in a small number of patients and did not
hamper the engraftment of transduced cells or reduce
ARSA activity and had no obvious effect on clinical
benefit or safety profile. Therefore, no additional
immunosuppression during the conditioning regimen
should be required. However, careful monitoring for
possible immunogenicity is warranted to further
investigate the extent of this adverse event, and immune-
depleting treatment should be considered in case of
associated clinically relevant manifestations.

Restoration of ARSA activity to normal levels in
cerebrospinal fluid provides indirect evidence that a
fraction of the infused genetically modified cells or their
progeny migrated to the brain across the blood-brain
barrier, engrafting and contributing to the local myeloid
cell or microglial population in the brain. Similarly,
migration of genetically modified blood cells to the
peripheral nervous system and their possible dif-
ferentiation into endoneural macrophages could have
contributed to the treatment effects observed in nerve
conduction velocity*®” by locally secreting functional
ARSA. The therapeutic effect of lentiviral vector-HSPC
gene therapy could be due to its ability to induce enzyme
overexpression in HSPC progeny.”* Reconstituted
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ARSA activity translated into prevention, stabilisation, or
reduced rate of decline of motor skills and cognitive
function and stabilisation of nervous system pathology
compared with the natural course of disease. Treatment
effects were particularly meaningful in the peripheral
nervous system in patients with late-infantile MLD,
which has been highly refractory to other therapeutic
interventions."

This work is based on a single-centre design using a
historical control cohort followed up longitudinally with
comparable assessments as the clinical study. This study
design was considered the best option for a gene therapy
treatment for a severe, ultra-rare paediatric disease with
high unmet medical need in order to minimise variability.

Our results show that patients who were entering the
rapid phase of disease progression at treatment could
not benefit from treatment with arsa-cel. In addition to
the two deaths, two patients (one with late-infantile
disease and one with early-juvenile disease), displaying
cognitive impairment at baseline,” showed disease
progression between enrolment and treatment, and
had motor and cognitive deterioration at a rate similar
to that for NHx patients after treatment. One additional
late-infantile patient developed progressive motor and
cognitive impairment, which was delayed compared
with the disease course in untreated NHx patients at
comparable chronological ages. At the time of
treatment, the patient was judged pre-symptomatic but
a retrospective review of pre-treatment acquisition of
motor milestones showed a delay in the achievement
of independent standing and walking, indicating that
the patient was probably treated very close to the onset
of overt disease manifestations. No differences were
observed in quality attributes of the drug product, or in
levels of engraftment or pharmacodynamic effects after
treatment in these patients compared with the overall
treated cohort.

On the basis of the clinical course of the two patients
who showed disease progression between enrolment and
treatment, inclusion criteria were refined during the
clinical trial to avoid treatment of patients who were
entering the rapid phase of disease progression at time of
treatment while allowing treatment of early-juvenile
patients displaying mild and stable symptoms after
6 months from onset; in late-infantile patients, rapid
progression occurs almost immediately after symptom
onset.’”® Since early-juvenile patients initially progress
more slowly’® benefit is expected not only in
pre-symptomatic patients but also in early-symptomatic
patients.

To define the best window for gene therapy in patients
with early-symptomatic early-juvenile disease, we did a
retrospective  analysis of Dbaseline characteristics
suggesting a further restriction of the treatment
indication to patients without cognitive decline (IQ =85)
and before loss of independent walking (gross motor
function classification level 1 or less), without overt
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clinical deterioration between screening and infusion.
Identification of additional laboratory, clinical, and
instrumental biomarkers would also be highly relevant
for predicting the treatment response. Ongoing long-
term follow-up from this study and results from ongoing
clinical trials of a cryopreserved formulation of arsa-cel
in early-onset MLD (NCT03392987) and late-juvenile
MLD (NCT04283227) will provide further evidence to
support the MLD population most likely to benefit from
treatment.

Given the variability in the time from initial symptoms
to rapid progression, particularly in early-juvenile MLD,
and the time required for engraftment and reconstitution
of ARSA activity in PBMCs and cerebrospinal fluid
following gene therapy (3-12 months), MLD patients
must be diagnosed and treated expeditiously. All late-
infantile and four early-juvenile patients were diagnosed
early and enrolled in this study only because of an older
affected sibling who, in most cases, could not be offered
treatment because of advanced disease. This indicates
the urgent need for newborn screening programmes for
MLD. Of note, substantial advances in analytical testing
in dried blood spots have been made, with several pilot
screening studies underway.”*

An important limitation of our gene therapy approach
is that most symptomatic patients will not be considered
eligible for treatment because of rapid progression of the
disease. Until the widespread implementation of
newborn screening programmes, strategies using in-vivo
injection of genetically-modified progenitors,” lentiviral
vectors,” or adeno-associated virus vectors” into the
central nervous system could be explored with the goal of
providing rapid supply of ARSA in patients who have
entered the rapidly progressive phase of the disease.
Another limitation of our study is the absence of a
randomised comparator group. However, given the rarity
and severity of the disease and the toxicity of the
conditioning regimen, we considered placebo treatment
unethical. Furthermore, the inclusion of untreated
siblings with the same genotype in the NHx study and
the stereotypical rapid disease progression observed in
early-onset MLD patients in our NHx study® and by
others,® especially in late-infantile patients,* supports the
NHzx group as a robust comparator.

In conclusion, with up to 7-5 years of follow-up, these
data confirm that arsa-cel provides meaningful clinical
benefit to patients with early-onset MLD treated in
pre-symptomatic and early-symptomatic stages of the
disease, validating it as an effective therapeutic
approach to alleviate the severe burden of MLD.* The
availability of this treatment could help to address the
urgent unmet need in patients with this devastating
disease.

Contributors
FFu and VC equally contributed in conducting the study, collecting and

analysing the data, and accessing and verifying the data. They
contributed their interpretation and wrote the first draft of the

381



Articles

382

manuscript with medical writing support from Maggie Lai (Comradis,
UK, funded by Orchard Therapeutics [Europe]). AB was the principal
investigator of the study until September, 2015; contributed to the study
design, organisation, and conduct of the trials; and undertook trial
coordination, data collection, and manuscript review. AA has been the
study Principal Investigator since October, 2015, and was the responsible
physician for treatment under expanded access frameworks.

AA interpreted, accessed, and verified the data and contributed to
analyses and manuscript review, and is responsible for the overall study
oversight. MSe, AA, FFu, VC, and CDS contributed to the study design.
MGNS, MSe, CB, and LL, contributed to collection, analyses, and
interpretation of data. FCio, MSa, AAZ, SA, FDM, VG, UDC, SC, FM,
SMa, MFa, and SL contributed to data collection and analyses. MFr, DR,
VA, SMi, FB, FFe, MM, FT, IS, SR, ESF, PS, MRC, MEB, and MPC
contributed to data collection. GFD, PMVR, and CDS did statistical
analyses and contributed to data interpretation. AC, SZ, GA, GF, and
MG contributed to the organisation and conduct of the trial. MFi, FCic,
and LN contributed to data interpretation. JG-S, LCS, and GFD accessed
and verified the data, contributed to the analysis and interpretation of
the data, and undertook manuscript review. FFu, VC, AA, and AB were
responsible for the decision to submit the manuscript. All authors had
access to the data, contributed to data interpretation and manuscript
preparation, and take responsibility for data integrity, accuracy, and
completeness, and the fidelity of the trial to the protocol. All authors
edited and approved the paper for submission and publication. The
current address for SC is: Department of Specialistic Neurological
Rehabilitation, IRCCS Multimedica, Sesto San Giovanni, Italy. The
current address for MS is: Department of Neurology, ASST Papa
Giovanni XXIII Bergamo, Italy. The current addresses for AB are:
Division of Pediatric Hematology, Oncology and Stem Cell Transplant,
Padua University and Padua University Hospital, Padua, Italy; and Gene
Therapy Program, Dana Farber/Boston Children’s Cancer and Blood
Disorders Center, Boston, MA, USA.

Declaration of interests

FFu, VC, MGNS, AA, CB, FB, FFe, MM, FT, VG, SR, ESF, MPC, and
MEB are investigators of gene therapy clinical trials for MLD sponsored
by Orchard Therapeutics, the licence holder of investigational medicinal
product arsa-cel. FFu and VC have acted as ad-hoc consultants for an
Orchard Therapeutics advisory board. The MLD gene therapy was
licensed to GlaxoSmithKline in 2014, and then to Orchard Therapeutics
in 2018. Telethon and Ospedale San Raffaele are entitled to receive
milestone payments and royalties for such a therapy. MSe and AB left
San Raffaele Hospital and their role as principal investigators of the
pivotal study on November, 2014, and September, 2015, respectively.

AA subsequently became study principal investigator and responsible
physician for treatment under expanded access frameworks. AB is
currently a member of the scientific advisory board of Orchard
Therapeutics and holds stock in Orchard Therapeutics. PMVR and CDS
have a contract with Orchard Therapeutics to perform statistical analyses
of gene therapy clinical trials for MLD. SMa and FM have a service
contract with Ospedale San Raffaele. SMa has a contract with Orchard
Therapeutics to perform ARSA activity on CSF in the clinical trial
NCT03392987. JG-S, LCS, and GFD are former employees and hold
stock in Orchard Therapeutics, which sponsored the clinical trial. All
other authors declare that they have no financial interest related to the
work described in the manuscript.

Data sharing

Because of the small number of participants in the study and potential
for identification, individual patient data beyond what is included in the
manuscript will not be available. The redacted study protocol will be
available from the corresponding author upon request.

Acknowledgments

This study was sponsored by Orchard Therapeutics (Europe) and the
analysis was conducted through a collaboration between the sponsor and
the principal investigators. The study was previously supported by
Telethon Foundation, IRCCS San Raffaele Scientific Institute

(until 2016), and GlaxoSmithKline (2016-18), and is currently sponsored
by Orchard Therapeutics (Europe). The principal investigators prepared
the first draft of the manuscript with medical writing assistance provided
by Maggie Lai, Comradis, UK, funded by Orchard Therapeutics

(Europe). We thank all employees of Orchard Therapeutics (Europe) and
the former sponsor GlaxoSmithKline who worked on the arsa-cel
Clinical Development Program, including key and long-term
contributions from Andrew Shenker, Erika De Boever, Gengqian Cai,
Inderpal Panesar, Essra Ridha, Jason Mallory, Jonathan Appleby, and
Andrea Campanile. We also thank Robin LeWinter and Sean Moro of
Orchard Therapeutics (Europe) for their assistance in coordinating the
writing of the manuscript. We wish to acknowledge the Telethon
Foundation for continuous support and strategic guidance. We thank the
medical and nursing team of the Pediatric Immunohematology Unit,
Stem Cell Transplant Program of the IRCCS San Raffaele Scientific
Institute for their professional care of patients during hospitalisation;
Laura Castagnaro and the quality team; the team of the Department of
Anesthesia and Neurointensive Care and Neurophysiology Service for
support; Margherita Levi; research nurses; Giuliana Tomaselli and
Luisella Meroni for administrative assistance; Samir El Hossari and
cultural mediators, and all personnel and volunteers of Fondazione
Telethon “Just like home” Program for constant support with families
and loving care of the children; the staff of the San Raffaele Telethon
Institute of Gene Therapy Clinical Trial Office for its support in trial
management; the laboratory staff of the San Raffaele Telethon Institute
of Gene Therapy clinical laboratory; and the team of AGC Biologics SpA
for manufacturing vector and medicinal product. We thank the primary
physicians from 17 countries worldwide who referred patients and
continued their follow-up with great commitment. This study is
dedicated to the families of the treated children, and to the untreated
children with MLD and their families, who have supported clinicians
and researchers throughout these years.

References

1 van Rappard DF, Boelens JJ, Wolf NI. Metachromatic
leukodystrophy: disease spectrum and approaches for treatment.
Best Pract Res Clin Endocrinol Metab 2015; 29: 261-73.

2 Gieselmann V, Krigeloh-Mann I. Metachromatic leukodystrophy—
an update. Neuropediatrics 2010; 41: 1-6.

3 Von Figura K, Gieselmann V, Jaeken J. Metachromatic
leukodystrophy. In: Scriver CR BA, Sly WS, eds. The metabolic and
molecular bases of inherited diseases. New York, NY: McGraw-Hill,
2001: 3695.

4 Elgun S, Waibel ], Kehrer C, et al. Phenotypic variation between
siblings with metachromatic leukodystrophy. Orphanet | Rare Dis
2019; 14: 136.

5  Lorioli L, Cicalese MP, Silvani P, et al. Abnormalities of acid-base
balance and predisposition to metabolic acidosis in metachromatic
leukodystrophy patients. Mol Genet Metab 2015; 115: 48-52.

6 Kim], Sun Z, Ezekian B, et al. Gallbladder abnormalities in
children with metachromatic leukodystrophy. J Surg Res 2017;

208: 187-91.

7 Kehrer C, Blumenstock G, Gieselmann V, Krigeloh-Mann I, on
behalf of the German Leukonet. The natural course of gross motor
deterioration in metachromatic leukodystrophy.

Dev Med Child Neurol 2011; 53: 850-85.

8  Kehrer C, Elgun S, Raabe C, et al. Association of age at onset and
first symptoms with disease progression in patients with
metachromatic leukodystrophy. Neurology 2021; 96: €255-66.

9  Biffi A, Cesani M, Fumagalli F, et al. Metachromatic leukodystrophy
— mutation analysis provides further evidence of genotype—
phenotype correlation. Clin Genet 2008; 74: 349-57.

10 Bredius RG, Laan LA, Lankester AC, et al. Early marrow
transplantation in a pre-symptomatic neonate with late infantile
metachromatic leukodystrophy does not halt disease progression.
Bone Marrow Transplant 2007; 39: 309-10.

11 Boucher AA, Miller W, Shanley R, et al. Long-term outcomes after
allogeneic hematopoietic stem cell transplantation for
metachromatic leukodystrophy: the largest single-institution cohort
report. Orphanet | Rare Dis 2015; 10: 94.

12 Martin HR, Poe MD, Provenzale JM, Kurtzberg J, Mendizabal A,
Escolar ML. Neurodevelopmental outcomes of umbilical cord blood
transplantation in metachromatic leukodystrophy.

Biol Blood Marrow Transplant 2013; 19: 616—24.

13 van den Broek BTA, Page K, Paviglianiti A, et al. Early and late
outcomes after cord blood transplantation for pediatric patients
with inherited leukodystrophies. Blood Adv 2018; 2: 49-60.

www.thelancet.com Vol 399 January 22, 2022



Articles

14

15

16

17

18

19

20

21

22

23

Dali C, Sevin C, Krageloh-Mann I, et al. Safety of intrathecal
delivery of recombinant human arylsulfatase A in children with
metachromatic leukodystrophy: results from a phase 1/2 clinical
trial. Mol Genet Metab 2020; 131: 235-44.

Sevin C, Roujeau T, Cartier N, et al. Intracerebral gene therapy in
children with metachromatic leukodystrophy: results of a phase I/1I
trial. Mol Genet Metab 2018; 123: S129.

Biffi A, Montini E, Lorioli L, et al. Lentiviral hematopoietic stem cell
gene therapy benefits metachromatic leukodystrophy. Science 2013;
341: 1233158.

Sessa M, Lorioli L, Fumagalli F, et al. Lentiviral haemopoietic stem-
cell gene therapy in early-onset metachromatic leukodystrophy:

an ad-hoc analysis of a non-randomised, open-label, phase 1/2 trial.
Lancet 2016; 388: 476-87.

Fumagalli F, Zambon AA, Rancoita PMV, et al. Metachromatic
leukodystrophy: a single-center longitudinal study of 45 patients.

J Inherit Metab Dis 2021; 44: 1151-64.

Russell D, Rosenbaum P, Wright M, Avery L, Lane M. Gross motor
function measure (GMFM-66 & GMFM-88) user’s manual. Clinics
in developmental medicine no.159. London: MacKeith Press,

2002: 233.

Morena F, Argentati C, Acquati S, et al. Toward reference intervals
of ARSA activity in the cerebrospinal fluid: implication for the
clinical practice of metachromatic leukodystrophy. J Appl Lab Med
2020; 6: 354-66.

Calbi V, Fumagalli F, Consiglieri G, et al. Use of defibrotide to help
prevent post-transplant endothelial injury in a genetically
predisposed infant with metachromatic leukodystrophy undergoing
hematopoietic stem cell gene therapy. Bone Marrow Transplant 2018;
53:913-17

Calabria A, Spinozzi G, Benedicenti F, et al. Late phases of
hematopoietic reconstitution in metachromatic leukodystrophy
gene therapy patients characterized by lineage commitment of
individual HSC clones. Mol Ther 2020; 28: 234.

Groeschel S, Kuhl JS, Bley AE, et al. Long-term outcome of
allogeneic hematopoietic stem cell transplantation in patients with
juvenile metachromatic leukodystrophy compared with
nontransplanted control patients. JAMA Neurol 2016; 73: 1133-40.

www.thelancet.com Vol 399 January 22,2022

24

25

27

28

29

30

31

32

33

34

Tan EY, Boelens JJ, Jones SA, Wynn RF. Hematopoietic stem cell
transplantation in inborn errors of metabolism. Front Pediatr 2019;
7:433.

Capotondo A, Milazzo R, Politi LS, et al. Brain conditioning is
instrumental for successful microglia reconstitution following
hematopoietic stem cell transplantation. Proc Natl Acad Sci USA
2012; 109: 15018-23.

Biffi A, De Palma M, Quattrini A, et al. Correction of metachromatic
leukodystrophy in the mouse model by transplantation of genetically
modified hematopoietic stem cells. J Clin Invest 2004; 113: 1118-29.
Biffi A, Capotondo A, Fasano S, et al. Gene therapy of
metachromatic leukodystrophy reverses neurological damage and
deficits in mice. J Clin Invest 2006; 116: 3070-82.

Staal FJT, Aiuti A, Cavazzana M. Autologous stem-cell-based gene
therapy for inherited disorders: state of the art and perspectives.
Front Pediatr 2019; 7: 443.

Hong X, Daiker |, Sadilek M, et al. Toward newborn screening of
metachromatic leukodystrophy: results from analysis of over
27,000 newborn dried blood spots. Genet Med 2021; 23: 555-61.
Hong X, Kumar AB, Daiker J, et al. Leukocyte and dried blood spot
arylsulfatase A assay by tandem mass spectrometry. Anal Chem
2020; 92: 6341-48.

Capotondo A, Milazzo R, Garcia-Manteiga JM, et al.
Intracerebroventricular delivery of hematopoietic progenitors
results in rapid and robust engraftment of microglia-like cells.

Sci Adv 2017; 3: €1701211.

Meneghini V, Lattanzi A, Tiradani L, et al. Pervasive supply of
therapeutic lysosomal enzymes in the CNS of normal and Krabbe-
affected non-human primates by intracerebral lentiviral gene
therapy. EMBO Mol Med 2016; 8: 489-510.

Audouard E, Oger V, Meha B, Cartier N, Sevin C, Piguet F.
Complete correction of brain and spinal cord pathology in
metachromatic leukodystrophy mice. Front Mol Neurosci 2021;

14: 677895.

Fichler FS, Cox TM, Crombez E, Dali CI, Kohlschutter A.
Metachromatic leukodystrophy: an assessment of disease burden.
J Child Neurol 2016; 31: 1457-63.

383



	Lentiviral haematopoietic stem-cell gene therapy for early-onset metachromatic leukodystrophy: long-term results from a non-randomised, open-label, phase 1/2 trial and expanded access
	Introduction
	Methods
	Study design
	Patients
	Procedures
	Outcome measures
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


