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* Allo-HCT can be
performed with
tolerable side-effects,
and successfully
restores ARSA levels
in adult patients with
MLD.

Metachromatic leukodystrophy (MLD) is a rare genetic disorder caused by pathogenic
variants of the ARSA gene, leading to a deficiency of the arylsulfatase A enzyme (ARSA) and
consecutive accumulation of galactosylceramide-3-0-sulfate in the nervous system. The
condition leads to severe neurological deficits and subsequently results in profound
intellectual and motoric disability. Especially, the adult form of MLD, which occurs in
individuals aged >16 years, poses significant challenges for treating physicians because of
the rarity of cases, limited therapeutic options, and different allogeneic hematopoietic cell
transplantation (allo-HCT) protocols worldwide. Here, we report the results of allo-HCT

. . treatment in 4 patients with a confirmed adult MLD diagnosis. Bone marrow or mobilized
Patients who achieved

complete chimerism
showed a clinically
stable condition within
the first year.

peripheral progenitor cells were infused after a reduced intensity conditioning regime
consisting of fludarabine and treosulfan. In 3 patients, allo-HCT was followed by an infusion
of mesenchymal cells to further consolidate ARSA production. We observed a good
tolerability and an increase in ARSA levels up to normal range values in all patients. A full
donor chimerism was detected in 3 patients within the first 12 months. In a 1-year follow-
up, patients with complete donor chimerism showed a neurological stable condition. Only 1
patient with an increasing autologous chimerism showed neurological deterioration and a
decline in ARSA levels in the first year. In summary, allo-HCT offers a therapeutic option for
reconstituting ARSA enzyme levels in adult patients with MLD, with tolerable side effects.

Introduction

Metachromatic leukodystrophy (MLD) is a rare neurological disorder (incidence, 1 per 100 000 births).’
The disease belongs to the lysosomal storage disorders and is caused by mutations of the arylsulfatase
A enzyme (ARSA) gene, resulting in an ARSA deficiency” and accumulation of galactosylceramide-3-0-
sulfate in the nervous systems."” MLD is classified based on the age of onset into late-infantile
(<30 months), juvenile (<16 years), and adult (>16 years) forms.>* MLD commonly leads to devas-
tating and progressive cognitive and motor impairment, with ataxia, spasticity, and neuropathy, as well
as incontinence.® The natural course of the disease consequently causes severe disabilities and a
reduced life expectancy.® In contrast to the infantile and juvenile forms, which primarily manifest
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clinically through motor symptoms, the adult form is characterized
initially by psychiatric and cognitive symptoms. Motor impairments
often develop later in the course of the disease.

The diagnosis of MLD is made based on the measurement of
reduced ARSA activity in leukocytes and the identification of bial-
lelic pathogenic variants in the ARSA gene. Furthermore,
enhanced excreted sulfatide levels can be detected in urine sam-
ples across all MLD types.” Magnetic resonance imaging (MRI)
examinations of patients with MLD typically show white matter
lesions,” whereas nerve conduction studies show demyelinating
polyneuropathy in most cases.®

Potential therapies in infantile and juvenile MLD aim to enhance
ARSA levels, for example, by allogeneic hematopoietic cell trans-
plantation (allo-HCT),*%'® ex vivo gene therapy,'"'? or (intra-
thecal) enzyme replacement.’® Although the exact mechanism is
not fully understood,'* allo-HCT is used to restore ARSA activity
through the migration of donor-derived macrophages into the
central nervous system (CNS) releasing ARSA, which is taken up
by cells of the recipient. This procedure may slow down MLD
progression, when done early during the disease course.>*'°
Although allo-HCT has gained significant importance in the juve-
nile form of the disease, its role in the adult form is currently
unclear, with only few cases reported for this condition.'®"°'®

Table 1. Patient characteristics

Methods

Here, we report the results obtained from 4 patients with a confirmed
diagnosis of adult MLD treated with allo-HCT at our center. All
patients had evidence of white matter lesions on MRI, demyelinating
neuropathy in nerve conduction studies, and documented ARSA
deficiency in peripheral blood cells (ARSA activity range, 0.00-0.06
E514nm/107° leukocytes), as well as corresponding genetic mutation
(Table 1). At diagnosis, patients 1, 2, and 4 were symptomatic,
exhibiting behavioral abnormalities and memory loss, with additional
signs of ataxia in patients 2 and 4. In contrast, patient 3 was clinically
asymptomatic at diagnosis and diagnosed with MLD through genetic
screening triggered by positive family history. As part of the neuro-
logical assessment before allo-HCT, neurofunctional tests such as the
scale for the assessment and rating of ataxia (SARA), Montreal
cognitive assessment test (MoCA), or the mini-mental status test were
conducted to evaluate the extent of impairments. Further nerve con-
duction studies and MRI examinations were assessed. MoCA tests
were performed with patients 1 through 3, revealing scores ranging
from 21 to 28 points (Table 1). The patient who was initially asymp-
tomatic scored 28 points. Patient 4 underwent a mini-mental status
test, achieving a score of 30 points. As expected in adult MLD, the
conducted SARA test in 2 patients revealed only mild motor impair-
ments at the time of diagnosis (Table 1).

Patient 1 Patient 2 Patient 3 Patient 4
Sex Male Male Female Female
Age (y) at diagnosis 30 17 17 37
Age (y) at HCT 30 18 18 37
ARSA activity, E514nm/ 0.04 0.06 (o] 0.03
107° leukocytes
Blood type Ad AD AD oD

ARSA variants
(NM_000487.6)

EMG before HCT

MRI before HCT

SARA at diagnosis (1-y follow-up)
MoCA at diagnosis (1-y follow-up)

Karnofsky Index at diagnosis
(1-y follow-up)

Initial symptoms

Related donor

Graft type

HLA typing

Conditioning regime
Composition CD34™" cells per kg
MSCs

DLI

Reg. thrombocytes (d)

Reg. ANC (d)

Adverse events

c.465+1G>A, p? and ¢.542T>G,
p.lle181Ser

Demyelinating polyneuropathy
White matter lesions
2.5 (2.5)
24 (23)
70 (90)

Behavioral change and memory loss

No
Peripheral blood
Identical (MUD 10 of 10)
Fludarabin/treosulfan
7.82 x 10°
No
No
14
17

Allergic reaction on CsA, hyperkalemia,
and loss of appetite

c.465+1>G>A, p? and ¢.542T>G,
p.lle181Ser

Demyelinating polyneuropathy

White matter lesions

21 (19)
100 (90)

Behavioral change, memory loss, and
ataxia

No
Bone marrow
Identical (MUD 12 of 12)
Fludarabin/treosulfan
2.2 x 10°
Yes
Yes
21
21

Hepatitis and loss of appetite

¢.1283C>T, p.Pro428Leu
homozygous

Demyelinating polyneuropathy

White matter lesions

28 (pending)
100 (100)

Asymptomatic

Yes

Bone marrow
Identical (MSD 12 of 12)
Fludarabin/treosulfan

5.16 x 10°

Yes

No

15

20

Diarrhea and exanthema

c.979G>A, p.Gly325Ser
homozygous

Demyelinating polyneuropathy
White matter lesions
1.1 (1.0)
30 MMS (-)
100 ()

Behavioral change, memory loss,
and ataxia

No
Peripheral blood
Identical (MUD 10 of 10)
Fludarabin/treosulfan
3.82 x 10°
Yes
No
14
16

None

ANC, absolute neutrophile count; CsA, cyclosporine A; DLI, donor lymphocyte infusion; EMG, electromyography; MUD, matched unrelated donor; Reg., regeneration.
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Allo-HCT was performed between 18 and 37 years of age (mean,
25.75 years) and within 1 year after diagnosis (Table 1). Graft
sources were bone marrow or mobilized peripheral blood
hematopoietic stem cells in 2 patients each, respectively. The
related donor of patient 3 was tested on pathogeneic ARSA gene
variants; an MLD-associated mutation was ruled out. Hematopoi-
etic cells were infused at a dose of 2.2 x 10°to 7.82 x 10° CD34"
cells per kg after a reduced intensity conditioning regime with flu-
darabine (30 mg/m? from day —6 to —2) and treosulfan (10 or 14 g/
m? from day —4 to —2; Table 1). Donor mesenchymal stromal cells
(MSCs) in a dose of 0.98 x 10° to 1.44 x 10° kg/KG were used to
consolidate enzyme production at approximately day 30 after
transplantation (Table 1). One patient received a second MSC
infusion 6 months after transplantation. MSCs are able to release
high amounts of ARSA, which are taken up by the deficient tis-
sue.'""®2% Donor lymphocytes were given in cases of transplant
failure. For posttransplant immunosuppression tacrolimus, metho-
trexate, mycophenolate mofetil, or antithymocyte globulin (Grafalon,
Neovii, 10 mg/kg) were used.

This retrospective analysis was performed in accordance with the
Declaration of Helsinki and approved by the ethical committee of
the University of Tuebingen (reference no. 567/2023B0O2).
Because person-specific data in our study are anonymized and
cannot be traced by third parties, informed consent has been
waived.

Results

The tolerability of the intervention was good in all 4 patients.
Transient adverse events, such as diarrhea and loss of appetite
occurred in 3 patients. In 2 patients, hepatitis and exanthema
associated with antithymocyte globulin administration were
observed. Patient 1 had a mild allergic reaction to tacrolimus. A
mild graft-versus-host disease (GVHD) of the skin occurred only in
patient 4, 1 year after transplantation; a full remission of the GVHD
was achieved using tacrolimus and steroids. All patients were
engrafted within 16 to 21 days after HCT (platelet, 14-21 days
[median, 14.5 days] and neutrophils, 16 to 21 days [median,

18.5 days]). A full donor chimerism was detected in 3 of 4 patients
within the first 11 months after HCT (Figure 1A). In patient 2, an
18-year-old male, autologous chimerism increased to between
60% and 80% within 12 months after HCT (Figure 1A). An
increase in ARSA levels reaching normal values after treatment
was documented in all patients (Figure 1B). However, in patient 2,
the ARSA activity decreased from 1.05 E514nm/107° leukocytes
to 0.65 E514nm/107° leukocytes in month 8 after transplantation
(Figure 1B), corresponding to the reduction in donor-derived
hematopoietic chimerism. To improve donor-derived engraftment,
donor lymphocyte infusions were administrated twice (1.0 x 10°
CD3* cells per kg and 10 x 10° CD3* cells per kg). Although
donor lymphocyte infusions were well tolerated, an improvement in
chimerism has unfortunately not yet been achieved.

In addition to assessing ARSA activity and chimerism, pre-
sentations were conducted with the treating neurologist. Here, we
report on the neurological course of the patients within the first
year after allo-HCT. Patients with a full donor chimerism (patients 1,
3, and 4) did not report new symptoms within the first year.
Moreover, preexisting symptoms seemed to remain stable during
this period in these patients. The SARA scores for patients 1 and 4
remained stable within the first year, and the MoCA test also yiel-
ded an unchanged result for patient 1. At present, corresponding
test procedures are still pending for patient 3. Unfortunately, in
patient 2, a deterioration of neurological symptoms was observed,
corresponding to declining ARSA activity and the increasing
autologous fraction in chimerism. The patient’s relatives reported
an increasingly impaired short-term memory. This was also
confirmed by a lower MoCA test result of 19 points. However, no
new symptoms seem to have emerged.

Furthermore, values for the development of nerve conduction
velocity under therapy after 1 year are available for 2 patients.
Patient 4 demonstrated a slightly improved nerve conduction
velocity of motor nerves (the ulnaris nerve increased from 47-52 m/
s, and the tibialis nerve increased from 33-46 m/s), whereas sen-
sitive nerves showed a stable conduction velocity. Patient 1
exhibited an overall stable, to slightly improved, nerve conduction
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Figure 1. Course of chimerism and enzyme concentration after HCT. (A) Percentage of autologous chimerism in whole peripheral blood mononuclear cells over time after
HCT. (B) ARSA activity over time after HCT (*ARSA activity in patient 3 was measured in nmol/h per mL). ARSA activity in E514nm/10~° leukocytes. Lower cutoff for normal

values is 0.4 E514nm/10™° leukocytes, respectively 3.3 nmol/h per mL.
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velocity (ulnaris nerve increased from 44.4-51 m/s, and tibialis
nerve decreased from 35-34 m/s).

Discussion

The potential benefits and risks of allo-HCT in adult MLD are currently
not sufficiently studied. So far, there are only a few case reports or
small case series of allo-HCT in adult MLD.'%">"%'® A case series by
de Hosson et al reported poor transplantation outcomes, with 2 of 5
patients failing to achieve engraftment and the fifth patient dying
shortly after allo-HCT because of GVHD.'® However, reliable data
from larger cohorts are currently only available for the infantile and
juvenile forms of the disease.® In this case series, we analyzed the
feasibility and safety of allo-HCT in our unicentric cohort. Currently, it
remains unclear at which stage of the disease allo-HCT should be
performed. Treatment of presymptomatic patients showed improved
outcome in late-juvenile patients compared with treatment in more
advanced disease stages. Therefore, this procedure might also pre-
vent disease progression in the adult form.>''® A longer clinical
follow-up, higher patient numbers, and further prospective trials are
needed to evaluate the therapeutic benefit of allo-HCT in adult MLD.
Another issue are potential differences in conditioning regimes for
patients with MLD. For instance, Boucher et al and Videbak et al
used busulfan and cyclophosphamide as conditioning regimens,
whereas Groeschel et al used busulfan and cylclophosphomide as
well as treosulfan and fludarabin.>'®'® Currently, clear recommen-
dations for potential conditioning regimens are lacking. However, it
should be noted that busulfan demonstrated better donor-derived
CNS engraftment in in vivo mouse studies with inherited metabolic
disorders.”” This could potentially be attributed to a better ablative
effect on functionally defined brain-resident myeloid precursors,
thereby facilitating improved turnover with donor-derived microglia in
the CNS.?? Furthermore, alternative treatment approaches such as
enzyme replacement or ex vivo gene therapy need to be tested on
adult patients.'® Potential advantages of these strategies include
more favorable adverse event profiles. In this context, head-to-head
studies are needed to ascertain the value of each treatment.
Because of the low incidence of adult MLD, conducting such studies
proves to be exceedingly challenging.

The clinical significance of administrating MSCs to patients with
MLD remains unclear. So far, only sporadic significant clinical
improvements have been demonstrated, such as improvements in
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nerve conduction velocity in 4 patients with juvenile MLD.”®
Furthermore, as reported by Cabanilla Stanchi et al in a retro-
spective study, ARSA levels, as well as leukocyte and platelet
counts, appear to be significantly higher after 1 year, after MSC
transfusions.”* However, no significant differences in terms of
clinical outcomes could be identified.

In summary, our case series document that allo-HCT can be
performed with tolerable side effects and successfully restores
ARSA levels in adult MLD. Based on this experience and previ-
ously reported cohorts in juvenile MLD, our data reinforce the
notion that allo-HCT represents a relevant therapeutic option for
adult MLD.
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