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Abstract  9 

This study evaluates the efficacy of arsa-cel gene therapy (GT) in mitigating the severity and 10 

progression of peripheral neuropathy as assessed by nerve conduction velocity (NCV) in 11 

individuals affected by late-infantile metachromatic leukodystrophy (LI-MLD). 12 

This is a post-hoc analysis conducted on pre-symptomatic patients affected by LI-MLD treated 13 

with ex vivo autologous hematopoietic stem cell GT (atidarsagene autotemcel, “arsa-cel”) in the 14 

context of prospective open-label, single-arm, interventional trials and expanded access programs. 15 

All patients were followed longitudinally with nerve conduction studies (NCSs) of peripheral 16 

motor (ulnar - UN, deep peroneal - DPN) and sensory (median - MN, sural - SN) nerves. These 17 

results were compared with those from a control group of untreated patients (NHx) studied with 18 

the same standardized protocol. We then analyzed the effects of baseline characteristics (age at 19 

treatment, severity of neuropathy pre-treatment expressed as age-matched NCV Z-scores) and 20 

arylsulfatase A (ARSA) enzyme activity (measured in peripheral blood myeloid CD15+ cells post 21 

treatment) on NCVs of treated patients. The primary endpoint of this post-hoc analysis was NCV, 22 

reflecting severity of demyelinating neuropathy. Changes in dermal nerve histopathology in skin 23 

biopsies were used as an exploratory outcome. 24 
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Fifteen treated and 16 NHx patients were included in the analyses, with a median age (IQR) at 1 

treatment of 13 (9.1;14.5) months. At 36 months of age, treated patients showed higher estimated 2 

NCVs in all nerves compared to age-matched controls (~15 m/s difference in motor nerves). 3 

Peripheral neuropathy was observed in the majority of treated patients at their pre-treatment 4 

examination (age range 7.3-17.4 months). Severity of pre-treatment neuropathy in treated patients 5 

did not have an effect on NCV values at 2 years post-GT, or on the rate of NCV slowing afterwards. 6 

A younger age at treatment was associated with higher NCVs of motor UN and sensory MN 2 7 

years post-GT. Overall, ARSA levels in CD15+ cells correlated with NCVs of motor DPN at 2 8 

years post-GT, and ARSA levels were associated with a slower decrease or a slight increase in 9 

NCVs of the DPN, UN and MN nerves afterwards. 10 

In summary, peripheral neuropathy assessed by NCV is significantly ameliorated in LI patients 11 

treated with arsa-cel compared to untreated patients of similar age. In addition to the potential role 12 

of early age at treatment in the preservation of myelin, supraphysiological ARSA levels may slow 13 

demyelination of the DPN and other peripheral nerves. Arsa-cel may exert a stronger effect on 14 

NCV than allogeneic hematopoietic stem cell transplantation due to its greater ARSA expression. 15 

 16 
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Introduction  9 

Metachromatic leukodystrophy (MLD) is a neurodegenerative lysosomal storage disorder caused 10 

by the toxic accumulation of galactosyl-sulfatides due to a deficit of arylsulfatase A (ARSA), an 11 

enzyme located in lysosomes that catalyzes the first step in the pathway that degrades sulfatides.1 12 

Based on the age of symptom onset, MLD is commonly categorized into four different groups: 13 

late-infantile (LI; 0-2.5 years), early-juvenile (EJ; 2.6-6 years), late-juvenile (LJ; 7-16 years) and 14 

adult (AD; >16 years). Sulfatides are membrane lipids whose expression is restricted to certain cell 15 

types. They are present in bile duct epithelia, distal tubules of the kidney, and most importantly are 16 

abundant in both central (CNS) and peripheral nervous system (PNS). Here they play a crucial role 17 

in the maintenance of myelin (constituting 4% of all myelin lipids), axonal membrane, paranodal 18 

structure and membrane protein organization.2,3 Accumulation of sulfatides in Schwann cells 19 

results in segmental demyelination with focal distortion and fragmentation of the myelin sheath 20 

both at the nodes of Ranvier and in the internodal region.4-6 A sensorimotor, primarily 21 

demyelinating, peripheral neuropathy is a predominant feature of MLD.7,8 The neuropathy is 22 

usually severe, progressive, and more consistently observed in patients with earlier onset, in 23 

particular in LI individuals. 4,8-11 While axonal loss is commonly attributed to secondary effects of 24 

myelin damage, it is possible that sulfatide accumulation may also directly induce primary neuronal 25 

degeneration.12,13  26 

At present, there are a limited number of therapeutic strategies that can aim at slowing disease 27 

progression, mainly through the provision of the ARSA enzyme by heterologous or genetically-28 

modified autologous myeloid cells.14-17 Moreover, the extent to which the reconstitution of the 29 
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enzymatic activity can specifically arrest, prevent, or reverse peripheral myelin damage is still to 1 

be fully elucidated. In particular, the restricted delivery to the PNS, relative to the CNS, observed 2 

in allogeneic hematopoietic stem cell therapy (allo-HSCT) remains a concern,18,19 as prolonged 3 

survival of treated patients could give rise to severe 'neuropathic' phenotypes.  4 

In contrast to what was observed with allo-HSCT, preliminary data suggested that the ARSA over-5 

expression achieved by autologous hematopoietic stem cell gene therapy (HSC-GT) (atidarsagene 6 

autotemcel, “arsa-cel”) may be more effective in PNS than allo-HSCT, although published analyses 7 

were limited to the short-term aggregate outcomes of LI individuals (See Supplementary 8 

Appendices in Fumagalli et al17 and Figure 2 in Sessa et al20, where MLD03 corresponds to Pt3 of 9 

this paper).   10 

In this study we conducted a post-hoc analysis focusing on pre-symptomatic LI (PSLI) patients 11 

who underwent arsa-cel treatment between 2010 and 2020. The primary objective was to elucidate 12 

the impact of this treatment on peripheral neuropathy as assessed with nerve conduction velocities 13 

(NCVs). Specifically, our investigation focused on delineating the association between baseline 14 

characteristics (such as age at treatment and severity of pre-treatment peripheral nervous system 15 

involvement), treatment-related factors (including ARSA levels achieved post HSC-GT), and both 16 

short-term and long-term alterations observed in nerve conduction studies. Histopathological 17 

assessment of dermal nerves from skin biopsies was used as an exploratory endpoint in the absence 18 

of sural nerve samples. 19 

Materials and methods 20 

Study Design And Participants 21 

This is a post-hoc analysis of PSLI, enrolled in prospective open-label, single-arm, phase 1/2 22 

interventional trials with fresh (NCT01560182)20 or cryopreserved  (NCT03392987) autologous 23 

CD34+ cells transduced with lentiviral vector encoding for human ARSA cDNA, or treated in the 24 

context of expanded access frameworks with analogous product. Detailed inclusion criteria of the 25 

interventional study have been previously described.17 Early-juvenile patients were not included in 26 

the analysis given the heterogeneity in PNS involvement observed in natural history in EJ and older 27 

MLD patients.8,19,21 Data from treated patients were compared with those from a control group 28 

(n=16) extracted from a prospective natural history study conducted in the same center  with 29 
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observations in the same age range as treated patients .11 Written informed consent was obtained 1 

from parents or guardians of the patients. These trials were approved by the institutional ethical 2 

committee of Ospedale San Raffaele and by Agenzia Italiana del Farmaco (AIFA). The study was 3 

undertaken according to Good Clinical Practice criteria and the Declaration of Helsinki. 4 

Procedures 5 

Patients were treated and monitored according to the schedule of assessments described in 6 

Fumagalli et al. 2022 (Appendix). 17 All data were prospectively collected. Before intravenous 7 

infusion of arsa-cel, patients received busulfan conditioning. 8 

Determination of ARSA activity 9 

ARSA activity quantification was performed in myeloid subpopulations of CD15+ cells collected 10 

from peripheral blood, as previously described.14 ARSA activity is expressed as nmol/mg/h. 11 

Normal reference range is between 41.27 nmol/mg/hr to 153.77 nmol/mg/hr. Of note, ARSA 12 

activity profile was previously shown to be similar between CD14+ and CD15+ subpopulations 13 

(Fumagalli et al, 2022 Figure S617).   14 

Nerve conduction studies  15 

Motor conduction of right deep peroneal (DPN) and ulnar nerves (UN) and sensory conduction of 16 

right sural (SN) and median nerves (MN) were studied at baseline, 3, 6 and 12 months, and every 17 

6 months after the first year post-treatment. The recording site for study of the DPN was the right 18 

extensor digitorum brevis muscle, after stimulation of the ankle and the fibular head (the former 19 

site was used for the analysis). The recording site for study of the UN was the right abductor digiti 20 

minimi muscle (medial hypothenar eminence), after stimulation of the wrist and the elbow (the 21 

former site was used for the analysis). The recording site for study of the SN (antidromic) was 22 

posterior to the lateral malleolus 4-10 cm below the stimulating site. The recording site for study 23 

of the MN (antidromic) was the right index finger, after stimulation at the level of the wrist. In 24 

healthy children, a physiological increase in NCV is observed in the first years of life, reflecting 25 

the maturation of myelin. Hence, to adjust baseline data we defined PNS severity using a Z-score 26 

adjusted for age considering as reference published pediatric normative data.22,23 In longitudinal 27 

models, we considered NCV only if recorded after 12 months of age. For description of baseline 28 
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values, when sural nerve was not evocable in patients younger than 12 months due to technical 1 

issues related to age, the Z-score was deemed “not applicable”. 2 

Skin biopsies 3 

Skin biopsies were performed at baseline, 24, 60 and 96 months after treatment, according to local 4 

standards, as previously described.20 Briefly, a piece of skin was taken using a disposable 3-mm 5 

punch from the lateral-malleolar region 10 cm upper from the malleolus. The tissue was fixed with 6 

2% glutaraldehyde in 0.12M phosphate buffer, postfixed with 1% osmium tetroxide, dehydrated 7 

with alcohol and embedded in Epon (Fluka). Transverse semithin sections (0.5–1 mm) were stained 8 

with toluidine blue and examined by light microscopy. On resin sections, storage material presents 9 

as osmiophilic inclusions in the cytoplasm of Schwann cells.24-26 Skin biopsies were analyzed by 10 

optical and/or electronic microscopy to evaluate the 1) presence/absence of neuropathy, 2) its 11 

grading (mild/moderate/severe), 3) type (demyelinating vs axonal), and 4) status (active/chronic). 12 

For each biopsy, a mean of 2-3 small nerve fascicles were evaluated, typically containing 6-7 fibers 13 

on average. The following features were evaluated on biopsies and collected as either categorical 14 

(C) or ordinal (O) variables: presence of active demyelination (C), onion bulbs (C), proportion of 15 

fibers with normal myelin thickness, axonal degeneration (C), axonal regeneration (C), 16 

macrophage activity (C), fiber loss (O), storage material (O), active disease (C) and severity (O).   17 

Outcome measures 18 

Peripheral neuropathy in MLD is mainly demyelinating, thus we considered NCV as the main 19 

surrogate parameter of PNS damage, in agreement with the endpoint of the trial (i.e., NCV changes 20 

at 2- and 3-years post-treatment). Two motor nerves (UN and DPN) and two sensory nerves (MN 21 

and SN) were studied over longitudinal timepoints. The primary outcomes of the analysis were the 22 

NCV values recorded at 2 years post GT and longitudinal trajectory afterwards. At the former 23 

timepoint the median age of treated PSLI patients in the cohort studied was 37.4 months 24 

(interquartile range 34.5-40.9).  No clinical parameter was considered in this study. Changes in 25 

dermal nerve histopathology in skin biopsies were used as an exploratory outcome.  26 

Statistical analysis 27 

Descriptive statistics, including median and interquartile range (IQR) were generated for all 28 

continuous measures as appropriate and categorical data were summarized as frequency and 29 
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percentage. In treated patients only, Spearman coefficient was used to evaluate the correlation 1 

between ARSA activity measured in CD15+ myeloid cell subpopulation (i.e., CD15+ ARSA) at 3, 2 

6 months and 1 year after treatment and NCV measured at 2 years post-GT. For each nerve, p-3 

values were adjusted with Holm’s correction accounting for the tests at multiple time points.  4 

The longitudinal trend of the NCV (in m/s) after 2 years post-GT was analyzed through Linear 5 

Mixed-Effects (LME) models, with random-effects set on the intercept in order to account for 6 

subject heterogeneity.27 In the models, only observations after 2 years post-GT were considered, 7 

since NCV trajectory showed a linear pattern after this time point. In each analysis, all the outliers 8 

of the full model (defined with respect to the normality assumption of the residuals) were removed 9 

and then the final model was obtained by performing a backward variable selection of the fixed -10 

effects terms (based on the p-value of the test on the coefficient).  11 

To compare treated vs untreated patients, LME models of NCV were estimated with respect to the 12 

chronological age (in months). For NHx patients, only observations within the range of ages of 13 

treated patients (at the available timepoints) were used. The time in the model was rescaled to 14 

interpret the intercept as the estimated value at age 36 months, which was approximately the age 15 

of treated patients at two years post-GT.  16 

LME models were also employed to investigate the influence of baseline variables (i.e., age at GT 17 

and the age-matched Z-score of the corresponding nerve pre-GT) and ARSA CD15+ measured at 18 

6 months post-GT on the longitudinal trajectory of NCVs in treated patients. The possible effects 19 

of interaction terms between the time and the covariates were also assessed within the model. In 20 

these models, the trend was investigated with respect to the time from GT (in months), but this was 21 

rescaled so that the intercept of the model could be interpreted as the estimated value at 2 years 22 

post-GT. Similarly, in the treated patients, we assessed also the effect of the longitudinal values of 23 

ARSA CD15+ on the longitudinal trend of NCVs through LME models. Even in this case, the time 24 

from GT (in months) was rescaled so that the intercept of the model could be interpreted as the 25 

estimated value at 2 years post-GT. 26 

Whenever present, missing data were not imputed. For all tests, the significance level was set at 27 

0.05 and the test was two-sided. All statistical analyses were performed using R 3.6.2 28 

(http://www.R-project.org/). The R packages used for LME model analysis was nlme 3.1-142. 29 
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Results 1 

Cohort description and baseline characteristics 2 

A total of 19 LI patients from 17 unrelated families were screened for the study. One patient was 3 

excluded because of the presence of symptoms at the time of treatment, one because of the absence 4 

of any longitudinal observation, and two patients because of lack of long-term follow-up data (after 5 

2 years post-GT). The final sample consisted of 15 PSLI patients (4 F, 26.7%), with median age at 6 

GT of 13 months (IQR 9.1-14.5) (Supplementary Table 1).  7 

Median age at time of first NCS was 11.7 months (IQR 7.9-13.8). Pre-treatment, 10/15 patients 8 

had an age-matched Z-score below -2.5 in at least one nerve, which is neurophysiological evidence 9 

of demyelinating peripheral neuropathy. Three additional patients presented with Z-scores between 10 

-2.5 and -2 in at least one nerve (Table 1 and Figure 1).  11 

Median follow-up period (i.e. the interval of time between treatment and the last available nerve 12 

conduction assessment) was 4.69 years (IQR 3.58-7.96, range 1.95-12.11 years). A median of 6 13 

(IQR 5-11) NCSs were available per patient.  14 

Comparison between patients treated with arsa-cel vs nhx (untreated)  15 

In the first two years after receiving GT we observed a variable decrease in conduction velocities 16 

in patients, with 9/14 showing a reduction of more than 5m/s in at least one nerve (Supplementary 17 

figure 1). Nevertheless, from the age of 36 months (Figure 2, vertical dashed line) treated patients 18 

showed significantly higher NCV values compared to NHx patients, in both motor and sensory 19 

nerves. In the LME models (considering only observations of treated patients after 2 years post -20 

GT), the estimated NCV value of DPN was 24.5 vs 10.1 m/s (p<0.0001), the estimated UN NCV 21 

was 32.1 vs 14.2 m/s (p<0.0001), and the estimated sensory MN NCV was 33.2 vs 1.5 m/s 22 

(p<0.0001) (Supplementary Tables S1A, S1B, S1C). Moreover, despite a further decrease observed 23 

after 36 months (p <0.0001 for DPN NCV and p=0.0297 for UN NCV), treated patients displayed 24 

a significantly slower decrease of DPN NCV values with respect to their chronological age, 25 

compared to NHx patients (p=0.0010) (Figure 2A and Supplementary Tables S1A, S1B). For MN 26 

NCV, the model shows a slight increase of the values over time (p=0.0101) (Figure 2D and 27 

Supplementary Table S1C). No model was estimated for sural nerve, as the value of many 28 

observations was zero. 29 
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correlation between arsa levels post treatment  and nerve conduction 1 

velocities at 2 years post-gt 2 

When considering NCVs of all nerves recorded 2 years post-GT, there was a significant correlation 3 

between CD15+ ARSA levels measured at 6 and 12 months after treatment and motor conduction 4 

velocities (Table 2), with slightly higher correlation using the value at 6 months (Spearman rank 5 

correlation coefficient values of 0.77 and 0.60 for DPN and UN, respectively). After adjusting with 6 

Holm’s correction, significance was maintained only for DPN. In sensory nerves, the correlation 7 

with CD15+ ARSA was not significant at any of the considered timepoints.  8 

Influence of baseline variables and CD15+ arsa measured at 6 9 

months post-gt on long-term nerve conduction velocities 10 

We analyzed the influence of baseline variables (i.e., age at GT and pre-GT age-matched Z-score 11 

NCV) and CD15+ ARSA at 6 months post-GT on the longitudinal trend of motor and sensory 12 

nerve conduction velocities in treated patients starting from 2 years post-GT. No model was 13 

estimated for sural nerve, due to the presence of many zero values in the data (individual trajectories 14 

are shown in Figure 2). 15 

The estimated LME model of DPN NCV longitudinal values shows that a higher value of CD15+ 16 

ARSA at 6 months post-GT corresponds to a higher value of DPN NCV at 2 years post-GT 17 

(p=0.0162), while the other variables did not have a significant effect because they were not 18 

retained in the model after variable selection (Supplementary Table S2A). Moreover, although on 19 

average the DPN NCV declines after 2 years post-GT (p<0.0001), the value of CD15+ ARSA 20 

measured at 6 months post-GT is associated with a slower decline or a slight increase in DPN NCV 21 

over time in some patients (p=0.0030).   22 

A younger age at treatment corresponds to higher values of UN NCV at 2 years post-GT (p=0.0208) 23 

(Supplementary Table S2B). Overall, the UN NCV decreases over time after this time point 24 

(p=0.0004), but the value of CD15+ ARSA at 6 months is associated with a slower decrease or an 25 

increase of UN NCV values over time in some patients (p=0.0006). 26 

Lastly, a younger age at treatment also corresponds to a higher value of MN NCV at 2 years post -27 

GT (p=0.0223) (Supplementary Table S2C). The MN NCV increases significantly over time after 28 
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this timepoint, with an increase which is also associated with higher values of CD15+ ARSA at 6 1 

months (p<0.0001).  2 

Association between the longitudinal values of CD15+ ARSA and 3 

nerve conduction velocities 4 

We also assessed the association between the longitudinal CD15+ ARSA values and the 5 

longitudinal NCVs after 2 years post-GT through LME models (Supplementary Tables S3A, S3B, 6 

S3C). Regarding the DPN, although the value of NCV slightly decreases with time (p<0.0001), the 7 

model shows that it assumes higher values the higher is the CD15+ ARSA at the corresponding 8 

time point (p=0.0027). The value of UN NCV decreases with time (p=0.0004), but the values of 9 

CD15+ ARSA at the corresponding time point is associated with a slower decline or a slight 10 

increase of UN NCV (p=0.0022). Lastly, the value of MN NCV increases with time, with a greater 11 

increase when the values of CD15+ ARSA at the corresponding time point are higher (p<0.0001).  12 

Skin biopsy findings 13 

A total of 24 punch skin biopsies were performed on 7 PSLI patients enrolled in this study. Four 14 

of the 7 patients had samples available at baseline, 24, 60, and 96 months post-GT (Table 3). At 15 

baseline, histopathological features indicative of a demyelinating neuropathy were found in all 16 

patients, either as signs of active demyelination (4/7, 57%), onion bulbs (4/7, 57%) or thinly 17 

myelinated fibers (7/7, 100%). Notably, onion bulbs were observed as early as 8 months of age in 18 

one patient. Metachromatic storage material was found in 6 out of 7 cases (86%), appearing as 19 

osmiophilic inclusions in the cytoplasm of Schwann cells (Figure 3). Fiber loss was present in 6/7 20 

patients, but active signs of axonal degeneration, such as myelin ovoids, increased macrophage 21 

activity and/or inflammatory cells were detected in none of the examined sections. Twenty-four 22 

months post-treatment most patients showed improvement on histology, driven by the 23 

disappearance of active demyelination (n=6/7, 85.76%), storage material (n=4/7, 57.1%) and 24 

increase in the number of fibers with thick, well-compacted myelin (5/7, 71.4%). Furthermore, a 25 

partial repopulation of myelinated fibers was observed, with patients showing an initial moderate 26 

or severe loss of fibers downgrading to a mild loss at 24 months (Table 3). Persistence of storage 27 

material at 24 months was observed in three patients, with some of them also showing naked axons 28 

(n=1) or onion bulbs (n=2) suggesting ongoing demyelination/remyelination. All three cases (Pt4, 29 
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Pt5, Pt6) showed worsening neurophysiological parameters at this timepoint (Supplementary table 1 

2) and 2/3 had lower ARSA levels at 6 months post-treatment. Only one patient still showed 2 

isolated onion bulbs in a nerve fascicle with no other signs of active disease, whose NCVs were 3 

stable on follow-up.   4 

On extended follow-up at 60 and 96 months after therapy (Figure 3), most patients had stable 5 

findings on skin biopsy, characterized by mild axonal loss and normal myelin thickness in most of 6 

the residual fibers. Mild demyelination (Pt1) and rare deposits (Pt1 and Pt2) reappeared, but were 7 

transient findings and no changes were observed in follow-up of NCS parameters in these two 8 

patients. Only one patient (Pt4) showed progressive loss of myelinated fibers, consistent with the 9 

parallel worsening in their NCS parameters (Supplementary table 2).  10 

 11 

Discussion 12 

In this study, the main objective was to assess the capacity of atidarsagene autotemcel (arsa-cel, a 13 

lentiviral-based ex vivo autologous HSC gene therapy) to counteract the development of peripheral 14 

neuropathy, as assessed with NCV, in a relatively large cohort of LI MLD patients. In contrast with 15 

other MLD forms, the severe and rather homogeneous demyelinating neuropathy observed in LI 16 

patients in a natural history study 11 makes this sub-population a good group of patients in which 17 

to study the effect of treatment.  18 

In the pre-clinical work performed by Biffi et al., an extensive migration of transduced HSC 19 

progeny to the PNS and a progressive replacement of endogenous endoneurial macrophages with 20 

transgene-expressing cells was observed. 28 Importantly, the study pointed to a better outcome in 21 

mice treated with lentiviral-transduced cells compared to wild-type HSC, possibly linked to the 22 

overexpression of ARSA achieved with the former approach. A key unmet question regarding both 23 

arsa-cel and allo-HSCT is whether myeloid precursors can also effectively repopulate peripheral 24 

nervous system in humans,29 and whether these can provide sufficient ARSA levels to stop the 25 

progression of peripheral nerve damage. In fact, in patients treated with allo-HSCT this effect 26 

seems limited.19 27 

While short-term data from a small subset of PSLI patients had already indicated a potential 28 

benefit,20 we here demonstrate in a larger cohort of LI patients that arsa-cel partially succeeds in 29 

preventing motor and sensory nerves from developing the very severe demyelination that is 30 
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invariably observed in untreated patients, although this beneficial effect is limited and abnormal 1 

NCV values do persist post-GT. Furthermore, in agreement with pre-clinical models, higher levels 2 

of ARSA measured in myeloid subpopulations 6 months after treatment are associated with a 3 

stronger effect, specifically on NCV in the DPN of patients.  4 

Another contribution of this study is the provision of neurophysiological and neuropathological 5 

data regarding the early stages of the disease, when clinical symptoms are not yet overt. In MLD, 6 

storage phenomena start during fetal life with an initial compensatory increase of lysosomes, in the 7 

absence of myelin damage.6 During myelination, which is characterized by a very active synthesis 8 

of sulfatides, a progressive failure of the catabolic capacity of lysosomes is observed, resulting in 9 

a massive accumulation of non-degradable sulfatides affecting oligodendrocytes and Schwann 10 

cells. 5,24 Evidence of this phenomenon occurring also in other cell lines such as neurons, microglia 11 

and astrocytes suggest that additional pathological mechanisms may be involved. 12,30,31 Despite 12 

the fact that the precise toxic threshold of such deposits has not been determined,6 we here provide 13 

evidence that a chronic demyelinating neuropathy can be observed as early as 8 months of age (in 14 

the LI population), as demonstrated by the integrated analysis of skin biopsies and NCSs. This is 15 

in agreement with a recent study of children identified via newborn screening. 32 Interestingly we 16 

observed that, in contrast with later stages of the disease, there is a variable involvement of motor 17 

and sensory nerves in LI patients studied before the onset of symptoms, even of the same 18 

individual. Of note, we found no apparent association between the severity of peripheral 19 

neuropathy at baseline and outcome, but this result should be considered in light of the small size 20 

of the study sample. 21 

One challenge in the interpretation of these data is the limited understanding of the progression of 22 

peripheral neuropathy in the first years of life; for instance, if the decrease in NCVs is linear or 23 

non-linear in untreated patients.11,19 As such, we cannot establish whether the early and sharp drop 24 

of NCVs observed in some patients is attributable to the normal course of the disease occurring 25 

before ARSA reconstitution, to a toxic effect of chemotherapy (e.g., busulfan) or to a superimposed  26 

inflammatory processes. All these have been proposed as possible mechanisms in patients treated 27 

with allo-HSCT.33 However, the first hypothesis appears to be the most likely given that such 28 

decrement was not observed in any of the early-juvenile patients treated with busulfan and arsa-cel 29 

(data not shown).  30 
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At 36 months of age (corresponding approximately to 2 years post-GT) treated patients showed 1 

higher NCVs in all nerves compared to untreated controls. This timepoint was chosen to allow for 2 

the comparison with a control group at a time point in which myelin has completed its maturation 3 

(i.e. conduction velocities are similar to the ones of an adult). Specifically, there was around 15m/s 4 

difference in both DPN and UN and even greater differences observed in sensory nerves. Of note, 5 

the observed difference in NCVs between treated and NHx patients appears to be primarily due to 6 

an effect of arsa-cel in the first 2 years post-GT. These findings suggest that LI patients experience 7 

a combination of early demyelination and abnormal myelin maturation. Therefore, the stabilization 8 

or increase in NCVs observed in some patients during early life is likely driven by an improved 9 

ability to meet the catabolic demands of myelinogenesis rather than by remyelination. The 10 

sustained maintenance of ARSA levels over time appears to benefit the subsequent rate of NCV 11 

decline too, although the magnitude of this effect remains limited (Figure 2). Of note, we did not 12 

observe significant decline of cMAPs and SAPs (Supplementary Figure 2). 13 

When considering only treated individuals, higher ARSA levels measured in CD15+ cells were 14 

correlated with higher conduction velocities of the DPN at 2 years post-GT. Moreover, higher 15 

ARSA levels at 6 months, a result which reflects the early reconstitution of enzyme activity by 16 

corrected cells, were associated with a slower decrease or with a slight increase in NCVs of DPN, 17 

UN and MN. Lastly, a younger age at treatment was also associated with increased NCVs in motor 18 

UN and sensory MN nerves. As previously mentioned, the severity of peripheral neuropathy at 19 

baseline did not have an influence on outcome, although this was calculated using age-matched Z-20 

score that considers age ranges (i.e., 1-6 months, 6-12 months etc) and the sample size was limited.  21 

In the first clinical study of arsa-cel, skin biopsies were selected due to reduced invasiveness and 22 

potential for follow-up studies compared to sural nerve biopsies, although the support of skin 23 

biopsy in the detection of pathognomonic features of MLD was considered less robust than the 24 

latter approach.6 Previous studies reported a variable rate of diagnostic success, all of them flawed 25 

by the limited number of tested cases.34 We show here that skin biopsy may be a good biomarker 26 

of disease severity, frequently detecting pathological changes occurring in the small dermal nerves, 27 

such as demyelination and storage material, which were found in almost all cases tested before 28 

treatment. Mirroring the improvement observed in some neurophysiological outcomes, follow-up 29 

biopsies demonstrated improvement in myelin thickness and reduction/disappearance of storage 30 

material, with a small rescue in the number of myelinated fibers in some cases, thus switching from 31 
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an active, chronic demyelinating process to a mild, stable axonal neuropathy. On longer follow-up 1 

(60 and 96 months) stable findings were seen in most patients, which again reflected 2 

neurophysiological data suggesting persisting beneficial effects of arsa-cel. Mild signs of disease 3 

reactivation after initial improvement may be observed but this appeared to be transient and did 4 

not lead to overt progression of the neuropathy.  Interestingly, the persistence of signs of 5 

demyelination and storage material observed in few cases correlated with worsening in NCS 6 

parameters, suggesting an active pathologic process in these patients. 7 

The study presents some limitations, mainly related to small sample size and lack of natural history 8 

data describing early PNS involvement in MLD. Moreover, we did not provide description of 9 

clinical outcomes and their correlation with neurophysiological abnormalities. Unclear correlation 10 

between clinical examination and peripheral neuropathy has been described thus far in the 11 

disease,8,13 and the potential for coexisting central involvement likely represents a confounding 12 

factor in the interpretation of clinical outcomes.35 The challenges in interpreting and effectively 13 

treating gait difficulties due to such a combination of peripheral neuropathy and central pyramidal 14 

tract involvement in a treated LI patient (Patient 5 in this report) have been previously described. 15 
36 16 

Although we included only LI patients to increase the homogeneity of the cohort, we encountered 17 

a higher heterogeneity than expected in terms of PNS involvement, underlining possible 18 

differences in disease severity also within the LI subpopulation. This variability, together with 19 

sample size, may explain why some results were not replicated in all nerves. Lastly, no NHx control 20 

group is available for skin biopsies. 21 

In conclusion, peripheral neuropathy, as revealed by neurophysiology and neuropathology 22 

findings, is significantly ameliorated in PSLI patients treated with arsa-cel compared to natural 23 

history controls. This "amelioration" primarily occurs during myelin maturation and is likely 24 

related to the lack of massive toxic accumulation typically observed in untreated patients during a 25 

period when sulfatide synthesis is especially active.  In addition to the potential role of early age at 26 

treatment, supraphysiological ARSA levels may support the maturation of myelin and slow 27 

demyelination of the DPN and other peripheral nerves. Our data indicate that arsa-cel may exert a 28 

stronger effect on NCV than allo-HSCT due to its greater ARSA expression. 29 

 30 
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 13 

 14 

Figure legends 15 

Figure 1 Nerve conduction velocity Z-scores in PSLI patients before receiving arsa-cel. Age-16 

matched Z-score of conduction velocities of all nerves at baseline. Each color corresponds to one 17 

patient. The dashed line and grey area correspond to a Z-score of -2.5, a threshold selected to 18 

define abnormal Z-score values. Abbreviations: DPN, deep peroneal nerve (motor); MN, median 19 

nerve (sensory); SN, sural nerve (sensory); UN, ulnar nerve (motor).  20 

 21 

Figure 2 Nerve conduction velocity of motor and sensory nerves in treated vs untreated 22 

patients. Nerve conduction velocity expressed in m/s of motor (A-B) and sensory (C-D) of lower 23 

(A-C) and upper (B-D) limbs plotted with reference to chronological age expressed in months. 24 

Treated patients are depicted with colors, NHx patients in grey. Vertical dotted line corresponds to 25 

36 months. Solid line represents the estimated trajectory for treated patients after two years post 26 

GT, while dashed line represents the estimated trajectory for NHx patients in the same interval of 27 

age. The green areas represent the intervals of normal NCV values with respect to the 28 

corresponding age. A figure focusing on the first 2 years after GT is provided in the supplementary 29 
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material. Abbreviations: LI, late-infantile; NHx, natural history, DPN, deep peroneal nerve 1 

(motor); MN, median nerve (sensory); SN, sural nerve (sensory); UN, ulnar nerve (motor). 2 

 3 

Figure 3 Longitudinal skin biopsy findings in treated MLD patients. Longitudinal skin biopsy 4 

features in three representative patients with MLD. At baseline (A, E, I), pathologic evaluation 5 

included the presence of abnormal storage deposits in Schwann cells, signs of demyelination (A, 6 

arrow), axonal degeneration (A, I, arrowhead) and reduction in the number of myelinated fibers, 7 

with only few showing normal myelin thickness (E and I, arrows). After  24  months  of  treatment  8 

(B,  F, J),  there  was  an  increase  in  the  number  of  normal, myelinated  fibers  (B,  F,  J,  arrows)  9 

although  degenerating  axons  (B,  arrowhead)  and demyelinated fibers (F, J, arrowheads) may 10 

still be detected. After 60 months after of treatment (C, G, K), fibers with normal myelin thickness 11 

are more representative in the nerve fascicles (C, G, K, arrows), although improvement did not 12 

necessarily persist in all patients, witnessed exemplified by the absence of nerve fibers in a fascicle 13 

despite treatment (K, asterisk). Still, subclinical pathology may be observed, such as deposition of 14 

metachromatic storage material (C, arrowhead), axonal degeneration (G, arrowhead) and 15 

demyelination (K, arrowhead). At last follow-up of 96 months (D, I, L), most nerve fascicles were 16 

populated by normal or almost normal myelinated fibers (D, I, L, arrows) although fiber density 17 

may be variably reduced. Bar =  15 µm. 18 

 19 

Figure 4 Electron micrographs of longitudinal skin biopsies in one representative patient 20 

with MLD (Pt3). At baseline, ultrastructural analysis shows the presence of signs of demyelination 21 

(A) and of storage material within Schwann-cell cytoplasm (B, asterisk) in a myelinated nerve fiber 22 

(B, arrow); 24 months-post-treatment, thin myelinated nerve fibers (C, Ax marks the axoplasm) 23 

with redundant basal lamina (D, arrowheads) are present.  At 60 months-post treatment, EM 24 

analysis show many normal myelinated nerve fibers within a nerve bundle (E, arrows) and thin 25 

myelinated nerve fibers (E and F, arrows). Panel G (96 months-post-treatment) shows a normal 26 

myelinated fibers: normal myelin (My) periodicity can be easily appreciated (insert, high-power). 27 

MLD: metachromatic leukodystrophy; Ax: axon; My: myelin. Bar = 2µm (A, B, D, E and F); 1µm 28 

(C); 500nm (G); 200nm (insert). 29 

  30 
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Table 1 Baseline characteristics and CD15+ ARSA activity at 6 months in treated patients  1 
Pt code Age at gene 

therapy 
Baseline DPN 

Z-Score 
Baseline UN 

Z-Score 
Baseline MN 

Z-score 
Baseline SN 

Z-score 
CD15+ ARSA 

activity nmol/mg/h 
at 6 months 

Pt1 15.0 −11.10 −9.74 −9.33a −8.99a 441.2 

Pt2 13.1 −2.31 0.43 1.19 −1.18 184.1 

Pt3 7.6 −3.75 −6.83 −1.97 −0.98 331.8 

Pt4 17.7 −2.32 1.48 0.61 −0.42 64.7 

Pt5 15.8 −5.64 −6.85 −2.77 −8.99a 331.8 

Pt6 16.8 −6.00 −5.26 −6.84 −5.97 62.5 

Pt7 8.2 −3.97 −5.26 −2.56 NAa 506.9 

Pt8 9.5 −1.68 −0.01 2.29 1.60 1600.6 

Pt9 14.1 −8.95 −7.46 −3.37 −4.27 2391.3 

Pt10 13.2 −6.89 −4.45 −1.76 −8.99a 1068.3 

Pt11 8.6 −3.67 −6.22 −1.23 −4.84 1974.4 

Pt12 10.5 −1.60 −6.05 1.26 NAa 518.7 

Pt13 13.0 −5.53 −6.83 1.30 NAa 324.8 

Pt14 8.5 −1.34 −2.36 1.16 0.78 NA 

Pt15 10.0 −1.82 −1.85 NA 0.14 1906.8 

Age is expressed in months. DPN, deep peroneal nerve; MN, median nerve; UN, ulnar nerve. 2 
aDenotes whether the value of the NCV was zero. If age was <12 months a value of 0 was reported as NA (not available) due to limitations of 3 
sural nerve analysis in this age range.   4 
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Table 2 Correlation analysis between CD15+ ARSA at different timepoints after GT and NCV at 2-year post treatment 1 
Variable N rhoa p-value adj. p-value 

Correlation with DPN at 2 years post GT 

CD15+ ARSA at 3 months post GT 13 0.7473 0.0048 0.0066 

CD15+ ARSA at 6 months post GT 13 0.7675 0.0022 0.0066 

CD15+ ARSA at 12 months post GT 14 0.7538 0.0027 0.0066 

Correlation with UN at 2 years post GT 

CD15+ ARSA at 3 months post GT 13 0.4890 0.0929 0.0929 

CD15+ ARSA at 6 months post GT 13 0.6052 0.0284 0.0852 

CD15+ ARSA at 12 months post GT 14 0.5868 0.0303 0.0852 

Correlation with MN at 2 years post GT 

CD15+ ARSA at 3 months post GT 13 0.4649 0.1094 0.3283 

CD15+ ARSA at 6 months post GT 13 0.4099 0.1642 0.3283 

CD15+ ARSA at 12 months post GT 14 0.4246 0.1302 0.3283 

Correlation with SN at 2 years post GT 

CD15+ ARSA at 3 months post GT 13 0.3984 0.1776 0.2433 

CD15+ ARSA at 6 months post GT 13 0.5203 0.0684 0.2051 

CD15+ ARSA at 12 months post GT 14 0.4334 0.1216 0.2433 

DPN, deep peroneal nerve (motor); MN, median nerve (sensory); SN, sural nerve (sensory); UN, ulnar nerve (motor). ARSA activity is expressed 2 
as nmol/mg/h 3 
aRefers to Spearman’s rank correlation coefficient. 4 
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Table 3 Skin biopsy findings of treated patients 1 
 Baseline (n=7) 24 months (n=7) 60 months (n=5) 96 months (n=4) 

Active demyelinationa 5 (71%) 1 (14.3%) 1 (20%) 1 (25%) 

Onion bulbs 4 (57%) 3 (42.9%) 2 (40%) 1 (25%) 

Myelin thicknessb     

Normal 0 1 (14.3%) 1 (20%) 1 (25%) 

Mostly normal 0 4 (57.1%) 3 (60%) 2 (50%) 

50%-50% 5 (71%) 2 (28.6%) 0 0 

Mostly thin 2 (29%) 0 1 (20%) 1 (25%) 

Axonal degeneration 0 0 0 0 

Fiber loss     

Normal 1 (14%) 2 (28.6%) 0 1 (25%) 

Mild 4 (57%) 5 (71.4%) 4 (80%) 2 (50%) 

Moderate 1 (14%) 0 1 (20%) 0 

Severe 1 (14%) 0 0 1 (25%) 

Macrophage activity 0 0 0 0 

Storage material     

None 1 (14%) 4 (57.1%) 2 (40%) 4 (100%) 

Some 5 (71%) 3 (42.9%) 3 (40%) 0 

Many 1 (14%) 0 0 0 

Severity     

Normal 0 1 (14.3%) 0 0 

Mild 3 (43%) 5 (71.4%) 3 (60%) 3 (75%) 

Moderate 3 (43%) 1 (14.3%) 2 (40%) 1 (25%) 

Severe 1 (14%) 0 0 0 

Data are presented as N (%).  2 
aeuropathy was defined as active whenever there were signs of active demyelination or axonal degeneration. 3 
bMyelin thickness was evaluated depending on the proportion of fibers with well-compacted myelin and defined as following: “normal” if all fibers 4 
had normal myelin, “almost normal” if most of fibers had normally thickened myelin, “50%-50%” if roughly half fibers had normal and half thin 5 
myelin and “mostly thin” when the majority of fibers had thin myelin sheath. 6 
 7 
 8 
  9 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

af157/8120475 by Fondazione C
entro S. R

affaele user on 29 M
ay 2025



25 

 1 

Figure 1 2 
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Figure 2 2 
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Figure 3 2 
254x173 mm ( x  DPI) 3 

  4 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

af157/8120475 by Fondazione C
entro S. R

affaele user on 29 M
ay 2025



28 

 1 

Figure 4 2 
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