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Metachromatic leukodystrophy, a fatal pediatric neurodegenerative lysosomal storage disease caused by mutations in the
arylsulfatase A (ARSA) gene, is characterized by intracellular accumulation of sulfatides in the lysosomes of cells of the
central nervous system (CNS). In previous studies, we have demonstrated efficacy of AAVrh.10hARSA, an adeno-
associated virus (AAV) serotype rh.10 vector coding for the human ARSA gene to the CNS of a mouse model of the
disease, and that catheter-based intraparenchymal administration of AAVrh.10hARSA to the CNS of nonhuman primates
(NHPs) white matter results in widespread expression of ARSA. As a formal dose-escalating safety/toxicology study, we
assessed the safety of intraparenchymal delivery of AAVrh.10hARSA vector to 12 sites in the white matter of the CNS of
NHPs at 2.85 · 1010 (total low dose, 2.4 · 109 genome copies [gc]/site) and 1.5 · 1012 (total high dose, 1.3 · 1011 gc/site) gc,
compared to AAVrh.10Null (1.5 · 1012 gc total, 1.3 · 1011 gc/site) as a vector control, and phosphate buffered saline for a
sham surgical control. No significant adverse effects were observed in animals treated with low dose AAVrh.10hARSA.
However, animals treated with the high dose AAVrh.10ARSA and the high dose Null vector had highly localized CNS
abnormalities on magnetic resonance imaging scans at the sites of catheter infusions, and histopathology demonstrated that
these sites were associated with infiltrates of T cells, B cells, microglial cells, and/or macrophages. Although these
findings had no clinical consequences, these safety data contribute to understanding the dose limits for CNS white matter
direct intraparenchymal administration of AAVrh.10 vectors for treatment of CNS disorders.
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INTRODUCTION
METACHROMATIC LEUKODYSTROPHY (MLD) IS an autosomal

recessive, fatal, pediatric, neurodegenerative lysosomal

storage disease caused by the deficiency of the enzyme ar-

ylsulfatase A (ARSA).1–4 Loss of functional ARSA-

mediated enzymatic breakdown of sulfatides triggers an

intracellular accumulation of toxic sulfatides in the lyso-

somes of microglia, oligodendrocytes, and Schwann cells,

resulting in widespread demyelination in the central nervous

system (CNS) and peripheral nervous system (PNS).5–12

The focus of this study was to assess in nonhuman

primates (NHPs) the safety of therapy for MLD using di-

rect administration to the CNS parenchyma of an

AAVrh.10 vector coding for human ARSA (AAVrh.10-

hARSA). Prior work in a murine model of MLD demon-

strated that direct AAVrh.10hARSA administration to the

CNS ameliorated the disease phenotypes,13 and a study

comparing routes of delivery of AAVrh.10hARSA to the

CNS of NHPs concluded that AAVrh.10-mediated deliv-

ery of ARSA to the cerebral white matter yielded wide

distribution of ARSA.14

As the next step in translation of AAVrh.10hARSA

therapy to humans, we carried out a safety study with CNS

administration of AAVrh.10hARSA in NHP, designed with

input from the Center for Biologics Evaluation and Re-

search, Food and Drug Administration (Rockville, MD). The

data demonstrate no adverse effects at the clinical, imaging,

or histologic levels with intraparenchymal administration of

a total dose of 2.85 · 1010 genome copies (gc) divided into

doses administered bilaterally to 12 sites in the cerebral
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white matter (2.4 · 109 gc/site). However, at a dose of

*500-fold higher (1.5 · 1012 gc in 12 divided doses,

1.3 · 1011 gc/site), adverse effects were localized to the site

of administration at the catheter tip characterized by

pathologic abnormalities (<2.1% of the total brain volume)

using T1-weighted magnetic resonance imaging (MRI) of

the brain. Histological assessment demonstrated persistent

localized inflammatory cell infiltration. Although periodic

videotaped assessment of the NHP over time showed no

clinical sequela of these abnormalities, this sets an upper

limit to the amount of vector that can be safely adminis-

tered directly through catheters to the CNS white matter

and helps inform the design of a clinical trial of CNS ad-

ministration of AAVrh.10hARSA to treat MLD.

METHODS
Nonhuman primates

Twenty-four adult Chlorocebus aethiops sabaeus

NHPs (African Green monkeys; 2- to 4-year-old males

(n = 11) and females (n = 13); 2.5 to 5.5 kg weight at time

of arrival) were purchased from the Wake Forest Uni-

versity Primate Center (Winston-Salem, NC). All mon-

keys were healthy and pathogen-free during the 3-month

quarantine period. No animal had been previously used for

experimental studies. NHPs were maintained in paired-

housed cages, except following surgery when they were

individually housed to prevent injuries, fed twice daily

with monkey chow (Monkey Diet Jumbo; PMI Nutrition

International, Brentwood, MO), supplemented with fruit

or vegetables daily, with access to water ad libitum, and

observed daily by the research specialists for general ap-

pearance, signs of toxicity, distress, and changes in be-

havior. All experiments were approved by Institutional

Animal Care and Use Committee of the Weill Cornell

Medical College (New York, NY). We used African Green

monkeys due to the extensive behavioral and blood pa-

rameter datasets from our prior NHP adeno-associated

virus (AAV) safety/toxicology studies.14–18

Study design
The design of this safety study incorporated FDA guid-

ance provided at a preinvestigational new drug application

meeting. AAVrh.10hARSA was administered at two doses

into CNS of NHPs through the white matter in-

traparenchymal route of delivery, with a total dose of

2.85 · 1010 or 1.5 · 1012 gc per NHP, irrespective of weight

or gender (the average NHP was *6 kg/males and 4 kg/

females at administration). Controls included AAVrh.10-

Null (this vector serves as a vector control and is identical to

the experimental vector with the exception that the ex-

pression cassette is a nontranslatable VEGF intron 5 se-

quence of vascular endothelial growth factor) and a

phosphate buffered saline (PBS) sham surgical control.

Each dose cohort included n = 8 NHP (4 males/4 fe-

males), except for the control groups (AAVrh.10Null and

sham controls) which had an n = 4 (1–2 males/2–3 fe-

males; Table 1). To maintain a treatment blind for this

study, NHPs were randomly assigned into the four cohorts,

Table 1. Dose, time of assessment, and time of sacrifice of nonhuman primates

Group Vector Total Dose (gc) n Time of Assessments (week) a,b Time of Sacrifice (week) c

A AAVrh.10hARSA 2.85 · 1010 2 Pre, 0, 1 1
2 Pre, 0, 1, 2, 4, 8, 13
2 Pre, 0, 1, 2, 4, 8, 13, 26
2 Pre, 1, 2, 4, 8, , , 52

B AAVrh.10hARSA 1.5 · 1012 2 Pre, 0, 1 1
2 Pre, 0, 1, 2, 4, 8, 13
2 Pre, 0, 1, 2, 4, 8, 13, 26
2 Pre, 1, 2, 4, 8, , , 52

C AAVrh.10Null 1.5 · 1012 1 Pre, 0, 1 1
1 Pre, 0, 1, 2, 4, 8, 13
1 Pre, 0, 1, 2, 4, 8, 13, 26
1 Pre, 1, 2, 4, 8, , , 52

D PBS None 1 Pre, 0, 1 1
1 Pre, 0, 1, 2, 4, 8, 13
1 Pre, 0, 1, 2, 4, 8, 13, 26
1 Pre, 1, 2, 4, 8, , , 52

Total 24

The two doses of the test vector were chosen to bracket previously tested doses14 and are equivalent to a weight adjusted human dose of 2.85 · 1011 and
1.5 · 1013 gc based on the *10-fold smaller size of NHPs compared to humans. The vectors were bilaterally administered to three cortical white matter sites
per hemisphere, each at two depths, based on results from experiments described previously.14 For each sacrifice time point, AAVrh.10hARSA experiment
groups consisted of n = 2 (1 male, 1 female), and control groups (AAVrh.10Null or PBS) consisted of n = 1 (male or female).

aAt the indicated times, the NHPs underwent various assessments and sample collections as detailed in Table 2.
bTo monitor changes in brain anatomy over time postsurgery and vector administration, CNS MRIs were performed for groups/time points indicated by black

circles.
cAt indicated time points necropsy was performed as detailed in Table 2.
AAV, adeno-associated virus; ARSA, arylsulfatase A; CNS, central nervous system; gc, genome copies; MRI, magnetic resonance imaging; NHPs, nonhuman

primates; PBS, phosphate buffered saline.

564 ROSENBERG ET AL.



without respect to weight or age, using a random number

generation program (MS Excel). The surgical assistant

maintained a spreadsheet of animal numbers (tattoos),

cage numbers, vector vial lots, and treatments. All inves-

tigators were blinded to treatment status of the animals

throughout the trial. Unlocking of the treatment key was

done only at the end of the study before the preparation of

the pathology report. The pathologist was blinded to the

treatment during evaluation of gross pathology and his-

topathology and was later unblinded to interpret the results

and to compile the report.

There were no incidents or severe adverse events noted

during the course of the trial that required unlocking the

treatment blind. The only adverse effects observed during

the study were localized to the site of administration as

identified by CNS MRI.

The trial design included two doses. The lower of the

two doses of AAVrh.10hARSA (2.85 · 1010 gc; 2.4 · 109

gc/site, Group A) was chosen to be equivalent (adjusted

for the difference in weight of average NHP and humans)

to that used in our clinical trial for CLN2 disease using the

same method of delivery (BB IND 13591). The higher

dose was *500-fold higher (1.5 · 1012 gc; 1.3 · 1011 gc/

site) and was tested for both AAVrh.10hARSA and the

control, AAVrh.10Null (Groups B and C, respectively),

and was chosen to match the dose used in our previous

NHP biodistribution study.14 The NHP administered with

AAVrh.10hARSA or controls (AAVrh.10Null and PBS)

was euthanized at 1 week (for acute toxicity) and at 13,

26, and 52 weeks (for chronic toxicity). At each sacrifice

time point, AAVrh.10hARSA experiment groups con-

sisted of two NHPs (one male/one female), while the

control groups (AAVrh.10Null or PBS) consisted of one

NHP, alternating male/female by time point.

All NHPs were assessed for immune (anti-AAVrh.10

antibody titers), clinical (behavior), hematological, and

serum chemistry parameters at three to nine time points

and brain histopathology at four end points (1, 13, 26, or 52

weeks; Table 1) postadministration. The 52-week long-

term animals were assessed by MRI scans at four time

points during the study (at weeks 0 [presurgery], 13, 26,

and 52 [before necropsy]; Table 1 [black circles]). MRI

scans were performed on 13- and 26-week animals, before

necropsy, for safety monitoring. No additional MRI scans

were performed on the 1-week animals (n = 6) (Table 1). In

total, 18 of the 24 NHPs were monitored by MRI as part of

the safety study for long-term effects of the vector dose

and/or surgery-induced inflammation.

All NHPs in the study underwent the same surgical

procedure and sterile administration of AAV vectors

(AAVrh.10hARSA, AAVrh.10Null) or PBS to the white

matter (centrum semiovale) at three sites in each hemi-

sphere (two locations in the frontal lobe [anterior and

posterior] and one in the parietal lobe; see Supplementary

Fig. S1). The vector or PBS was distributed to the CNS in a

total of 180 lL per NHP brain, divided equally among 12

loci (15 lL/site), delivered using the flexible fused silica

catheter described previously,14,19 through six burr holes,

at two depths per burr hole (see Supplementary Data for

details on the surgeries and vector administration). This

delivery method was based on results from experiments

described previously and is identical to the method used in

our clinical study for CLN2 disease (FDA BB IND13591).

Health assessments
The NHPs were observed and monitored daily by ex-

perienced personnel for general appearance, signs of tox-

icity, distress, and changes in behavior. The animals were

housed singly immediately following surgery for 1–3 days

and paired for the rest of the time. Behavioral assessments

were recorded with NHP in separate cages to minimize

interference. At multiple time points, the NHPs were se-

dated for assessment of general safety parameters, in-

cluding temperature, pulse, respiratory rate, and weight

(Table 2). For the acute toxicity arm of the study (1 week),

assessments were performed at >1 week before surgery, on

the day of administration (0), and at 1 week (before nec-

ropsy). For the chronic toxicity arm of the study (13 to 52

weeks), assessments were performed at >1 week before

surgery, on the day of administration (0), and based on

necropsy time point, at 1, 2, 4, 8, 13, 26, and 52 weeks.

There were a maximum of seven assessments for the 13-

week animals, eight for the 26-week animals, and nine as-

sessments for the 52-week animals. Allowable time win-

dows for assessment up to 2 weeks were –1 day and times

over 2 weeks were –3 days. Following the general health

assessment, the NHPs underwent venous blood sampling

for serum chemistry and complete blood count (CBC)

(Table 2). The analyses were performed on an IDEXX

ProCyte Dx hematology analyzer and Beckman Coulter

AU680 clinical chemistry analyzer by the Laboratory of

Comparative Pathology (Memorial Sloan-Kettering Cancer

Center, New York, NY) in a blinded manner. Blood smears

were prepared and examined by experienced medical

technologists to validate the automated results obtained by

the hematology analyzer. The normal range for each blood

parameter was calculated separately per sex as the

mean – 2 · standard deviations of that parameter of all

monkeys in the study using the two presurgery time points.

Cerebrospinal fluid assessment
As an additional safety assessment of direct in-

traparenchymal administration of AAVrh.10hARSA,

cerebrospinal fluid (CSF) was analyzed from each NHP at

two time points: presurgery and at the study end point (1,

13, 26, or 52 weeks) for anti-AAV antibodies. CSF was

obtained from either the cisterna magna or through lumbar

(L4/L5) taps.20,21 The position of the needle was con-

firmed by free flow of clear CSF back into the hub, with

collection of *500 lL for analysis. The CSF was exam-
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ined to ensure that there was no blood contamination, then

centrifuged (3,000 rpm, 4�C, 10 min), aliquoted, and fro-

zen at -80�C for testing.

Anti-AAV antibody titers
Blood samples at each time point and CSF at presurgery

and necropsy time points were assessed for anti-AAV total

and neutralizing antibody titers. Total anti-AAVrh.10

antibody titers in the blood and CSF were measured by an

enzyme-linked immunosorbent assay.17 Sera or CSF from

NHP that had been treated with AAVrh.10hARSA,

AAVrh.10Null, or PBS controls was twofold serially di-

luted and then added to each well. Anti-AAVrh.10 anti-

body titers were calculated by interpolation of the log(OD)

versus -log(dilution) with a cutoff value equal to twofold

the absorbance of background. AAVrh.10 neutralizing

antibody titers were assessed for each blood and CSF

samples by an in vitro assay performed in 96-well plates

with 293-ORF6 cells. AAVrh.10Luc (109 gc) was incu-

bated with serial dilutions of sera or CSF from

AAVrh.10hARSA administered or control NHP. The

neutralizing antibody titer was expressed as the reciprocal

of serum/CSF dilution at which 50% inhibition of

AAVrh.10Luc was observed.17,22

Behavioral assessments
The NHPs were monitored by a standard set of behavior

parameters. Before sedation for blood draws, assessments

were performed at >1 week before surgery (Pre), on the

day of administration (0), and at 1, 2, 4, 8, 13, 26, and 52

weeks. Each NHP was visually assessed for behavioral

changes by videotaping them in individual home cages.

The sessions were videotaped for 3 min, in the absence of

outside stimuli, to observe nonstimulated ‘‘normal’’ be-

havioral activity, without outside reinforcements. Beha-

viors were scored by observers (n = 2), who were blinded

to treatment, from the video tape sessions. The animals

were assessed for typical and atypical behaviors from five

clinical categories (Supplementary Table S1) for number

of times the NHP performed specific behaviors, scoring

‘‘1’’ for 5 s of each behavior. The sum of normal behaviors

(anxiety, arousal, and quiet behavior categories) was cal-

Table 2. Design of the safety studies in nonhuman primates

Parameter

Time of Assessment (Study Week)a

Pre 0 1 2 4 8 13 26 52

Vector/vehicle administrationb -

Physical examination - - - - -

Clinical observations - - - - - - - - -

Weight, rectal temperature, vital signsc - - - - - - - - -
Complete blood countsd - - - - - - - - -

Serum chemistrye - - - - - - - - -

CSFf - - - - -

Anti-AAVrh.10 immunityg - - - - - - - - -
Behaviorh - - - - - - - - -

MRIi - - - -

Sacrificej - - - -
Gross and histopathologyk - - - -

an = 24 (13F/11M). Study day 0 was day of surgery; all observations and safety assessments on day 0 were performed before surgery. Times for assessment
for remaining time points were as follows: up to 2 weeks acceptable timeframe was –1 day and for times over 2 weeks it was –3 days.

bVector dosing: PBS (n = 2F/2M); AAVrh.10Null, 1.5 · 1012 gc (n = 3F/1M); AAVrh.10hARSA, 2.85 · 1010 gc (n = 4F/4M); AAVrh.10hARSA, 1.5 · 1012 gc (n = 4F/4M).
A subset of each group was euthanized at 1, 13, 26, and 52 weeks as detailed in Table 1.

cAssessment of general safety parameters, including temperature, pulse, respiratory rate, and weight.
dComplete blood tests included: white cell count, red blood cell count, reticulocytes (% and absolute), hemoglobin, hematocrit, mean corpuscular volume,

mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, segmented neutrophils (% and absolute), lymphocytes (% and absolute),
monocytes (% and absolute), eosinophils (% and absolute), basophils (% and absolute), and platelet count.

eSerum chemistry tests included: alkaline phosphatase, alanine aminotransferase, aspartate aminotransferase, gamma glutamyl transferase, albumin, total
protein, globulin, total bilirubin, BUN, creatine kinase, triglycerides, glucose, lactate dehydrogenase, calcium, phosphorus, bicarbonate, amylase, lipase,
sodium, chloride, potassium, sodium/potassium, albumin/globulin, and BUN/creatinine ratios, anion gap.

fCSF was collected at two time points per NHP, before vector administration and at necropsy, for analysis (quantification of ARSA protein and anti-AAVrh.10
total and neutralizing antibodies).

gAssessments included: humoral anti-AAVrh.10 capsid immunity by serum total anti-AAVrh.10 and neutralizing AAVrh.10 antibody titers and by CSF total anti-
AAVrh.10 titers and CSF neutralizing anti-AAVrh.10 antibody titers.

hAt the indicated times, behavioral assessments were performed with videotaping at rest and in responses to a series of standardized challenges, with
extraction of quantitative traits as previously described.

iMRI was performed on groups described in Table 1.
jA subset for each time point as described in Table 1.
kBefore necropsy, blood and CSF were sampled for analyses as detailed in footnotes d to g. During the necropsy, the animals were observed for pathology,

with organs weighed and examined for gross pathology and abnormalities. The brain was excised, divided into hemispheres, and fixed with 10% formalin for
histopathology examination of the administration sites. Samples of other organs (liver, lung, biceps, kidney, gonads, seminal vesicles, testes, epididymides, skin,
spleen, ileum, heart, multiple sections of the spinal cord, lymph nodes, eyes with lacrimal glands, optic nerve, glossopharyngeal nerve, facial nerve, parotid and
submandibular salivary glands, and any gross abnormalities) were collected at necropsy, fixed with formalin for histopathological analysis.

- = test required for the research study.
BUN, blood urea nitrogen; CSF, cerebrospinal fluid; F, female; M, male.
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culated as the ‘‘Healthy’’ score (defined in Supplementary

Table S1); and the sum of abnormal behaviors (sedation

and abnormal motion categories) was calculated as the

‘‘Abnormal’’ score for each session. The normal behaviors

were assessed based on a previous data set.14,16–18

Brain MRI
All imaging data were acquired on a 3.0 Tesla Siemens

TIM TRIO MRI scanner (Siemens Healthineers, Erlangen,

Germany) using a single channel loop resonator. The three-

dimensional (3D) T1-Weighted Magnetization Prepared

Rapid Acquisition Gradient Echo scan was acquired using

a: 2,300 ms repetition time, 1,100 ms inversion time, 3.4 ms

echo time, 8� flip angle, 0.5 · 0.5 · 0.5 mm resolution with a

19.2 cm field of view, and a 384 · 384 matrix. The 52-week

NHPs were monitored using CNS MRI at four time points

(presurgery, 13, 26, and 52 weeks [before necropsy],

–6 days). Additional MRI scans were performed on 13- and

26-week animals in each dose cohort, once before necropsy.

No acute 1-week animals were assessed by MRI. The MR

technologist was blinded to treatment.

The coronal 3DT1 images were analyzed using ImageJ

(version 1.52; National Institute of Health) to identify re-

gions of interest (ROIs) in the NHP brains. ROIs were

traced and the area (mm2) measured using ImageJ software

version 1.52a (Wayne Rasband; NIH, Bethesda, MD). The

area for each ROI was determined across multiple coronal

slices and the lesion volume calculated. The 3D volume of

the NHP brain was determined using AFNI software (Ro-

bert Cox; NIMH, Bethesda, MA). The 3dSkullStrip com-

mand with surface coil and primate corrections was used to

strip the skull from the MRI images. The volume of the

resulting skull stripped brain was calculated by converting

the total number of voxels to milliliter. The volume of the

abnormality was then normalized to the total brain volume

and presented as a percentage.

Necropsy
Each dose cohort included NHP euthanized at 1 week

–1 day (for acute toxicity) and at 13, 26, and 52 weeks

–3 days (for chronic toxicity). Before euthanasia, safety

assessments were performed on all NHPs (behavior,

weight/vitals, blood, and CSF sampling) as described

above. All NHPs in the chronic toxicity time points (13,

26, and 52 weeks) had additional MRI brain scans per-

formed. At sacrifice, euthanasia was carried out with

intravenous sodium pentobarbital (Euthasol, Virbac,

Westlake, TX), and the animal death confirmed by the

loss of corneal reflexes. The animals were perfused

through cardiac puncture with cold PBS followed by

complete necropsy (gross examination, organ weights,

and sample collection for histopathology). All organs

were examined grossly during necropsy performed by a

board-certified veterinary pathologist, and gross findings

were recorded.

The brain was excised from the skull, weighed, and

divided into two hemispheres for analysis. The left

hemisphere was fixed in 10% neutral buffered formalin for

2 weeks, then sectioned into 3 mm coronal sections for

histopathology, all sections were photographed and any

gross findings were noted, and multiple sections especially

those around the administration sites were sampled and

processed for histopathology and immunohistochemistry

(IHC). The right hemisphere was processed during nec-

ropsy by sectioning into 1 cm coronal slabs, flash frozen in

liquid nitrogen, and stored at -80�C for later assessment.

The spinal cord was extracted at three levels from each

NHP: cervical C3–C4, thoracic T6–T7, and lumbar L2–L4

and placed in 10% neutral buffered formalin for histopa-

thology and IHC.

Sections of organs collected at necropsy were pro-

cessed routinely in alcohol and xylene, embedded in par-

affin, sectioned at a 5 lm thickness, stained with

hematoxylin and eosin (H&E), and examined by a board-

certified veterinary pathologist, who evaluated the slides

in a blinded manner and interpreted the combined ana-

tomic pathology (macroscopic and microscopic postmor-

tem examination) data. Additional sections of the CNS

were prepared from sites of administration and sections

that were determined to be 1 cm distal (caudal) for com-

parison for each NHP in the study and stained by IHC for

cell markers (CD3, CD20, and CD68) to assess infiltration

by lymphocytes, microgliosis, and monocyte-derived

macrophages (see Supplementary Data for details).

After the slide interpretation was completed, the pa-

thologist was unblinded to treatment and interpreted the

gross findings, histopathology, hematology, and serum

chemistry results in the context of the experimental history

and in-life observations. Findings were determined to be

treatment related or not, and adverse or not, by the pa-

thologist following standard guidelines for preclinical

safety studies.23 As a final step, the pathologist of record

prepared a report comparing the toxicology of the test

article in the two dose groups versus control NHP.

Statistical analyses
All statistical analyses were performed with GraphPad

Prism v6.02 (GraphPad Software, San Diego, CA). Sta-

tistical analyses comparing the different cohorts to PBS-

treated controls were generated using one-way analysis of

variance (ANOVA) with Dunnett’s multiple comparison

test and for NHP behavior by two-way repeated measures

of ANOVA (RM-ANOVA) with Dunnett’s multiple

comparison test. Values that were at least p < 0.05 were

considered significant. Evaluations of blood counts and

serum chemistries were performed by a two-tailed paired

t-test at various time points to identify significant differ-

ences due to time (‘‘aging’’). Post-test Ad hoc analysis was

performed with Tukey’s multiple comparison test for RM-

ANOVA results displaying significance. Due to daily
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variations in cell numbers and serum chemistries in sam-

ple sizes n < 5 per gender, the significance level was set at

p < 0.01 to increase the statistical power for these param-

eters and to screen for outliers.15,16,24,25

RESULTS
General safety and clinical observations

No acute or adverse side effects were noted by the

blinded observers during daily/weekly observation eval-

uations. No unscheduled mortality or clinical abnormali-

ties attributed to treatment were observed during the 1 year

study. At a clinical level, the vector was well tolerated by

the animals at both vector dosages.

There were no vector-associated adverse clinical signs

observed through the length of the study. There were no

significant differences in body weights in the low- and

high-dose groups compared with the PBS-administered

control group during the course of the study (Supple-

mentary Fig. S2). There were no significant differences in

vitals (heart rate, respiratory rate, and body temperature)

in the vector dosage groups compared to the PBS controls

(not shown).

Serum chemistry and hematology
assessments

Animals were evaluated for an extensive set of serum

chemistry and hematologic toxicology parameters at nine

time points over the 1 year study (Supplementary Figs. S3

and S4). No serum chemistry or hematology changes at-

tributed to the test articles were observed. The liver and

muscle enzymes (alanine aminotransferase [ALT], aspar-

tate aminotransferase, lactate dehydrogenase, and creatine

kinase) were mildly elevated at the 1-week postsurgery

time point in most animal samples for all treatment groups

in both genders (Supplementary Fig. S3E–G, U). This was

not unexpected and is frequently observed, including in

our previous NHP studies, and is attributed to transient

muscle injury in animals undergoing surgery with anes-

thesia.14,17,26 The elevated levels returned to the normal

range by the next time point (2 weeks) in most cases,

except for a couple of outliers for ALT serum levels. These

increases were not considered adverse as it was an ex-

pected postsurgical change and restored to normal levels.

Sporadic changes of hematologic parameters were ob-

served in single animals or small numbers of animals at

several time points of the study (Supplementary Fig. S4).

These values were occasionally outside of reference ran-

ges; however, these sporadic changes did not constitute

trends, did not appear to be associated with treatment

groups, or correlate with clinical abnormalities or gross or

microscopic pathologic findings. These blood parameter

changes were considered to represent normal occurring

variations. No significant correlations were observed be-

tween treated groups and the control groups nor were the

means of data from the treated cohorts outside the normal

range of pretreatment levels (gray shaded areas in Sup-

plementary Figs. S3 and S4) in the serum chemistry or

hematologic assessments.

Immunity against AAVrh.10
No NHP had detectable anti-AAVrh.10 total or neu-

tralizing antibodies pretherapy. As expected, after treat-

ment, the titer of anti-AAVrh.10 total and neutralizing

antibody increased in a dose-dependent manner. Analysis

of serum collected at multiple time points demonstrated

that administration of AAVrh.10hARSA by intraparen-

chymal routes was associated with the development of

anti-AAVrh.10 antibodies (Fig. 1A–D). The development

of antivector titers was dose dependent but not gender

specific, unlike that observed in mice.22,27,28 Total anti-

AAVrh.10 antibody titers peaked at 13 weeks for most

animals, remaining high for the length of the study in an-

imals from the high-dose cohort but decreased for three

animals in the low-dose cohort, reaching titers comparable

with the PBS controls (Fig. 1A, B).

As expected, the dose-dependent anti-AAVrh.10 neu-

tralizing antibody titers were one to three logs lower than

the total anti-AAVrh.10 serum antibody titer (Fig. 1C, D).

For most NHPs, the neutralizing titers remained persistent

over the period of observation, with similar patterns in

males versus females. Comparison of neutralizing versus

total antibody titers demonstrated, for both males and fe-

males, that detectable neutralizing titers were observed

with >103 total anti-AAVrh.10 titers (Fig. 1E, F).

Total anti-AAVrh.10 antibody levels were observed in

the CSF of NHP in the high dose cohorts (AAVrh.10-

hARSA and AAVrh.10Null), but not in the low dose

(AAVrh.10hARSA) or PBS control groups (Fig. 2A–D).

Comparisons between the serum and CSF anti-AAVrh.10

titers failed to show correlation (Fig. 2E–H). Only one

NHP (high dose AAVrh.10hARSA, female) out of the 24

NHPs tested had a positive neutralizing titer above assay

background (Fig. 2C). The same NHP had the highest CSF

total anti-AAVrh.10 titers (Fig. 2A), suggesting that total

CSF antibody titers need to be above 104 before neutral-

izing titers are observed in the CSF.

Assessment of NHP behavior
The behavior of the NHP was assessed at nine time

points over the course of the study. Blinded videotape

analysis by multiple observers of NHP behavior presur-

gery and postadministration showed no discernible neu-

rological differences in any of the vectors or doses tested

(Supplementary Fig. S5). All NHP scores of ‘‘healthy’’

activities (Supplementary Table S1) were within the his-

toric range of normal NHP behavior, as calculated from

presurgery data (Supplementary Fig. S5A, B). The treat-

ments did not increase hyperactivity nor provoke somno-

lent episodes in the animals. No difference was seen
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Figure 1. Assessment of serum total and neutralizing anti-AAVrh.10 antibody titers evoked by administration of AAVrh.10hARSA. Total anti-AAVrh.10 antibody
and neutralizing anti-AAVrh.10 antibody titers in the NHP serum were determined over time, after intraparenchymal administration of AAVrh.10hARSA (low
dose 2.85 · 1010 gc, 2.4 · 109 gc/site or high dose 1.5 · 1012 gc, 1.3 · 1011 gc/site), AAVrh.10Null, or PBS. The total antibody titer is expressed as the reciprocal of
the serum dilution. The neutralizing antibody titer is expressed as the reciprocal of serum dilution at which 50% inhibition of AAVrh.10Luc was observed. Shown
are the results for each NHP in the study, color-coded by treatment (yellow, PBS; red, AAVrh.10Null; blue, AAVrh.10hARSA-high dose; brown, AAVrh.10hARSA-
low dose). (A, B) Total serum antibody titers. (C, D) Neutralizing antibody titers. (A, C) Females (n = 13); (B, D) Males (n = 11). A subset of each group was
euthanized for histopathology at 1, 13, 26, and 52 weeks, and therefore, the number of individual assessments decreased with time. Assay LOD was 100; any
sample results below the LOD were recorded as 1 by convention. Background of both assays was 2.0, as represented by the black dashed line. (E, F)

Comparison of neutralizing to total anti-AAVrh.10 titers evoked by administration of AAVrh.10hARSA. The data in (E, F) were compared as neutralizing anti-
AAVrh.10 antibody titers versus total anti-AAVrh.10 antibody titers for each corresponding each time point. (E) Female (A vs. C); (F) Males (B vs. D). AAV,
adeno-associated virus; ARSA, arylsulfatase A; gc, genome copies; LOD, limit of detection; NHP, nonhuman primate; PBS, phosphate buffered saline.
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between the PBS versus AAV-treated NHP for males or

females (one-way ANOVA with Bonferroni’s multiple

comparison test): PBS versus high dose AAVrh.10hARSA,

p > 0.9; PBS versus low dose AAVrh.10hARSA, p > 0.3;

PBS versus high dose AAVrh.10Null, p > 0.9; overall

p > 0.3. No adverse effects (such as sedation or dyskinesia,

Supplementary Table S1) were observed other than two

NHPs displaying stereotypy (scratching and pacing), at

both pre- and postsurgery time points. No NHPs in the

four cohorts displayed any abnormal deficits (head tilts,

comatose, or altered levels of consciousness) at any time

postsurgery and vector administration.

MRI assessment

For a subset of the NHPs (n = 6, 52 weeks cohort), the

brains were monitored using MRI at presurgery and at 13,

26, and 52 weeks postsurgery/vector administration and

compared to brain scans of a PBS-treated NHP (Fig. 3).

For the remaining animals, NHP in each dosage group

received MRI at 13 or 26 weeks before their preassigned

necropsy time point. In the majority of the NHPs assessed

by MRI, a thin line surrounding the catheter insertion and

the site of vector administration in the parenchyma could

be observed (Fig. 3, AAVrh.10hARSA panels, yellow

arrows). In the 3/3 long-term control NHP administered

Figure 3. CNS MRI assessment following CNS administration of AAVrh.10hARSA to NHPs. NHP in the long-term studies (52 weeks, n = 6; 4 female/2 male)
were analyzed by T1 weighted MRI scans at 0, 13, 26, and 52 weeks after intraparenchymal administration of the AAVrh.10hARSA vector (2.85 · 1010 gc,
2.4 · 109 gc/site or 1.5 · 1012 gc, 1.3 · 1011 gc/site) or the AAVrh.10Null vector (1.5 · 1012 gc) or PBS. Times for assessment were –6 days. Shown are axial slices
(0.5 mm thick) of the head from the same NHP at specific time points. The depth of the axial slice displayed is 1.0 cm from superior aspect of brain; the same
sections were matched between animals for the image scans. The first column (far-left) contains images from PBS group NHP (female); second column (left),
AAVrh.10Null-treated NHP (female); third column (right), low dose AAVrh.10hARSA-treated NHP (male); and fourth column (far-right), high dose
AAVrh.10hARSA-treated NHP (female). The rows contain images for each assessment time point (0, 13, 26, and 52 weeks). Orientation of the MRI scans of the
NHP heads is posterior (left) to anterior (right), with the longitudinal fissure, horizontal in the panels. The yellow arrows denote ROIs, including pathologic
findings in the T1 scans. These findings were confirmed on T2 and T2-FLAIR scans (not shown) during the same imaging session. CNS, central nervous system;
MRI, magnetic resonance imaging; ROIs, regions of interest.
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the AAVrh.10Null vector, abnormal ROIs >0.5 cm in size

were detected in the MRI scans beginning at 13 weeks

(Fig. 3, AAVrh.10Null panels, yellow arrows). All three

NHPs presenting with abnormal MRI findings received the

same lot of AAVrh.10Null control vector.

No such abnormalities were observed with the AAVrh

.10hARSA vector, at either dosage. Small faint gray ROIs

were noted on scans in two of the six high dose AAVrh

.10hARSA cohorts (examples shown in Fig. 3). The MRI

ROIs for all NHPs were subsequently quantified on each

MRI series and calculated as ‘‘% of total brain volume’’

(Supplementary Fig. S6A, B). These areas remained the

same size at each MRI session with reduction in one NHP

(Fig. 3 and Supplementary Fig. S6). These findings were

confirmed on T2 and T2-FLAIR scans (not shown) per-

formed during the same imaging session. Comparisons of

the treatment groups for overall effect of treatment on MRI

abnormalities showed significant differences between the

AAVrh.10Null cohort and the AAVrh.10hARSA treatment

cohorts, p < 0.0001 (AAVrh.10Null vs. AAVrh.10hARSA,

high dose), p < 0.0001 (AAVrh.10Null vs. AAVrh.10hAR-

SA, low dose), p < 0.0001 (AAVrh.10Null vs. PBS), p < 0.02

(AAVrh.10hARSA, high dose vs. AAVrh.10hARSA, low

dose; Supplementary Fig. S6B).

The presence of MRI abnormalities in the NHPs that

received AAVrh.10Null led us to reevaluate the vector lot

quality control assay results for all vectors used in the

study, to assess if these abnormalities were related in any

way to a product impurity. The panel of product viability

and safety parameters tested before lot release for use in

toxicology studies included a bacterial endotoxin test

(limulus amebocyte lysate), which reacts with endotoxin

lipopolysaccharide from gram negative bacteria. The en-

dotoxin level of the lot of AAVrh.10Null vector used for

the negative control NHP was 4.04 EU/mL. This was

within the Good Manufacturing Practice (GMP) specifi-

cation of less than 20 EU/mL on the lot release, but it was

higher than all other lots tested of AAVrh.10 vector used in

the trial (0.05–0.5 EU/mL). It is possible that this higher

level of endotoxin in the AAVrh.10Null vector lot con-

tributed to the catheter tip local abnormalities detected on

the MRI and the histopathology described below.

Gross pathology and organ weights
Pathologic observations during the necropsy docu-

mented no significant gross abnormalities and none that

was attributed to the test articles in any of the dosage

groups, except for those observed grossly on sectioning of

the brain. In the PBS control and AAVrh.10hARSA low

dose groups, examination of vector administration sites

revealed small foci of brown discoloration of brain tissue

that did not significantly differ in size or nature between

these two groups. In the AAVrh.10hARSA high dose

group, examination of these sites revealed similar but lar-

ger foci of brown discoloration, while in the AAVrh.10-

Null group, the pathology tended to be larger and some

pathologic findings were accompanied by small, focal fluid

filled cavitations of the brain tissue which corresponded to

the pathologic findings observed on MRI. No significant

differences in organ weights (absolute weights, organ/body

and organ/brain weight ratios)29,30 were observed between

treated and control groups (not shown).

Histopathology
Histopathology was performed on multiple organs for

each NHP (Supplementary Table S2), with assessment by

the study pathologist, initially blinded to treatment and

dose. Outside of the CNS, analysis of the organs did not

reveal any abnormalities attributable to the AAVrh

.10ARSA. Various minor findings were observed and

were consistent with normally occurring incidental chan-

ges known to occur in NHPs or were attributed to exper-

imental manipulations other than administration of the test

article, such as anesthesia and surgery. Following the de-

tection of abnormal ROIs in the MRI in-life scans, further

histopathology assessments were carried out on the brains

of these animals and matched controls by H&E (examples

are shown in Fig. 4) and by staining for IHC cell markers

(CD68 [activated macrophages], CD3 [T cells], and CD20

[B cells]), at the site of vector deposits and areas >1 cm

distal to deposit sites (examples are shown in Fig. 5). The

findings are summarized below for each study group.

PBS group. Pathologic changes observed at the in-

jection sites included focal pathology findings observed in

the white and gray matter (see Table 3 for further details).

The abnormal findings tended to have a linear shape per-

pendicular to the surface of the brain (Fig. 4A, B), com-

patible with the catheter tract, and were characterized by

mild-to-moderate microglial or macrophage infiltrates

(CD68+ cells) and minimal T cell infiltrates (CD3+). No B

cells (CD20+) were observed at the injection sites of the

PBS group (Fig. 5A–F). Some of these focal pathology

findings also displayed minimal-to-mild spongiosis of the

neuropil. The pathology findings observed in this group

are compatible with a reaction to the minor focal traumatic

injury caused by the administration of PBS or surgery.

Low dose AAVrh.10hARSA group. Pathologic

changes were observed in the brain administration sites

examined for this group of NHPs, with localized inflam-

matory pathologic findings that were similar in nature and

size to the pathologic findings observed in the PBS group

(Fig. 4E, F; Table 3). The pathologic findings included

accumulation of T cells (minimal to mild, compared to

minimal in PBS group) and contained minimal-to-mild B

cell infiltrates, a finding not observed in the PBS group

(Fig. 5M–R). These minimal-to-mild T and B cell infil-

trates at the site of injection likely represent a mild im-

mune reaction caused by the presence of AAVrh.10 and/
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or human ARSA. This finding was minimal, focal, and not

associated with any clinical abnormalities, and it was

reversible as noted in the two animals euthanized at 52

weeks in this group. In the 52-week animals, no B cells

were observed, and the number of T cells observed was

minimal and indistinguishable from those of the PBS

group.

High dose AAVrh.10hARSA group. For this dose

group, the clinical pathologic findings at the injection sites in

the acute 1 week NHP were generally similar to those ob-

served in the low dose AAVrh.10hARSA group. However,

in NHPs euthanized at weeks 13, 26, and 52, the sites of

vector administration (catheter tip; Fig. 4G, H and Table 3)

had larger pathologic findings (up to 10.0 · 7.5 mm) and had

moderate to marked T and B cell infiltrates with prominent

perivascular cuffing. Gliosis and microglial/macrophages

infiltrates were also marked in some pathologic findings

(Fig. 5S–X). This increase in lesion size, T and B cell in-

filtrate, and microglial/macrophage infiltrate was dose de-

pendent. These pathologic findings were not reversible as

they were observed at week 52. However, the inflammatory

infiltrates were localized and not observed at 1 cm distal to

the pathologic findings surrounding the injection sites

(Fig. 5T, V, X). No clinical abnormalities were observed in

these animals.

Figure 4. Histopathology assessment of the localized vector administration sites of AAVrh.10hARSA, AAVrh.10Null, and PBS in CNS. Shown is the histopa-
thology of the brain coronal sections following necropsy of 1, 13, and 26 weeks NHP of the localized T1 MRI pathologic findings at the catheter sites. The coronal
sections were stained with H&E. Examples of the findings are shown, with enlarged areas (black boxes in left panels) shown in the right column. The resulting
brain pathology staining is shown for the PBS (male, 1 week, CNS site B; A, B), AAVrh.10Null (female, 13 weeks, CNS site A; C, D), low dose (male, 1 week, CNS
site B; E, F), and high dose (female, 26 weeks, CNS site A; G, H) AAVrh.10hARSA groups. Black scale bars = 500 and 100 lm. H&E, hematoxylin and eosin.
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AAVrh.10Null group. For this group of NHPs, re-

ceiving the control vector, the acute 1 week pathologic

findings were similar to those observed in the high dose

AAVrh.10hARSA group (Table 3). At weeks 13, 26, and 52,

the injection site pathologic findings were generally similar

to the high dose AAVrh.10hARSA group in their T cell, B

cell, and microglial/macrophage infiltrates, but the pathol-

ogy area tended to be larger and most pathologic findings

contained a large central zone of loss of brain tissue, re-

sulting in fluid filled cavitations (Figs. 4C, D, and 5G–L).

The moderate to marked T cell, B cell, and microglial/

macrophage infiltrates were similar to the pathologic find-

ings of the high dose AAVrh.10hARSA group.

The increase in the size of the pathologic findings

compared to the same dose of AAVrh.10hARSA (high dose

group), as well as loss of brain tissue with cavitation, was

not observed in any other treatment group. The increased

lesion size and cavitation in the AAVrh.10Null group was

interpreted as possibly related to the presence of a higher

level of endotoxin in the vector preparation. These patho-

logic findings were persistent and were observed at week

52. No overt clinical abnormalities were observed in these

animals during the in-life phase of the study.

Cervical, thoracic, and lumbar spinal cord
The spinal cord was examined for each NHP at each of

three levels: cervical, thoracic, and lumbar. Examinations

of the PBS (n = 4, 12 sections) and low dose AAVrh.10-

hARSA (n = 8 animals, 24 sections) groups revealed no

pathology in any spinal cord segments by H&E staining in

12 of 12 sections and 24 of 24 sections examined for PBS

and low dose (2.85 · 1012 gc) AAVrh.10hARSA cohorts,

respectively (cervical cord examples in Supplementary

Fig. S7A, C). In contrast, the AAVrh.10Null (n = 4, 12

sections) and high dose AAVrh.10hARSA cohort (n = 8

animals, 24 sections) NHP cervical, thoracic, and lumbar

spinal cord segments exhibited minimal-to-mild axonal

degeneration and/or minimal gliosis in 4 of 12 sections

and 5 of 24 sections examined for the AAVrh.10Null

(1.5 · 1012 gc) and high dose AAVrh.10hARSA

(1.5 · 1012 gc) cohorts, respectively, representing 2/4

animals in the high dose null group and 4/8 animals in the

high dose ARSA group.

No pathology was detected in the 1 week acute animals

for either of the high dose vector cohorts, but pathology

was observed in the >13 weeks animals. These changes

located in the white matter lateral funiculi of the spinal

cords were unilateral or bilateral, with detection of dilated

myelin sheaths and macrophages. One female 13 weeks

high dose AAVrh.10Null animal showed minor pathology

in all three cord samples tested; whereas the other animals

only displayed mild to minor white matter pathology in the

cervical region samples (examples in Supplementary

Fig. S7B, D). While the pathologic findings were mild,

they were not reversible and were observed at week 52 for

both high dose (1.5 · 1012 gc) groups.

Table 3. Summary of central nervous system histologic analysis

Vector Total Dose (gc)

CNS Findings

Pathologic Findings
Observed

Areas of Pathology
Changesa

Extent of Inflammatory
Cell Accumulationb Rever-siblec

Surgery
Related?d Vector-Relatede

AAVrh.10hARSA 2.85 · 1010 14 of 24 sites 0.2 · 0.1–6.5 · 0.6 mmf Minimal to mild Yes No Yes
AAVrh.10hARSA 1.5 · 1012 22 of 24 sites 1.4 · 0.1–10.0 · 7.5 mmg Moderate to marked No No Yes
AAVrh.10Null 1.5 · 1012 12 of 12 sites 3.2 · 0.2–13.3 · 7.3 mmh Moderate to marked No No Yes
PBS None 4 of 12 sites 0.1 · 0.1–6.8 · 0.4 mmi Minimal to mild Yes Yes No

The term ‘‘pathologic finding’’ refers to any pathologic change observed by the pathologist in the tissues on gross or histologic examination, representing the
direct effect or an insult and/or the tissue response to the insult, such as an immune response to the AAV capsid, ARSA transgene, or mechanical trauma from
surgery. For each clinical pathology parameter examined, a standard three step approach was used to analyze the results to determine if an adverse effect
caused by the test article was present.23 (1) Is a significant difference observed between treated groups and the control group? (2) Does this difference
represent an effect caused by the test article? (3) Is this effect considered to be adverse? Decisions 2 and 3 were made based on a weight of evidence
approach based, in part, on discriminating factors described by Lewis et al.23 Pathologic findings detailed for the CNS within this study are summarized in
Table 3.

aAreas of pathology observed during pathologic examination of the CNS section slides of the vector administration sites are listed as the minimum to the
maximum areas for the dosage cohort as measured (in mm) in the hematoxylin and eosin slides. See Fig. 6 for examples.

bImmunohistochemical staining of the CNS sites for extent of inflammatory cell accumulation was performed with anti-CD68 (for activated microglial/
macrophages), anti-CD3 (for T cells), and anti-CD20 (for B cells) to assess infiltrate cell number and types in the lesion areas. Infiltrate categorizations are
based on standard pathology scoring: Minimal (rare positive cells); mild (small number of positive cells); moderate (moderate number of positive cells); and
marked (high number of positive cells). See Fig. 7 for examples.

cReversible. As determined by the Pathologist of record whether the pathologic findings disappear over time, based on NHP necropsy for the 13-, 26-, or 52-
week time points.

dSurgery-related. ‘‘Is the pathology attributed to surgery and mechanical trauma of the catheters and needles?’’
eVector-related. ‘‘Is the pathology attributed to the test article (AAVrh.10hARSA) as opposed to surgery?’’
fPathologic findings in the low dose group were generally similar in nature and size to the pathologic findings observed in the PBS group.
gPathologic findings in the high dose group were significantly different from those of the low dose AAVrh.10hARSA group: they were larger with

inflammatory infiltrates of T and B cells, which were forming prominent perivascular cuffs.
hPathologic findings in the AAVrh.10Null vector control brains were generally similar to the high dose group with T and B cell and microglial/macrophage

infiltrates, but they tended to be larger and most contained a large central zone of loss of brain tissue.
iPathologic findings were observed in the white matter, gray matter, or leptomeninges, were focal, and often had a linear shape perpendicular to the surface

of the brain, compatible with a needle tract.
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DISCUSSION

MLD is a fatal pediatric disorder with no approved therapy.

The leukodystrophy is the result of a deficiency of lysosomal

enzyme ARSA in the CNS. AAV vector delivery of the

ARSA gene to the CNS ameliorates the disease phenotypes

in a mouse model of the disease.13,31,32 As a next step in

clinical translation, the goal of this study was to evaluate the

safety of an AAVrh.10 serotype vector coding for the human

ARSA gene (AAVrh.10hARSA) using direct administration

to the CNS white matter of NHPs. We tested the treatment

vector at 2 doses (total low dose, 2.85 · 1010 gc, and high

dose, 1.5 · 1012 gc), divided into 12 equal doses adminis-

tered bilaterally to six sites in the cerebral white matter. The

low dose was not associated with any adverse effects, vali-

dating the safety of delivery of AAVrh.10hARSA through

intraparenchymal administration at this dose.

However, administration of a higher dose of

AAVrh.10hARSA or AAVrh.10Null was associated with

local pathologic findings at the site of AAV vector ad-

ministration and some minor pathologic findings in the

spinal cord. These observations set an upper limit to the

dose that can be safely administered in concentrated de-

posits in the CNS parenchyma.

Therapeutic strategies for MLD
There are no approved therapies for MLD, but several

approaches are being investigated, including enzyme re-

placement therapy (ERT), gene therapy by ex vivo trans-

plantation of genetically modified hematopoietic stem

cells (HSCs), and AAV-mediated gene therapy directly to

the CNS.

For ERT, the blood–brain barrier likely necessitates

administering the recombinant enzyme directly into the

CSF.33–35 Clinical trials of ARSA ERT have been carried

out both by intravenous (NCT00418561, NCT00633139)

or intrathecal (NCT01510028, NCT01887938) delivery.

The intravenously delivered recombinant hARSA (Meta-

zym, Shire Human Genetics Therapeutics) did not have an

impact on clinical or biochemical markers of disease.36

Evaluation of the safety and efficacy of intrathecal ERT

with recombinant human ARSA (Shire, SHP611, now

Takeda Pharmaceutical Company, TAK-611) was tested in

24 children with MLD in a dose ascending trial of intra-

thecally administered hARSA at 10, 30, and 100 mg dose,

every other week for 38 weeks.37,38 The data demonstrated

that SHP611/TAK-611 was safe and well tolerated at all

doses; however, biochemically only the 100 mg cohorts

showed a meaningful reduction in CSF biomarkers bring-

ing them within normal age-matched CSF ranges.36,39

While all cohorts continued to show neurological de-

cline, the 100 mg dose cohorts had a slower rate of de-

cline.36 Ongoing clinical trials (TAK-611; NCT03771898)

are assessing the safety and efficacy of intrathecal admin-

istration at an increased frequency of once a week and an

increased dose of 150 mg. While intrathecal ERT for MLD

is showing some promise, the half-life of ARSA is 4 days

which requires the hARSA to be given weekly or biweekly

for the lifetime of the patient,40 making compliance a

challenge. In addition, 25% of the patients in the trial de-

scribed above suffered a serious adverse event related to the

implanted intrathecal delivery device.36

HSC transplantation of children with MLD stabilizes

demyelination and delays disease progression in presymp-

tomatic or early symptomatic stage patients with the juve-

nile form of MLD, but not those who are symptomatic.41

The difficulty of finding matching donors and the potential

for immunological complications limit its utility as a ther-

apeutic modality.42–44 A modification of this approach is

the ex vivo correction of a patient’s own HSCs (CD34+ cells

isolated using plasmapheresis) with a lentiviral vector ex-

pressing human ARSA.45,46 This strategy is based on the

concept that the modified CD34+ cells will differentiate into

the macrophage lineage which will migrate to the brain,

where the genetically modified cells will differentiate into

microglial cells that express and secrete ARSA which will

be taken up by surrounding brain cells.47–49

Clinical trials (Phase I/II; NCT01560182 and NCT

03392987, Orchard Therapeutics in collaboration with

Ospedale San Raffaele-Telethon Institute for Gene Ther-

apy, Italy) tested infusions of autologous CD34+ cells

transduced with lentiviral vector containing human ARSA

cDNA administered intravenously at 4 to 18 · 106 cells/kg

dose, with busulfan myeloablation conditioning of bone

marrow.45,46 Of the 9 MLD children treated in trials, 7/8

children treated when presymptomatic showed prevention

of disease onset or halted disease progression compared

with historical untreated control patients with early-onset

disease, with progression similar to that of normally de-

veloping children in 6/8 subjects.46 There was protection

from CNS demyelination in 8/8 patients, with 3/8 showing

amelioration of PNS abnormalities, with signs of re-

myelination at skin biopsy sites tested.46 While promising,

this strategy is limited to siblings of previously identified

MLD patients to treat the disease at the presymptomatic or

early symptomatic stage and the patient must undergo a

myeloablative regimen before the treatment, which can be

associated with toxicity.42,50

In vivo gene therapy using an AAV vector capitalizes

on the biology of ARSA as a precursor protein that is

secreted and taken up by neighboring cells, thus mini-

mizing the challenge of delivering the vector DNA to all

cells.14,51–54 Direct CNS administration of AAVrh.10-

hARSA to the CNS of a murine model of MLD has

demonstrated biologic efficacy,13 and biodistribution

studies in NHPs have demonstrated effective widespread

distribution in the CNS following administration to cere-

bral white matter using catheters depositing the vector at

12 sites.14 In this NHP efficacy study, we demonstrated

vector-derived ARSA (FLAG-tagged) enzymatic activity

across the CNS at the 1.5 · 1012 gc total dose at 13 weeks
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in NHP.14 Together, these studies paved the path for as-

sessing the safety of this therapeutic approach as the next

step in clinical translation.

Safety of AAVrh.10hARSA administration
to the CNS

In the present study, we examined the safety of

AAVrh.10hARSA to deliver the human ARSA transgene to

the CNS of normal NHPs. The low dose (total dose

2.85 · 1010 gc; 2.4 · 109 gc dose/site) of AAVrh.10hARSA

was well tolerated. There were no long-term effects of the

vector and/or surgery in this cohort. The only observed

effect attributed to this treatment was a minimal-to-mild

T cell and B cell infiltrate localized at the intracerebral in-

jection sites that was reversible (not observed at week 52),

findings that were corroborated by MRI. Other than these

findings, administration of low dose AAVrh.10hARSA to

the CNS of NHPs did not differ from the PBS-administered

controls in any parameter of general assessment or com-

prehensive blood profile (CBC, chemistry panel). Blinded

videotape analysis of NHP behavior presurgery and post-

administration showed no discernible neurological differ-

ences between the AAVrh.10hARSA dosage groups and

the PBS controls. Minor variable changes were not attrib-

uted to the AAVrh.10hARSA vector.

In contrast, the high dose (1.5 · 1012 gc total dose;

1.3 · 1011 gc/site) of AAVrh.10 delivered to the brain pa-

renchyma white matter was associated with localized ab-

normalities at the sites of vector administration, with minor

abnormalities in the spinal cord. These findings did not

have clinical consequences on in-life data, CBC, serum

chemistry, or behavior. The adverse effects observed in the

CNS of animals treated with high dose of both the control

AAVrh.10Null and AAVrh.10hARSA vectors suggest that

the abnormalities resulted from the AAVrh.10 capsid, not

the ARSA transgene. The higher levels of endotoxin in the

AAVrh.10Null vector may have exacerbated the immune

response in these local sites of vector infusion. The latest

guidance from the FDA recommends a threshold of 0.2

EU/kg body weight/hour for acceptable levels of endotoxin

for vectors to be used for CNS delivery.55

Both groups had moderate-to-large numbers of T cells, B

cells, and microglial cells and/or activated macrophages

infiltrating the brain at the sites of injection. This inflam-

matory response was localized to the catheter sites, not

observed at regions 1 cm distal from the administration

sites, suggesting a very local response. The spinal cord of 6

of the 12 animals in these two groups displayed minimal-to-

mild white matter axonal degeneration. The abnormal

findings were localized to the lateral funiculi in the spinal

cords, which contain a mixture of sensory (ascending) and

motor (descending) axons, projections of upper motor

neurons located in the cerebral cortex or brain stem.56–58

This finding is similar to the spinal cord findings reported by

Hordeaux et al.59 following intracisternal administration of

AAV9.hIDS (iduronate 2-sulfatase). These finding were not

reversible (observed in all high dose NHPs at week 52).

While no clinical sequelae were observed they could have

the future potential to affect neurological function.

Consistent with the observations in the present study,

Zerah et al.60 carried out a NHP safety study of CNS

administration of AAVrh.10hARSA to NHPs (n = 14) at

two doses, low dose 2.2 · 1011 and high dose 1.1 · 1012 gc

in divided doses (low dose 1.8 · 1010 gc/site; high dose

9.2 · 1010 gc/site), for 7 and 90 days.60 This study con-

cluded that there was no toxicity based on biological or

clinical parameters at the low dose. ARSA activity ex-

ceeded the normal endogenous activity level by 14% to

31%. There were abnormalities localized to the sites of

administration noted in the high dose cohort observed in

the 3 month MRI T2 scans but no clinical sequelae, con-

sistent with our observation at 2.4 · 109 gc/site.

This study concluded that direct intraparenchymal de-

livery of AAVrh.10hARSA of the 2.2 · 1011 gc dose

(1.8 · 1010 gc/site) appears to be safe and effective for CNS

delivery, supporting its clinical use in children affected with

MLD.60 In addition, as the high dose in each study, 1.1 and

1.5 · 1012 gc (9.2 · 1010–1.25 · 1011 gc/site) resulted in pa-

thology proximal to the sites of AAVrh.10hARSA admin-

istration; while the lower total doses, 2.2 · 1011 (1.8 · 1010

gc/site, Zerah et al.60) and 2.85 · 1010 gc (2.4 · 109 gc/site,

current study), resulted in no toxicity, we recommend that

direct intraparenchymal administration of AAVrh.10 in the

clinic be limited to a range below the high dose used here

with additional animal studies to evaluate the safety of a

range for intermediate doses.

Translation to humans
Our collaborators Sevin et al.54,61 carried out and

concluded a small-scale phase 1/2, open-labeled, clinical

trial (NCT01801709; ClinicalTrials.gov) to assess the

safety and efficacy of AAVrh.10hARSA for treatment of

early-onset forms of MLD. The route of administration

used to deliver the AAVrh.10hARSA vector is the same

intraparenchymal delivery to the cerebral white matter (at

12 sites, through six image-guided catheters with two

deposits per track) as used in this study. This study ad-

ministered AAVrh.10hARSA at two doses (1 · 1012 and

4 · 1012 gc, n = 2 subjects/dose; 8.3 · 1010 and 3.3 · 1011

gc/site) and evaluated the safety and efficacy of the gene

therapy modality based on multiple clinical, neu-

ropsychological, radiological, electrophysiological, and

biological parameters.61 There were measurable expres-

sion levels of ARSA activity in the CSF, but the treated

children continued to deteriorate, similar to the natural

history of the MLD disease.61

This lack of impact on disease progression61 suggests

that higher doses of AAVrh.10hARSA and/or different

routes or combination of multiple routes of administration

may be necessary in future clinical trials. In this context,
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higher doses for direct intraparenchymal delivery are too

high for localized brain parenchymal delivery; it is likely

that higher doses of AAV administered to CNS will be

necessary to achieve therapeutic impact for MLD. As al-

ternative approaches, we and others have explored other

routes of AAV vector delivery at higher doses using ad-

ministration to the CSF leading to widespread AAV-

mediated expression of transgenes.17,62

We have delivered AAVrh.10 expressing the APOE2

transgene at doses of 5 · 1013 gc to the NHP CNS through

intracisternal and intracerebroventricular routes, safely with

biodistribution of the secreted APOE2 across the CNS,

leading to the initiation of a clinical trial for Alzheimer’s

disease (NCT03634007).17 Taghian et al.62 assessed in-

tracisternal administration of AAVrh8-GFP at 1 · 1014 gc in

sheep without any adverse effects and obtained widespread

biodistribution across the CNS by 3 weeks.62 Gray-

Edwards et al.63 using dual intracerebroventricular and in-

trathalamic routes in GM1-affected cats have shown that

administration to the CSF plus CNS parenchyma could be

efficacious, even at a relatively low dose of 5.4 · 1012 gc,

whereas a single route of delivery to the CNS was not as

effective. Based on these observations, it is possible that

AAVrh.10 mediated gene therapy could be more effective

if we could distribute the ARSA more widely in the CNS

either by delivering the vector through the CSF alone or in

combination with the intraparenchymal route.
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