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Dopaminergic restoration of prefrontal
cortico-putaminal network in gene therapy
for aromatic L-amino acid decarboxylase
deficiency
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Hitoshi Osaka,® Toshihiko Sato,” ®Shin-ichi Muramatsu®’ and ®Takanori Yamagata3

Aromatic L-amino acid decarboxylase (AADC) is an essential dopamine-synthesizing enzyme. In children with AADC deficiency,
the gene delivery of AADC into the putamen, which functionally interacts with cortical regions, was found to improve motor func-
tion and ameliorate dystonia. However, how the restoration of dopamine in the putamen in association with cortico-putaminal net-
works leads to therapeutic effects remains unclear. Here, we examined neuroimaging data of eight patients with AADC deficiency
(five males and three females, age range 4-19 years) who received the AADC gene therapy of the bilateral putamen in an open-label
phase 1/2 study. Using high-resolution positron emission tomography with a specific AADC tracer, 6-['3F]fluoro-L-m-tyrosine
(FMT), we showed that FMT uptake increased in the broad area of the putamen over the years. Then, with the structural connect-
ivity-based parcellation of the putaminal area, we found that motor improvement is associated with dopaminergic restoration of
the putaminal area that belongs to the prefrontal cortico-putaminal network. The prefrontal area dominantly belongs to the fronto-
parietal control network, which contributes to cognitive-motor control function, including motor initiation and planning. The
results suggest that putaminal dopamine promotes the development of an immature motor control system, particularly in the
human prefrontal cortex that is primarily affected by AADC deficiency.
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Introduction

Aromatic L-amino acid decarboxylase (AADC) is an es-
sential enzyme required for synthesizing dopamine, which
modulates cortical inputs in the putamen. In patients
with AADC deficiency (OMIM #608643), a global popu-
lation of approximately 140 patients, mutations in the
dopa decarboxylase (DDC) gene cause the profound loss
of dopamine in the putamen. The primary phenotypes
include developmental delay, hypotonia and movement
disorders, particularly limb and truncal dystonia that
results in abnormal motor control of synergistic and
antagonistic muscles, and oculogyric crisis that shows a
dystonic reaction of sustained upward or lateral devia-
tions of the eyes. Recently, as a disease-modifying therapy
for AADC deficiency, adeno-associated virus (AAV)
vector-mediated delivery of DDC into the putamen was
shown to provide transformative medical benefits across
various patient ages, genotypes and disease severities."*
We had earlier demonstrated marked improvement of
both cognitive and motor functions along with the

disappearance of painful dystonia within 2 months after
gene therapy and oculogyric crisis was markedly
decreased in all patients.”

Although dopamine is a well-known and indispensable
modulator for appropriate motor performance, there is
no clear information regarding the neurological mecha-
nisms underlying the beneficial effects on the motor sys-
tem after the local replacement of dopamine in the
putamen. In the motor system, the cortical signals of
motor intention from the prefrontal cortex (PFC) are
transmitted through the premotor cortex (PMC) and the
supplementary motor area (SMA) to the primary motor
cortex (M1) for complex motor execution (Fig. 1A).
These cortical regions participate in some networks of
multiple cortical regions that functionally interact with
the striatum. The functions of these networks are associ-
ated with the density of the striatal D1 dopamine recep-
tors,” spatial patterns of gene expression® and resting-
state activity.” The subcortical regions receive these cor-
tical inputs and send feedback outputs to the cortex,
which forms a cortico-basal ganglia network. The
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Figure | Gene therapy for aromatic L-amino acid decarboxylase (AADC) deficiency. (A) Conceptual model of the cortico-
putaminal network in the motor system. (B) 3D model of the putamen and infusion tracks defined from a postoperative T2-weighted MR image
(see Supplementary Fig. I). (C) Gross motor performance scored by AIMS increased from the baseline to 2Y post-treatment. Dashed line: The
maximum score of AIMS; BL: baseline; Pt: patient. (D) Cognition—adaptation score of the Kyoto Scale of Psychological Development showed the
acquisition of new motor skills including voluntary arm extension, grabbing and holding objects, after the gene therapy. Grabbing and holding
objects is recognized from 10 points, and arm extension to grab objects is recognized from 16 points.

putamen targeted by the AADC gene therapy is a hub
for the cortico-basal ganglia network, which comprises
functional circuits that have been implicated in various
cognitive and motor processes.® In fact, the putaminal
area can be topographically divided into organized sub-
sections connecting to cortical areas.™’ It has been
implicated that the therapeutic effects on the motor sys-
tem are associated with the involvement of the specific
AADC gene-transduced putaminal area that belongs to
distinct cortico-putaminal networks. Therefore, we investi-
gated the spatial and temporal aspects of transduction ef-
ficiency in the putamen and the association of
dopaminergic intervention in the human cortico-putamin-
al network with therapeutic effects on the motor system
after DDC gene delivery into the putamen in patients

with AADC deficiency.

Materials and methods

Eight patients with AADC deficiency were enrolled in
this study (five males and three females, aged 4-19 years,

mean = 9.5years, standard deviation = 5.5; see
Supplementary Table 1 for the demographic features of
patients). Patients 1 and 2 were siblings. The cohort
included five Japanese Asian patients, two non-Japanese
Asian patients and one Caucasian patient. The definitive
diagnosis of AADC deficiency was based on catechol-
amine metabolite analysis of cerebrospinal fluid, enzyme
activity and genetic components. Patients who met the
following criteria were excluded: Serious illness unrelated
to AADC deficiency, mild phenotype AADC deficiency
with maintained locomotive ability, significant AADC en-
zyme activity detected by FMT-PET at baseline and un-
availability of structural MRI scan. Informed consent was
obtained from the parents or legal guardians of the
patients. Some of the behavioural data and FMT-PET
images were obtained from the same patients described
previously.? This study was designed as an open-label,
phase 1/2 trial at Jichi Medical University Hospital
(Tochigi, Japan) and was also registered with the UMIN
Clinical Trials Registry (number UMINO000017802).
Approval was obtained from the ethics committee for
Gene Therapy at Jichi Medical University Hospital and
the Science Council, Ministry of Health, Labor, and
Welfare. The protocol was conducted in accordance with
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the Japanese Guidelines on Gene Therapy. Adaptation to
the integration criteria was evaluated before each treat-
ment, and patient status was monitored by members of
the evaluation committee of the Ethical Committee for
Gene Therapy at Jichi Medical University Hospital.

Clinical-grade recombinant AAV type 2 vector, AAV-
hAADC-2, was prepared in compliance with the current
Good Manufacturing Practices at Takara Bio Inc as
described previously.? Stereotactic surgery was performed
using the Cosman-Roberts—Wells frame (Integra
LifeSciences, Plainsboro, NJ, USA) to deliver the AAV-
hAADC-2 vector into the putamen. Briefly, two target
points that were sufficiently distant from each other in
the dorsolateral direction, as confirmed by CT and MRI,
were determined for each putamen. One burr hole was
trepanned in each side of the cranial bone, and the vector
was injected through a two-track insertion route. At each
target point, S0 ul of the vector-containing solution was
injected at a rate of 3 ul/min (a total of 200 ul containing
2% 10" vector genomes). For each injection, the needle
was inserted into the deepest point of each target and
then withdrawn 1mm after each 10 ul injection. Thus,
the vector was injected over a length of Smm at each
point. All procedures were safely performed under gen-
eral anaesthesia.

MRI and PET were conducted at baseline and at
6 months (6M) and 2years (2Y) post-treatment after gene
transduction. For clinical reasons, the acquisition time for
6M post-treatment is 3.5 months for patient 5. To avoid
excessive motion during all imaging scans, patients
received general anaesthesia. Brain structure images [T1,
T2, and diffusion tensor images (DTI)] were acquired
using the 3T magnetic resonance scanner (Magnetom
Skyra, Siemens Healthineers, Erlangen, Germany).
T1-weighted MPRAGE images were acquired with the
following sequence parameters: number of slices = 224,
repetition time (TR) = 1390ms, echo time (TE) =
2.3 ms, inversion time = 800ms, field of view (FOV) =
256 mm, flip angle = 0.85°, slice thickness = 0.85 mm,
and matrix = 320x217. T2-weighted images were
acquired by tracing the injection of the recombinant AAV
type 2 vector with the following parameters: number of
slices = 90, TR = 6000ms, TE = 98ms, FOV =
256 mm, flip angle = 150°, slice thickness = 2 mm, and
matrix = 256 x205. Diffusion-weighted images were
acquired with the following parameters: number of slices
= 50, TR = 8300ms, TE = 74ms, FOV = 256 mm, slice
thickness = 3 mm, matrix size = 128 x 128, b value = 0
and 800s/mm, and number of diffusion-weighted direc-
tions = 12. Combined PET and CT scanning was
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conducted using a PET-CT scanner (Gemini GXL,
Philips, Eindhoven, The Netherlands). Patients were
allowed an 80-min rest before the beginning of the emis-
sion scan session after the administration of the FMT so-
lution of 0.12mCi/kg in saline to an antecubital vein in
patients. A CT transmission scan was obtained for at-
tenuation correction, and subsequently, a 10-min static
three-dimensional acquisition was initiated. Carbidopa, an
AADC inhibitor, was not administered before the scan
due to insufficient AADC activities observed in the
patients. PET images were acquired with the following
parameters: list-mode acquisition (LOR-RAMLA), 90 sli-
ces (slice thickness = 2mm) covering the whole brain,
FOV = 256 mm, matrix size = 128 x 128, and voxel size
= 2x2 x 2 mm’. CT data were acquired for attenu-
ation correction (140kV, 55mA, 5.526s, FOV =
600 mm, matrix = 512 x 512, pitch = 0.829, and rota-
tion time = 0.75s). In Pt. 6 and Pt. 8 at 2Y post-treat-
ment, the higher spatial resolution PET image was
acquired using a PET-CT scanner (Vereos, Philips,
Eindhoven, The Netherlands) with the following parame-
ters: List-mode acquisition, 82 slices (slice thickness =
2 mm) covering the whole brain, FOV = 256 mm, matrix
size = 128 x 128, voxel size = 2x2 x 2 mm® (matrix
size = 256%x256, 1x1 x 1 mm?). The CT data were
acquired according to scanning parameters (120 kv,
50mA, 4.2s, FOV: 600 mm, matrix: 512 x 512, pitch:
0.671, rotation time: 0.5s). To achieve a spatial reso-
lution consistent with the previous PET scanner, the PET
images were reconstructed using ordered subset expect-
ation maximization (3 iterations, 12 subsets).

FMT is a more complete representative for the extent of
AADC activity compared with the conventional tracer
6-['8F]fluoro-L.-dopa (FDOPA) because FMT is not
metabolized by catechol-O-methyl-transferase and has ap-
proximately twice the sensitivity of FDOPA. The acquired
PET images were corrected by the attenuation map from
the CT transmission image. The uptake of FMT was
quantified by the standardized uptake value (SUV), which
was calculated as follows:

B Radioactive concentration (MBq/g)
~ Injected dose of FMT MBq/Patient body weight (g)

Coordination of baseline and post-treatment PET data
was then realigned. Subsequently, each PET image was
co-registered into the T1-weighted MR image, using SPM
12 (Welcome Department of Cognitive Neurology,
London, UK). To normalize the FMT uptake across
image acquisition time points, the occipital region based
on the Harvard-Oxford atlas® was selected as the base-
line. Applying inverse affine transformation, the template
of the occipital region was registered to each PET image
to extract the mean FMT uptake of the occipital lobe.
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Subsequently, the voxel values of PET images were con-
verted into a ratio of the occipital region (region-to-oc-
cipital ratio) following previously reported methods' as
follows:

Region-to-occipital ratio
_ FMT uptake of the target region
"~ Mean FMT uptake of the occipital lobe

Next, the FMT uptakes in the subcortical regions were
extracted from the region of interest (ROI) analysis. The
subcortical structures (putamen, caudate nucleus, globus
pallidus and thalamus) were segmented separately as
mask images from the individual T1-weighted MR image
of each patient using the FSL/FIRST subcortical segmen-
tation tool.” The globus pallidus masks were divided into
the globus pallidus externus and internus by a probabilis-
tic atlas.!” The substantia nigra, the subthalamic nucleus,
the ventral tegmental area and the cerebellar hemisphere
were also extracted using the probabilistic atlas.'’™"® The
deep cerebellar nuclei were manually extracted based on
the hypointensity region of the cerebellar white matter
from individual diffusion tensor images. All cortical and
subcortical masks were registered to the native space of
each patient, applying the inverse affine transformation.

To compare FMT-PET images between at baseline, 6M
post-treatment and 2Y post-treatment, as preprocessing,
the individual FMT-PET images were normalized by
adopting the affine transformation matrix from the T1-
weighted MR image to the paediatric brain template!*
and smoothed with a 3-mm full-width at half-maximum
Gaussian kernel. Voxel-wise analysis of covariance
(ANCOVA) was performed with adjustment for the age
at the time of gene therapy. The contrast was estimated
using a pairwise f-test (uncorrected P < 0.001) with the
spatial extent threshold determined by family-wise error
correction at cluster size at P < 0.0S5.

A 3D model of the bilateral putamen was constructed
from FMT-PET and MRI images using the PMOD 2.6
software package (PMOD Technologies Ltd, Zurich,
Switzerland). The locations of the vector infusion in the
putamen were verified by visually inspecting the four nee-
dle track marks on the postoperative T2-weighted MR
image. The putaminal areas were segmented based on the
maximum and 95th percentile of FMT uptake value at
baseline.

Probabilistic tractography at both baseline and 2Y
post-treatment was performed to obtain cortico-putaminal
connection areas within the putamen. All processes were
performed using the FMRIB software library (FSL: version
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5.0.9) and the FMRIB’s diffusion toolbox.'>'® Source data
were corrected for eddy currents'” and head motion by
registering all data to the first b=0 image with affine
transformation. The voxel-wise principal diffusion direction
was estimated using FSL’s BEDPOSTX, with two fibres
modelled per voxel and 5000 iterations.'® Subsequently,
FSL’s PROBTRAX was used to determine probabilistic
tractography to model 5000 iterations per voxel, with a
0.2 curvature threshold, using the single putamen seed
ROI and target ROIs.

To calculate cortico-putaminal connection areas, we
performed the structural connectivity-based parcellation.
We adopted the 1000 cortical ROIs belonging to the
seven cortical networks (visual network, somato/motor
network, dorsal attention network, ventral attention net-
work, limbic network, frontoparietal control network and
default network) based on the 1489 resting-state func-
tional magnetic resonance imaging (fMRI) scans.'” All
ROIs were registered to the native space of each patient
in DTI, applying the inverse affine transformation. All
tracts were calculated in native diffusion space. The out-
put images of cortico-putaminal connection areas were
acquired by applying the ‘find_the_biggest’ FSL function.
This function classifies each putaminal voxel using label
numbers, corresponding to each cortical ROIL, on the
basis of the most significant number of paths across the
ROIs. The volume of the cortico-putaminal connection
area connected to each of the 1000 cortical ROIs was
calculated as follows:

Volume of cortico-putaminal connection area of
a cortical ROI (%)

_All voxels of putaminal areas connected to a cortical ROI < 100

Total voxels of the whole putamen

The volumes of the cortico-putaminal connection areas
of the 1000 cortical ROIs were summed up based on the
classification of the cortical ROIs into the seven cortical
networks and structural regions [PFC, PMC, SMA and pri-
mary motor cortex (M1)]. To define the ROIs of the PFC,
PMC, SMA and M1, we adopted the human motor area
template®® and the centroid coordinates of the parcellation
area for the 1000 cortical ROIs. The SMA ROIs included
the pre-SMA area. The parts of ROIs on the boundary
area between the PMC, SMA and PFC were assigned to
the PFC. All ROIs were registered to the native space of
each patient in DTL The similarity in the proportion of the
whole cortico-putaminal connection area of the seven cor-
tical networks was calculated as the paired data of each
patient using the cosine similarity (0: no match; 1: the
same pattern) and then averaged across patients.

To acquire the highly transduced cortico-putaminal
connection area, the structural connectivity-based par-
cellation areas at baseline and at 2Y post-treatment
were masked by the putaminal area that exceeded the
maximum baseline value defined by FMT-PET images
at 6M and 2Y post-treatment, respectively. The FMT-
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PET images were resliced into the individual DTI native
space beforehand. The volume of the highly transduced
cortico-putaminal connection areas connecting to each
of the 1000 cortical ROIs was calculated as follows:

Volume of highly transduced cortico-putaminal

connection area of a cortical ROI (%)

All voxels of highly transduced putaminal areas
_ connected to a cortical ROI % 100
Total voxels of the whole putamen

The volume of a highly transduced cortico-putaminal
connection area connecting to each of the 1000 cortical
ROIs was summed up based on the classification of the
cortical ROIs into the seven cortical networks and struc-
tural regions (PFC, PMC, SMA and M1). In addition,
the total volume of the highly transduced prefrontal
cortico-putaminal connection areas in the frontoparietal
control network was calculated by summing up the high-
ly transduced putaminal area connecting to both the PFC
and the frontoparietal control network.

To visualize the area of the 1000 cortical ROIs that
connects to the whole and highly transduced putaminal
areas across patients, we adopted the connectome work-
bench visualization software*' and the parcellation map
of the 1000 cortical ROIs." Individual cortical maps of
patients are combined to define the cortical areas con-
necting to the whole and highly transduced putaminal
areas across patients. In addition, for visualization pur-
poses, the highly transduced putaminal areas connecting
to the PFC, PMC, SMA, M1 and PFC in the frontoparie-
tal control network were normalized with the MNI
standard brain template (the Montreal Neurological
Institute). Then we visualized the overlapped areas in all
normalized images of two or more patients.

Alberta infant motor scale (AIMS) was used to observe
and evaluate the patients’ gross motor development.”?
The motor skills in four positions (prone, supine, sitting
and standing) were evaluated using the following three
criteria: Weight-bearing, posture, and antigravity move-
ments. To evaluate the acquisition of new motor skills
after the gene therapy, we also adopted the raw
Cognition—Adaptation (C-A) score from the Kyoto Scale
of Psychological Development 2001.>* Data from Pt. 5
and 7 were not acquired because of the unavailability of
the translated version of this cognitive test. These clinical
evaluations were performed by specially trained psycho-
therapists. Some AIMS and C-S scores (Pt. 1-6) have
been described in our previous study.”

A paired two-tailed #-test was conducted to compare the
FMT uptake between at baseline and at 6M and 2Y post-
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treatment. Partial correlations of Spearman’s rank correl-
ation considering the patient age at the time of gene ther-
apy were calculated to determine the relationship of AIMS
with the volume of the highly transduced cortico-putaminal
connection area. To determine whether there was a signifi-
cant volume of the highly transduced cortico-putaminal
connection area of structural regions (PFC, PMC, SMA
and M1) and seven cortical networks across patients, a
two-tailed one-sample #-test was performed to test whether
mean volumes (%) of the highly transduced cortico-puta-
minal connection area of structural regions (Supplementary
Table 2) and seven cortical networks (Supplementary Table
3) exceeded the hypothesized mean of 0%. In addition, to
examine whether the prefrontal cortico-putaminal connec-
tion area of the frontoparietal control network occupied
the entire highly transduced prefrontal cortico-putaminal
connection area, we performed a two-tailed paired sample
t-test to compare the highly transduced prefrontal cortico-
putaminal connection area (%) of the frontoparietal control
network with that of each of the other three cortical net-
works (ventral attention network, limbic network and de-
fault network) (Supplementary Table 4). The P value was
adjusted using the Holm—Bonferroni correction in case of
multiple comparisons. All statistical analyses were per-
formed using MATLAB 2018b (The MathWorks, Inc.,
Natick, MA, USA).

The data and analysis code are available from the corre-
sponding author upon reasonable request.

Results

We examined eight patients with various types of AADC
deficiency (five males and three females, age range 4-
19years, Supplementary Table 1) who received the
AADC gene therapy to the bilateral putamen in an open-
label phase 1/2 study (Fig. 1B; Supplementary Fig. 1).
After the gene therapy, all patients showed the disappear-
ance of painful dystonia.” To evaluate motor improve-
ment, we adopted the AIMS, which assesses gross motor
development in terms of the ability to integrate antigrav-
ity muscle control in the supine, dorsal, sitting, and
standing postures.”> A continuous gross motor improve-
ment scored by AIMS was observed from the baseline to
6M and 2Y post-treatment [baseline vs. 6M: t7 = 7.05,
confidence interval (CI) = 2.73-14.52, P=0.021; baseline
vs. 2Y: tg = 4.32, CI = 6.14-22.14, P=0.015; 6M vs.
2Y: t = 3.39, CI = 2.07-12.79, P=0.018; Fig. 1C]. In
addition to AIMS, the Cognition—Adaptation score from
the Kyoto Scale of Psychological Development showed
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the acquisition of new motor skills after gene therapy,
including voluntary arm extension, grabbing, and holding
objects (Fig. 1D). The behavioural results (Fig. 1C and
D) confirmed the improvement of motor functions after
gene therapy irrespective of patient age at the time of
treatment and despite the heterogeneous genetic back-
ground of patients.

To evaluate the transduced putaminal area that receives
cortical projections at a high spatial resolution, we exam-
ined the spatial and temporal aspects of the transduction
efficiency using high spatial resolution PET with the
radiotracer 6-['®F]fluoro-L-m-tyrosine (FMT). FMT-PET
images were acquired at baseline (pretreatment), 6M
(3.5 months for Pt. 5), and 2Y post-treatment. The up-
take of FMT in the putamen was minimal at baseline,
significantly increased at 6M post-treatment, and has
been sustained for 2years in all patients (putamen: 6M,
t7) = 6.41, CI = 0.31-0.68, P=0.0012; 2Y, 4 = 6.50,
CI = 0.25-0.56, P=0.0012; Fig. 2A; Supplementary Figs
2 and 3). No robust increase in FMT uptake for 2 years
was observed in the cortical regions. In addition to the
putamen, there were significant increases in the median
FMT uptake in the globus pallidus and substantia nigra
(Fig. 2B; Supplementary Fig. 4A), indicating possible an-
terograde transportation given that AAV2 has not been
reported to retrogradely transport.”*** Moreover, deep
brain regions, including the ventral tegmental area and
deep cerebellar nuclei that modulate dopaminergic signal-
ling, exhibited no increased FMT uptake (Supplementary
Fig. 4B). The spatial distribution of FMT uptake in the
putamen and the 3D models demonstrated that the
increased uptake area was broadly distributed from the
locations of the vector-delivered needle tracks to the an-
terior and dorsal parts of the putamen (Fig. 2C;
Supplementary Fig. 5). The highly transduced areas over
the maximum uptake value at baseline constituted
44.75% = 5.60% (mean *= SEM) and 38.47% * 6.42%
at 6M and 2Y post-treatment, respectively, of the entire
putamen (6M vs. 2Y, t¢ = 1.48, CI = —2.42 to 9.81,
P=0.11). Furthermore, the transduced areas over the
95th percentile uptake value at baseline comprised 64.5%
* 5.38% and 61.12% = 5.29% at 6M and 2Y post-
treatment, respectively (6M vs. 2Y, f4 = 1.00, CI =
—6.44 to 9.35, P=0.67). The volume of the highly trans-
duced area was sustained for 2years and was not associ-
ated with the distance between two injection points (6M
post-treatment: p=0.47, P=0.066; 2Y post-treatment:
p=0.46, P=0.15). Our results suggest that a significant
transduction occurs only in the putamen and that the
highly transduced putaminal area has been sustained at
the centre of the vector injection locations for 2 years.
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Indeed, follow-up tests focused on catecholamine of the
cerebrospinal fluid in our previous study” showed an in-
crease in HVA and a reduction in levodopa (I-dopa) after
gene therapy, thus indicating the sustained expression of

functional AADC.

The persistent expression of AADC in the specific puta-
minal area over the years indicates the constant dopamin-
ergic restoration in the distinct cortico-putaminal network
after the AADC gene therapy, which resulted in the con-
tinuous motor improvement for 2years. Therefore, we
examined the topographic organization of the highly
transduced putaminal areas based on structural connec-
tions to cortical areas. Using the structural connectivity-
based parcellation between the putamen and cortical
areas to diffusion tensor images at baseline and 2Y post-
treatment, we obtained putaminal parcellation maps
defined as cortico-putaminal connection areas at baseline
and 2Y post-treatment (Fig. 3). To generate the fine cor-
tico-putaminal connection areas of both motor system
and striatum-related cortical networks, we adopted 1000
cortical regions of interest (ROIs) belonging to the seven
cortical networks that were extracted from resting-state
fMRI data of 1489 participants'® and were also associ-
ated with striatal functional properties.” To obtain the
highly transduced cortico-putaminal connection areas, the
cortico-putaminal connection areas were segmented on
the basis of the highly transduced putaminal areas that
exceeded the maximum baseline value. To examine the
cortico-putaminal networks that were estimated to re-
cover functionally by dopamine restoration at 6M post-
treatment, the cortico-putaminal connection areas at base-
line were segmented with the highly transduced putaminal
areas at 6M post-treatment. To examine sustainably func-
tioning cortico-putaminal networks by persistent dopa-
mine restoration for 2years, the cortico-putaminal
connection areas at 2Y post-treatment were segmented
with the highly transduced putaminal areas at 2Y post-
treatment. First, we investigated the possible association
between the motor performance and the highly trans-
duced putaminal areas connecting to cortical areas in the
motor system (PFC, PMC, SMA and M1) (Fig. 4A). The
highly transduced putaminal area across patients was
connected to the PFC, PMC and M1 at 6M post-treat-
ment and PFC and PMC at 2Y post-treatment (Fig. 4B),
indicating that PFC and PMC were primarily connected
to the highly transduced putaminal area across patients
for 2years. The partial correlation adjusted for age of the
treatment showed that the highly transduced putaminal
area connecting to PFC (prefrontal cortico-putaminal con-
nection area) was significantly associated with motor per-
formance at 6M post-treatment (Spearman’s partial
correlation coefficient adjusted for patient age at the time
of treatment: p=0.97, P=0.0014; Fig. 4C), whereas no
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Figure 2 FMT-PET images of gene therapy for AADC deficiency. (A) Clusters of increased FMT uptake observed persistently only in the

putamen at 6M and 2Y post-treatment (uncorrected P <0.001, FWE correction at cluster level P < 0.05). (B) Median FMT uptake in the
putamen, substantia nigra (SN), and caudate. Significant increases were found in the putamen and SN after gene therapy (see
Supplementary Fig. 4 for details). *P < 0.05, **P < 0.01. (C) Spatial distribution of FMT uptake. It revealed decreased FMT uptake from
vector injection locations. The mean maximum distant point that exceeded the maximum FMT uptake at baseline was 11.56 = 1.40 mm
from the injection point at 6M post-treatment and 10.92 = .43 mm at 2Y post-treatment. The location index reflects the coordination in

the putamen.

correlation was found regarding other cortical regions
(SMA, no highly transduced cortico-putaminal connection
area in all patients except Pt. 3; PMC, p=0.12, P=0.80;
M1, p=0.52, P=0.23).

Next, to evaluate the major cortical network in the
highly transduced prefrontal cortico-putaminal connection

areas, we examine the cortico-putaminal connection areas
of the seven striatum-related cortical networks®™ (Fig. SA).
The spatial organization of the connection areas at baseline
was found to be similar to one observed in functional con-
nectivity studies of healthy human children and adults®*°
and sustained for 2years (Supplementary Fig. 6). The
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Figure 3 Schematic diagram to extract highly transduced cortico-putaminal connection areas from the 1000 cortical ROls of

seven cortical networks. Using the structural connectivity-based parcellation to the DTI image at baseline and 2Y post-treatment, the
cortico-putaminal connection areas were calculated between the putaminal area and 1000 cortical ROls of the seven cortical networks. The
cortico-putaminal connection areas were combined based on the classification of the 1000 cortical ROls into the structural regions (PFC, PMC,
SMA and MI) and seven cortical networks. To produce highly transduced cortico-putaminal connection areas, the whole cortico-putaminal
connection areas at baseline and 2Y post-treatment were masked by the highly transduced area of the FMT-PET images at 6M and 2Y post-
treatment, respectively. The highly transduced area was defined as the area that exceeds the maximum FMT uptake at baseline. We calculated the
highly transduced connection areas (%) of 1000 cortical ROIs and then combined them based on their structural regions and seven cortical

networks.

proportion of the cortico-putaminal connection areas of the
seven cortical networks was coherent across patients [base-
line: 0.86 = 0.021 (mean cosine similarity = SEM), 2Y
post-treatment: 0.91 = 0.019]. The cortical networks that
were connected to the significant volumes of the highly
transduced putaminal areas across patients were the fronto-
parietal control network, the somato/motor network, and
the dorsal attention network at 6M post-treatment. We
also found the significant volumes of the highly transduced
putaminal areas across patients were connected to the fron-
toparietal control network, the somato/motor network and
the ventral attention network at 2Y post-treatment. The
cortical areas that connected to the highly transduced puta-
minal area covered the PFC, especially the dorsolateral pre-
frontal cortex, the ventrolateral prefrontal cortex and the
orbitofrontal cortex in the frontoparietal control network,
the PMC and M1 in the somato/motor network, the front-
al eye field in the dorsal attention network, and the insular
cortex in the ventral attention network, respectively
(Supplementary Fig. 7). The result shows that the fronto-
parietal control network and the somato/motor network
robustly connected to the highly transduced putaminal
areas across patients for 2years (Fig. 5B, left panel;
Supplementary Table 3). Moreover, the frontoparietal

control network was found to be the dominant network of
the highly transduced prefrontal cortico-putaminal connec-
tion area (Fig. 5B, right panel; Supplementary Table 4).
The highly transduced prefrontal cortico-putaminal connec-
tion area of the frontoparietal control network also exhib-
ited an association with the motor performance at 6M
post-treatment (Spearman’s partial correlation coefficient
adjusted for patient age at the time of treatment: p=0.89,
P=0.0076; Fig. 5C). These results suggest that the cortico-
putaminal network was established to some extent, even
under dopamine deficiency, and also suggest that the motor
system recovery is attributed to the dopamine replacement
in the existing cortico-putaminal network, especially the
prefrontal cortico-putaminal network in the frontoparietal
control network, by the AADC gene therapy. Therefore,
the dopaminergic restoration of putaminal connection to
the PFC for motor intention contributes to the gross motor
improvement after the AADC gene therapy.

Discussion

Our results demonstrated that the persistent dopaminergic
restoration in the prefrontal cortico-putaminal network is
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association with gross motor improvement. (A) Highly transduced cortico-putaminal connection areas and connected cortical areas
in the motor system across patients. Black-coloured areas in the cortical model represent the cortical areas except PFC, PMC, SMA and
M1 that connected to the highly transduced putaminal area. (B) Highly transduced cortico-putaminal connection area in the motor system.
Gray-coloured bars represent the whole cortico-putaminal connection area at baseline and 2Y post-treatment. Pink-coloured bars
represent the highly transduced cortico-putaminal connection area at 6M and 2Y post-treatment (see Fig. 3 for details). Pink-coloured
asterisks represent the significant volumes of the highly transduced cortico-putaminal connection area. **P < 0.0, ***P <0.001. (C)
Relationship between the highly transduced prefrontal cortico-putaminal connection area and motor performance at 6M post-treatment.
Putaminal and cortical images represent the highly transduced cortico-putaminal connection areas and cortical areas connecting to the
putaminal area across patients, respectively. The raw data are plotted in the right panel. For the partial correlation analysis, the age of the

treatment was adopted. Dashed line: 95% confidence interval.

a basis for the therapeutic effects of the AADC gene ther-
apy on the motor system. It provides a novel insight into
the mechanism underlying the motor improvement by the
putaminal AADC gene therapy (Supplementary Fig. 8).
From the perspective of the putaminal AADC gene ther-
apy for Parkinson’s disease wherein the degeneration of
the nigrostriatal dopaminergic pathway in the cortico-
basal ganglia network leads to the development of motor
symptoms, the central mechanism underlying the motor
functional recovery by the putaminal AADC gene transfer
has been assumed to be the restoration of the motor cor-
tico-putaminal network to recover motor executive func-
tion.”” Indeed, we found the existence of a highly
transduced area connected to M1 and somato/motor net-
work (Figs 4B and 5B), which reflects the transient
choreic dyskinesias observed in our patients after gene

therapy.” However, only dopaminergic recovery of the
primary motor cortico-putaminal network cannot account
for the amelioration of dystonia, cognitive improvement
and acquisition of new motor skills as well as gross
motor improvements observed after the gene therapy. In
contrast, the PFC, frontoparietal control network and
prefrontal cortico-striatal network are known to be re-
sponsible for the motor and cognitive control.?*>° The
function of the orbitofrontal cortex, dorsolateral prefront-
al cortex and ventrolateral prefrontal cortex in the motor
system is the motor intention, including the selection of
movements, planning of sequential movements and inhibi-
tory control of motor responses.’’ In fact, impaired func-
tion and structure of the frontal cortex has been reported
in case of AADC deficiency as decreased FDG uptake in
a PET study’® and less fibre development in a DTI
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study,®® which indicates that the motor control function
is primarily impaired by AADC deficiency. Moreover, a
recent study showed the dopamine signal in human puta-
men fluctuates with the time to a decision-making
choice,** which supports that the putaminal dopamine
reflects motor-related activity, possibly motor intention.
Together, the motor improvement associated with the
gene therapy for AADC deficiency can be attributed to
the dopamine-driven development and optimization of an
immature top-down motor control system,*’ possibly an
internal model for motor control,*® in young patients
with AADC deficiency rather than to the functional re-
covery of a well-developed motor system observed in eld-
erly patients with Parkinson’s disease. It indicates the
possible different neural mechanisms of the therapeutic
effects by the putaminal AADC gene therapy between
AADC deficiency and Parkinson’s disease.

Although we did not perform the longitudinal kinesio-
logical evaluation of dystonic symptoms, it is also note-
worthy that the dopaminergic intervention of the specific
putaminal area by delivery of AADC-expressing AAV
vectors leads to the amelioration of limb and truncal dys-
tonia, which may provide some clues on the pathophysio-
logical basis of dystonia. Dystonia has been related to
metabolic, anatomical or functional abnormalities of the
nigrostriatal pathway.’” Indeed, most agents related to
drug-induced dystonia, including oculogyric crisis, are
known to disrupt dopaminergic neurotransmission,®”*®
implicating that dopaminergic deficit in the putamen may
be related to the development of dystonia. In contrast, no
FMT uptake was observed in the cerebellum and ventral
tegmental area (Supplementary Fig. 4B), although the fas-
tigial nucleus, one of the deep cerebellar nuclei, projects
to the ventral tegmental area may modulate dopaminergic
signalling.’” It suggests that this pathway is not involved
in dystonia observed in AADC deficiency, supporting the
notion that the cerebellum is not the primary cause of
dystonia.*® Moreover, dystonia is considered as a net-
work disorder comprising the basal ganglia, cerebellum
and multiple cortical regions, including the PFC, PMC
and primary motor cortex.**™** Resting-state fMRI stud-
ies also showed reduced functional connectivity of the
sensorimotor and frontoparietal control networks in
patients with dystonia.*> These evidences are consistent
with our findings that the highly transduced putaminal
area predominantly connected to not only the PFC, PMC
and M1 (Fig. 4B) but also somato/motor network and
frontoparietal control network, which reflect the dopa-
minergic restoration of these networks across patients
(Fig. 5B, left panel). Altogether, our results provide evi-
dence that dystonia is a network disorder and that the
dopaminergic recovery of the cortico-putaminal network
might be associated with the amelioration of dystonia.

Several limitations should be mentioned in the present
study. First, the study included a limited number of
patients with a heterogeneous genetic background.
Therefore, it remains inconclusive whether certain

Y. Onuki et al.

unknown factors, such as initial levels of dopamine and
serotonin before the treatment, might have contributed to
the individual differences in response to treatment. Second,
while we showed that the prefrontal cortico-putaminal
connection area was associated with gross motor improve-
ment, we could not clarify specific functions of the PFC
that were facilitated by the gene therapy. Most patients
with AADC deficiency were in a severe clinical condition
that causes immobility, developmental delay and communi-
cation disability. Therefore, it is significantly challenging to
evaluate the function and development of the PFC by gen-
eral cognitive and motor tests such as go/no-go and work-
ing memory tests. Finally, although FMT-PET images
enable visualizing AADC activity at high spatial resolu-
tions, the transduction extent remains controversial, given
the lack of direct evidence linking FMT-PET images with
human histological data. To avoid the analysis of pseudo-
transduced putaminal areas, we focused on areas that
exceeded the baseline FMT uptake value. However, we
suppose that this is not the only transduced area because
approximately 60% of the putaminal area exceeds the
95th percentile baseline value (Supplementary Fig. 5). In
addition, the FMT wuptake value was significantly
increased, consistent with the shape of the putamen
(Supplementary Figs 2 and 5) without any increase in
background FMT signals. Further studies should be per-
formed to investigate the relationship between the distribu-
tion of FMT signal intensity and actual transduction areas,
the possible selective transduction of medium spiny neu-
rons in the striosomes and matrix compartments, and the
distribution of transduced D1 and D2 receptors.”***
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