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Abstract

Most inherited neurodegenerative disorders are incurable, and often only palliative treatment 

is available. Precision medicine has great potential to address this unmet clinical need. We 

explored this paradigm in dopamine transporter deficiency syndrome (DTDS), caused by 

biallelic loss-of-function mutations in SLC6A3, encoding the dopamine transporter (DAT). 

Patients present with early infantile hyperkinesia, severe progressive childhood parkinsonism, 

and raised cerebrospinal fluid dopamine metabolites. The absence of effective treatments and 

relentless disease course frequently leads to death in childhood. Using patient-derived induced 

pluripotent stem cells (iPSCs), we generated a midbrain dopaminergic (mDA) neuron model 

of DTDS that exhibited marked impairment of DAT activity, apoptotic neurodegeneration 

associated with TNFα-mediated inflammation, and dopamine toxicity. Partial restoration of 

DAT activity by the pharmacochaperone pifithrin-μ was mutation-specific. In contrast, lentiviral 

gene transfer of wild-type human SLC6A3 complementary DNA restored DAT activity and 

prevented neurodegeneration in all patient-derived mDA lines. To progress toward clinical 

translation, we used the knockout mouse model of DTDS that recapitulates human disease, 

exhibiting parkinsonism features, including tremor, bradykinesia, and premature death. Neonatal 

intracerebroventricular injection of human SLC6A3 using an adeno-associated virus (AAV) vector 

provided neuronal expression of human DAT, which ameliorated motor phenotype, life span, and 

neuronal survival in the substantia nigra and striatum, although off-target neurotoxic effects were 

seen at higher dosage. These were avoided with stereotactic delivery of AAV2.SLC6A3 gene 

therapy targeted to the midbrain of adult knockout mice, which rescued both motor phenotype and 

neurodegeneration, suggesting that targeted AAV gene therapy might be effective for patients with 

DTDS.
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Introduction

Most neurodegenerative disorders lack effective disease-modifying treatments. This leads to 

substantial morbidity, increased risk of mortality, and considerable socioeconomic burden. 

With deeper understanding of the underlying pathogenic processes, targeted precision 

medicine strategies are increasingly becoming a clinical reality (1, 2).

Dopamine transporter (DAT) is highly expressed in presynaptic midbrain dopaminergic 

(mDA) neurons, where it reuptakes released dopamine (DA) from the synaptic cleft. It 

is a key regulator of the amplitude and duration of dopaminergic transmission (6). To 

date, 29 cases of dopamine transporter deficiency syndrome (DTDS) have been published 

(3–5, 7–13) and a further 17 are unpublished, referred to our center between 2015 

and 2020. As many reported patients have been misdiagnosed with cerebral palsy (4), 

the true incidence is likely to be higher. DTDS presents as a progressive movement 

disorder characterized initially by infantile-onset hyperkinesia, with features of dystonia, 

choreoathetosis, ballismus, orolingual dyskinesia, and recurrent oculogyric crises. Life-

threatening status dystonicus is commonly reported. Severe parkinsonism with akinesia, 

rigidity, tremor, and hypomimia develops in late childhood or early adolescence. Analysis 

of neurotransmitter concentrations in cerebrospinal fluid (CSF) characteristically reveals 

a raised concentration of the DA metabolite, homovanillic acid (HVA), but a normal 

concentration of serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA), leading to a 

pathologically increased CSF HVA:HIAA ratio. The relentless disease course and lack of 

effective treatments frequently leads to premature death in the first or second decade of life, 

usually secondary to respiratory complications.

Very little is known about the cellular progression of DTDS in the central nervous 

system. Progressive changes were measured by single-photon emission computed 

tomography imaging with ioflupane (I123) (DaTscan) over an 8-year interval in a 

patient with atypical DTDS (7). Although this is suggestive of progressive nigrostriatal 

neurodegeneration, postmortem data from patients with DTDS have not yet been available 

to confirm this clinical observation. To date, our limited understanding of cellular 

mechanisms underpinning DTDS pathogenesis has hindered the development of effective 

diseasemodifying or curative therapies.

Here, we have used a patient-derived induced pluripotent stem cell (iPSC) mDA neuronal 

system in tandem with a murine model of disease to investigate clinically translatable 

precision medicine strategies for patients with DTDS.

Results

Loss of DAT function and dysregulated DA metabolism is evident in mDA neurons derived 
from patients with DTDS

Using a patient-derived mDA model, we first explored the effect of mutant DAT protein on 

neuronal function, comparing patient lines to age-matched and CRISPR-corrected controls.
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iPSC lines were generated from dermal fibroblasts of patient with DTDS with homozygous 

missense mutations in SLC6A3 (patient 1: c.1103T>A, p.L368Q; patient 2: c.1184C>T, 

p.P395L) (3). Control iPSCs were similarly generated from an age-matched healthy 

individual. An isogenic control line was created by CRISPR-Cas9 correction of the 

c.1184C>T variant in patient 2. Genomic DNA sequencing confirmed that all patient-

derived iPSC lines maintained their specific homozygous SLC6A3 mutation, with successful 

correction of the mutation in the isogenic control (fig. S1A). All iPSC lines exhibited 

pluripotency and maintenance of genomic integrity (fig. S1, B to H).

Given the specific expression profile of DAT (6), patient-derived iPSC lines were then 

differentiated into mDA neurons (14, 15). After 11 days of differentiation, comparable high 

numbers of mDA progenitors were present in both DTDS patient and control lines (fig. 

S2, A and B) with typical midbrain precursor gene expression profiles (fig. S2C). After 65 

days of differentiation, mature mDA neurons showed a typical gene and protein expression 

profile, characteristic dopaminergic cell firing pattern, and evidence of DA release (fig. S3, 

A to E).

To determine the effect of biallelic SLC6A3 mutations on transporter function, we analyzed 

DAT activity in the DTDS neuronal cell model. Uptake of tritiated [3H]dopamine in 

patient 1 and 2 lines was significantly reduced (P = 0.0397, P = 0.0048, respectively, 

and patient 2 versus CRISPR P = 0.0033), indicating a marked disruption of DAT activity 

(Fig. 1A). The impact of impaired transporter function on DA uptake and homeostasis 

was then evaluated by measurement of extracellular DA metabolites. High-performance 

liquid chromatography (HPLC) revealed significantly increased concentrations of HVA and 

3,4-dihydroxyphenylacetic acid (DOPAC) (P < 0.0001, P = 0.0002, respectively, and patient 

2 versus CRISPR P = 0.0487) (Fig. 1, B and C).

We sought to establish whether the observed loss of DAT function was secondary to 

reduced gene expression or impaired protein synthesis. There was no change in SLC6A3 
mRNA expression (fig. S4A), but increased DAT protein concentration was evident in 

patient-derived mDA neurons (Fig. 1D and fig. S4, B and C).

We then analyzed the impact of DAT dysfunction and dopaminergic dysregulation on other 

key enzymes involved in DA synthesis. Although patient-derived neuronal cultures showed 

an overall significant reduction in total tyrosine hydroxylase (TH) protein expression (P = 

< 0.0001 and P = 0.0065, respectively, and patient 2 versus CRISPR P = 0.0238) (Fig. 2A 

and fig. S5A), there were no differences in TH gene and protein expression specifically in 

the mDA neuronal subpopulation (Fig. 2B and fig. S5B). Furthermore, no differences in 

aromatic l-amino acid decarboxylase (AADC) mRNA and protein expression were found 

(Fig. 2, A and C, and fig. S5C).

In contrast, analysis of key enzymes involved in DA catabolism revealed a disease-specific 

reduction in monoamine oxidase A and B (MAO-A/B) gene and protein expression (Fig. 2, 

D to F, and fig. S5, D and E). In our neuronal cultures, MAO-A was widely expressed 

in both mDA neurons and glial cells (Fig. 2G) with significant reduction in MAO-A 

concentrations in patient-derived mDA neurons (P = 0.0019, P = 0.0031, respectively, and 
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patient 2 versus CRISPR P = 0.0226) (Fig. 2H). Unlike MAO-A, MAO-B expression was 

only detected in glial fibrillary acidic protein (GFAP)-positive cells (Fig. 2G), suggesting a 

disease-specific reduction of this enzyme in glial cells. We sought to determine whether 

aberrations in MAO-A and MAO-B were evident in CSF from patients with DTDS. 

Immunoblotting of patient CSF revealed no difference in MAO enzyme concentrations (fig. 

S5, F to H).

Impairment of DAT activity in DTDS is associated with neurotoxicity and apoptotic 
neurodegeneration

We identified a marked reduction of total neurons in patient-derived lines, compared 

to both age-matched and isogenic controls (Fig. 3, A and B, and fig. S6), and as a 

result, a proportionate patient-specific reduction of TH-positive cells (Fig. 3B and fig. 

S6). Apoptosis, as measured by cleaved caspase-3 (cCASP3) immuno-fluorescence, was 

significantly increased in neurons and more specifically in mDA neurons, but not in glial 

cells [microtubule-associated protein 2 (MAP2)/cCASP3/ 4′,6-diamidino-2-phenylindole 

(DAPI): P = 0.0039, P = 0.0014, respectively, and patient 2 versus CRISPR P = 0.0013; 

TH/cCASP3/DAPI: P = 0.0025, P − 0.0001, respectively, and patient 2 versus CRISPR P < 

0.0001] (Fig. 3, and D, and fig. S7).

Further work was undertaken to elucidate potential mechanisms leading to apoptotic 

programmed cell death and neuronal loss. We first investigated the role of DA toxicity 

in DTDS pathogenesis as raised DA metabolites are observed in both patient CSF and 

the patient-derived neuronal cell model. Formation of carbonyl species, a marker of 

DA triggered stress response, was significantly increased in both DTDS patient-derived 

neuronal cultures and age-matched DA-treated controls, when compared to isogenic and 

DA-untreated controls (control versus control DA P = < 0.0001, P = 0.0003, P = 0.0039, and 

patient 2 versus CRISPR P = 0.0292) (Fig. 3, E and F).

Given the established pathogenic role of neuroinflammation in neurodegenerative disorders 

(16), we used the in vitro mDA model to investigate the effect of proinflammatory cytokines 

in the context of DA toxicity secondary to extracellular DA accumulation (17–19). Despite 

the presence of GFAP-positive glial cells in both patient- and control-derived neuronal 

cultures (Fig. 4A and fig. S8A), exposure to lipopolysaccharide (LPS) and DA did not 

induce cell death. There was no difference in cell membrane permeability in patient lines 

when compared to controls (Fig. 4B). Because of the relative immaturity of the glial system 

in our iPSC-derived mDA model, it is expected that we did not see LPS-stimulated cytokine 

release. We therefore artificially exposed our mDA neuronal model to the glial cell−derived 

proinflammatory cytokines, tumor necrosis factor−α (TNFα) and interleukin-1β (IL-1β), 

with and without the addition of DA. Whereas TNFα and IL-1β did not affect cell death per 

se, concurrent treatment with DA led to a disease-specific significant increase in membrane 

permeability and caspase-dependent cell death (TNFα: P = 0.0314 and P = < 0.0001, 

respectively; IL-1β: P = < 0.0001 and P = 0.0029, respectively) (Fig. 4, C and D).

Following these findings, we sought to determine whether there was evidence of 

proinflammatory cytokine release in DTDS by measuring cytokine concentrations in CSF of 

five patients. All had raised CSF HVA (mean CSF HVA:HIAA ratio of 10.8, normal range of 
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1.3 to 4.0) (20). Overall, there was no difference in TNF in patients with DTDS compared to 

pediatric controls (fig. S8B).

However, we identified raised TNF in two patients with more advanced disease (aged 6 and 

16 years), in contrast to those with early stage disease (n = 3, all aged <2 years) (fig. S8C).

DAT function can be rescued with pifithrin-μ and lentiviral gene transfer in the patient-
derived mDA neuronal model

Having established disease-specific parameters in the DTDS iPSC-derived mDA model, 

we used the model to validate targeted treatments for DTDS. Most missense variants in 

DTDS are associated with loss of transporter function, due to protein folding defects, 

retention in the endoplasmic reticulum (ER) (21–23), and reduced surface expression of 

mature glycosylated transporter (3–5). Therefore, we tested whether the heat shock protein 

70 (HSP70) inhibitor pifithrin-μ could rescue defective protein folding and restore DAT 

function in vitro (21). Mature mDA neurons at day 65 were treated for 24 hours with 

pifithrin-μ, before measuring the uptake of tritiated DA. Neurons derived from patient 1 

showed a significant twofold increase in DAT activity (P = 0.0006), reaching 35% of mean 

DA uptake activity observed in control lines with no overall increase in total DAT protein 

(Fig. 5A and fig. S9, A and B). No increase in DAT activity with pifithrin-μ was observed 

for patient 2 (Fig. 5A).

Given the mutation-specific effects of pifithrin-μ treatment, we sought to develop a gene 

therapy approach, applicable to a broader range of patients with DTDS. A lentiviral 

construct was generated expressing human SLC6A3 gene under the transcriptional control 

of the neuron-specific promoter, human synapsin (hSYN1) (fig. S9, C and D). Patient-

derived mDA precursors were transduced at day 24 of differentiation and analyzed at day 

65 of derived maturity. Lentiviral gene transfer led to restoration of DA uptake (Fig. 5B). 

Despite this recovery of DAT activity, we did not observe normalization of dys-regulated 

MAO-A and MAO-B enzyme concentrations by day 65 (fig. S9, E to G). Nonetheless, 

rescue of DAT function by gene therapy successfully halted neuronal loss and, more 

specifically, prevented dopaminergic neurodegeneration (Fig. 5, C and D).

Proof-of-concept gene therapy of DAT knockout mice by neonatal intracerebroventricular 
gene transfer

In preparation for in vivo preclinical gene therapy, we injected adeno-associated virus 

serotype 9 (AAV9) vector encoding green fluorescent protein (GFP) under transcriptional 

control of a truncated hSyn1 promoter (fig. S10A) [2 × 1011 vector genomes (vg); n = 4, 1 

male and 3 females from a single litter] into the lateral ventricle of neonatal wild-type mice. 

At 35 days, GFP expression extended bilaterally from the prefrontal cortex to cerebellum 

and was present in mDA neurons (fig. S10, B and C).

We established baseline phenotype readouts in a previously characterized DAT knockout 

mouse model (DAT-KO) (24, 25). Consistent with previous studies, all knockouts exhibited 

poor weight gain (Fig. 6A), displaying hyperlocomotor activity by postnatal day 21 (P21) 

(movie S1) with 59% developing tremor, bra-dykinesia, and weight loss (movie S2), 

reaching humane endpoint by P35 (n = 10, 4 males and 6 females) (Fig. 6B).
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We generated an AAV9 vector for human DAT (hDAT) expression under transcriptional 

control of a truncated hSyn1 promoter (fig. S10D). At P0, DAT knockout pups received 

intrace-rebroventricular injection of vector (2.25 × 1010 vg per pup; n = 13, 7 males and 6 

females from four litters). Uninjected wild-type littermates (n = 12, 5 males and 7 females 

from five litters) and knockouts (n = 17, 9 males and 8 females from seven litters) served as 

controls. Treated knockouts were significantly heavier than surviving untreated knockouts (P 
= 0.001) (Fig. 6A). Ten of 17 untreated knockouts required euthanization before 35 days; the 

remainder survived until tissue collection at 365 days. All treated knockouts and wild-type 

mice survived to the collection time points (Fig. 6B). Untreated knockouts were hyperactive, 

traveling significantly further distances (at 3, 6, 9, and 12 months; P = < 0.0001) and 

with less central zone time in open field tests (P = < 0.0001); treated knockouts were 

indistinguishable from wild-type littermates in both distance traveled and central time (Fig. 

6, C and D). Knockouts had a significantly prolonged descent time on the vertical pole test 

(at 3, 6, 9, and 12 months; P = < 0.0001) and made significantly more foot faults (3 months, 

P = < 0.0001; 6 months, P = 0.0015; 9 months, P = 0.0003; 12 months, P = < 0.0001); 

the performance of treated knockouts was indistinguishable from wild-type mice (Fig. 6, E 

and F). Treated knockouts did not develop parkinsonism, unlike their untreated knockout 

littermates (movie S3).

Treated knockouts expressed hDAT bilaterally from the prefrontal cortex to cerebellum 

including striatum and midbrain, where DAT is physiologically expressed (Fig. 6G). Whole-

brain homogenate from untreated knockouts had significantly reduced DA concentrations 

(P = < 0.0001) with raised DOPAC and HVA compared with wild-type mice; these 

differences were reversed, but not normalized, in treated knockouts (Fig. 6H). Gene therapy 

ameliorated both dopaminergic and striatal neurodegeneration (Fig. 6, I and J). Patch clamp 

electrophysiology of medium spiny neurons in the dorsal striatum revealed the presence of 

two different populations in wild-type mice, exhibiting high and low firing rates, and only 

high-firing rate neurons were detected in the untreated knockouts. AAV9.SLC6A3 treatment 

of knockouts restored the bimodal firing distribution (Fig. 6K and fig. S11) (χ2 test, P = 

0.003).

To attempt to fully restore DA homeostasis and neurotransmitter profile, a second knockout 

group received a 10-fold higher dosage of intracerebro-ventricular AAV9.SLC6A3 gene 

therapy at P0 (2.25 × 1011 vg per pup; n = 12, 7 males and 5 females from four litters) 

by injection. Treated mice were heavier than untreated knockouts; however, 50% of them 

developed unexpected early tremor, bradykinesia, and weight loss necessitating euthanasia 

by P35 (fig. S12, A and B). The remainder were indistinguishable, on motor behavioral 

testing, from wild-type and survived to euthanization at 365 days (fig. S12, C to F, 

and movie S4). Bilateral hDAT expression was observed throughout the brain; however, 

mDA transduction was not increased compared to lower dose cohort (fig. S12, G to I). 

Furthermore, despite restoration of HVA concentrations and correction of neurodegeneration 

(fig. S12, J to L), there was cortical cell loss and vacuolation with marked GFAP expression 

in the cerebral cortex (fig. S12M).
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Preclinical gene therapy for DTDS-targeted delivery to the substantia nigra for future 
clinical translation

To move toward translation, we further developed vector delivery to model clinical 

application and restrict expression to dopaminergic neurons by intraparenchymal stereotactic 

delivery. We selected AAV2 capsid, which exhibits restricted spread after central nervous 

system delivery (26) and has precedent in gene therapy clinical trials of related disorders 

(27). Primary DAT knockout neurons treated with AAV2.SLC6A3 vector expressed hDAT 

protein and exhibited DA uptake as indicated by reduction of HVA concentration (fig. S13, 

A to D).

AAV2.SLC6A3 was delivered by bilateral stereotactic injection to the substantia nigra (SN) 

of 4-week-old symptomatic knockouts (modeling adolescent patients with DTDS) at three 

dosages: neat = 2 × 1010, 1:10 = 2 × 109, and 1:100 = 2 × 108 vg per mouse, respectively; 

n = 8 per group, 13 males and 11 females from six litters). AAV2.GFP control vector 

was injected to wild-type and knockout littermates (2 × 1010 vg per mouse; n = 8 per 

group, 7 males and 9 females from four litters) (fig. S14A). Growth was equivalent between 

groups (Fig. 7A). Survival was improved in all AAV2. SLC6A3-treated animals compared 

to AAV2.GFP-treated knockouts with 100% survival of the neat dosage group at 12 weeks 

of age (Fig. 7B). With the lowest dosage (2 × 108 vg per mouse), one mouse developed 

weight loss and parkinsonism, surviving at P50. Three of eight (37.5%) AAV2.GFP-treated 

knockouts reached humane endpoint at 5, 6, and 8 weeks. At 8 weeks (n = 5 to 8 per group), 

knockouts treated with highest dosage (2 × 1010 vg per mouse) displayed motor behavior 

that was indistinguishable from AAV2.GFP-treated wild-types (Fig. 7, C to F, fig. S14B, and 

movie S5). Dose response was observed in open field distance traveled and central time (Fig. 

7, C and D, fig. S14B, and movie S6). Vertical pole descent time was restored to wild-type 

times in 2 × 1010 and 2 × 109 vg per mouse but not the lowest dosage (2 × 108 vg/mouse), 

and percentage of foot faults were restored to wild-type rates in all treated knockouts 

(Fig. 7, E and F). hDAT staining in midbrain and striatum confirmed midbrain expression 

with dose-dependent anterograde transport to the striatum (Fig. 7G). Quantification of 

TH-positive mDA neurons expressing hDAT showed rescue of neurodegeneration (Fig. 7, 

H and I) correlating with midbrain TH transduction, hDAT mRNA transcripts, and vector 

genome copies delivered (Fig. 7H and fig. S14, C to E). Consistent with iPSC-derived mDA, 

knockouts had significantly lower MAO-A and MAO-B in the midbrain versus wild-type 

(P = 0.02 and 0.001, respectively) (fig. S14, F and G). Treatment with AAV2.SLC6A3 neat 

dosage significantly increased but did not normalize these enzymes (MAO-A, P = 0.03 and 

MAO-B, P = 0.02) (fig. S14, F and G). With targeted stereotactic SN delivery, cortical cell 

loss or vacuolation was not observed (Fig. 7J).

Discussion

Personalized medicine strategies are increasingly important in drug development, 

particularly for inherited neurodegenerative disorders, where the mainstay of current 

treatment is symptom control and palliative care. Through the synergistic use of 

iPSC-derived neuronal and mouse models, we have obtained further insight into the 

underlying mechanisms governing human disease and have evaluated potential therapeutic 
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strategies for this pharmacoresistant condition. Both models recapitulate important DTDS 

disease features, with loss of DAT activity, abnormally raised DA metabolites, and 

neurodegeneration. The mouse model exhibits key motor features of human patients, 

with early hyperkinesia evolving into late-stage parkinsonism. Previous studies of DTDS 

missense variants (which account for 76.6% of DTDS patient mutations) have used cell-

based overexpression models, Caenorhabditis elegans and Drosophila melanogaster DAT 

mutants (3–5, 22, 23, 28). Our iPSC-based platform provides a DTDS model with a number 

of advantages: it allows the study of patient-relevant DAT mutations in a human-derived 

neuronal model system, including variants that cannot be studied in other models such 

as L368Q, which confers lethality in the fly model (23). By combining the iPSC and 

murine disease-relevant models, we have gained further pathophysiological insight into the 

consequences of the loss of DAT function. Both the mDA cell model and knockout murine 

dissected midbrain show substantial reduction of key enzymes in DA catabolism, MAO-A 

and MAO-B, suggesting a compensatory down-regulation in the absence of DA reuptake. 

Dysregulation of MAO-A and MOA-B was not evident in patient CSF; however, CSF 

measurement likely does not represent midbrain MAO-A/MAO-B enzyme concentrations. 

Despite extensive phenotypic rescue of both iPSC and mouse models by gene therapy, 

restoration of DAT activity did not fully restore midbrain MAO enzyme concentrations. 

These studies reflect that MAO regulation is not solely influenced by DA reuptake. In 

the knockout mouse model, we also observed loss of the normal bimodal firing pattern in 

the medium spiny neuron population, suggesting that DAT deficiency in mDA neurons 

may have more widespread detrimental systemic effects on synaptic connectivity and 

postsynaptic neuronal networks.

iPSC-derived mDA neurons and knockouts exhibit neurodegeneration. Although there is 

limited evidence in patient with DTDS, the progressive nature of clinical disease (4, 5, 7) 

and serial DaTscan imaging (7) also both point to a neurodegenerative process. From the 

iPSC-derived mDA model, we postulate that neuronal loss is mediated by an oxidative stress 

response, secondary to extracellular DA toxicity, with proinflammatory cytokine-induced 

apoptosis. This is corroborated by our findings of raised TNF in CSF of older patients with 

DTDS with more advanced disease. Overall, it is likely that the mechanisms governing 

neurodegeneration in DTDS are multifactorial; apoptosis may be driven by factors such as 

DA toxicity and oxidative stress, possibly accelerated by the release of pro-inflammatory 

cytokines from activated glia.

Our study highlights the therapeutic limitations of agents such as pifithrin-μ with its 

mutation-specific chaperone effects (21–23) and, in contrast, the wider potential of gene 

therapy for all patients with DTDS, showing clear evidence of phenotypic rescue in both 

the cell and knockout mouse model. In the absence of a humanized knock-in mouse, 

our iPSC-derived model provides potentially clinically relevant information regarding 

potential dominant-negative phenomena. Antagonistic effects from coexpression of both the 

endogenous mutant allele and wild-type transgene were not observed in the lentivirus-treated 

cells.

From our study, it is clear that the neuropathological consequences of DTDS are likely to 

occur early in life. It is universally acknowledged that despite the maturation process, iPSC-
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derived neurons resemble fetal neurons and the severe cellular phenotype evident in our 

DTDS mDA cell model suggests prenatal disease onset. The knockout mouse corroborates 

this, where poor growth and an early progressive motor phenotype with neuronal loss 

is observed. AAV vectors have been used successfully for clinical translation of targeted 

intraparenchymal gene therapy in other similar early-onset neurotransmitter disorders (27, 

29) and hence would be a logical approach to pursue for DTDS, given our highly promising 

in vivo preclinical data.

We initially sought to explore neonatal gene therapy, given its therapeutic potential for this 

early onset neurodegenerative disease; the youngest patients benefited most in recent gene 

therapy clinical trials for spinal muscular atrophy (30) and mucopolysaccharidosis type IIIA 

(31). Despite variable gene expression in target mDA neurons, our neonatal gene therapy 

in knockouts prevented early demise, normalized motor function, and restored DAT activity 

and DA homeostasis. Neuronal loss from the SN was prevented, and beneficial effects on 

the postsynaptic neuronal network included prevention of neuronal loss and normalization 

of electrophysiological properties of the medium spiny neuron population. Although there 

was off-target transduction, ectopic overexpression of DAT appeared to be well tolerated. 

However, at a 10-fold higher vector dose, we observed off-target neurotoxicity with 

astrogliosis in cortical regions and substantial reduction in survival. Neurotoxic effects 

and reduced survival have been similarly observed in DAT overexpression and ectopic 

expression transgenic models (32, 33). Overall, this strongly suggests that, although low 

ectopic expression is tolerated, it should ideally be avoided for clinical translatability.

The study of Illiano et al. (34) provided a proof of concept for gene therapy of DAT 

deficiency. They delivered two AAV vectors into the midbrain of adult DAT mice by 

stereotactic injection. To achieve high specificity for dopaminergic neurons, the first AAV 

expressed Cre recombinase under the control of the truncated rat TH promoter and a second 

AAV contained murine DAT flanked by loxP sites, under the control of a constitutive CMV 

promoter. Cre recombinase expression thus permitted specific therapeutic DAT expression. 

Despite this proof of concept, such an approach would not be clinically translatable, with the 

use of murine DAT and potential neurotoxicity of Cre recombinase expression (35).

Because both neonatal intracerebroventricular gene delivery (with risk of potential 

neurotoxic off-target effects) and the dual AAV vector delivery system described above 

(with neurotoxic Cre recombinase) are unsuitable for clinical translation, we developed a 

potentially clinically applicable gene therapy approach for patients with DTDS using AAV2 

vector, stereotactically targeted to the DAT-expressing SN of the brain. We demonstrated 

the efficacy of the therapeutic expression cassette containing a truncated human promoter 

and human SLC6A3 cDNA, in vitro in the patient-derived dopaminergic neuronal cell 

model, primary knockout neurons, and in vivo at different developmental ages of the 

knockout mouse model. Crucially for clinical translation, we have also demonstrated 

potential clinical feasibility with a 2 log dose-ranging study of AAV2.SLC6A3 showing 

clear (dose-dependent) therapeutic efficacy with no evidence of neurotoxicity that might 

arise from ectopic hDAT expression.
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This study was limited to patient-derived iPSC cell lines and a mouse model in which 

the mSLC6A3 gene was disrupted. Dopaminergic neurotransmission across a functioning 

synapse was not assessed using this presynaptic iPSC model. However, it would be 

fascinating to do so using organotypic cultures, brain organoids, or in vivo optogenetic 

techniques (36). Some question whether the knockout mouse is a sufficient model for 

studying cognitive behavioral processes to study neuropsychiatric conditions, prompting the 

generation of rat models carrying disruptions in the DAT gene (37). It would be interesting 

to assess therapeutic efficacy of AAV. SLC6A3 on behavioral parameters representing 

each of the five research domain criteria as previously evaluated in one of these models 

(38). Although the promising experimental data presented here will advance efforts toward 

clinical trial, it is important that preclinical studies are repeated to obtain long-term 

readouts, up to a year, of efficacy and to evaluate any evidence of toxicity arising from 

possible expression of hDAT in nondopaminergic neurons. Additional challenges relating to 

human translation are worthy of discussion; for such precision medicine approaches to be 

effective, there is a need for accurate neurosurgical targeting, which requires considerable 

expertise and optimal vector dosing to maximize efficacy and avoid neurotoxicity. A clear 

understanding of the disease is also necessary to ensure that the most suitable patients 

are put forward for trial, potentially determined by genotype, age, and disease stage 

for optimum therapeutic time window. One potential modification to improve safety and 

efficacy could be to use a dopaminergic neuron-specific promoter, although the difficulty 

in identifying a translatable dopaminergic neuron-specific promoter is widely acknowledged 

in the field. Studies of truncated human TH promoters have shown low to high promoter 

strength with variable specificity (36). These TH promoters have not been used clinically 

and are unlikely to improve our vector efficacy, safety, and translatability. Moreover, the 

current gene therapy trials for related disorders such as AADC deficiency (NCT01395641 

and NCT01973543) used the AAV2 capsid with a ubiquitous promoter, combined with 

stereotactic delivery to successfully target specific brain regions such as the striatum and 

midbrain with marked patient benefit (39–42). Our use of hSyn promoter improves neuronal 

selectivity in comparison, and the efficacy and safety achieved through our vector design and 

delivery method clearly supports future translation of our approach toward a clinical trial of 

AAV gene therapy for patients with DTDS.

Materials And Methods

Study design

The aim of this study was to (i) understand the mechanisms underpinning DTDS in an in 

vitro patient-derived mDA model and (ii) develop a gene therapy strategy to rescue disease 

in vitro and in vivo.

For the generation of a patient-derived neuronal model, we obtained fibroblasts from 

patients and reprogrammed them into iP-SCs. To rule out the effect of genetic background, 

we generated an isogenic control iPSC line with correction of the disease-associated 

homozygous SLC6A3 mutation. A tritiated DA uptake assay and HPLC were performed to 

confirm DAT dysfunction in mature derived mDA neurons. We then investigated cellular 

disease mechanisms by immunoblotting, quantitative reverse transcription polymerase 
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chain reaction (qRT-PCR), and immunofluorescence analysis, identifying disease-specific 

dysregulation of DA metabolites and neurodegenerative processes. A cell viability assay was 

performed on the mDA cultures to investigate inflammatory response and an enzyme-linked 

immunosorbent assay on patient CSF to investigate proinflammatory cytokine release. We 

then developed a lentiviral-based gene therapy delivery approach and analyzed DAT activity 

and markers of neurodegeneration after gene transfer.

For reproducibility and reliability of our dataset, we have used standardized protocols and 

performed blinded analyses, except in Figs. 3D and 5D and fig. S2B. The number of 

replications of each independent experiment is reported in the respective figure legends. 

Single experiments, which failed for technical reasons, have been selectively discarded from 

the analysis. Tritiated DA uptake assays of untreated (Fig. 1A) and pifithrin-μ−treated (Fig. 

5A) lines have been performed simultaneously to avoid technical variability, and as such, 

they partially share the same dataset for untreated samples.

The in vivo studies were designed to test the hypothesis that AAV-mediated gene therapy 

would restore DAT function in the knockout mouse model of DTDS. We evaluated the 

efficacy of neonatal AAV9-mediated gene transfer with endpoints of survival, locomotor 

behavior, and neurotransmitter analysis. We assessed toxicity related to dosage and off-target 

expression and then delivered gene therapy to adult knockout mice with AAV2 capsid 

by stereotactic injection with the same endpoints. The number of biological replicates 

varied between studies (n = 5 to 17) and is indicated in the figure legends. Animals were 

randomly assigned to the vector treatment group. Assessment of outcomes was blinded 

through labeling without treatment information on behavioral analysis videos, tissue samples 

for biodistribution, and pathological analysis.

Statistical analysis

Statistical analysis tailored to each experiment was performed using GraphPad Prism 

version 8. For the statistical analysis of iPSC-derived data, when dual comparisons were 

required, two-tailed Student’s t test was applied, whereas for multiple comparisons, one-way 

analysis of variance (ANOVA) was performed. In vivo experimental design and sample 

sizes were designed using NC3Rs guidance and power calculation. For most analyses of 

animal experiments, one-way or two-way ANOVA was performed with either Bonferroni 

or Tukey’s multiple comparison test. Percentage of foot faults was converted by log 

transformation before ANOVA. For neuronal firing, Kruskal-Wallis distribution and χ2 tests 

were applied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. DTDS-patient derived mDA neurons recapitulate key disease features.
(A) [3H]dopamine uptake measured at day 65. Values are relative to protein concentration 

(n = 3, 3, 5, and 5 for control, patient 1, patient 2, and CRISPR, respectively). (B and 

C) HPLC detection of extracellular HVA and DOPAC at day 65 (n = 8, 4, 4, and 3, 

respectively, and n = 7, 3, 3, and 3, respectively). (D) Quantification of DAT protein detected 

in day 65 neurons derived from control, patient 1, patient 2, and CRISPR lines, relative 

to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and normalized to percentage of 

TH-positive cells in each neuronal population as reported in Fig. 3B (n = 7, 3, 4, and 4, 

respectively). Error bars indicate SEM. Both DTDS lines were independently compared to 

controls using two-tailed Student’s t test for all analyses.
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Fig. 2. DTDS-patient derived mDA neurons show dysregulation of key enzymes involved in DA 
catabolism.
(A) Cropped immunoblot of total TH protein and AADC detected at day 65. (B) Relative 

abundance of TH protein detected at day 65 in control, patient 1, patient 2, and CRISPR, 

relative to housekeeping gene GAPDH and normalized to percentage of TH-positive cells in 

each sample as reported in Fig. 3B (n = 13, 11, 10, and 7, respectively). (C) Quantification 

of AADC protein relative to GAPDH (n = 3 per line). (D) Cropped immunoblot of total 

MAO-A, MAO-B, and GAPDH at day 65. (E) Quantification of MAO-A protein relative to 

GAPDH (n = 3 per line). (F) Quantification of relative MAO-B abundance in control and 

patient-derived neurons (n = 3 per line). (G) Immunofluorescence analysis of MAO-A/TH 

and MAO-A/GFAP (left) and MAO-B/TH and MAO-B/GFAP (right) in Control mDA neural 

culture at day 65 of differentiation. Nuclei were counterstained with DAPI (blue). Scale bar, 

20 μm. (H) qRT-PCR for MAO-A at day 65 in Control: Patient 1, Patient 2, and CRISPR. 

mRNA values are relative to the mDA related gene PITX3 and normalized to control (n = 
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3, 3, 3, and 5 respectively). Error bars indicate SEM. Both DTDS lines were independently 

compared to controls using two-tailed Student’s t test for all analyses.
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Fig. 3. DAT dysfunction in DTDS is associated with neurotoxicity and apoptotic 
neurodegeneration.
(A) Immunofluorescence analysis for neuronal markers TH/MAP2 at day 65. Nuclei 

were counterstained with DAPI. Scale bar, 100 μm. (B) Quantification of MAP2-positive, 

TH-positive, and TH/MAP2−double-positive neurons for control, patient 1, patient 2, 

and CRISPR-derived neuronal populations (n = 3, 4, 3, and 3, respectively). (C) 

Immunofluorescence analysis for TH/cCASP3, MAP2/cCASP3, and GFAP/cCASP3 at d65. 

Nuclei were stained for DAPI. Scale bar, 100 μm. (D) Quantification of total number of 
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cCASP3-positive cells, MAP2/cCASP3, TH/cCASP3, and GFAP/cCASP3−double-positive 

cells in control, patient 1, patient 2, and CRISPR-derived neuronal populations (n = 5, 4, 

3, and 3, respectively; n = 3, 3, 3, and 3, respectively; n = 5, 4, 3, and 3, respectively; 

and n = 3, 3, 3, and 3, respectively). (E) Immunoblot of total carbonyls detected in mDA 

neurons at day 65 derived from control, control treated with 100 μM dopamine (DA), patient 

1, patient 2, and CRISPR. (F) Quantification of total carbonyls relative to GAPDH (n = 10, 

3, 4, 11, and 5, respectively). Error bars indicate SEM. Both DTDS lines were independently 

compared to controls using two-tailed Student’s t test.
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Fig. 4. Exposure of patient-derived mDA cultures to DA and proinflammatory cytokines induces 
neurodegeneration.
(A) Immunofluorescence analysis for GFAP and TH at day 65; nuclei are stained with 

DAPI. Scale bar, 100 μm. (B) Analysis of membrane permeability at day 65 for derived 

neuronal cultures treated with 100 μM DA and LPS (n = 4, 4, 4, and 4 for control, patient 

1, patient 2, and CRISPR, respectively). Results are normalized to the dimethyl sulfoxide 

(DMSO) condition. (C and D) Membrane permeability at day 65 of differentiation. Cells 

were treated for 24 hours with DMSO (D), TNFα (T), or IL-1β (I), TNFα or IL-1β + 

Ng et al. Page 22

Sci Transl Med. Author manuscript; available in PMC 2022 January 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Z-VAD-FMK (TZ; IZ), or just Z-VAD-FMK (Z). DA was added at a concentration of 100 

μM (n = 3, 3, 5, and 4 for each line; n = 5, 4, 3, and 4 respectively). Results are normalized 

to the DMSO-treated condition. Error bars indicate SEM. ANOVA was applied to allow 

multiple comparisons with normalized control.
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Fig. 5. Loss of DAT function in DTDS can be restored both pharmacologically and using a gene 
therapy approach in the mDA model.
(A) Uptake of tritiated DA at day 65 after neurons treated for 24 hour with pifithrin-μ (pif). 

Values are relative to protein concentration (n = 3, 4, 4, and 4 per line). (B) Measurement 

of tritiated DA uptake at day 65 in patient-derived mDA neurons transduced with either 

a lentivirus construct expressing GFP alone (LV GFP) or human SLC6A3 and GFP (LV 

hSLC6A3-GFP) (n = 3 for each). (C) Immunofluorescence analysis at day 65 for patient-

derived dopaminergic neurons transduced with LV GFP or LV hSLC6A3-GFP. Cells are 
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stained for TH/MAP2, and nuclei were counterstained with DAPI. Scale bar, 100 μm. (D) 

Quantification of MAP2-positive, TH-positive, and TH/MAP2− double-positive neurons at 

day 65 of differentiation in mDA neurons transduced with LV GFP or LV hSLC6A3-GFP (n 
= 3 for each). Both DTDS lines were independently compared to controls using two-tailed 

Student’s t test for all analyses.
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Fig. 6. Neonatal intracerebroventricular gene therapy to DAT knockouts.
(A) Weights of mice [2.25 × 1010 vg per pup; treated knockout (KO), n = 13; wild-type 

(WT), n = 12; untreated knockout, n = 17] (data are means ± SEM, Student’s one-tailed t 
test on weight at 365 days untreated knockout versus treated). (B) Kaplan-Meier survival 

plot of wild-type, untreated knockout, and intracerebroventricular AAV9.SLC6A3 gene 

therapy− treated knockout (log-rank, Mantel-Cox test). (C) Locomotor assessment of mice 

in open field with distance traveled. (D) Central time and thigmotaxis with representative 

open field traces for each group. (E) Vertical pole descent time. (F) Foot faults (data 
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are means ± SEM; two-way ANOVA, log-transformed data for percentage of foot fault, 

and Bonferroni’s multiple comparison test; group sizes as stated). (G) Representative 

immunostaining for mouse DAT in wild-type mice for physiological expression reference. 

Immuno-staining for hDAT in treated knockout, untreated knockout, and wild-type mice 

(scale bar, 1 mm; n = 5 per group). (H) DA and serotonin neurotransmitter metabolites 

from whole-brain homogenates analyzed by HPLC (data are means ± SEM; twoway 

ANOVA and Bonferroni’s multiple comparison test; n = 6 per group). (I) Representative 

immunofluorescence for cell types TH mDA neurons (scale bar, 250 μm) and striatal 

DARPP32 and GAD67 neurons (scale bar, 100 μm) in wild-type, untreated knockout, 

and knockout hDAT treated mice (n = 5 to 6 per group). Data are means ± SEM. (J) 

Quantification of TH, DARP32, and GAD67 neurons in wild-type, untreated knockout, 

and knockout AAV9.SLC6A3 treated mice (data are means ± SEM; two-way ANOVA and 

Tukey’s multiple comparison test; n = 5 per group). (K) Patch clamp electrophysiology of 

striatal medium spiny neurons (n = 3 animals per group with 9 to 11 neurons measured per 

animal). Data are means per animal ± SEM of group.
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Fig. 7. Adult stereotactic AAV2 gene therapy to DAT knockout mice 2 log dose-ranging study.
(A) Weights of mice receiving stereotactic injected AAV2.SLC6A3 vector treated knockouts 

at three dosages: 2 × 1010, 2 × 109, and 2 × 108 vg per mouse. Control, wild-type, and 

knockout animals received AAV2.GFP vector, 2 × 1010 vg per mouse (data are means 

± SEM; n = 8 per group). (B) Kaplan-Meier survival plot of WT AAV2.GFP, knockout 

AAV2.GFP, and treated knockout AAV2.SLC6A3 2 × 1010, 2 × 109, and 2 × 108 vg per 

mouse dosage groups. (C) Locomotor assessment of mice at 12 weeks (8 weeks after gene 

transfer) in open field with distance traveled. (D) Thigmotaxis central time. (E) Vertical pole 
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descent time. (F) Foot faults (data are means ±SEM; two-way ANOVA, log-transformed 

data for percentage of foot fault, and Bonferroni’s multiple comparison test; n = 5 to 

8 animals per group). (G) Representative immunostaining of midbrain and striatum for 

hDAT in AAV2.SLC6A3-treated knockout mice at 2 × 1010, 2 × 109, and 2 × 108 vg per 

mouse dosages (scale bars, 100 μm; n = 3 per group). (H) Representative doublel-abeled 

immunofluorescence for TH mDA neurons coexpressing hDAT in AAV2.SLC6A3-treated 

knockout mice at 2 × 1010, 2 × 109, and 2 × 108 vg per mouse (scale bar, 250 μm; n 
= 3 per group). (I) Quantification of TH neurons of AAV2.SLC6A3-treated knockouts at 

2 × 1010, 2 × 109, and 2 × 108 vg per mouse (data means ± SEM; two-way ANOVA, n 
= 3 group). (J) Neurohistological panel showing frontal cortex of wild-type AAV2.GFP, 

knockout AAV2.GFP, and knockout AAV2.SLC6A3-treated mice at 2 × 1010, 2 × 109, and 2 

× 108 vg per mouse. Representative images of hematoxylin and eosin (H&E) and Nissl stain 

(scale bar, 250 μm). Immunohistochemistry for GFAP in frontal cortex (scale bar, 100 μm; n 
= 3 per group for each panel).
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