
Gene therapy for the Nervous 

System

I fa4ori neurotrofici

La sopravvivenza dei motoneuroni delle corna anteriori del midollo spinale dipende strettamente dalla 
produzione di fattori neurotrofici da parte del muscolo innervato: solo i neuroni che raggiungono il muscolo 
bersaglio durante lo sviluppo sopravvivono, mentre gli altri vanno in contro ad un processo di apoptosi.  
I fattori neurotrofici nell'adulto controllano la sintesi proteica e la sintesi di neurotrasmettitori. 
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Families of neurotrophic factors

1. 	Neurotrophins:	NGF,	BDNF,	NT-3,	NT-4	
2. 	GDNF:	GDNF,	neurturin	(NTN),	artemin	
(ART),	persephin	(PSP)	

3. 	CNTF/LIF R. Levi Montalcini

A healthy 
brain

A brain 
with AD

How the two brains compare

 • The cortex shrivels up, damaging 
areas involved in thinking, planning 
and remembering. 

 • Shrinkage is especially severe in 
the hippocampus, an area of the 
cortex that plays a key role in 
formation of new memories. 

 • Ventricles (fluid-filled spaces 
within the brain) grow larger.

Alzheimer’s 

Disease

Dramatic loss of 
cholinergic neurons!

7% of people over 65, 40% over 80

AD progression in the brain

 • Earliest Alzheimer's – changes may begin 20 years or more before diagnosis. 

 • Mild to moderate Alzheimer stages – generally last from 2 - 10 years. 

 • Severe Alzheimer’s – may last from 1 - 5 years.

Reading wordsHearing words

Thinking about wordsSaying words

Early 
Learning and memory 
Thinking and planning

Severe 
Communication 
People recognition, personal care

Mid 
Speaking and 
understanding speech 

No effective therapy available able to modify disease progression
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Dementia and normal ageing what 
makes the difference?
The boundaries between non-pathological brain ageing and the 

dementias are unclear and contentious...
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Text

NGF prevents cholinergic neuronal 
death in rodents and primates and 
restores cortical cholinergic terminal 
density in aged primates (dogma 
revolution: growth factor biology era!!)

protection of basal forebrain 
cholinergic neurons after axotomy 
reversion of age-related atrophy 
improved learning and memory

INITIATION OF 
CLINICAL TRIALS

NGF therapy for AD
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NGF is relatively large and polar 
molecule compared with most drugs 

NGF does not cross the BBB: it 
requires CNS administration 

Adverse effects arising from cells (other 
than cholinergic neurons) expressing 
NGF receptors: pain (stimulation of 
dorsal root ganglion nociceptive 
neurons), weight loss, sympathetic 
axon sprouting in the cerebral 
vasculature, Schwann cell proliferation.

GENE DELIVERY
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Ex Vivo NGF Gene Therapy for AD

Nat Med. 2005;11:551–555

Skin biopsy to generate primary fibroblast cultures 

MLV-NGF vector to secrete hNGF within a range of 50-75 ng/106 cells/d (3 dose 
cohorts enrolled) 
Initially subjects were treated in a sedated but wakeful state but 2 subjects 
moved during injection resulting in intraparenchymal hemorrhage. 
Subsequently, all subjects underwent general anesthesia.

One individual died 5 weeks post NGF 
delivery: cholinergic axons robustly 
extended toward the site of NGF gene 
transfer

Stereotactic injection close to the  nucleus basalis of Meynert, 
from where cholinergic neurons project toward the whole cortex
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Mean follow-up: 3.5 years 

No long-term adverse effects 

Serial MRI and PET scans: statistically 
significant increase in cortical glucose 
uptake after 6-8 months (AD normally 
results in a steady decline)
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Cognitive tests not conclusive but 
suggestive of possible reduction in rate 
of decline (Mini-Mental Status 
Examination and AD Assessment Scale-
Cognitive sub-component)

Conclusions

1.NGF can be delivered safely to the brain over an extended period using gene 
delivery but needs general anesthesia or deep sedation 

2.Degenerating cholinergic neurons of the human brain exhibit trophic response to 
NGF 

3.Broad cortical regions demonstrate enhance glucose metabolism 

4.Larger, controlled, blinded clinical trials of NGF delivery are warranted



MAY 15, 2014

RICHMOND, Calif., -- Sangamo BioSciences, 
Inc. announced positive data from the Phase 1 
clinical trial of CERE-110 (AAV-NGF), a gene 
therapy approach designed to deliver nerve 
growth factor (NGF) for the treatment of 
Alzheimer's disease (AD). This novel product 
was developed by Ceregene, Inc., which was 
recently acquired by Sangamo. The data were 
presented at the Sixth Clinical Trials on 
Alzheimer's Disease (CTAD) Meeting.

Results 
AAV2-NGF was safe and well-tolerated for 2 years. Positron emission tomographic imaging and neuropsychological testing 
showed no evidence of accelerated decline. Brain autopsy tissue confirmed long-term, targeted, gene-mediated NGF expression 
and bioactivity.


Conclusions 
This trial provides important evidence that bilateral stereotactic administration of AAV2-NGF to the nucleus basalis of Meynert is 
feasible, well-tolerated, and able to produce long-term, biologically active NGF expression, supporting the initiation of multicenter, 
double-blind, sham-surgery-controlled trial.

StereotacEc gene delivery of 

AAV2-NGF for AD

sure whole-brain, hippocampus, and lateral ventricle
volumes.30,31 Total brain volume, total ventricular volume, hip-
pocampal volume, and rates of change were calculated for
analysis of treatment effect after study completion.32,33

Blood, Serum, and Urine Assessments
Blood samples were collected at baseline and at each post-
baseline visit for standard clinical chemistry and hematol-
ogy panels, as well as AAV2 and NGF antibody titers. Apoli-
poprotein E genotyping was performed using real-time
polymerase chain reaction restriction fragment length poly-
morphism analysis. Genomic DNA from blood was extracted
using QIAamp DNA blood maxi kit (Qiagen) and apolipopro-
tein E genotyping performed using Applied Biosystems
The TaqMan SNP Genotyping assay was run on a Bio-Rad
CFX96.

Statistical Methods
Efficacy analyses of all primary and secondary measures were
based on a modified intention-to-treat population. Mixed-
model repeated-measures analyses were used to assess be-
tween-group differences in change scores from baseline to
month 24. The dependent variable in each mixed-model
repeated-measures analysis was change from baseline. Mean
change from the baseline and 95% confidence intervals are
presented for each outcome measure. The following covari-
ates were included in models testing efficacy: baseline age, sex,
education, presence of apolipoprotein E ε4 allele, baseline
MMSE score, and baseline hippocampal volume. Safety analy-
ses were based on summary listings of adverse events, with
Fisher exact test used for pairwise comparisons. Safety analy-
ses were based on the full intention-to-treat population. The
convenience sampling method was used for this study and was
sufficiently powered to assess feasibility, safety, and tolerabil-
ity but was not adequately powered to assess efficacy.

Results

Safety and Tolerability
No differences between the AAV2-NGF and placebo groups
were found on laboratory test results, vital signs, or physical
examinations. Five participants (10.2%) demonstrated nomi-
nal increases in anti-AAV2 antibodies, but these differences
were not considered clinically significant. No participants de-
veloped anti-NGF antibodies. Adverse event collection began
at screening. All adverse events reported were deemed by in-
vestigators as either not related or unlikely related to study
drug; as a group, none showed any evidence for an AAV2-
NGF dose relationship. A total of 628 adverse events (431 mild,
159 moderate, 38 severe) were reported (349 in the treatment
group, 279 in the placebo group) (Table 2). The most common
adverse events were headache (19 of 26 [73%] in the treat-
ment group vs 16 of 23 [70%] in the placebo group; OR, 0.845;
95% CI, 0.203-3.504; P > .99) and dizziness (10 of 26 [38%] in
the treatment group vs 9 of 23 [39%] in the placebo group; OR,
1.027; 95% CI, 0.278-3.774; P > .99). The most common seri-
ous adverse event was coronary artery occlusion (3 of 26 [11%]
in the treatment group vs 0 of 23 (0%) in the placebo group;
OR, 0; 95% CI, 0-2.680; P = .28); these occurred during 9 to
18 months after gene delivery and were therefore unlikely to
be related to stereotaxic surgery. The second most common
serious adverse event was convulsions in (2 of 26 [8%] the
treatment group vs 1 of 23 (4%) in the placebo group; OR, 0.551;
95% CI, 0.008-11.301; P > .99).

Most adverse events were mild in severity (431 [68%]
of the most common adverse events were mild; 159 [25%]
were moderate; and 38 [6%] severe). There were no ongoing
adverse events that could be attributed to AAV2-NGF. No treat-
ment-related alterations in laboratory parameters were ob-
served. All reported serious adverse events, and any adverse
events that occurred in more than a single participant are
listed in Table 1. There were 6 deaths (4 in placebo group, and

Table 3. Change on Outcome Measures at 24 mo (N = 49)

Outcome
Measurea

Mean Change (95% CI)
Placebo Group
(n = 23)

Treatment Group
(n = 26) P Value

ADAS-Cog 11b 9.11
(4.46 to 13.57)

14.52
(9.86 to 19.18)

.17

CDR-SOB 2.81
(1.34 to 4.28)

4.75
(3.20 to 6.30)

.09

mCGIC 5.33
(5.06 to 5.60)

5.59
(5.26 to 5.92)

.21

MMSE −4.17
(−6.84 to 1.50)

−6.18
(−8.36 to 4.00)

.16

NPI 9.18
(−0.71 to 19.07)

6.61
(1.85 to 11.37)

.95

ADCS-ADL −12.94
(−22.13 to 3.75)

−17.65
(−24.49 to 10.81)

.61

Abbreviations: ADAS-Cog 11, Alzheimer’s Disease Assessment Scale–cognitive
subscale; ADCS-ADL, Alzheimer Disease Cooperative Study–Activities of Daily
Living; CDR-SOB, Clinical Dementia Rating–sum of boxes; mCGIC, modified
Clinical Global Impression of Change; MMSE, Mini-Mental State Examination;
NPI, Neuropsychiatric Inventory.
a In almost all outcome measures, there was a trend toward worsening in the

treatment arm.
b There was no statistical difference in ADAS-Cog 11 at 24 months between

treatment and placebo arms. Mean (SD) change was 14.52 (4.66) for
treatment vs 9.11 (4.65) for the placebo group (P = .17).

Figure 3. Bilateral Posterior Cingulate Change in Regional Cerebral Blood
Glucose Metabolism
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Change in bilateral posterior cingulated gyri decreased by 0.152 (95% CI,
0.128-0.176) standardized update value ratio (SUVR). In the placebo group it
decreased by 0.142 (95% CI, 0.124-0.302) SUVR.
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Adeno-Associated Viral Vector (Serotype 2)–Nerve Growth Factor
for Patients With Alzheimer Disease
A Randomized Clinical Trial
Michael S. Rafii, MD, PhD; Mark H. Tuszynski, MD, PhD; Ronald G. Thomas, PhD; David Barba, MD; James B. Brewer, MD, PhD;
Robert A. Rissman, PhD; Joao Siffert, MD; Paul S. Aisen, MD; for The AAV2-NGF Study Team

IMPORTANCE Nerve growth factor (NGF) is an endogenous neurotrophic factor that prevents
the death and augments the functional state of cholinergic neurons of the basal forebrain, a
cell population that undergoes extensive degeneration in Alzheimer disease (AD).

OBJECTIVE To determine whether stereotactically guided intracerebral injections of
adeno-associated viral vector (serotype 2)–nerve growth factor (AAV2-NGF) are well
tolerated and exhibit preliminary evidence of impact on cognitive decline in mild to
moderate AD-associated dementia.

DESIGN, SETTING, AND PARTICIPANTS In a multicenter phase 2 trial, 49 participants with mild
to moderate AD were randomly assigned in a 1:1 ratio to receive stereotactically guided
intracerebral injections of AAV2-NGF or sham surgery. Participants were enrolled between
November 2009 and December 2012. Analyses began in February 2015. The study was
conducted at 10 US academic medical centers. Eligibility required a diagnosis of mild to
moderate dementia due to AD and individuals aged 55 to 80 years. A total of 39 participants
did not pass screening; the most common reason was Mini-Mental State Examination scores
below cutoff. Analyses were intention-to-treat.

INTERVENTIONS Stereotactically guided intracerebral injections of AAV2-NGF into the
nucleus basalis of Meynert of each hemisphere or sham surgery.

MAIN OUTCOMES AND MEASURES Change from baseline on the Alzheimer Disease
Assessment Scale–cognitive subscale at month 24.

RESULTS Among 49 participants, 21 (43%) were women, 42 (86%) self-identified as white,
and the mean (SD) age was 68 (6.4) years. AAV2-NGF was safe and well-tolerated through
24 months. No significant difference was noted between the treatment group and placebo on
the primary outcome measure, the Alzheimer Disease Assessment Scale–cognitive subscale
(mean [SD] score, 14.52 [4.66] vs 9.11 [4.65], P = .17).

CONCLUSIONS AND RELEVANCE This multicenter randomized clinical trial demonstrated the
feasibility of sham-surgery–controlled stereotactic gene delivery studies in patients with AD.
AAV2-NGF delivery was well-tolerated but did not affect clinical outcomes or selected AD
biomarkers. Pathological confirmation of accurate gene targeting is needed.

TRIAL REGISTRATION clinicaltrials.gov Identifier NCT00876863

JAMA Neurol. doi:10.1001/jamaneurol.2018.0233
Published online March 26, 2018.
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This study provides a lesson on historical controls because it was performed after an open-

label phase 1 trial on 10 individuals seemed to show stability and decreased cognitive and 
functional decline compared with historical controls. 

The fact that no benefit was evident in this randomized, double-blind phase 2 study 

emphasizes the lack of scientific validity for open-label comparisons with historical controls in 
clinical trials. The reasons why treatments so often appear beneficial in comparisons with 
untreated historical controls are well-known: 

(1) individuals in a treatment trial are from a different population sample than those in 
observational studies, are often highly motivated, and receive better symptomatic and 
general treatments 

(2) historical controls are from an earlier period, and given a secular trend toward earlier 
diagnosis and ascertainment earlier in the disease course, current trial participants usually 
appear to have more stable disease status than historical controls did. This may be 
relevant to other recent restorative therapy trials with controversial analyses in which 
historical controls were used as evidence of possible efficacy.

Gene Therapy in Alzheimer Disease—It May Be Feasible,
but Will It Be Beneficial?
Lawrence S. Honig, MD, PhD

In this issue of JAMA Neurology, Rafii et al1 report the results
of a randomized clinical trial of intracerebral gene delivery in
patients with Alzheimer disease (AD). Neurodegenerative dis-

eases, of which AD is the most
common, remain a challeng-
ing frontier for medical treat-
ment. There are no preven-

tive measures, and for the millions of individuals who already
have AD, there are no disease-modifying agents to slow,
stop, or reverse progression. The primary efforts of the field
include a diverse assortment of ongoing drug trials attempt-
ing to alleviate or reduce various AD pathophysiologic pro-
cesses: amyloidogenesis, neurofibrillary change, synaptic
losses, and neuronal loss.2 While these efforts may be getting
closer to success, they have not yet reached fruition.

Meanwhile, there is a less advanced, secondary, intercur-
rent interest in restorative or regenerative strategies. Degen-
erative or destructive disorders of systemic organs, such as the
heart, liver, or kidney, can be successfully treated with trans-
plantation strategies. Such options are not available for the
brain. Thus, there is a burgeoning interest in regenerative strat-
egies on a more granular scale—via cell transfers, such as stem
cells, or via genetic material, such as viral vectors, DNA, RNA,
or antisense agents.3

The article by Rafii et al1 represents an effort to deter-
mine feasibility of helping patients with AD through intrace-
rebral gene delivery. An earlier open-label study demon-
strated the potential ability to perform such delivery.4 The
current study extended this and allowed preliminary evalua-
tion of safety and efficacy through performance of placebo-
controlled treatment (sham surgery) in 49 patients with mild
to moderate AD, using a viral vector to deliver DNA that codes
for nerve growth factor (NGF) into the brain’s nucleus basalis
of Meynert (NBM) through stereotactic neurosurgery. This trial
did not show evidence of benefit, but the investigators should
be commended for a well-planned and well-executed study.

The rationale for this trial1 was to treat the cholinergic defi-
cit in AD. In AD, the NBM, a small set of cells in the basal fore-
brain, experiences atrophy and destruction. The degeneration
of this nucleus is responsible for cortical cholinergic deficits in
AD, because the NBM magnocellular neurons project widely
throughout the frontal, parietal, and temporal neocortical re-
gions, as well to the hippocampus, an important region for
memory, and supply cholinergic input into these diverse re-
gions. In fact, it is this deficit in cholinergic tone that 3 of the
widely used US Food and Drug Administration–approved drugs
(donepezil, galantamine, and rivastigmine)5 partially amelio-

rate through central inhibition of synaptic acetylcholinester-
ase activity. Furthermore, the cells of the NBM are known to be
sensitive to the neurotrophic molecule NGF, with culture and
animal experiments showing that NGF deprivation can result
in the degeneration and death of NBM cells and that NGF ex-
posure can rescue such deprived NBM neurons or cause hyper-
trophy and increased cholinergic function in these cells.6-8 Thus,
the reasoning was that increasing NGF in the basal forebrain
might improve NBM neuronal function in patients with AD,
causing increased cholinergic function and better cognition.
Such a treatment would only be a small part of the total, be-
cause brain degeneration in AD is much more widespread, in-
volving many more structures than the NBM and many more
features than simply cholinergic dysfunction. Synaptic losses,
neuronal dysfunction, and death afflict the hippocampal re-
gion and nearly all neocortical regions, independent of cholin-
ergic status. Thus, at best, a successful intervention at the level
of NBM or cholinergic function would likely provide only a
modest symptomatic benefit, perhaps similar to that of the
approved anti-acetylcholinesterase drugs. But demonstration
of success with such a strategy might indicate potential for de-
velopment of further strategies devoted to neuronal survival
and restoration.

The trial by Rafii et al1 enrolled 49 people with AD, who
ranged in age from 55 to 80 years and had disease severity rang-
ing from mild to moderate (with Mini-Mental State Evalua-
tion scores of 17 to 26 on a 30-point scale). The trial occurred
at 10 academic medical centers over a 3-year period and had
86% participant retention. The intervention was bilateral,
stereotactically guided injection into the NBM of 2x1011 viral
genomes (in approximately 20 μL of volume) of adeno-
associated-virus-2 (AAV2) vector, which codes for expression
of full-length human nerve growth factor (NGF). The AAV2 vec-
tor is useful for delivering the genetic material of small mol-
ecules because it has a small single-stranded DNA genome of
approximately 4700 nucleotide bases;9 this can accommo-
date a small strand of complementary DNA, such as the one
encoding NGF (which has about 1000 nucleotide bases).10 The
AAV2 vector can infect nondividing cells (such as neurons),
does not kill these cells, and is not thought to engender an im-
mune response, making it a reasonable vector.9,11 This study
involved randomization to a comparison control arm: half the
research participants underwent the same processes as those
delivered drugs, but had sham surgery, receiving neither agent
(AAV2-NGF) nor placebo injections, but had neurosurgical
preparations, stereotactic frame, and partial burr holes with-
out injections. Because surgical interventions are accompa-
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Gene therapy for Parkinson Disease

 • Rigidity — Arms and legs become sEff 

and hard to move 

 • Tremors — Rapid shaking of the hands, 

arms or legs 

 • Slowed	Movements — Difficulty starEng 

or compleEng movements, called 

bradykinesia 

 • Impaired	Balance — Lack of balance or 

difficulty adjusEng to sudden changes in 

posiEon
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Current therapies for PD

Replacement therapy 
levo-dopa + carbidopa: 
long-term complications 
limiting the dose 

Deep brain stimulation: 
technically complex 

Human fetal 
mesencephalic cell 
transplantation: double-
blind controlled trials 
disappointing

Gene therapy for PD

Enhancement of DA synthesis 

Delivery of neurotrophic factors (neurturin) 

Interference with aberrant protein 
aggregation 

AAV-GAD: conversion of the subthalamic 
nucleus in an inhibitory rather than an 
excitatory structure



Brain 

targets 

in gene 

therapy 

for PD

In PD, loss of DA projections from the SN to the striatum results in 
overactivity of the subthalamic nucleus. 

The subthalamic nucleus sends excitatory projections to the internal part of 
globus pallidus and the pars reticulata of the SN, which in turn inhibits motor 
output.

12 patients 
5x10^9-5x10^10 AAV2-GAD particles infused unilaterally

Results

No adverse events related to the 
gene therapy

Clinical improvement in motor 
rating

Reduction in glucose metabolism 
of the thalamus in the operated 
hemisphere

Changes of daily dose of 
dopaminergic medication

Two patients showed evidence of substantial anti-AAV2 
immunity but no changes over time, suggesting that 
vector infusion did not induce immunity against AAV2

�23

Surprising findings: 

- bilateral improvement after unilateral therapy 
- improvement in best on-medication function 

Concerns and caveats: 

- absence of sham-operated control group 
- the excitatory role of the subthalamic nucleus suggests 
its role in learning: what might be the long-term effect of 
converting this nucleus from an excitatory to an inhibitory 
structure?



Neurturin is a member of the GDNF family of ligands 
that has been shown to exert neuroprotective and 
restorative effects on nigrostriatal dopaminergic 
neurons in animal models and in humans. 

CERE-120 (AAV-hNGF-hNTN) is a novel gene therapy 
product that shows particular promise. CERE-120 
delivers a modified human neurturin (NRTN or NTN) 
gene in which the prepro sequence of human neurturin 
cDNA is replaced with the prepro domain of human 
nerve growth factor β (NGFβ) via an adeno-associated 
virus type 2 (AAV2) vector under the control of the 
CAG promoter. The result is a gene product that is 
efficiently secreted from human cells with potent 
biological activity. CERE-120 was chosen for further 
development for the treatment of Parkinson's disease. 

A phase I trial in 12 patients with Parkinson's 
disease (Hoehn/Yahr stage 3 or greater) and motor 
fluctuations has examined the safety, tolerability and 
efficacy of CERE-120 (2 x 1011 or 8 x 1011 vector 
genomes injected intraputaminally along 4 trajectories/ 
hemisphere). No surgical complications or serious 
adverse events have been reported and no treatment-
related adverse events have been seen at 2-17 weeks 
of follow-up.

CERE-120 (AAV-hNGF-hNTN)

�29Therapeutic effect maintained up to 6 years! 

Qualitative Imaging of Adeno-Associated Virus
Serotype 2–Human Aromatic L-Amino Acid
Decarboxylase Gene Therapy in a Phase I Study for
the Treatment of Parkinson Disease

BACKGROUND: Putaminal convection-enhanced delivery (CED) of an adeno-associated
virus serotype 2 (AAV2) vector, containing the human aromatic L-amino acid de-
carboxylase (hAADC) gene for the treatment of Parkinson disease (PD), has completed
a phase I clinical trial.

OBJECTIVE: To retrospectively analyze magnetic resonance imaging (MRI) and positron
emission tomography (PET) data from the phase I trial, correlate those data with similar
nonhuman primate (NHP) data, and present how such information may improve future
PD gene therapy trials in preparation for the initiation of the phase II trial.

METHODS: Ten patients with PD had been treated with bilateral MRI-guided putaminal
infusions of AAV2-hAADC. MRI and PET scans were obtained at baseline (before vector
administration) and at various intervals after treatment. Three normal adult NHPs
received similar infusions into the thalamus. Imaging studies for both groups are
presented, as well as hAADC immunohistochemistry for the NHPs.

RESULTS: Early post-CED MRI confirmed the stereotactic targeting accuracy and
revealed T2 hyperintensity around the distal cannula tracts, best seen within 4 hours of
surgery. Coregistration of post-CED MRI and PET scans revealed increased PET uptake at
the sites of T2 hyperintensity. Similar T2 hyperintensities in NHP MRI correlated with
hAADC immunohistochemistry.

CONCLUSION: Our analysis confirms the correct targeting of the CED cannula tracts
within the target human putamen. Coregistration of MRI and PET confirms colocalization
of T2 hyperintensities and increased PET uptake around the distal cannula tracts. Because
PET uptake closely correlates with hAADC transgene expression and NHP data confirm
this relationship between T2 hyperintensity and hAADC immunohistochemistry, we
believe that T2-weighted MRI allows visualization of a significant part of the distribution
volume of the hAADC gene therapy. Recommendations for future protocols based on
these data are presented.

KEY WORDS: AAV2-hAADC, Convection-enhanced delivery, Gene therapy, Magnetic resonance imaging,
Parkinson disease, Positron emission tomography
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In normal brains, dopamine is produced di-
rectly from L-dopa by aromatic L-amino acid
decarboxylase (AADC) within nigrostriatal

dopaminergic neurons. In Parkinson disease
(PD), AADC is progressively lost, along with the
dopaminergic neurons in the substantia nigra, and
this loss may contribute to the waning benefit of
exogenous L-dopa therapy over time.1,2 Restora-
tion of efficient dopamine synthesis can be
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cannula tips and the sites of hyperintensity coregistered well with
high-signal-activity regions in the 1-month PET.

MRI/Gene Expression Correlation in the NHP Model

Real-time CED (RCD) was used to distribute AAV2-hAADC to
the NHP thalamus, a structure in the NHP brain similar in volume
to the human putamen. T2-weighted MRI sequences were obtained
at the conclusion of each of 3 infusions. Clearly defined areas of T2
hyperintensity were easily observed on T2-weighted sequences in all
infusions. The average of individual Vd/Vi ratios was 4.1 (SD =
0.86), similar to that estimated from T2-weighted imaging in the
patient series. Five weeks after gene therapy treatment, NHP brains
were analyzed for hAADC immunohistochemistry. A quantitative
analysis showed that areas of hAADC expression were highly

correlated with areas of T2 hyperintensity observed during RCD
(Figure 5). The correlation coefficient between measured areas of
hAADC distribution in tissue sections and measured areas of T2
hyperintensity on corresponding MRI slices was 0.79, and the av-
erage ratio of hAADC-immunopositive areas to the T2 hyperintense
areas was 0.97 (SD = 0.15), indicating that the T2 signal after
AAV2-hAADC infusion is a valid predictor of the location of
subsequent gene expression.

DISCUSSION

In PD, the nigrostriatal dopaminergic neurons of the pars
compacta of the substantia nigra degenerate over time. The
terminals of these dopaminergic neurons innervate the striatum

FIGURE 1. Patient 102. A throughC, axial views of the T2 magnetic resonance imaging (MRI) after convection-enhanced delivery with [18F]-6-fluoro-meta-tyrosine (FMT)
positron emission tomography coregistered before (A) and 1 month after (B) adeno-associated virus serotype 2–human aromatic L-amino acid decarboxylase (AAV2-hAADC)
gene transfer. C, Note the robust hyperintensity seen within the right putamen, as indicated by the green arrow, correlating with the FMT uptake shown by the arrow in B.
D, T2 MRI 3-dimensional (3D) reconstruction of the infusions. The infusion hyperintensities are depicted bilaterally. Blue domains represent the 3D reconstructions of the
infusion volumes. E, T2 MRI 3D reconstruction of the right and left putamen in the axial-oblique view. Green domains indicate putamen reconstruction; blue domains within
the putamen indicate infusion reconstructions; purple lines indicate cannula tracks. Infusion regions appear to be confined only to the putamen. F, sagittal view of T2 MRI
illustrating infusion hyperintensity on right side. The diameter of the infusion appears to be at least 10 mm as shown by the red line drawn across the widest T2 hyperintensity
region representing the AAV2-hAADC infusions. This is the same region indicated by the green arrow in C.
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and are lost during the course of the disease, along with the
dopamine-producing enzymatic machinery, including AADC,
the enzyme essential for the conversion of L-dopa to dopamine.
Levodopa treatment is effective in treating the early and middle
stages of PD owing to residual AADC present within the stria-
tum. Later stages of PD, with marked loss of AADC within the
striatum, require increases in total L-dopa dose for clinical effect,
with resulting detrimental side effects such as dyskinetic,12,13

gastrointestinal (nausea, emesis), and cardiovascular (arrhythmia,
hypotension) symptoms.13

The use of gene therapy to restore more normal striatal levels of
AADC in PD should ameliorate the clinical status at reduced L-dopa
doses as a result of improved enzymatic efficiency in dopamine
production, thereby minimizing side effects. This combination of

AAV2-hAADC gene therapy and l-dopa therapy has been shown to
enhance dopamine synthesis in NHPs.14 The expression of AADC
can be imaged with FMT PET.15,16 A vector dose-ranging study in
NHPs showed a dose-dependent increase in the PET uptake and
improvement in behavioral responses.4 Sustained expression of
AADC transgene in the striatum of NHP has been observed for. 7
years.3 Recent work also reported an increase in the PET uptake in
AAV2-hAADC–treated humans5 and improved patient function on
lower l-dopa doses (M.J. Aminoff, personal communication).
Clinical evaluation of the effects of this phase I gene therapy has
recently been reported.5,6

In this analysis, we observed good overlap in our coregistered
images between the T2 hyperintensity (visually estimated Vd) on
MRI, the distal infusion cannula tracts, and the local increase in

FIGURE 2. Patient 103. A throughC, axial views of the T2 magnetic resonance imaging (MRI) after convection-enhanced delivery with [18F]-6-fluoro-meta-tyrosine (FMT)
positron emission tomography coregistered before (A) and 1 month after (B) adeno-associated virus serotype 2–human aromatic L-amino acid decarboxylase gene transfer.
In this case, T2 hyperintensity is detected on both sides (C), as indicated by the green arrows, and correlates well with the FMT uptake indicated by green arrows in B.D, T2
MRI 3-dimensional (3D) reconstruction of the bilateral infusions. The infusion hyperintensities are visible bilaterally. Blue domains indicate the 3D reconstructions of the
infusions. E, T2 MRI 3D reconstruction in the axial-oblique view. Green domains indicate putamen reconstruction; blue domains with the putamen indicate infusion
reconstructions; purple lines indicate cannula tracks. Infusions appear to be confined primarily within the putamen. Note the possible dorsal extent of infusion in the right
putamen, possibly representing reflux out of the target. F, sagittal view on T2 MRI illustrating infusion hyperintensity on right side. The yellow line outlines the infusion region.
The diameter of the infusion appears to be at least 9 mm, as indicated by the red line drawn across the widest region of T2 hyperintensity. Dorsoventral aspect of the infusion,
indicated by the blue line, measures 13 mm. This is the same region indicated by the green arrow on the right side in the C.
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A through C, axial views of the T2 magnetic resonance imaging (MRI) after convection-enhanced delivery with [18F]-6-fluoro-meta-tyrosine (FMT)  
positron emission tomography coregistered before (A) and 1 month after (B) adeno-associated virus serotype 2–human aromatic L-amino acid 
decarboxylase gene transfer. T2 hyperintensity in C  is indicated by the green arrows, and correlates well with the FMT uptake indicated by green arrows in 
B. D, T2 MRI 3-dimensional (3D) reconstruction of the bilateral infusions. Blue domains indicate the 3D reconstructions of the infusions. E, T2 MRI 3D 
reconstruction in the axial-oblique view. Green domains indicate putamen reconstruction; blue domains with the putamen indicate infusion reconstructions; 
purple lines indicate cannula tracks. Infusions appear to be confined primarily within the putamen. F, sagittal view on T2 MRI illustrating infusion 
hyperintensity on right side. The yellow line outlines the infusion region. The diameter of the infusion appears to be at least 9 mm, as indicated by the red 
line drawn across the widest region of T2 hyperintensity. Dorsoventral aspect of the infusion, indicated by the blue line, measures 13 mm. This is the same 
region indicated by the green arrow on the right side in the C.  

Patient 102 Patient 103

postinfusion MRI. Postinfusion PET uptake was also aligned with 3D
reconstruction of postinfusion MRI with the Vd site demarcated.

NHP Study

Three normal adult NHPs received thalamic infusions of approxi-
mately 150 mL AAV2 vectors and free gadoteridol (1 mmol/L gadoli-
nium; Prohance, Brancco Diagnostics, Princeton, New Jersey) under
MRI control. The Institutional Animal Care and Use Committee at the
University of California San Francisco approved the protocol. Infusions
were performed under general anesthesia by previously established CED
techniques for NHP. AAV2-hAADC vectors, under the control of the
cytomegalovirus promoter, were packaged by the AAV Clinical Vector
Core at Children’s Hospital of Philadelphia. AAV2-hAADC stock was
concentrated to 2 3 1012 vector genomes per 1 mL as determined by
quantitative polymerase chain reaction and then diluted immediately
before use to 1 to 1.2 3 1012 vector genomes per 1 mL in phosphate-
buffered saline–0.001% (vol/vol) Pluronic F-68.

NHP Analysis

MRIs were acquired on a 1.5-T Siemens Magnetom Avanto system.
The volume of T2 hyperintensity at the infusion site was quantified with
OsiriX medical imaging software (version 3.6). Animals were euthanized
5 weeks after AAV2-AADC infusions, and standard immunohistochem-
istry analyses were undertaken as previously described.9 AADC-positive
areas were identified with light microscopy. Outlined AADC-immuno-
reactive areas were transferred manually to baseline MRIs by delineating
positive areas on the corresponding baselineMRI slice withOsiriX without
reference to the MRIs showing gadolinium distribution. Measured areas of
AADC distribution were compared with the corresponding measured areas
of T2 signal distribution by the Pearson correlation coefficient.

RESULTS

No adverse events were noted as a direct result of delivery of
AAV2-hAADC, but 2 subjects sustained vascular complications
distant from the CED infusion site. One had an asymptomatic
hemorrhagic infarct, and the other had a symptomatic in-
tracranial hemorrhage that did not require evacuation with res-
olution of neurological deficits by 6 months after surgery.6 The
most common clinical complaints associated with the CED in-
fusions were self-limited headaches. Overall, this gene therapy
approach in humans has been well tolerated and shows early PET
evidence of sustained transgene expression.5,6

Magnetic Resonance Imaging

After AAV2-hAADC CED infusion, T2 MRIs were obtained
for 9 of the 10 patients with essentially the same parameters: echo
time of 90 milliseconds and repetition time of 3000 milliseconds.
Patient 10 had a computed tomography scan in lieu of an MRI.
Appropriate cannula tracts leading to the putamen were con-
firmed in all 9 patients undergoing postoperative MRI. In 7 of 9
patients, a halo of T2 hyperintensity surrounding the location of
at least 1 cannula tip was also detected (Figures 1 and 2). No
significant hyperintensity along the more superficial cannula tract
was detected in patients showing T2 hyperintensities at the

cannula tip, suggesting that the reflux-resistant cannula design
appears to prevent significant reflux/backflow above the first
cannula step.
One patient had significant movement artifacts on MRI, and we

could not use that data in our analysis. Two patients with MRI scans
performed . 24 hours after CED showed weak T2 signal at the
distal end of the cannula tracts. For the other 6 patients, the 3 ROIs
were drawn on the T2MRI: the cannula tracts, the estimated margin
of the infusion (as represented by T2 hyperintensity), and the outline
of the putamen (Figures 1 and 2). For each patient, the PET uptake
data before and after infusion were coregistered with the T2MRI and
the estimated Vd (Figures 1 and 2).
The hyperintense areas were outlined on adjacent MRIs, and

volumes of the hyperintensity were determined by 3D recon-
struction and measurement algorithms previously described.10 The
volumes of the T2 hyperintensity (and estimated Vd) were de-
termined for each hemisphere in each patient (data not shown)
and varied widely, despite the fact that all infusions had the same
Vi (50 mL per tract, 100 mL per putamen).
The interval between the CED infusion and the T2 MRI

ranged from 0.25 to . 24 hours for our 9 patients undergoing
MRI. A possible relationship between estimated CED Vd and
time delay after CED to MRI was evaluated by plotting Vd data
from each available brain hemisphere (Figure 3). Patients were
excluded from the presented plotted data as a result of imaging
problems, time delay in imaging as described earlier, or being
extreme outliers. Of the remaining 6 patients with MRI data that
we could analyze adequately, 4 had imaging studies performed
within 4 hours of the CED. Although the small number of
patients and data points prevents a complete quantitative analysis
of our data, the plots presented (Figures 3 and 4) suggest that the
visualized Vd on postoperative MRI at the infusion sites decreases
with time. The large SD for our data points is associated with
difficulty interpreting the T2 hyperintensity on the MRI studies.
Despite the time-dependent dispersal of the liquid infusate away
from the Vd at the end of the CED (time 0, t[0]), the viral
particles are known to remain within the original postinfusion
Vd.11 Extrapolation of our plotted Vd data back to t[0] suggests
that the maximum Vd after CED ranges between 830 and 960
mL and with a 100-mL Vi per hemisphere, thereby allowing us
to approximate the human putaminal Vd/Vi ratio as 8.9
(Figure 3).

Positron Emission Tomography

Quantification of the data for the patients showed a mean
increase in FMT uptake (Kic) in the putamen (averaged over right
and left hemispheres) of 37% at 1 month and 30% at 6 months
for the low-dose group. The high-dose group showed a mean
increase of 85% at 1 month and 75% at 6 months from baseline
after gene transfer as described recently.5,6 Figures 1 and 2 show
a coregistered calculated FMT uptake (Kic) PET image for
a typical patient with the 1-month PET image. The data also
show coregistered MRI and PET for a typical patient and a 3D
reconstruction of the MRI hyperintensity volumetric profile. The
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The protocol for this trial on 15 moderately advanced subjects was publicly 
discussed at the recombinant DNA advisory committee in late 2003, but subjects 
were not treated until 1 year later, during which time Genzyme, Boston, MA acquired 
the program from Avigen (Alameda, CA). 

This trial was successful in terms of safety. However, despite a reasonable scientific 
rationale and several animal studies demonstrating reasonably robust enhancement in 
nigrostriatal dopamine function with AAV2-AADC, the phase 1 trial found only very 
modest efficacy, and was even described as neither “clear cut” nor what “we 
needed” by a Genzyme spokesperson. 

A second phase 1 study was performed in Japan using the identical vector (provided 
by Genzyme) and dosing paradigm, as well as a similar clinical protocol. Not 
surprisingly, the open-label efficacy results were not markedly different from the trial 
conducted in the USA. 

Recently, Genzyme agreed to allow the program's academic originators, in 
collaboration with Michael J. Fox Foundation for Parkinson's Research (MJFF), to 
resurrect a modified version of the clinical program, admitting that without the MJFF 
financial support, the program would not likely have moved forward.

Phase I, sc-AAV9



Phase III, repeated intrathecal administration
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The Dilemma of Two Innovative Therapies for Spinal Muscular 
Atrophy

Ans T. van der Ploeg, M.D., Ph.D.

If you have made a diagnosis of spinal muscular 
atrophy (SMA) type 1 (also known as Werdnig–
Hoffman disease) in a child, then you have vivid 
memories of informing desperate parents that 
there is nothing you can do for their child. Two 
innovative therapies for SMA may now bring some 
hope — but what do they mean for patients and 
their families?

SMA, which is one of the most common inher-
itable neuromuscular diseases, is a degenerative 
motor neuron disorder that leads to muscle atro-
phy and respiratory failure. Patients with the most 
severe form rarely survive beyond 2 years of age. 
The disease is caused by defects in the gene en-
coding survival motor neuron (SMN) 1 (SMN1), 
but a paralogous gene, SMN2, also produces SMN 
protein. SMN2 is subject to aberrant pre–messen-
ger RNA splicing, with variable skipping of exon 7, 
that leads to production of normal SMN protein 
at only 5 to 10% of the normal level. A person 
may carry several copies of SMN2; the presence 
of more copies of SMN2 leads to increased pro-
duction of normal SMN protein. This largely ex-
plains the spectrum of disease severity; affected 
patients range from weak infants to ambulant 
children and adults. The most severe and preva-
lent form of the disease is SMA type 1, which 
accounts for 60% of cases of SMA. Two studies 
presented in this issue of the Journal focus on 
SMA type 1.

The therapeutic approaches in these two 
studies have a common objective: to increase the 
production of SMN protein in motor neurons 
and thereby improve motor function and sur-
vival. Mendell et al.1 investigated the use of gene 

therapy, which involved a single intravenous ad-
ministration of nonreplicating adenovirus (scAAV9 
[self-complementary adeno-associated viral sero-
type 9]) vector that included the normal human 
SMN1 sequence. Finkel et al.2 investigated the use 
of an antisense approach that was designed to 
prevent the exclusion of exon 7 in SMN2, which 
involved repetitive intrathecal administration of 
the antisense oligonucleotide drug nusinersen. 
This multicenter, randomized, sham-controlled 
trial was preceded by several smaller, phase 1–2 
studies involving infants with SMA type 1 and 
children 2 to 14 years of age with SMA type 2 or 3 
that had generally positive results.3,4 The scAAV9 
gene therapy has not yet been approved,1 where-
as nusinersen was approved for use in children 
and adults with SMA by the Food and Drug Ad-
ministration in 2016 and by the European Medi-
cines Agency this year.2,5,6

Both Mendell et al. and Finkel et al. found 
significant improvement in motor outcomes and 
survival. In the trial of nusinersen, which enrolled 
122 infants with onset of symptoms at 6 months 
of age or younger, a significantly larger propor-
tion of infants in the nusinersen group than 
infants in the control group achieved motor 
milestones (41% vs. 0%). At a prespecified interim 
analysis, the trial was terminated. In the final 
analysis, the proportion of infants in the nusiner-
sen group who achieved motor milestones in-
creased to 51%. However, there is room for im-
provement. Of the infants who achieved motor 
milestones, only 8% could sit independently and 
1% could stand. By the end-of-trial cutoff date, 
39% of the infants in the nusinersen group and 
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gene therapy has not yet been approved,1 where-
as nusinersen was approved for use in children 
and adults with SMA by the Food and Drug Ad-
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cines Agency this year.2,5,6
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122 infants with onset of symptoms at 6 months 
of age or younger, a significantly larger propor-
tion of infants in the nusinersen group than 
infants in the control group achieved motor 
milestones (41% vs. 0%). At a prespecified interim 
analysis, the trial was terminated. In the final 
analysis, the proportion of infants in the nusiner-
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The trial of nusinersen enrolled 122 
infants with onset of symptoms at 6 
months of age or younger.


Of the infants who achieved motor 
milestones (51%), only 8% could sit 
independently and 1% could stand. 
39% of the infants in the nusinersen 
group and 68% in the control group 
had died or received permanent 
assisted ventilation. 


Best results in patients who started 
treatment within 13 weeks after 
disease onset. 

The study of scAAV9 gene therapy 
enrolled 15 patients (3 low dose 12 
high dose)


In the high-dose group 9 patients 
were able to sit without support for at 
least 30 seconds, and 2 were able to 
crawl, pull to stand, and walk 
independently and 7 patients did not 
require ventilatory support. 

Different study designs, hard to compare the results of these studies


scAAV9 gene therapy may require only a single intra-venous infusion 
(but difficult to repeat) , whereas nusinersen probably requires lifelong 
repetitive intrathecal treatment 


As the children grow, the phenotype may expand to affect other organs 
and tissues (do scAAV9 and antisense oligonucleotides target other cell 
types?). 


Neither therapy currently provides a cure. One option may be to start 
treatment earlier; the NURTURE study (ClinicalTrials.gov number, 
NCT02386553) is currently investigating the effect of nusinersen in 
presymptomatic patients. Another option is to combine the two 
treatments. 


An important constraint is the high anticipated cost of $750,000 for a 
course of nusinersen during the first year of therapy 
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Abstract
Objective
To report results of intrathecal nusinersen in childrenwith later-onset spinalmuscular atrophy (SMA).

Methods
Analyses included children from a phase 1b/2a study (ISIS-396443-CS2; NCT01703988) who
first received nusinersen during that study and were eligible to continue treatment in the
extension study (ISIS-396443-CS12; NCT02052791). The phase 1b/2a study was a 253-day,
ascending dose (3, 6, 9, 12 mg), multiple-dose, open-label, multicenter study that enrolled
children with SMA aged 2–15 years. The extension study was a 715-day, single-dose level
(12 mg) study. Time between studies varied by participant (196–413 days). Assessments
included the Hammersmith Functional Motor Scale–Expanded (HFMSE), Upper LimbModule
(ULM), 6-Minute Walk Test (6MWT), compound muscle action potential (CMAP), and
quantitative multipoint incremental motor unit number estimation. Safety also was assessed.

Results
Twenty-eight children were included (SMA type II, n = 11; SMA type III, n = 17). Mean
HFMSE scores, ULM scores, and 6MWT distances improved by the day 1,150 visit (HFMSE:
SMA type II, +10.8 points; SMA type III, +1.8 points; ULM: SMA type II, +4.0 points; 6MWT:
SMA type III, +92.0 meters). Mean CMAP values remained relatively stable. No children
discontinued treatment due to adverse events.

Conclusions
Nusinersen treatment over ;3 years resulted in motor function improvements and disease
activity stabilization not observed in natural history cohorts. These results document the long-
term benefit of nusinersen in later-onset SMA, including SMA type III.

Clinicaltrials.gov identifier
NCT01703988 (ISIS-396443-CS2); NCT02052791 (ISIS-396443-CS12).

Classification of evidence
This study provides Class IV evidence that nusinersen improves motor function in children
with later-onset SMA.
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Press release 

New gene therapy to treat spinal muscular atrophy  
 
EMA has recommended granting a conditional marketing authorisation in the European Union for the 
gene therapy Zolgensma (onasemnogene abeparvovec) to treat babies and young children with spinal 
muscular atrophy (SMA), a rare and often fatal genetic disease that causes muscle weakness and 
progressive loss of movement.  

There are currently limited treatment options for children with SMA in the EU. Patients also receive 
physical aids to support muscular functions and help them and their families cope with the symptoms 
of the disease.  

Spinal muscular atrophy is usually diagnosed in the first year of life. Most patients with severe SMA do 
not survive early childhood. Patients with the disease cannot produce sufficient amounts of a protein 
called 'survival motor neuron' (SMN), which is essential for the normal functioning and survival of 
motor neurons (nerves from the brain and spinal cord that control muscle movements). Without this 
protein, the motor neurons deteriorate and eventually die. This causes the muscles to fall into disuse, 
leading to muscle wasting (atrophy) and weakness. 

The SMN protein is made by two genes, the SMN1 and SMN2 genes. Patients with spinal muscular 
atrophy lack the SMN1 gene but have the SMN2 gene, which mostly produces a 'short' SMN protein 
that cannot work properly on its own. A one-time intravenous administration of Zolgensma supplies a 
fully functioning copy of the human SMN1 gene enabling the body to produce enough SMN protein. 
This is expected to improve their muscle function, movement and survival of children with the disease. 

Treatment with Zolgensma should only be administered once in suitable clinical centres under the 
supervision of a physician experienced in the management of patients with SMA.  

EMA’s recommendation for conditional marketing authorisation is based on the preliminary results of 
one completed clinical trial and three supporting studies in patients with spinal muscular atrophy with 
different stages of disease severity. These included genetically diagnosed and pre-symptomatic 
patients.  

The clinical trial providing the main body of data for the assessment of Zolgensma was conducted in 22 
patients who were less than six months of age at the time of the gene replacement therapy with 
Zolgensma. The trial assessed the percentage of patients who had improvement in their survival (i.e. 
without the need to be permanently on a ventilator) and motor milestones, such as head control, 
crawling, sitting, standing and walking (with or without assistance).  

after gene transfer in three of the babies. 15 infants have been recruited into Str1ve,
and Novartis expects to file for US approval by the end of September.

The update in October is likely to include survival and event rates and other motor
measures, while investors will be keen to see evidence of durability. Any safety update
will also be crucial, which given the strength of existing efficacy data is probably the
biggest risk to this project. Liver safety signals have been seen in some patients treated
with AVXS-101 – something that has been associated with AAV vector gene therapies –
but nothing significant enough to raise huge concerns.

The sellside has been sufficiently convinced to project sales of $1.4bn in 2024. The
final price tag of this project remains another issue entirely.

The SMA landscape – selected clinical-stage projects

   Annual sales ($m)

Product Company Mechanism 2018 2019 2022 2024

Spinraza Biogen SMN 2 antisense 1,692 1,931 2,098 2,060

AVXS-101 Novartis SMN gene therapy - 189 1,159 1,339

Reldesemtiv* Astellas Troponin activator - - 171 189

Risdiplam Roche
SMN 2 gene splicing
modifier

- - 33 82

LMI070 Novartis 
SMN 2 gene splicing
modifier

- - - -

ALG-801 Biogen Myostatin inhibitor - - - -

*Also in trials for ALS and COPD. Source: EvaluatePharma.

Having spent so much money on this asset Novartis will naturally be very keen to
deliver another strong set of data. But the biggest impact of a knockout result is more
likely to be felt by Biogen.

One of this company’s main defences of Spinraza is that this can be used on top of
gene therapy. Biogen has claimed that several patients in the phase I AVXS-101 study
have subsequently gone on to Spinraza and, while the durability of the gene therapy
remains unknown, a combination of mechanisms remains a possibility.

But if Novartis’s update reveals across-the-board improvements in motor function, to
near normal levels, this argument will start to lose water. It is perhaps telling that Biogen
has been stressing the potential for Spinraza in adults with the less severe type 3
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Motor neuron
diseases
involve lesions in one or both
components of a two-neuron
pathway

Amyotrophic lateral sclerosis
 (Lou Gehrig’s disease)

● Lower and upper motor degeneration
● Onset at 40-50 years
● Respiratory failure within 2-5 years
● Deterioration can be slowed by riluzole

(glutamate-blocking drug) and antioxidant
vitamins - but modest/no improvement

● 10% genetic forms: earlier onset, Lewy
body inclusions and spinocerebellar
degeneration

Amyotrophic 

lateral 

sclerosis 

(Lou Gehrig disease) 

Superoxide dismutase (SOD)

Mutations in SOD1 are an
important cause of ALS - more
then 60 mutations identified so
far

SOD catalyzes the reaction of the
superoxide free radical O2’ into H2O2

SOD1, cytosolic, requires copper and zinc
SOD2 in mitochondria
SOD3 extracellular

Transgenic mice overexpressing mutant human SOD1 showed degeneration of spinal motor
neurons similar to human ALS due to gain of function  (survival inversely related to SOD1 activity)
The mutant SOD1 produces a toxic metabolite, probably peroxynitrite or nitrosamine peroxide

Mice with a knock-out mutation for SOD1 do not develop ALS-like disease

Gain of function is consistent with dominant inheritance seen in clinics

Therapeutic genes proposed/used so far:

● Calbindin
● Neurofilaments
● Bcl-2
● IL-1 converting enzyme inhibitors
● BDNF, CNTF, GDNF, IGF-1
● Neurotrophin 3
● Glutamate transporter

Superoxide dismutase (SOD1)
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VEGF∂ / ∂VEGF+/+

Oosthuyse et al. Nat. Genet., 2001

Abnormal motor performance in VEGF∂ / ∂  mice



EvoluEon of 

VEGF as a 

mulE-tasking 

neuronal factor

Zacchigna, Nature Review 
Neuroscience 2008

 Low VEGF levels in VEGF
∂/∂

 mice 

cause motoneuron degeneraEon

Insufficient 
neuroprotection

impaired 
neural 

perfusion

Motor  
neuron 
degeneration

Muscle weakness

Chronic 
ischemia
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Parallels in vessel and nerve 

pa4erning

Peter Carmeliet and Marc Tessier-Lavigne

Nature 436, 193-200 (14 July 2005) 
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Figure 2
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Axonal growth cones and endothelial Ep cells 

share growth/chemotacEc factors and receptors

Zacchigna et al. 2007

Figure 6
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Zacchigna et al., 2007

...the advantage of being mulE-tasking... The axon: an overlooked 

therapeuEc candidate in ALS?

Do trophic factors (IGF-1, VEGF, etc.) affect the axon?
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Intramuscular AAV2-VEGF 

prolongs survival of SOD1
G93A 

mice

AAV2-LacZ 
113 ± 2 d

AAV2-LacZ 
129 ± 4

AAV2-VEGF 
123 ± 1 d

AAV2-VEGF 
142 ± 3 d

Saline VEGF 5µg/g/day - P8

VEGF increases terminal axon 

sprouEng

Thy1-YFP mice

VEGF effect on SOD mice: 

preserved or reinnervated NMJ?

AAV-LacZ AAV-VEGF
Thy1-YFP/SOD mice

VEGF effect on SOD mice: 

stabilizaEon of synapEc contacts?


