RESEARCH ARTICLES

Postmortem Analysis in a Clinical Trial of AAV2-NGF Gene
Therapy for Alzheimer’s Disease Identifies a Need
for Improved Vector Delivery
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Nerve growth factor (NGF) gene therapy rescues and stimulates cholinergic neurons, which degenerate in Alzheimer’s
disease (AD). In a recent clinical trial for AD, intraparenchymal adeno-associated virus serotype 2 (AAV2)-NGF
delivery was safe but did not improve cognition. Before concluding that NGF gene therapy is ineffective, it must be
shown that AAV2-NGF successfully engaged the target cholinergic neurons of the basal forebrain. In this study, patients
with clinically diagnosed early- to middle-stage AD received a total dose of 2x 10'" vector genomes of AAV2-NGF by
stereotactic injection of the nucleus basalis of Meynert. After a mean survival of 4.0 years, AAV2-NGF targeting, spread,
and expression were assessed by immunolabeling of NGF and the low-affinity NGF receptor p75 at 15 delivery sites in
3 autopsied patients. NGF gene expression persisted for at least 7 years at sites of AAV2-NGF injection. However, the
mean distance of AAV2-NGF spread was only 0.96 +0.34 mm. NGF did not directly reach cholinergic neurons at any of
the 15 injection sites due to limited spread and inaccurate stereotactic targeting. Because AAV2-NGF did not directly
engage the target cholinergic neurons, we cannot conclude that growth factor gene therapy is ineffective for AD.
Upcoming clinical trials for AD will utilize real-time magnetic resonance imaging guidance and convection-enhanced

delivery to improve the targeting and spread of growth factor gene delivery.
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INTRODUCTION
COGNITIVE DECLINE IN Alzheimer’s disease (AD) is accom-
panied by loss of cholinergic neurons in the basal fore-
brain."* Nerve growth factor (NGF) is an endogenous
neurotrophic factor that regulates the growth and survi-
val of cholinergic neurons by functional activation of the
TrkA receptor.” > Exogenous NGF prevents the death of
axotomized basal forebrain cholinergic neurons in rats
and monkeys,®'? is neuroprotective and improves spatial
memory in aged rats,">"'* and reverses cholinergic neuron
loss in aged monkeys.'> These preclinical studies advan-
ced NGF as a candidate neuroprotective therapy for AD.
NGF does not cross the blood-brain barrier, but gene
therapy approaches can deliver NGF to the basal forebrain.
In the first clinical trial of NGF gene therapy for AD,
autologous NGF-expressing fibroblasts were implanted in
the nucleus basalis of Meynert (nbM) of eight patients.'®
Long-term NGF expression was well tolerated and sig-
nificantly increased brain metabolism.'® While the trial

was small and unblinded, results suggested a potential
slowing of cognitive decline.'® Following the emergence
of adeno-associated virus serotype 2 (AAV?2) vectors for
safe and long-lasting gene transfer to monkey or human
brain,”’21 a dose-escalating Phase 1 clinical trial of
AAV2-NGF delivery to the nbM was conducted in 10
patients with mild-to-moderate AD.*?> AAV2-NGF treat-
ment was safe, and long-term expression of biologically
active NGF was observed.”

A multicenter, sham placebo-controlled Phase 2 clini-
cal trial subsequently evaluated the safety, feasibility, and
efficacy of AAV2-NGF gene therapy.>* AAV2-NGF was
delivered bilaterally to the nbM in 49 patients with mild-
to-moderate AD, and change from baseline on the Alz-
heimer’s Disease Assessment Scale—cognitive subscale
was examined 2 years after treatment. Although AAV2-
NGF gene therapy was again safe and well tolerated, there
was no significant difference in cognitive decline between
the placebo and treatment groups.*
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Extensive evidence supports the biological activity of
NGF on cholinergic neurons and the efficacy of AAV2
for long-term neuronal gene expression. It is possible
that AAV2-NGF gene therapy did not significantly im-
prove cognition because AAV2-NGF was not successfully
delivered to the nbM. To evaluate this possibility, we
quantified target engagement in the brains of 3 deceased
patients from the Phase 1 dose-escalation trial who col-
lectively received 15 AAV2-NGF injections. The surgical
procedure and maximum dose were identical in the
Phase 1 and Phase 2 trials: each side of the brain received
three stereotactic injections of AAV2-NGF targeting the
nbM. In these patients, the maximum dose of 2 X 10'°
vector genomes (vg) in 20 uLL was delivered to each site for
a total dose of 1.2x 10" vg per brain. We performed
histological analysis to examine the spread of NGF protein
around the injection site and the extent to which each
AAV2-NGF injection successfully reached the nbM. De-
tailed analysis of target engagement is essential for inter-
preting clinical trial results and assessing the therapeutic
potential of NGF gene therapy for AD.

MATERIALS AND METHODS
AAV2-NGF Production

The AAV-NGF genome contains: two AAV?2 inverted
terminal repeats; the synthetic CAG promoter, which com-
prises the cytomegalovirus immediate-early enhancer, the
chicken f-actin promoter, and a chimeric intron combin-
ing the first exon and intron of the chicken f-actin gene
with the rabbit -globin splice acceptor; the human NGF
complementary DNA (cDNA) sequence; and the human
growth hormone (AGH) polyadenylation signal sequence.
AAV?2 vectors carrying this genome were produced by
triple transfection of HEK-293 cells and purified by hep-
arin affinity chromatography, as described previously.14
The AAV2-NGEF clinical product was made at Ceregene,
Inc., using good manufacturing practices.

Participant Enroliment
and Surgical Procedure

Patients in this study were enrolled in a dose-escalating
Phase 1 clinical trial of AAV2-NGF gene therapy (Clin-
icalTrials.gov NCT00087789) in 2008 at the University of
California, San Diego Medical Center (La Jolla, CA). The
protocol was approved by the institutional review board, and
written informed consent was obtained from all trial par-
ticipants or their legal representatives. Consent for autopsy
was obtained from the patients examined in this study. De-
tailed enrollment criteria were reported previously.** Cri-
teria included: clinical diagnosis of probable AD by the
National Institute of Neurological Disorders and Stroke
guidelines; age of 50-80 years; and baseline Mini-Mental
State Examination score between 16 and 26. Patient char-
acteristics are summarized in Table 1. The three patients

Table 1. Patient characteristics

Age at Age at

Diagnosis ~ Treatment  Survival MMSE at  Braak
Patient (Years) (Years) (Years) Gender Entry Stage
1 53 56 333 F 17 VNI
2 61 62 7.83 F 26 VNI
3 75 78 0.83 M 21 VI

MMSE, Mini-Mental State Examination.

examined in this study received the maximum dose of
1.2x 10" vg of AAV2-NGF, delivered in six injections of
2x 10" vg targeting caudal nbM (three injections per side of
the brain). On each side of the brain, one injection targeted
the anterolateral division of the nbM, one targeted the in-
termediate division, and one targeted the posterior division.

The surgical procedure for AAV2-NGF gene delivery
was described previously.”> Before surgery, injection
needles were primed using high concentrations of AAV2-
NGF to saturate AAV binding sites and prevent loss of
vector during injection. This method was validated in pre-
clinical studies by Ceregene, Inc. The patient was placed
in a magnetic resonance imaging (MRI)-compatible head
frame, MRI was performed, and MRI-based trajectories
were identified. Three trajectories per side of the brain
were planned to target the caudal two-thirds of the nbM at
~2.5mm intervals, and to avoid sulci, cortical veins, and
ventricles. The needle tip was targeted ~5mm from the
pial edge to avoid penetration of the pia and injection into
the subarachnoid space.

Standard burr holes were prepared, the dura was
opened, the pia was perforated, and a blunt injection
needle with stylet to prevent coring was lowered along the
planned stereotactic trajectory. The stylet was then re-
moved, and 20 uL. of AAV2-NGF was injected manually
at 2 uL/min. The needle remained in place for 2 min after
injection, was slowly withdrawn 1-2mm, remained in
place for several additional minutes, and was then with-
drawn completely. The remaining five injections were
performed sequentially using identical methods. Post-
operative MRI was performed within 24 h to assess safety;
injection sites were not visible on these scans.

Histology

Brains were fixed by immersion in 4% or 10% para-
formaldehyde for 72 h and then post-fixed in a series of
10% and 20% glycerol solutions. Hemispheres were split
and blocked into 2-3 cm slabs. Blocks containing the nbM
were sectioned coronally at 40 um thickness using a
freezing microtome. NGF and p75 immunohistochemistry
were performed on adjacent tissue sections. At minimum,
every 12th tissue section was stained with each label,
corresponding to a maximum interval of 480 um between
immunolabeled sections. Before NGF immunolabeling,
antigen retrieval was performed by incubating sections in
0.01 M Tris-HCI (pH 9.0) at 80°C for 20 min in a hot water
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bath, cooling at room temperature for 30 min, and post-
fixing in a freshly prepared solution of 2% paraformal-
dehyde and 0.2% parabenzoquinone in phosphate buffer
for 5min. Antigen retrieval was not performed before
p75 immunolabeling.

Sections were washed in 0.1 M Tris-buffered saline
(TBS), incubated in 0.1 M sodium metaperiodate in TBS for
20 min, and blocked in 5% heat-inactivated normal horse
serum and 0.2% (NGF) or 0.25% (p75) Triton X-100 in TBS
for 1 h. For NGF immunolabeling, sections were then incu-
bated at 4°C in a 1:3,000 dilution of rabbit anti-NGF poly-
clonal antibody, made as previously described,” and 5%
horse serum in TBS for 72 h, washed in TBS, and incubated
in a 1:300 dilution of biotin-conjugated donkey anti-rabbit
IgG (No. 711-065-152; Jackson ImmunoResearch) and 5%
horse serum in TBS for 2 h. For p75 immunolabeling, sec-
tions were incubated at 4°C in a 1:5,000 dilution of mouse
anti-p75 monoclonal antibody clone NGFRS (No. ab3125;
Abcam), 5% horse serum, and 0.25% Triton X-100 in TBS
for 96 h, washed in TBS, and incubated in a 1:300 dilution of
biotin-conjugated donkey anti-mouse IgG (No. 715-065-
150; Jackson ImmunoResearch), 5% horse serum, and
0.25% Triton X-100 in TBS for 2 h.

Sections were then washed in TBS, incubatedina 1:111
(NGF) or 1:250 (p75) dilution of avidin/biotin peroxidase
in TBS for 90 min (No. PK6100; Vector Laboratories),
washed in TBS, washed in imidazole acetate buffer (pH
7.4), and developed for 4min in 0.05% 3,3-diamino-
benzidine-HCI, 2.5% nickel ammonium sulfate, and
0.0015% H,0, in imidazole acetate buffer. After im-
munolabeling, sections were washed in TBS, dehydrated,
and coverslipped in DPX mounting medium (No. 06522;
MilliporeSigma).

Microscopy and Analysis

Low-magnification images of whole brain sections
were acquired using a Keyence BZ-X710 microscope with
10 x Plan-Apo objective and stitched using Keyence BZ-X
Analyzer software. High-magnification images of injec-
tion sites are full-focus composites of z-stacks acquired
using a Keyence BZ-X710 microscope with 20 x Plan-Apo
objective and stitched using Keyence BZ-X Analyzer
software. All quantification was performed using the
“Measure” function in FIJI software (v. 2.0.0).26%7

For all sections with a detectable injection site by NGF
immunolabeling, the following distances were measured:
(1) the dorsoventral spread of immunolabeling; (2) the
mediolateral spread of immunolabeling; (3) the shortest
distance between NGF immunolabeling at the injection
site and NGF immunolabeling at the nbM; and (4) the
shortest distance between NGF immunolabeling at the
injection site and the pial edge. For all sections with a
detectable injection site by p75 immunolabeling, the
shortest distance between p75 immunolabeling at the in-
jection site and p75 immunolabeling at the nbM was

measured. For each measurement, all distances at each
injection site were averaged; ‘“+”” denotes 1 standard de-
viation from the mean. Distances are shown without
standard deviation when the injection site was only de-
tected in a single tissue section.

RESULTS

We analyzed the brains of three deceased patients from
the Phase 1 clinical trial of AAV2-NGF gene therapy for
AD (Table 1). No adverse events related to gene delivery
occurred in these three patients other than mild postoper-
ative headaches that rapidly resolved.*? Cognitive decline
was consistent with prior studies of mild-to-moderate
AD?2; in the Phase 2 trial, which used identical methods
and included sham surgery controls, there was no signifi-
cant difference in the rate of cognitive decline between
patients that received AAV2-NGF and controls.* Subjects
1 and 3 died 3.3 and 7.8 years after treatment, respectively,
of end-stage AD. Subject 3 died 10 months after treatment
from failure to thrive. No deaths were related to treatment.

Brains underwent (1) histopathological assessment of
amyloid f deposits, (2) staging of neurofibrillary tangles,
and (3) scoring of neuritic plaques, together with assess-
ments of Lewy bodies, vascular brain injury, and hippo-
campal sclerosis as recommended by Montine et al®® All
brains met criteria for a neuropathological diagnosis of AD,
and no other pathology was identified. One half of the brain
from patient 3 was reserved for biochemical analyses; a
total of 15 injection sites over 5 brain halves were examined
by immunolabeling of NGF and of the low-affinity NGF
receptor p75. All 15 injection sites were detectable by NGF
immunolabeling. NGF expression persisted more than 7
years after treatment (Fig. 1). Injection sites were inner-
vated by axons expressing the p75 receptor, suggesting that
NGF was secreted and was biologically active (Fig. 1).

We quantified the diffusion of AAV2-NGF by mea-
suring the dorsoventral and the mediolateral distance of
NGF spread around each injection site by NGF im-
munolabeling of coronal brain sections (Fig. 2a). Values
from all sections with a detectable injection site were
averaged to determine the mean spread of AAV2-NGF
around each site (Table 2). The mean spread around all 15
injection sites was 0.957+0.34mm (*‘t” denotes one
standard deviation from the mean). NGF-expressing cells
were found along the needle tract near some injection sites
but were not found distant from injection sites or within
cortex. No changes in cortical cholinergic innervation
were detected by p75 immunolabeling.

We quantified target engagement by measuring the
shortest distance between each injection site and the nbM
using either NGF or p75 immunolabeling (Fig. 2b). No
injections spread directly into the nbM by either im-
munolabel. Values from all sections with a detectable in-
jection site were averaged to determine the mean distance
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Figure 1. AAV2-NGF expression persists up to 7 years in the human brain. NGF expression and innervation by axons expressing the NGF receptor p75 were
detectable at all injection sites. The left anterior injection site is shown 7 years after treatment. Scale bars: 3mm (low magnification), 0.5mm (high
magnification). AAV2, adeno-associated virus serotype 2; Ca, caudate; IC, internal capsule; MS, medial septum; NGF, nerve growth factor; Put, putamen; VDB,

vertical limb of the diagonal band of Broca.

between each injection site and the nbM (Table 3). The
mean distance between NGF expression at the injection
site and NGF immunolabeling of the nbM was 2.17+
1.3 mm. The mean distance between p75-labeled axons at
the injection site and p75 immunolabeling of the nbM was
1.25+ 1.2 mm.

The accuracy of stereotactic injection was variable by
NGF immunolabeling. Some injection sites were adjacent

to the nbM; greater spread of AAV2-NGF from these in-
jections would likely have engaged the target (Fig. 3a, b).
Other injection sites were inaccurately targeted and distant
from the nbM (Fig. 3c, d). During surgery, each injection
was targeted using MRI-based stereotactic coordinates
~5 mm from the pial edge to avoid penetration of the pia
and injection into the subarachnoid space. We quantified
injection accuracy by measuring the shortest distance

Snread of A:wz
NGF f : :

-NGF

b . e

_ _Distanq_g_to nbM

Figure 2. Quantification of AAV2-NGF spread and target engagement. (a) The D/V and M/L spread of NGF expression were measured by NGF immunolabeling
(Table 2). The right anterior injection site is shown. (b) The shortest distance between the injection site and the nbM was measured both by NGF
immunolabeling and by p75 immunolabeling (Table 3). Sites of NGF expression were innervated by axons expressing the NGF receptor p75. The left
intermediate injection site is shown. Scale bars: 3mm (low magnification), 0.5 mm (high magnification). AC, anterior commissure; D/V, dorso/ventral; GP, globus

pallidus; M/L, medio/lateral; nbM, nucleus basalis of Meynert.
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Table 2. Spread of nerve growth factor expression at the injection site

Patient  Anterior Site 1: Left ~ Anterior Site 1: Right

Intermediate Site 2: Left

Intermediate Site 2: Right  Posterior Site 3: Left  Posterior Site 3: Right

1 DNV 1.48+0.37 DNV 1.04+0.21 DNV 1.30+0.18
M/L 1.59+0.38 M/L 1.31+0.15 M/L 1.27+£0.19

2 DN 0576+0.26 DNV 0.878+0.021 DNV 0.432+0.069
M/L 142+0.054 M/L  0.460+0.066 M/L 1.34+0.30

3 DNV 0527+0.23 DNV 1.18+0.31
M/L 0.794+0.22 M/L 0.712£0.12

DNV 0.746 DNV 1.22+0.14 DIV 0.813£0.13

M/L 1.09 M/L 1.14£0.19 M/L 0.467£0.12

DNV 0.579 DNV 0520+0024 DN 0.696

M/L 0.372 M/L 0.520+0.067 M/L 1.07
DNV 1.73+0.47

M/L 1.44+0.037

To quantify the diffusion of AAV2-NGF, the D/V and M/L spread of NGF expression (mm+ standard deviation) were measured and averaged among all
sections with a detectable injection site. The mean spread of NGF expression around the injection site was 0.957 +0.34 mm, less than predicted by preclinical

studies.

+, 1 standard deviation; AAV2, adeno-associated virus serotype 2; D/V, dorso/ventral; M/L, medio/lateral; NGF, nerve growth factor.

from each injection site to the pial edge by NGF immu-
nolabeling. Values from all sections with detectable
NGF expression were averaged for each site. The mean
distance between the infusion site and the pial edge
was 4.67+ 1.3 mm. Although injections were accurately
targeted on average, 6 of the 15 injections were not tar-
geted within 5mm of the pial edge (Supplementary
Table S1).

DISCUSSION

All 15 AAV2-NGEF injections examined in this study
failed to reach the nbM. Some injections were mistargeted,
but most were accurately targeted within 5 mm of the pial
edge and 3 mm of the nbM. Failure to engage the target
was primarily due to limited spread of AAV2-NGF: only
two injection sites exhibited a mean spread >1.5 mm and
none spread more than 2mm. Cholinergic innervation
of injection sites was detectable by p75 immunolabeling,
suggesting partial access of nbM neurons to NGF, but the
study protocol was intended to directly deliver AAV2-
NGEF to the nbM. Because AAV2-NGF did not directly
engage the target, we cannot conclude that NGF is inef-
fective as a neuroprotective therapy in AD. Further
studies that use improved gene delivery methods may be
warranted.

The limited spread of AAV2-NGF was not predicted
by preclinical studies. Approximately 1 mm of spread
was observed surrounding injections of rat nbM with

5.3x10% vg of AAV2-NGFin 1 uL'*; injections of AAV2-
NGF in this clinical trial spread a similar distance de-
spite containing 40 times more AAV2-NGF particles in
20 times greater volume. Injection of monkey putamen
with 5.2x10° vg of AAV2 in 34.5 uL. was reported to
spread more than 11 mm?’; injections of AAV2-NGF in
this clinical trial contained 4 times more AAV?2 particles
but spread 1/10th of the distance.

This disparity may be related to the injection technique:
the above rat and monkey studies used a pump to contin-
uously infuse AAV2 at a rate of 0.5 uL./min or an average
ramped rate of 0.38 uL./min, respectively.”’zg Use of a sy-
ringe pump to apply continuous positive pressure for un-
interrupted infusion, termed convection-enhanced delivery,
is believed to increase the spread of infusate.'’*=% In
contrast, AAV2-NGF was administered to patients by
noncontinuous manual injection at an average rate of 2 ul./
min”*; surgeons in the trial intermittently depressed the
Hamilton syringe plunger at ~ 15-s intervals, but conditions
of vector delivery were otherwise not precisely defined.

A Phase 2 clinical trial of AAV2-Neurturin delivery
into the putamen for Parkinson’s disease reported similar
results: surgeons following the same instructions as the
AAV2-NGF trial infused 3.4 x 10'° vg of AAV2in 5 L at
each site by noncontinuous manual injection at an average
rate of 2 yuL/min.*> AAV2-Neurturin spread ~ 2.5 mm in
the human putamen (by measurement of a representative
image of neurturin immunolabeling), again less than pre-
dicted by preclinical studies of continuous AAV2 infusion

Table 3. Distance from the injection site to the nucleus basalis of Meynert

Patient  Anterior Site 1: Left ~ Anterior Site 1: Right

Intermediate Site 2: Left

Intermediate Site 2: Right  Posterior Site 3: Left  Posterior Site 3: Right

1 NGF  0774£021  NGF
p75  0458+0093 p75

1.33+0.24 NGF
0.836+0.064 p75 0.557

2 NGF 5.10 NGF 2.62+0.61 NGF 3.53+0.88
p75 4.96+0.23 p7b 1.15+0.19 p75 1.82+0.40
3 NGF  229+058 NGF 2.44+0.39
p7/5  0.806+0.23 p75 0.993+0.057

0.654+0.093

NGF 0.640 NGF 0814015  NGF  3.97+0.26
p75 0.746 p75  0594+023  p75 ND
NGF 2.21 NGF  218+1.0 NGF 252
p75 17440054  p75 0328017  p/5 1724018

NGF  1.55+0.21
p75  0791+0.16

To quantify target engagement, the shortest distance (mm+ standard deviation) from the injection site to the nucleus basalis of Meynert was measured and
averaged among all sections with a detectable injection site. The mean distance from NGF expression at the injection site to NGF immunolabeling of the
nucleus basalis of Meynert was 2.17+ 1.3 mm. The mean distance from p75-labeled axons at the injection site to p75 immunolabeling of the nucleus basalis of
Meynert was 1.25+1.2mm. No injections spread directly to the nucleus basalis of Meynert.

ND, injection site not detected by immunolabeling; p75, low-affinity NGF receptor p75.
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Figure 3. Stereotactic injection was inconsistent. No injections spread directly into the nbM by NGF immunolabeling. Some injections were adjacent to nbM
but failed to engage the target due to limited spread of AAV2-NGF (a, b), whereas other injections were more distant from nbM (¢, d). Scale bars: 1 mm.

into the monkey putamen at rates enabling convection
enhanced spread.”®* Greater spread of AAV2-neurturin
than AAV2-NGF may be due to the larger amount of
intercalating white matter in the putamen: infused sub-
stances spread more extensively through white matter
than gray matter.>*

Unlike most AAV serotypes, AAV2 strongly binds
heparan sulfate as a cell surface attachment receptor.®
Heparan sulfates are reported to be elevated in the AD
brain, potentially reducing the spread of AAV2.%® Extra-
cellular amyloid or tau aggregates could also affect the
diffusion of AAV2 in the AD brain, although AAV2
spread does not appear to be reduced in mouse models that
overexpress amyloid.>” Further study of these topics is
warranted. We propose that future clinical trials that ad-
minister AAV?2 by intraparenchymal brain injection should
utilize continuous vector infusion and convection-enhanced
delivery and should examine whenever possible the spread
of gene transfer postmortem. Indeed, three other clinical
trials of AAV?2 gene therapy in the brain are currently using
these techniques: AAV2-GDNF for Parkinson’s disease,
AAV2-AADC for Parkinson’s disease, and AAV2-AADC
for congenital dopamine deficiency.’®**

Postoperative MRIs were performed on each subject
who received AAV2-NGF, but because the infusate did
not contain an MRI contrast agent and was not visible by
MRI, distribution of the vector could not be assessed at the
time of treatment. Our upcoming clinical trial of brain-
derived neurotrophic factor (BDNF) gene therapy for AD
will use real-time MR guidance and convection-enhanced
delivery to administer AAV2-BDNF to the entorhinal

cortex. AAV2-BDNF and the MRI contrast agent gado-
teridol will be co-infused while the patient is continuously
scanned by MRI, enabling real-time monitoring of infu-
sion accuracy.*>** The spread of gadoteridol closely
matches the spread of AAV2-BDNF in preclinical monkey
studies**; this permits continuous monitoring of vector
spread and adjustment of needle placement or infusion
volume as needed for complete target engagement. MR-
guided delivery addresses both the primary reason for
failed target engagement in the AAV2-NGF trial, insuffi-
cient vector spread, as well as the secondary cause, vari-
able injection accuracy.

Alternatives to intraparenchymal brain injection may
further improve AAV delivery for AD. Intrathecal infu-
sion of AAV9 drives widespread gene expression
throughout cerebral cortex and basal forebrain,*>**® and
the strength and subject-to-subject consistency of cortical
gene transfer can be enhanced by 2h of Trendelenburg
positioning after infusion.*” This technique has strong
potential for clinical translation because it is simple,
minimally invasive, and eliminates the need for accurate
injection targeting; a Phase 1 clinical trial of intrathecal
AAV-ApoE2 gene therapy for AD in APOE &4 homozy-
gotes is expected to begin soon.*** Another approach
combines intravenous AAV infusion with focused ultra-
sound to transiently open the blood-brain barrier and
noninvasively deliver AAV to targeted brain regions.”®!
A third alternative is the use of novel AAVs made by
directed evolution: AAVPhP.B and PhP.eB exhibit dra-
matically enhanced gene transfer to the mouse brain after
intravenous delivery.”>>* Development of a similar AAV
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capsid for use in humans would permit widespread gene
delivery to cerebral cortex and basal forebrain from a
single noninvasive intravenous infusion. These novel ap-
proaches could allow neurotrophic factor gene therapy for
AD to reach its full potential.

In conclusion, a recent sham placebo-controlled Phase 2
clinical trial of AAV2-NGF gene therapy for AD was safe
and well tolerated but did not detect a difference in cog-
nitive decline between placebo and treatment groups.>* In
five brain halves from three deceased Phase 1 patients who
received identical stereotactic injections of AAV2-NGF,
all injections failed to spread directly to the nbM as in-
tended; we thus cannot reliably conclude that AAV2-NGF
lacked efficacy in the Phase 2 trial. Effective target en-
gagement is critical for human gene therapy, and new
methods such as MR-guided AAV infusion, intrathecal
AAV infusion with Trendelenburg positioning, and di-
rected evolution of AAV capsids may greatly improve
targeting and delivery. These novel technologies will be
used in upcoming trials of BDNF gene therapy for AD,
which is supported by extensive preclinical evidence and
remains a strong candidate for clinical translation.
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