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Alzheimer’s disease (AD) is a progressive degenerative neurological disorder affecting nearly one in nine
elderly people in the United States. Population studies have shown that an inheritance of the apolipo-
protein E (APOE) variant APOE4 allele increases the risk of developing AD, whereas APOE2 homozygotes
are protected from late-onset AD. It was hypothesized that expression of the ‘‘protective’’ APOE2 variant
by genetic modification of the central nervous system (CNS) of APOE4 homozygotes could reverse or
prevent progressive neurologic damage. To assess the CNS distribution and safety of APOE2 gene therapy
for AD in a large-animal model, intraparenchymal, intracisternal, and intraventricular routes of delivery
to the CNS of nonhuman primates of AAVrh.10hAPOE2-HA, an AAVrh.10 serotype coding for an HA-
tagged human APOE2 cDNA sequence, were evaluated. To evaluate the route of delivery that achieves the
widest extent of APOE2 expression in the CNS, the expression of APOE2 in the CNS was evaluated 2
months following vector administration for APOE2 DNA, mRNA, and protein. Finally, using conventional
toxicology assays, the safety of the best route of delivery was assessed. The data demonstrated that while
all three routes are capable of mediating ApoE2 expression in AD relevant regions, intracisternal delivery
of AAVrh.10hAPOE2-HA safely mediated wide distribution of ApoE2 with the least invasive surgical
intervention, thus providing the optimal strategy to deliver vector-mediated human APOE2 to the CNS.
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INTRODUCTION
ALZHEIMER’S DISEASE (AD), a progressive neurode-
generative disorder, currently affects more than
five million people in the United States and is
rapidly increasing in prevalence and economic
impact.1,2 By 2050, one new case of AD is expected
to develop every 33 s, or nearly a million new cases
per year, with a total estimated prevalence of
13.8 million. AD is the sixth leading cause of death
in the United States and the fifth leading cause of
death in individuals ‡65 years.2 Currently ap-
proved drugs do little to limit disease progression,
and no preventive therapies are available.3,4

The major risk factor for AD is inheritance of the
E4 allele of apolipoprotein E (APOE).5,6 There are
three common APOE alleles (E2, E3, and E4), each
encoding APOE isoforms expressed primarily in
the liver and brain.7,8 APOE4 homozygotes have a
markedly increased risk of developing AD (14.5-
fold compared to APOE3 homozygotes), as well as
an earlier age of onset for developing the disease
(approximately 5 years for each APOE4 allele com-
pared to APOE3 homozygotes).6,9,10 Between 45%
and 50% of AD patients carry at least one APOE4
allele compared to only 15% of age-matched healthy
controls.5,11 In contrast, APOE2 is a protective
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allele, reducing AD risk by approximately 50% (1.8-
fold decreased risk) and markedly delaying the
age of onset, even in the presence of the APOE4
allele.12,13 In humans, the APOE4 and APOE2 al-
leles are codominant; E2/E4 heterozygotes have
only double the risk of E3/E3 homozygotes, and
equivalent expression of E2 almost cancels out the
deleterious effect of the E4 allele.6,14,15

There is strong experimental evidence that the
APOE isoforms are major determinants of the
amount and quality of amyloid-b peptide (Ab) and
amyloid burden in the brain that develops during
aging.15–17 Crossing a transgenic mouse model of
AD that has high levels of human Ab in the brain
with human APOE targeted replacement mice
demonstrated age-dependent and APOE isoform-
dependent (E4>>E3>E2) Ab deposition and amyloid
burden in the brain in a manner that recapitulates
the human condition observed in pre-symptomatic
elderly APOE4 carriers as well as AD patients.18–21

Based on these observations, one strategy to
prevent AD in APOE4 carriers is to modify the
central nervous system (CNS) genetically to ex-
press APOE2, providing the CNS with the pro-
tective APOE2 to balance the AD risk associated
with expression of APOE4.22–26 Studies with a
lentiviral vector expressing APOE2 delivered di-
rectly to the hippocampus of a transgenic AD
mouse established a robust protective effect of
the APOE2 allele on AD risk, with an observed
rapid, significant reduction in brain amyloid bur-
den and neuritic plaques.23 The protective effect
of APOE2 genetic modification of the CNS was
replicated by Hudry et al.24 using an adeno-
associated virus serotype 4 (AAV4) vector to de-
liver APOE2 into the cerebrospinal fluid (CSF) of
the lateral ventricle of mice overexpressing a
mutant b-amyloid precursor protein (APP) trans-
gene and by the Paul and Crystal laboratories26

demonstrating APOE2-mediated efficacy in an AD
E4 transgenic (APP.PS1.TRE4) mouse model with
an AAVrh.10 vector encoding the human APOE2
cDNA (AAVrh.10hAPOE2).

As the next step in moving APOE2 gene therapy
for AD to the clinic, the focus of the present study
was to determine the most effective safe route of
the AAVrh.10 vector delivery to mediate widespread
distribution of therapeutic levels of the APOE2
gene, mRNA, and protein in the CNS of nonhuman
primates (NHP). AAVrh.10hAPOE2-HA, an rh.10
serotype of AAV coding for an HA-tagged human
APOE2 cDNA sequence, was administered to the
CNS of African Green NHP by three different
routes: (1) direct intraparenchymal to three sites
in the hippocampal region; (2) intracisternal to the

cisterna magna; and (3) intraventricular to the
frontal horn of the third ventricle. NHPs were
evaluated for APOE2 DNA, mRNA, and protein
in CSF over time and in CNS tissue at 2 months
following therapy in order to determine the route
and/or site of infusion that achieves the widest
spread and persistence of APOE2 expression.
Finally, using conventional toxicology assays, the
safety of the three routes of delivery was assessed.
The data demonstrated that while all three routes
are capable of mediating APOE2 expression in
AD relevant regions, intracisternal delivery of an
AAVrh.10 vector coding for APOE2 provides widely
distributed APOE2 and is the least invasive, pro-
viding a safe way to deliver vector-mediated hAP-
OE2 to the CNS.

METHODS
Gene transfer vector

The AAVrh.10hAPOE2-HA vector was pro-
duced under current Good Manufacturing Practice
conditions at the Belfer Gene Therapy Core Facil-
ity, Department of Genetic Medicine, Weill Cornell
Medical College, by co-transfection of two plas-
mids: one coding for the therapeutic gene (pAAV2-
CAG-hAPOE2-HA), and the other providing AAV
replication and capsid functions plus the adenovi-
ral helper functions (pPAK-MArh.10) into a stable
human embryonic kidney cell line (293T) in the
presence of PEI reagent (Polysciences, Warrington,
PA). The pAAV2-CAG-hAPOE2-HA plasmid is com-
prised of an AAV2 gene transfer vector backbone
(the inverted terminal repeats [ITRs] of AAV2
flanking the expression cassette) and an expression
cassette with a human cytomegalovirus enhancer/
promoter and the splice donor and the left-hand
intron sequence from chicken b-actin/right-hand
intron sequence and splice acceptor from rabbit
b-globin (this enhancer/promoter/intron sequence
is referred to as ‘‘CAG’’), the full-length human
APOE2 cDNA and an optimized Kozak transla-
tional initiation signal prior to the start codon,
hemagglutinin (HA) peptide fused to the 3¢ end of
APOE2 cDNA, and a rabbit b-globin poly A se-
quence27–29 (Fig. 1). The CAG promoter in the
AAVrh.10hAPOE2 vector was chosen because it is
a strong ubiquitous promoter, successfully used to
drive gene expression in AAV vectors in the CNS
on a persistent basis.27–34 In order to differentiate
vector-mediated expression of APOE2 transgene
and protein over the endogenous APOE2 in the
NHP brain, the human APOE2 was HA-tagged on
the 3¢ terminus. The pooled cell harvest (centri-
fuged at 1,150 g for 15 min at 4�C) was subjected to
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multiple freeze/thaw cycles to release the
AAVrh.10hAPOE2-HA from the cells, producing
CVL. Digestion of any extra viral DNA was carried
out using a recombinant human DNase (Benzonase,
50 IU/mL; Sigma–Aldrich, St. Louis, MO) in the
presence of MgCl2 (25 mM Tris-HCl, pH 7.5, 0.14 M
NaCl, 5 mM KCl, 0.7 mM K2HPO4, 15 mM MgCl
$6H2O buffer) on thawed CVL and then centrifuged
at 3,300 g for 20 min. The resulting vector was
purified by differential density using an iodixanol
gradient. The pooled iodixanol fractions were di-
luted 3.5:1 in Binding Buffer (0.05 M Tris, pH 9.0,
0.05 M NaCl), and applied to a 5.0 mL HiTrap QHP
column (GE Healthcare, Piscataway, NJ). The col-
umn was washed twice in binding buffer and then
buffer exchanged in 1 · phosphate-buffered saline
(PBS), pH 7.4. The final solution was concentrated
in Amicon Ultra-15 100 KDa centrifugal concen-
trator (Millipore, Darmstadt, Germany), then ster-
ile filtered through a 0.22lm membrane filter,
dispensed at prescribed volumes into cryovials, and
frozen at -80�C until administration on the day of
surgery. Vector titer was determined by real-time
polymerase chain reaction (PCR; TaqMan) with
absolute quantitation. To confirm vector function,
supernatant from AAVrh.10hAPOE2-HA infected
293-ORF6 cells was assayed for expression of ApoE2
by Western blot analysis. Samples of the CVL were
taken for quality control assays that evaluated the
presence of adventitious agents. The final purified

product was characterized with assays for measures
of identity, potency, and purity.

Recombinant AAVrh.10Luc vector used for
in vitro assays was produced following the same
protocol as described above for AAVrh.10hAPOE2-
HA, but using a luciferase vector plasmid (same as
pAAV2-CAG-hAPOE2-HA but with the APOE2-HA
transgene replaced by a firefly luciferase gene), and
the AAVrh.10 packaging plasmid (pPAK-MArh.10)
for transfection. The AAVrh.10Luc vector was prop-
agated, purified, and stored as described above.

AAVrh.10hAPOE2-HA and AAVrh.10Luc vec-
tors were titered for genome copies by quantitative
PCR using TaqMan-based analysis reagents (Ap-
plied Biosystems, Foster City, CA) and a CAG-
specific primer–probe set to amplify the vector
promoter region (forward primer: GTCAATGGG
TGGAGTATTTACGG; reverse primer: AGGTCAT
GTACTGGGCATAATGC), designed using Primer
Express software (Applied Biosystems). Prior to
PCR analysis, the isolated AAVrh.10 vectors were
digested with Proteinase K in a 0.5% sodium do-
decyl sulfate (SDS) and 25 mM ethylenediamine-
tetraacetate (EDTA) buffer at 55�C for 1 h, followed
by denaturing of Proteinase K at 95�C for 15 min. To
generate a standard curve, an AAV-CAG-hCLN2
plasmid, with a known copy number, was pre-
pared fresh using serial dilutions from 1 · 108 to
10 copies/lL for each AAVrh.10 preparation, as
previously described.29 All samples were run in
triplicate (standard curve plasmids, QC DNA sam-
ples, test samples [unknown], and positive and
negative controls), using the QuantStudio 6 Flex
System with SAE (Security, Audit, and Electronic
Signature) Module. The PCR reactions were per-
formed using the QuantStudio6 Flex system (Ap-
plied Biosystems) at 50�C for 2 min; 95�C for 10 min;
40 cycles of 95�C for 15 s, and 60�C for 60 s. Ac-
ceptance criteria for the assay include specifica-
tions for the correlation coefficient (R2) of the
standard curve, the reaction efficiency as mea-
sured by the slope of the standard curve, and the
positive and negative controls. For the QC DNA
samples, the copy numbers should have a percent
relative error (RE) of <20% with a replicate Ct CV
of £2%.

NHPs
Adult Chlorocebus aethiops sabaeus NHPs (4- to

7-year-old male African Green monkeys; weight 5–
8 kg) were purchased from World Wide Primates
(Miami, FL). All NHPs used were quarantined for
a 3-month period after arrival and were deemed in
good health and suitable for experimental use.
None of the animals had previously been used for

Figure 1. AAVrh.10hAPOE2-HA vector. (A) Schematic. The vector is
comprised of the AAVrh.10 serotype capsid, and the genome is comprised
of the adeno-associated virus (AAV) serotype 2 inverted terminal re-
peats (ITR), encapsidation signal (C), and the expression cassette, in-
cluding the CAG promoter (the human cytomegalovirus [CMV] enhancer;
chicken b-actin promoter/splice donor and 5¢ end of intron; 3¢ end of the
rabbit b-globin intron and splice acceptor), the normal human APOE2 cDNA
with an hemagglutinin (HA) epitope sequence tag at the 3¢ end, and the
polyadenylation/transcription stop signal from rabbit b-globin. (B) Sodium
dodecylsulfate polyacrylamide gel electrophoresis of AAVrh.10hAPOE2. The
VP1–3 bands associated with the AAV vector capsid proteins align with the
expected molecular weights.
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any other experiments. NHPs were maintained
in paired-housed cages, fed twice daily with mon-
key chow (monkey diet jumbo; PMI Nutrition In-
ternational, Brentwood, MO), and supplemented
with fruit or vegetables daily, with access to water
ad libitum. All experiments were conducted in an
AAALAC-accredited facility and approved by the
Institutional Animal Care and Use Committee of
Weill Cornell Medical College (New York, NY).

Presurgical magnetic resonance
imaging and coordinate mapping

All imaging was performed at the Citigroup
Biomedical Imaging Center (CBIC), Weill Cornell
Medical College. To determine the precise location
of burr hole placement and angle/depth of the
catheter tip necessary for targeting the intracra-
nial regions with vector administration, each NHP
underwent magnetic resonance imaging (MRI)
and computerized axial tomography (CAT) of the
brain prior to surgery. NHPs were anesthetized
with ketamine (5–10 mg/kg) plus dexmedetomidine
(0.015–0.02 mg/kg) given intramuscularly (i.m.,
quadriceps), endotracheally intubated, and main-
tained on gas anesthesia (isoflurane) during the
procedure, and provided with fluids through a
catheter inserted into a saphenous vein. The head
was mounted in a MRI-compatible stereotaxic
frame (David Kopf Instruments, Tujunga, CA) us-
ing ear bars, a palate clamp, and ventral orbit
clamps. An 11 cm diameter loop coil was placed on
top of the NHP and frame in an MRI scanner used
for human imaging (Magnetom Trio, 3.0 Tesla;
Siemens Healthcare, Malvern, PA). T1 and T2
weighted scans were acquired, and the NHP was
removed from the scanner and transferred while
still attached to the head frame to a computed to-
mography (CT) scanner (Biograph mCT; Siemens
Healthcare) to generate a combined image of the
brain and the stereotactic frame in order to guide
the placement of catheters accurately. The MRI
and CT images were fused to generate a three-
dimensional (3D) map of the brain from which the
stereotaxic coordinates were determined using
Brainlab iPlan Stereotaxy 3.0 software (Westche-
ster, IL) to align the delivery arms over the skull
and provide the correct angle and depth needed to
reach the designated targets in the brain paren-
chyma. For safety assessments, three NHPs (NHP-
10, -11, and -12) were imaged prior to surgery and
at 8 weeks post administration of the vector ad-
ministered by both the intracisternal and intra-
ventricular routes, and compared to brain scans of
a non-treated NHP (NHP-13).

Vector administration
All routes of vector administration involved the

same pre- and post-operation procedures. The
NHPs were fasted for >16 h prior to the procedure.
Prior to the sedation, each NHP was videotaped for
pre-surgery (day 0) behavior safety assessments.
The animals were anesthetized with an i.m. injec-
tion of ketamine (5–10 mg/kg) plus dexmedetomi-
dine (0.015–0.02 mg/kg) in the medial thigh muscle,
followed by inhaled isoflurane (1–3%). Intravenous
fluids (Lactated Ringers’ solution) were provided
throughout each procedure lasting >20 min. Vital
signs were recorded, and blood was drawn for
baseline blood and serum chemistry parameters, as
well as for determining anti-AAV titers. NHPs re-
ceived standard postoperative veterinary care. The
NHPs were carefully laid back in their home cage
in the recovery position (the left side) and closely
monitored while recovering from anesthesia. A neu-
rological exam was given following full recovery
from sedation, assessing paralysis by monitoring
the NHP’s muscle movements on both sides, use of
all extremities for climbing, facial muscle usage
(yawning, chewing), eye reactivity, and ability to
stand from recovery position (on left side). The
NHPs were assessed three times a day during re-
covery from surgery over the first 72 h by trained
animal technicians and daily thereafter. For ad-
ditional safety assessment, the NHP behavior
was filmed at 1, 2, 4, and 8 weeks after surgery
for blinded assessment of normal and abnormal
behaviors.

Intraparenchymal (intrahippocampal) administra-
tion route (n = 2). For this route, vector was ad-
ministered via a surgical procedure into the brain
parenchyma to target the hippocampal region di-
rectly in the lower temporal lobes (Supplementary
Fig. S1A; Supplementary Data are available online
at www.liebertpub.com/humc). Each animal was
anesthetized, as described previously. The animals
were positioned in a Kopf stereotaxic frame with
bilateral ear bars in the same position as recorded
from the MRI session. The scalp was shaved with
an electric razor, and the area was prepped and
draped in sterile fashion. Bupivacaine (0.25% so-
lution) was injected subdermal at the intended
midline incision site 5 min before the skin and
cranial aponeurosis were incised with a #10 scalpel
blade. Tissues were retracted laterally to expose
the craniotomy sites on the calvarium. Sterilized
manipulators were attached to stereotaxic frame
and burr hole sites marked using a sterile mark-
ing pen at predetermined coordinates obtained
from the MRI/CT scan. Anterior/posterior (A/P)
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measurements were from the ear bar set at 0.
0 mm. Midline (M/L) measurements were from
the central coronal suture. Burr holes were made
corresponding to the predetermined tract for ad-
ministration sites using a sterile 3 mm drill bit.
To guide the micro-catheters into the cortex, 22G
3.5† Quincke spinal needles (Becton Dickinson,
Franklin Lakes, NJ) were clamped to each stereo-
taxic arm. A microcapillary catheter (previously
described31) was then threaded down the spinal
needles to predetermined depth coordinates. The
targets were calculated by setting the visualized
pia dural measurement as 0 mm. All stereotaxic
arms were set at 0�, unless noted. Each NHP had
two catheters threaded down to the targeted re-
gion, one per hemisphere, with multiple release
targets along the dorsal–ventral trajectory in the
hippocampus and entorhinal cortex. One trajec-
tory was inserted at an angle to inject the en-
torhinal cortex directly, while the other trajectory
in contralateral hemisphere followed the dorsal–
ventral axis. The right hemisphere catheter ste-
reotactic coordinates were: +1.2 cm anterior (A/P);
1.35 cm lateral from midline (M/L); with manip-
ulator arm angled at 9� from vertical. Vector de-
posit #1 was at 3.4 cm, #2 at 3.1 cm, and #3 at 2.
7 cm from the pia mater. The left hemisphere
catheter stereotactic coordinates were: +1.2 cm
anterior (A/P); 1.30 cm lateral from midline (M/L);
with manipulator arm straight (0� from vertical).
Vector deposit #1 was at 3.5 cm, #2 at 3.2 cm, and
#3 at 2.8 cm from the pia mater. The total dose of
vector was the same for both animals: 5 · 1012

genome copies (gc; 0.7–1.2 · 1012 gc/kg) of AAVrh.
10hAPOE2-HA, administered intracerebrally to
six sites in the hippocampal region, bilaterally,
with three sites per hemisphere along one cathe-
ter tract, 15 lL per injection site (infusion rate of
1lL/min). After completion of the vector adminis-
trations at each burr hole site, the catheter needle
was slowly removed. Galea muscles were closed
with 3-0 Vicryl followed by a 4-0 resorbable sub-
cuticular layer. The NHP was then removed from
the stereotaxic frame and placed in the recovery
position until awake. Postoperative analgesia was
carprofen (4.0 mg/kg, subcutaneously [s.c.]) and
buprenorphine (0.05 mg/kg) given i.m. during the
anesthetic recovery period.

Intracerebral ventricular administration route
(n = 3). Vector was administered directly into
the cerebral-ventricular system via one unilateral
burr hole into the left or right frontal ventricle
(Supplementary Fig. S1A). Anesthetized NHPs
were placed back into the Kopf stereotactic frame,

and the head placement was adjusted to match the
previous MRI coordinates. For this route, a single
burr hole and catheter insertion was used to de-
liver the vector to either the left or right hemi-
sphere. An incision *6 cm perpendicular to the
midline was made to expose the central suture and
the target location in the left or right frontal lobe.
A stereotactic manipulator arm clamp was set up
with a sterile 22G 1.0† needle (Becton Dickinson)
for skull target marking and for penetration into
the ventricle. The angle of the manipulator was
set at 20–25�. The target site (frontal horn of lat-
eral ventricle) was calculated using a manipulator
arm gauge, for example the ventricular adminis-
tration site was at 22.9 mm A/P, superior in aspect
to the ear bars (at 0 A/P, 0 D/V), +9.2 mm M/L,
using an angle of 24.9�, and 18.7 mm depth along
the angle using the top of the pia. Upon reaching
the target depth, pulsating CSF was observed in
the base of the needle hub, and CSF was collected
(*250 lL) for analysis. Vector (1.0–1.3 mL; 5 · 1013

gc) was then infused in a sterile fashion over 6 min
(200lL/min) as a single bolus. Next, the manipula-
tor arm and needle were slowly withdrawn through
the brain parenchyma, and the hole was checked
for reflux once the needle was out of the skull.
The incision was closed using sutures (Vicryl 2-0
polyglactin absorbable first for muscle, inter-
rupted sutures; 3-0 Ethilon nylon for outer skin,
non-interrupted). At the completion of the sur-
gery, the NHP was removed from head frame and
placed in left-side recovery position. Anesthesia
recovery and postoperative procedures were con-
ducted, as previously described.

Intracisternal administration route (n = 3). For
this route, the vector was administered to the cis-
terna magna at the posterior of the skull via a
nonsurgical method (Supplementary Fig. S1A). The
animals were sedated with ketamine (5–7 mg/kg)
and dexmedetomidine (0.015–0.02 mg/kg) given
i.m. The dorsal upper neck/lower skull area was
shaved, and the skin thoroughly scrubbed with
alternating Nolvasan and 70% alcohol on the neck
region. The injection site at the base of the skull
was draped with sterile towels, leaving the injec-
tion site exposed. The NHPs were placed on right
side, and the hind limb reflexes were checked to
make sure the animal was free and relaxed. The
head was then held bent forward, in the lateral
decubitus position, and occiput projections were
found by palpation. A sterile 22G 1.5† spinal needle
(Becton Dickinson) was used to pierce the neck
skin medially *1 cm distal to the protuberantia
occipitalis externa. The tip of the needle was then
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inserted into the cisterna magna. The position of
needle was confirmed by free flow of clear CSF back
into the hub, with collection of *500 lL for later
analysis. The CSF was examined to ensure there
was no blood contamination. Vector was adminis-
tered to the cisterna magna (1.0–1.3 mL, 5.0 · 1013

gc), infused over 2 min (0.5 mL/min), followed by a
saline flush (0.5 mL). The spinal needle was then
removed quickly with no fluid loss or blood. Direct
pressure on the injection site was maintained
for 3–5 min to prevent leakage of vector. After in-
tracisternal infusion, animals were given carpro-
fen (4 mg/kg) i.m. for analgesia and atipamezole
(0.1–0.2 mg/kg) i.m. to accelerate recovery. When
awake, the animals were removed from procedure
room and returned to their housing.

Dual intracisternal plus intraventricular administra-
tion route (n = 3). To minimize the use of NHPs
for safety assessments, vector (5 · 1013 gc/route)
was administered to three NHPs via both the in-
tracisternal and intracerebral ventricular routes.
Vector was first administered via the intraven-
tricular route followed immediately by a second
infusion of vector to the cisterna magna. The NHP
was prepped for surgery, as described above for the
intraventricular route, and following successful
delivery of vector to the frontal ventricle, the inci-
sion was sutured and the NHP was removed from
the head frame, all while still anesthetized. The
NHP was then placed on the left side, as described
in the intracisternal route method, followed by
delivery of the vector to the second site via spinal
needle into the cisterna magna. The intracisternal
bolus was delivered within 10 min following com-
pletion of the intraventricular delivery.

Safety assessment
The NHPs were observed and monitored daily by

the experienced husbandry technicians and re-
search specialists for general appearance, distress,
and changes in behavior. The animals were housed
singly following surgery but paired at all other
times. Behavioral assessments were recorded with
NHPs in separate cages to minimize the in-
terference by a cohabitating NHP. At 1 week be-
fore surgery, on the day of administration, and at
1, 2, 4, and 8 weeks (–1–2 days) post surgery, ani-
mals were sedated for general health assessment
and for blood sampling for complete blood count
(CBC), serum chemistries, and anti-AAV total and
neutralizing antibody titers. Complete blood tests
were performed by the Laboratory of Comparative
Pathology (LCP) with an IDEXX Procyte DX he-
matology analyzer, and the following parameters

were measured: white cell count (WBC), red blood
cell count (RBC), reticulocytes (% and absolute),
hemoglobin, hematocrit, mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration
(MCHC), segmented neutrophils (% and absolute),
lymphocytes (% and absolute), monocytes (% and
absolute), eosinophils (% and absolute), basophils
(% and absolute), and platelet count. Serum chem-
istry was performed by the LCP on a Beckman
Coulter AU680 serum chemistry analyzer, and
the following parameters were measured: alka-
line phosphatase (ALP), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), gamma
glutamyl transferase (GGT), albumin, total pro-
tein, globulin, total bilirubin, direct bilirubin,
indirect bilirubin, blood urea nitrogen (BUN), cre-
atine kinase (CK), cholesterol, triglycerides,
glucose, lactate dehydrogenase (LDH), calcium,
phosphorus, bicarbonate, amylase, lipase, magne-
sium, sodium, chloride, potassium, sodium/ potas-
sium (Na/K), albumin/ globulin (A/G), and BUN/
creatinine (B/C) ratios, and anion gap. The values
from the control animal in this study and controls
in previous studies with African Green monkeys
were used to calculate normal ranges (total 65
blood samples from 29 individual male NHPs) and
establish the upper and lower limits of normal Af-
rican Green monkey values for comparisons of pre-
and post-surgery blood/serum parameters.31,35

Anti-AAV total antibody titers. Anti-AAVrh.10
antibody titers were measured using an enzyme-
linked immunosorbent assay (ELISA). Flat bottomed
96-well enzyme immunoassay plates (Corning, New
York, NY) were coated with 100 lL of 1010 gc/mL
AAVrh.10Luc (identical to AAVrh.10hAPOE2-HA
but coding for luciferase) in carbonate buffer, pH 9.4,
overnight at 4�C. The wells were blocked with 5%
milk in PBS for 30 min at 23�C. Sera from NHPs that
had been treated with AAVrh.10hAPOE2-HA was
twofold serially diluted, added to each well, and in-
cubated for 90 min at 23�C. The plates were washed
three times with PBS plus 0.05% Tween 20 (PBS-
Tween). The plates were then incubated with 100 lL
of 1:2,000 diluted horseradish peroxidase (HRP)-
conjugated goat anti-monkey immunoglobulin G
(IgG; Santa Cruz Biotechnology, San Diego, CA) in
1% milk in PBS for 90 min at 23�C. The plates were
washed three times with PBS-Tween followed by
once with PBS. Peroxidase substrate (BioRad, Her-
cules, CA), 100lL/well, was added and incubated
in the dark for 20 min at 23�C, and the reaction was
stopped by adding 2% oxalic acid (100lL/well). Ab-
sorbance was measured at 415 nm. Anti-AAVrh.10
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antibody titers were calculated by interpolation of
the log(OD) versus -log(dilution), with a cutoff value
equal to twofold the absorbance of background.

Anti-AAV neutralizing titers. AAVrh.10 neutral-
izing antibody titers were assessed at various
times using an in vitro assay with 293-ORF6 cells
in 96-well plates using AAVrh.10Luc. AAVrh.10-
Luc was incubated with serial dilutions of NHP
sera at 37�C for 45 min and then used to infect cells
at a multiplicity of infection of 3,000 gc/cell. At 48 h
post infection, luciferase activity was assessed with
the Luciferase Assay System (Promega, Madison,
WI). The neutralizing antibody titer was expressed
as the reciprocal of serum dilution at which 50%
inhibition of AAVrh.10Luc was observed.36

Behavioral assessments. At five time points
(pre, 0, 1, 4, and 8 weeks post surgery, –1–2 days),
prior to sedation for blood draws, all NHPs were
assessed for behavioral changes by videotaping.
Each NHP was separated in individual home cages
in the absence of stimuli and then challenged with
specific food/threat scenarios. Each NHP was vi-
deotaped for 3 min in the absence of outside stimuli
to observe non-stimulated ‘‘normal’’ behavioral ac-
tivity, and then for another 2 min to gauge their
response to positive (food treats) and negative
(threatening stares) reinforcements. Behaviors
were scored by observers (n = 2) blinded to treat-
ment and route from the videotape sessions for
number of times the NHPs performed specific
normal (n = 14) and abnormal (n = 6) behaviors,
scoring ‘‘1’’ for 5 s of each behavior. The sum of
normal behaviors (anxiety, arousal, and quiet be-
haviors) was calculated as the ‘‘healthy’’ score (de-
fined in Supplementary Table S1). The sum of
abnormal behaviors (sedation and abnormal mo-
tions) was calculated as the ‘‘abnormal’’ score for
each session (defined in Supplementary Table S1).
Additional assessments were made to rate the
NHPs’ response to food and threats for delayed re-
sponses over a 1 min period (0 = normal and 5 =
abnormal). The NHP behaviors were compared to an
extensive data set.31,35

Necropsy and sample collection
All NHPs were euthanized 8 weeks post ad-

ministration (day 56 – 2 days). Prior to euthanasia,
safety assessments were performed on all NHPs
(behavior, weight, blood, and CSF sampling), as
described above. The dual-route and sham animals
had additional testing performed for safety aspects
of the study, including CNS MRI scans at 8 weeks.
At sacrifice, euthanasia was carried out with in-

travenous pentobarbital until loss of corneal re-
flexes was achieved. Cold 1 · PBS perfusion (4 L)
was performed via the cardiac left ventricle fol-
lowing the administration of 1,000–2,000 IU hep-
arin. Sections of organs were collected at necropsy
and fixed with 10% neutral-buffered formalin for
immunohistochemistry (IHC); additional sections
were flash-frozen in liquid nitrogen and stored
frozen (unfixed) for later assays if required. The
brain was excised, weighed, and divided into two
hemispheres. The right hemisphere was processed
by sectioning into 1 cm coronal slabs (seven to nine
slices) and then subdividing the slabs into 1 cm3

cubes for DNA, mRNA, and protein isolation for
assessment of APOE2 vector genome and mRNA
levels by quantitative TaqMan PCR analysis, and
ApoE2-HA protein levels by ELISA. The left brain
hemisphere was fixed in 10% neutral-buffered
formalin and sectioned into 3 mm coronal sections
for assessment of the distribution of ApoE2 protein
by IHC for the HA tag. The spinal cord at three
levels was extracted from each NHP: cervical C3–
C4, thoracic T6–T7, and lumbar L2–L4. Two sam-
ples of spinal tissue were collected at each location:
one sample placed in 10% neutral-buffered for-
malin for histopathology (hematoxylin and eosin
[H&E] and IHC stains); and the other sample
partitioned as for the brain cubes and reserved for
future quantitative PCR TaqMan analysis. All or-
gans were examined grossly during necropsy per-
formed by a board-certified veterinary pathologist,
and gross findings were recorded. Samples of brain
and spinal cord from all animals were fixed in 10%
neutral-buffered formalin for immunohistochemi-
cal staining. In addition, for NHP-10–NHP-14,
other organs detailed below were fixed in 10%
neutral-buffered formalin, processed, embedded in
paraffin, section at a thickness of 5 lm, stained
with H&E, and examined by a board-certified vet-
erinary pathologist, and histopathologic changes
were recorded. These organs included the lungs,
heart, aorta, thymus, parotid and submandibular
salivary glands, biceps femoris muscle, kidneys,
liver, gallbladder, stomach, duodenum, jejunum,
ileum, cecum, colon, rectum, pancreas, mesenteric,
tracheobronchial, popliteal, inguinal lymph node,
thyroid gland, spleen, urinary bladder, adrenal,
pituitary, sciatic nerve, skin, esophagus, trachea,
facial nerve, glossopharyngeal nerve, pericardium,
diaphragm, sternum, bone marrow, eye, optic
nerve, lacrimal gland, testes, epididymis, prostate,
and seminal vesicles. Samples of a subset of organs
(liver, heart, lung, kidney, spleen, ileum, and any
other organs with gross abnormalities discovered
during the examination) were frozen unfixed for
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future vector studies if necessary. All slides were
evaluated by a board-certified pathologist, and ob-
servations were recorded.

Processing and quantitative analysis
of CNS and spinal cord samples

During necropsy, the right hemisphere of the
NHP brain was processed into 1 cm3 cubes for
vector DNA, transgene mRNA, and ApoE2-HA
protein assays. The brains were sub-sectioned
into *1 cm coronal slabs with 5-inch single-edge
straight blades. Slab numbering was S1–S8, with
S1 = anterior frontal lobes and S8 = posterior por-
tion of the brain (Supplementary Fig. S1B). Cor-
onal slabs containing the site of administration,
identified by cortical depressions, were labeled as
the target site to help identify vector deposit loci.
The slabs from the right hemisphere were further
sectioned into square sections based on a prede-
signed 10 mm · 10 mm grid using fresh straight
blades. Brain cubes (70–90 cubes, 100–450 mg)
were labeled with identifiers of slab section # (S1,
etc.) plus grid coordinates (A1 . C6) to allow for
recreation of the 3D map of the brain (Supple-
mentary Fig. S1B). Brain cubes were put inside
labeled tubes and placed on ice. All cubes were cut
into at least four sections (£ 100 mg/piece) with a
sterile #15 scalpel (Bard-Parker) and weighed.
For each brain cube, one divided piece was frozen
on dry ice and transferred to a -80�C freezer for
later processing for protein analysis. All other
pieces were reserved for DNA/mRNA isolation
and transferred to a labeled clean 15 mL conical
tube, with 1 mL of RNAlater (Qiagen, German-
town, MD) per 100 mg brain sample. DNA/mRNA
samples were incubated at 4�C overnight to allow
for stabilization of mRNA by RNAlater. After 24–
72 h, the samples were retrieved from the RNA-
later solution for homogenization. Brain samples
were homogenized using Qiagen’s Buffer RLT
with b-mercaptoethanol (600 lL per 30 mg tissue
weight) with two 5 mm stainless steel beads
(Qiagen), using the TissueLyser LT (Qiagen) at
4�C for 10–20 min at 50 Hz. Homogenized tissue
was collected, and a uniform 300 lL sample was
removed for DNA with a separate 300 lL aliquot
for mRNA processing, with the remainder frozen
at -80�C in reserve.

DNA isolation. For tissue homogenates pro-
cessed for DNA, the DNeasy Blood and Tissue Kit
(cat #69506; Qiagen) was used. Approximately
50 mg of homogenized tissue sample was digested
with a digest mix containing 10 lL Proteinase K
and 140 lL sterile water at 56�C for 10 min. Next,

RNase digestion was performed, where 4 lL of
100 mg/mL RNase A was added to the homogenized
tissue, followed by vortexing and incubation at
room temperature for 2 min. This was followed by
centrifugation at 13,000 g for 3 min, after which the
supernatant was transferred to a tube containing
225 lL ethanol (96–100%) and loaded onto a DNeasy
mini spin column. After a series of centrifugation
steps with the Qiagen kit buffers AW1 and AW2 at
>6,000 g at room temperature in an Eppendorf 5424
centrifuge, the DNA was eluted using 100 lL Buffer
AE and saved as 1 · 20lL and 1 · 80lL aliquots
at -20�C for analysis.

RNA isolation. For tissue homogenates pro-
cessed for mRNA, the RNeasy Lipid Tissue Mini kit
(Qiagen) was used. Approximately 50 mg (*300 lL)
of homogenized tissue sample was digested with
500 lL QIAzol lysis reagent from kit at 23�C for
5 min, followed by the addition of 200lL chloroform
and mixing vigorously for 15 s, and incubation at
23�C for 3 min. The mixture was then centrifuged at
12,000 g for 15 min at 4�C. The aqueous phase was
transferred to a tube containing 300 lL ethanol
(70%), vortexed, loaded onto an RNeasy Mini spin
column, and centrifuged for 15 s at ‡8,000 g at 23�C.
Buffer RW1 (350lL) was then added to the RNeasy
Mini column, vortexed, and centrifuged for 15 s at
‡8,000 g at 23�C. DNase digestion performed using
DNase I (80lL) mix (10lL DNase I and 70lL buffer
RDD) added to the RNeasy mini spin column, and
incubating for 15 min at 23�C. After a series of wash
steps with buffers RW1 and RPE and centrifugation
at ‡8,000 g, the RNA was eluted using 30lL RNA-
secure (RNase-free water), and centrifugation at
‡8,000 g for 1 min at 23�C. RNA was saved at -80�C
for future analysis. A 5 lL aliquot was reserved for
RNA quality analysis (RIN) and nanodropped to
determine total RNA concentration.

Protein isolation. To measure human ApoE2-
HA protein, brain cubes were homogenized in
300 lL lysis buffer (10 mM HEPES-KOH, pH 7.4,
5 mM mannitol, and 1% Triton X-100 in water)
using 5 mm stainless steel beads in a TissueLyzer
LT (Qiagen, Valencia, CA) for 2 · 10 min at oscil-
lation of 50/s. The homogenates were centrifuged at
10,000 g for 5 min in an Eppendorf centrifuge. Su-
pernatants were collected and stored in aliquots at
-80�C until use.

DNA, mRNA, and protein analysis
AAVrh.10hAPOE2-HA vector genome copies in

the CNS brain cubes were measured by PCR using
a TaqMan-based analysis (Applied Biosystems
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‘‘Universal Master Mix II, no UNG’’ reagent) and a
human-specific primer/probe set (Applied Biosys-
tems) to detect the 3¢ terminus of the human
APOE2 cDNA (including the HA-tag sequence)
from viral genomes, in the background of primate
genomic DNA (forward primer: 5¢-GTGGAGAAGG
TGCAGGCT-3¢; reverse primer: 5¢-AAGCGTAATC
TGGAACATCGT-3¢; probe, 5¢-CCCTGTGCCCAGC
GACAATC-3¢). The PCR was performed using
the QuantStudio6 Flex system (Applied Biosys-
tems) at 50�C for 2 min and 95�C for 15 min; 40
cycles of 95�C for 15 s and 60�C for 60 s, with a rate
of D = 1.6�C/s, and the results expressed as vector
genome copy number per lg DNA. Each sample was
analyzed in duplicate. Samples that failed ampli-
fication were re-extracted and retested. Samples
were scored as positive for vector genome if the
APOE2 sequence Ct value was <35, and were
scored vector negative if transgene sequence Ct
value was >36. All assays were performed with a
standard curve based on a hAPOE2-HA plasmid
(108–101 gc) run in triplicate. The resulting copy
numbers were used for 3D recreations by coloring
each cube based on predetermined cutoff values to
model volumes of distribution in the brain.

mRNA expressed from the vector transgene
was quantitatively measured in parallel to the ge-
nomic samples. For the mRNA TaqMan assays, the
mRNA was first converted to cDNA using random
hexamers and reverse transcriptase using one cycle
of 25�C for 10 min, 42�C for 60 min, and 95�C for
5 min, and then held at 4�C, using the GeneAmp
PCR System 9700 machine (Applied Biosystems).
The samples were amplified by using the same PCR
conditions and standard plasmid curve as described
above, with the results expressed as transgene
mRNA number per lg cDNA.

Human ApoE2-HA protein was quantified in
AAVrh.10hAPOE2-HA administered brain homog-
enates and CSF samples using a mouse anti-HA
antibody (Sigma–Aldrich) and human ApoE ELISA
kit (Abcam, Cambridge, MA). Briefly, 10lL of
brain homogenate or 5lL of CSF (diluted in 50lL
of buffer) was added per well to the anti-ApoE
antibody-coated ELISA plate and incubated at
23�C for 2 h. The plate was washed seven times
with 200 lL 1 · wash buffer (from Abcam ELISA
kit). Monoclonal anti-HA antibody, 50 lL per well,
was added and incubated at 23�C for 1 h to dis-
tinguish the vector expressed human ApoE2-HA
protein. The plate was washed seven times with
1 · wash buffer. HRP-conjugated goat anti-mouse
IgG (Santa Cruz Biotechnology), 50 lL per well,
was added and incubated at 23�C for 1 h. The plate
was washed seven times with 1 · wash buffer. The

plate was then incubated with 50 lL per well of
HRP substrate (Abcam) at 23�C in the dark for
20 min. The reaction was stopped by adding 50 lL
stop solution, and absorbance was read at 450 nm.
Total protein in the brain homogenate was mea-
sured using micro-bicinchoninic acid kit (Thermo
Fisher Scientific, Waltham, MA). The ApoE2-HA
level was expressed as ng/mg total protein.

Human ApoE2-HA Western blot analysis
Assessment of transgene expression of hu-

man ApoE2-HA protein in the CSF was perform-
ed at 0, 4, and 8 weeks post administration of
AAVrh.10hAPOE2-HA. CSF was analyzed in a 4–
12% polyacrylamide-SDS gel with a standard vol-
ume of 10 lL per lane, and transferred onto a
polyvinylidene fluoride membrane. The membrane
was treated with monoclonal anti-HA antibody,
0.5 lg/mL in 5% dry milk in PBS (Sigma–Aldrich)
for 12 h at 4�C and then washed four times with
PBS-Tween. The membrane was then incubated
with 1:10,000 diluted HRP-conjugated goat anti-
mouse IgG (Santa Cruz Biotechnology) for 1 h at
23�C, washed five times with PBS-Tween, and de-
veloped with Enhanced Chemiluminescence Plus
reagent (Thermo Fisher Scientific). Protein molec-
ular weights on denaturing gels were determined by
comparison with the kaleidoscope molecular weight
marker standard (Bio-Rad, Hercules, CA).

IHC
The formalin-fixed brains (left hemispheres)

were divided into 3 mm coronal slices, embedded
in paraffin blocks, and sectioned at 5 lm with a
microtome. Every other coronal section (12/21) was
examined by IHC, using an anti-HA antibody and
counterstain. A standardized subset of sections
from animals NHP-10–NHP-14 was additionally
stained with H&E for histopathology. IHC staining
for HA was performed at the Laboratory of Com-
parative Pathology on a Leica Bond RX automated
stainer (Leica Biosystems, Buffalo Grove, IL).
Following heat-induced epitope retrieval (HIER) at
pH 6.0, the primary antibody (ab130275; Abcam)
was applied at a concentration of 1:2,500 and fol-
lowed by application of a polymer detection system
(DS9800, Novocastra Bond Polymer Refine Detec-
tion; Leica Biosystems) in which the chromogen
was 3,3 diaminobenzidine tetrachloride (DAB) and
the counterstain was hematoxylin. Comparison of
the APOE2-HA biodistribution was made on the
brain coronal sections by digitizing the IHC slides
using high-resolution slide scanning (40 · ) using a
Leica SCN400 scanner (HistoWiz, Brooklyn, NY).
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Additional post-IHC processing was done for the
intrahippocampal route results (NHP-1 and -2)
only. Following IHC processing of the brain coronal
sections, the slides were digitized using a Leica
SCN400 scanner, and the scan image files were
converted to .tif files using ImageScope v12.1
(Aperio Technologies, Vista, CA). Matching IgG
control slides were used to remove the background
from the .tif images, by setting the negative con-
trols as masks in Adobe PhotoShop. The back-
ground subtracted images were then analyzed
with ImageJ v1.51n with a heatmap plugin. Gray
colors were used in place of purple for the heat-
map generation to provide better contrast.

Statistical analysis
All statistical analyses were performed with

GraphPad Prism v6.02 (GraphPad Software, San
Diego, CA). Analyses comparing the different ad-
ministration route cohorts to non-treated controls
for ApoE2 levels in the CNS were generated using
one-way analysis of variance (ANOVA) with Dun-
nett’s multiple comparisons test. Analysis of NHP
behavior was carried out by two-way repeated
measures ANOVA with Dunnett’s multiple com-
parisons test. Evaluations of CSF ApoE2-HA, blood
counts, and serum chemistries were performed by
a two-tailed unpaired t-test at various time points
to identify significant differences due to time. Due
to the small sample size (n = 3/group) and daily
variations in cell numbers and serum chemistries,
statistical comparisons were considered to be sig-
nificant if p < 0.01.31,37,38

RESULTS
Assessment of AAVrh.10hAPOE2-HA
distribution in the CNS

The efficacy of APOE2 delivery to the CNS in an
APOE4 mouse model has been previously demon-
strated.26 The aims of the present study were
twofold: (1) to determine the route of delivery that
would provide maximum distribution of AAV-
mediated APOE2 vector DNA, transgene mRNA,
and ApoE2 protein in the CNS of NHPs; and (2) to
assess the safety of these delivery routes. To dis-
tinguish the vector-derived APOE2 from endoge-
nous primate APOE2 in immunohistochemical and
quantitative assays, a HA peptide tag was added
to the 3¢ terminus of hAPOE2 vector construct
(AAVrh.10hAPOE2-HA). Three routes of vector ad-
ministration of AAVrh.10hAPOE2-HA in the CNS
of NHPs were evaluated (Tables 1 and 2): direct
intraparenchymal administration to three sites
in the hippocampal region (IH, intrahippocampal);

intracisternal (IC, cisternae magna); and intrace-
rebral ventricular (ICV, frontal horn of the third
ventricle; Supplementary Fig. S1A). The animals
(n = 3/route, except for intrahippocampal route,
n = 2) were euthanized at 8 weeks following vector
administration and evaluated by quantitative real-
time PCR assessments of APOE2 DNA and mRNA,
and ELISA for protein biodistribution to determine
spread and persistence of ApoE2 expression.

Direct intraparenchymal administration
Direct intraparenchymal vector administration

was carried out via surgical placement of a catheter
into the hippocampus and the entorhinal cortex of

Table 1. Design of the NHP studya,b,c,d

Animal # Vectore
Route of

administration
Total vector

dose (gc)
Time of

sacrifice (week) i

1 and 2 AAVrh.10hAPOE2-HA Intrahippocampalf 5.0 · 1012 8
3–5 AAVrh.10hAPOE2-HA Intracisternalg 5.0 · 1013 8
6–8 AAVrh.10hAPOE2-HA Intraventricularh 5.0 · 1013 8
9 None (sham) None None 8

aAll NHPs were male African Green monkeys approximately 4–8 years
old, weighing around 5–8 kg. MRI scans were performed before surgery to
determine administration coordinates for intrahippocampal and intraven-
tricular routes (NHPs 1, 2, 6, 7, and 8).

bAt pre, 0, 1, 2, 4, and 8 weeks post-vector administration, behavioral
assessments were performed with videotaping at rest and in response to a
series of standardized challenges with assessment of quantitative traits.31

cAt pre, 0, 1, 2, 4, and 8 weeks post-vector administration following the
behavioral assessment (footnote b), the NHPs were sedated with assess-
ment of standard safety parameters, including temperature, pulse, respi-
ratory rate, and weight. Times for assessment up to 2 weeks were –1 day,
and times >2 weeks were –3 days.

dAt pre, 0, 1, 2, 4, and 8 weeks post-vector administration, when the NHPs
were sedated for assessment of safety parameters (footnote c), blood was
sampled for complete blood count, serum chemistry, and neutralizing antibody
titers. CSF obtained from the cisterna magna (*500 lL) was sampled, pre-
administration, at 4 weeks, and on the day of sacrifice (8 weeks). Times for
assessment up to 2 weeks were –1 day, and times >2 weeks were –3 days.

eNHPs received AAVrh.10hAPOE2-HA formulated in PBS. In order to differ-
entiate vector-mediated expression of APOE2 over the endogenous APOE2 in
the NHP brain, the human APOE2 was HA-tagged on the 3¢ terminus.

fIntrahippocampal route. The vector was administered directly to the
NHP hippocampal region, bilaterally, with the volume of the vector
delivered at three sites per hemisphere (hippocampus CA1, dentate gyrus,
and entorhinal cortex), 15 lL per injection site (infusion rate 1 lL/min),
8.33 · 1011 gc/site.

gIntracisternal vector route. The vector was administered directly into
the cisterna magna as one single bolus, diluted in 1.5 mL and infused at
0.5 mL/min, followed by a 0.5 mL saline lock flush to ensure delivery of
residual vector in the needle/hub.

hIntraventricular vector route. The vector was administered as one single
dose (1 mL) via a surgically placed catheter in the frontal horn of the lateral
ventricle (3rd), unilaterally, and infused at rate of 200 lL/min.

iAll animals were sacrificed 8 weeks post-vector administration. CSF was
sampled for ApoE2-HA analysis. At necropsy, animals were perfused with
ice-cold PBS. The brain was divided into two hemispheres, with the left half
used for histology and the right half subdivided into cubes (1 cm3) for
biodistribution of vector genome copies, transgene mRNA, and ApoE2-HA
protein. Other major organs (lung, liver, heart, spleen, kidney, ileum, and
sections of spinal cord—cervical, thoracic, and lumbar) were collected and
assessed for gross abnormalities; samples were flash-frozen in liquid
nitrogen and stored at -80�C for future use.

NHP, nonhuman primate; gc, genome copies; MRI, magnetic resonance
imaging; CSF, cerebrospinal fluid; PBS, phosphate-buffered saline.
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the NHP CNS. Administration of 5 · 1012 gc of
AAVrh.10hAPOE2-HA directly into the hippocam-
pus/entorhinal cortex achieved easily detectable,
diffuse ApoE2 expression (yellow to orange colors
on the pseudo-colored heat maps) in targeted re-
gions using this route of delivery compared to the
non-treated controls (Supplementary Fig. S2). To
prevent inflammatory responses to very high focal
vector concentration in the hippocampal area, the
vector was administered at 1-log lower total titers
and 1/67th volume per deposit. These animals were
also monitored for various safety parameters (he-
matology and serum chemistry) and behavior over
an 8-week period post administration. No adverse
events or abnormal results were noted.

Intracisternal and intraventricular routes
Although direct administration to the hippocampal/

entorhinal cortex provided ApoE2-HA expression in
the area of the brain demonstrating the initial pa-
thology of AD,39–42 Alzheimer’s progresses to other
areas of the brain.20,43,44 In addition, administration
to the hippocampus/entorhinal cortex requires a com-
plex surgical procedure, and trauma/hemorrhage in
this area could have profound consequences.45–48

With this background, the ability of the less invasive
intraventricular or intracisternal administration
was explored to mediate expression not only to the
hippocampus/entorhinal cortex but also through-
out the CNS. To evaluate these routes, at 8 weeks,
the brains were evaluated for extent of vector

distribution (vector DNA), vector expression
(APOE2-HA mRNA), and protein (anti-HA ELI-
SA). As expected for a secreted protein such as
ApoE2, diffuse expression was observed through-
out the CNS. To visualize the extent of vector
distribution and expression, a 3D representation
of 1 cm3 cubes of the CNS was used to display the
distribution pattern for vector DNA, transgene
mRNA, and ApoE2 protein. An example is shown
in Fig. 2. For both the intracisternal and the in-
traventricular routes, for each parameter, greater
than baseline levels of vector APOE2-HA copies
(Fig. 2A and B), mRNA transgenes (Fig. 2C and
D), and ApoE2-HA protein (Fig. 2E and F) were
observed in most cubes throughout the CNS, as
well as in the hippocampal regions.

Comparison of the distribution of vector DNA,
APOE2-HA mRNA, and ApoE2-HA protein levels
in individual brain cubes of the three NHPs tre-
ated with the vector via the intracisternal route
and the three NHPs treated with the intraven-
tricular routes demonstrated broad distribution by
both routes in all animals compared to the control
(Fig. 3A–C). While there was variation in the vector
distribution and expression, on average, both the
intracisternal and the intraventricular routes pro-
vided excellent distribution of the vector and vector
expression throughout the CNS compared to the
untreated control (Fig. 3D–F). The intracisternal
route provided higher vector distribution compared
to the intraventricular route ( p < 0.001; Fig. 3D), but

Table 2. Additional NHP cohorts for toxicity assessment of administration of AAVrh.10hAPOE2-HAa,b,c,d

Animal # Vectore Route of administration Total vector dose (gc) Time of sacrifice (weeks)g

10–12 AAVrh.10hAPOE2-HA Intraventricular + intracisternalf 1.0 · 1014 8
13 and 14 None (PBS)h None None 1–8

aAll NHPs were male African Green monkeys approximately 4–8 years old, weighing around 5–8 kg. MRI scans were performed before surgery to determine
administration coordinates for intraventricular routes and at 8 weeks post administration for safety.

bAt pre, 0, 1, 2, 4, and 8 weeks post-vector administration, behavioral assessments were performed with videotaping at rest and in responses to a series of
standardized challenges with extraction of quantitative traits.31

cAt pre, 0, 1, 2, 4, and 8 weeks post-vector administration following the behavioral assessment (footnote b), the NHPs were sedated with assessment of
standard safety parameters, including temperature, pulse, respiratory rate, and weight. Times for assessment up to 2 weeks were –1 day, and times >2 weeks
were –3 days.

dAt pre, 0, 1, 2, 4, and 8 weeks post-vector administration, when the NHPs were sedated for assessment of safety parameters listed (footnote c), blood was
drawn for complete blood count, serum chemistry, and neutralizing antibody titers. CSF obtained from the cisterna magna (*500 mL) was sampled for analysis
pre-administration, at 4 weeks, and on the day of sacrifice (8 weeks). Times for assessment up to 2 weeks were –1 day, and times >2 weeks were –3 days.

eNHPs received AAVrh.10hAPOE2-HA formulated in PBS. In order to differentiate vector-mediated expression of APOE2 over the endogenous ApoE2 in the
NHP brain, the human APOE2 was HA-tagged on the 3¢ terminus.

fDual administration combination route. In these NHPs (n = 3), the vector was administered via both intracisternal and intraventricular routes (5 · 1013 gc/route),
with the surgical placement of catheter and intraventricular delivery performed first, followed by the intracisternal delivery within 15 min following the completion
of the intraventricular delivery. In NHP-10 and NHP-12, the intraventricular administration catheter was placed into the left hemisphere; while in NHP-11, the
intraventricular administration catheter was placed into the right hemisphere. This was done for a safety risk assessment of 1014 gc dosage.

gAll animals were sacrificed at 8 weeks post-vector administration. CSF was drawn as in footnote d. At necropsy, animals were perfused with ice-cold PBS.
The brain was divided into two hemispheres, with the left half used for histology and the right half subdivided into cubes (1 cm3) for additional studies as
needed. Other major organs (lung, liver, heart, spleen, kidney, ileum, and sections of spinal cord—cervical, thoracic, and lumbar) were collected and assessed
for gross abnormalities and samples flash-frozen in liquid nitrogen and stored at -80�C for future use.

hThese two NHPs are historical controls from previous studies where the animals were administered PBS via catheters in the frontal lobe white matter
regions, locations that are similar to the path of the intraventricular catheters.3 They were included for safety assessments at specific time points for
hematologic, serum chemistry, serum antibody titers, behavior, and MRI parameters. Additionally, data from 26 NHPs used in previous studies were compiled to
generate reference ranges for these safety parameters in male African Green monkeys.31,35
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the mRNA and protein expression were similar
by the two routes (mRNA p > 0.5, protein p > 0.7;
Fig. 3E and F).

Grouping the individual brain cube vector ge-
nome, mRNA, and protein levels in bins of similar
levels, quantification of the percentage of positive
cubes demonstrated that for the intracisternal
route, 92.0% of cubes had vector levels >1,000
copies/lg DNA compared to 3.9% of the control
cubes, 81.3% of cubes had vector derived mRNA
levels >1,000 copies/lg DNA compared to 2.9%
of control cubes, and 68.1% of cubes had vector-
derived protein levels >22 ng/mg compared to
3.0% of control cubes (Table 3). The same pattern
was observed for the intraventricular route
(treated, DNA 90.0% cubes, control 3.9% cubes;
mRNA treated 86.0% cubes, control 2.9% cu-
bes; and protein 51.5% cubes, control 3.0% cubes;
Table 3). Comparison of the intracisternal versus
intraventricular routes demonstrated similar re-
sults for all cube parameters (DNA, intracisternal-
treated 92.0% of cubes, intraventricular-treated
90% of cubes ( p > 0.6); mRNA, intracisternal-
treated 81.3% of cubes, intraventricular-treated
86.0% of cubes ( p > 0.5); and protein, intracisternal-
treated 68.1% of cubes, intraventricular-treated
51.5% of cubes ( p > 0.5).

IHC assessment of ApoE2-HA expression
in the CNS

To complement the quantification of ApoE2-HA
expression in the brain cubes and to identify ex-
pression at a cellular level, the left hemisphere
and spinal cord were sliced in 3 mm coronal sec-
tions and processed for histopathological (H&E)
and immunohistochemical analysis (using an anti-
HA antibody). To assess the extent of ApoE2-HA

distribution across the CNS, coronal slices were
analyzed by anti-HA IHC.

When the AAVrh.10hAPOE2-HA vector was
delivered to the CSF via the cisterna magna or
frontal horn of the third ventricle (the posterior
and anterior aspect of the brain, respectively),
vector delivery clearly demonstrated ApoE2-HA
expression far beyond the local regions of delivery
(Supplementary Figs. S3–S5). The brains from the
intracisternal and intraventricular administration
groups showed areas of ApoE2-HA expression in a
wide range of brain regions from the anterior to the
posterior. There was heavy staining of the epen-
dymal cells of the choroid plexus in the ventricles,
as expected due to the routes of delivery into the
CSF (Supplementary Figs. S3–S5) but also in areas
around the frontal and mid-brain, including the
hippocampal region, as well as areas around the
posterior of the brain and spinal cord. Regions as-
sociated with early AD in humans (hippocampus,
entorhinal/parahippocampal cortex) were appraised
for ApoE2-HA for each monkey in the study. The
cytoplasm of neuronal cell bodies and neuropil dis-
played intense staining ApoE2-HA in the targeted
areas, including the parahippocampal cortex, en-
torhinal cortex, parasubiculum, dentate gyrus, and
CA1 of hippocampus (Supplementary Figs. S3 and
S4F–I). In contrast, no ApoE2-HA expression was
observed in the brains from the non-treated control
NHP (Supplementary Fig. S5A–O). Comparisons of
the staining observed in the intraventricular and
intracisternal routes revealed little differences in the
overall APOE2-HA expression patterns across the
CNS, with the exception that concentrated staining
was observed for ApoE2-HA in the lateral ventricle
(Supplementary Figs. 3SA and S4A) and caudate
putamen (Supplemental Figs. S3B and S4B) with the
intraventricular route in the area just around the

Figure 2. Example of distribution of APOE2 vector genome copies, transgene mRNA, and protein levels in the brains of nonhuman primates (NHPs)
administered with AAVrh.10hAPOE2-HA via intracisternal or intraventricular routes. Shown are data from NHP-4 for the intracisternal route and NHP-8 for the
intraventricular route. The distribution of APOE2 vector genome copies, transgene mRNA copy numbers, and protein is represented by three-dimensional
schematic drawings of 1 cm3 cubes of the right hemispheres. African Green monkeys administered AAVrh.10hAPOE2-HA (5 · 1013 genome copies [gc]) as
described in Table 1 were euthanized 8 weeks post surgery. The right hemispheres were subdivided into 1 cm3 cubes, homogenized, and analyzed for vector
genome copies and transgene mRNA by quantitative polymerase chain reaction and analyzed for protein ApoE2-HA levels by enzyme-linked immunosorbent
assay (ELISA). Coronal slices (1 cm width) are displayed from the anterior to the posterior end of the NHP brains, with the subdivided cubes recreated for each
coronal slice. (A, C, and E) Intracisternal (IC) route. (B, D, and F) Intraventricular (ICV) route. In panels (A) and (B), the cube colors are based on the mean
vector genome TaqMan levels (# cDNA gc/mg DNA): light yellow, background (<103 copies); blue, 103–104 copies; green, 104 to 5 · 104 copies; red, 5 · 104 to 105

copies; purple, >105 copies; gray, insufficient sample for analysis. In panels (C) and (D), the cube colors are based on the mean transgene mRNA TaqMan
readings/cube (# mRNA copies [gc]/mg DNA): light yellow, background levels (<103 copies); blue, 103 to 104 copies; green, 104 to 5 · 104 copies; red, 5 · 104 to
105 copies; purple, >105 copies; gray, insufficient sample for analysis. In panels (E) and (F), the cube colors are based on the mean ApoE2-HA ELISA levels/
cube (ApoE2-HA [ng]/mg total protein): light yellow, background levels; blue, >0.1–22 ng/mg; green, 22–50 ng/mg; red, 50–100 ng/mg; purple, >100 ng/mg; gray,
insufficient sample for analysis. The baseline values for ApoE2-HA protein were based on the mean – 2SD for the untreated control cubes (21.42 ng/mg protein).
Black arrows denote the location of the catheter insertion site for each route. Relative locations of the hippocampal region are shown by yellow arrows. The
percentage cubes positive for each category (see Table 3) was calculated based on total cubes analyzed for each monkey (70 and 80 cubes per brain).
Schematic of primate brain, right hemisphere is shown as reference to coronal sections used for the analysis of cubes.
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catheter placement for this route of delivery. Beyond
the expected staining in the targeted areas of the
chronic plexus of the ventricles (Supplementary
Figs. S3C and S4C), staining was observed in nu-
merous substructures across the CNS, including the
anterior olfactory nucleus, thalamic reticular nu-
cleus, lateral hypothalamus, pineal body in the epi-
thalamus, stria terminalis, pontine gray fibers in the
brain stem, Purkinje cells and deep cerebellar nuclei
in the cerebellum and gray nuclei of the spinal cord
(Supplementary Figs. S3 and S4D, E, and J–O), as
well as multiple substructures in the brain stem (not
shown). Due to their involvement in early detection
of AD,49,50 the olfactory bulb and visual cortex re-
gions were additionally compared for effect of route of
treatments (Supplementary Fig. S6A–L). Multiple
layers of the olfactory bulb/nucleus and occipital vi-
sual cortex displayed positive ApoE2-HA staining.

ApoE2-HA expression in the CSF over time
As an additional measure of efficacy, levels

of ApoE2-HA in the CSF were assessed by Western
blot analysis and ELISA at day 0 (pre-therapy), day
28, and day 56 (prior to necropsy; Fig. 4). Both
routes of delivery, intracisternal (Fig. 4A) and in-
traventricular (Fig. 4B) displayed an abundance
of circulating ApoE2-HA in the CSF at each post-
administration time point, demonstrating long-term

expression through the life of the study (8 weeks).
Quantification of ApoE2-HA in the CSF by ELISA
demonstrated consistent levels >1lg/mL CSF pro-
tein above endogenous background levels at both
time points sampled post vector administration in
NHPs by both routes. There was no significant dif-
ference between the two routes ( p > 0.9).

Safety studies
As a ‘‘worst-case’’ scenario and to minimize the

use of NHPs, three NHPs were administered the
vector via the dual route (intraventricular and in-
tracisternal) using a total of double the prior vector
dose (1014 gc) and volume (2 mL) delivered into the
CSF (Table 2). Multiple regions from samples ac-
ross the brain were selected and stained with H&E
for microscopic examination of the areas proximal
and distal to the catheter needle insertions for
each route (see sampling schematic, Supplementary
Fig. S7). Overall gross and microscopic pathology
showed no effects of the dose/volume (5 · 1013 gc and
1 mL of vector per CSF site) of vector beyond focal
superficial parenchymal loss due to surgical inter-
vention, similar to that observed in previous studies
with PBS-treated controls.31 Histopathological ex-
amination of the brain left frontal lobes from the
dual-route NHPs (NHP-10–NHP-12) revealed focal
lesions in the gray matter with minor histiocytic

Figure 3. Quantitative comparison of intracisternal versus intraventricular routes of AAVrh.10APOE2-HA administrated to the CNS of NHPs. The distribution of
APOE2-HA vector genome copies, transgene mRNA copy numbers, and protein levels in the brains of NHPs administered with AAVrh.10hAPOE2-HA or non-
treated animals are shown for all intracisternal and intraventricular NHPs in the study. African Green monkeys (n = 6 and n = 3/route) were administered
AAVrh.10hAPOE2-HA (5 · 1013 gc) or were untreated (n = 1, sham control), as described in Table 1 and Fig. 2. (A–C) All data displayed for each NHP separately.
(D–F) All data for all NHPs in each route grouped together. (A) Vector genome copies, all individual NHP data. The extent of distribution above background
assay levels is shown (10 copies). All cube results were assembled into one set per NHP to show overall vector genome copy numbers. Intracisternal NHP
cubes, circles; intraventricular NHP cubes, triangles; untreated control, inverted triangles. Means are shown by solid black lines in each NHP set. The dashed
lines represent the levels used for analysis in Fig. 2 and Table 3, and the ranges are based on the mean gDNA TaqMan levels (#gc/mg DNA): <103 copies; 103 to
104 copies; 104 to 5 · 104 copies; 5 · 104 to 105 copies; and >105 copies. (B) Human APOE2 transgene mRNA copies, all individual NHP data. The extent of APOE2
mRNA expression distribution above background assay levels is shown (10 copies). All cube results were assembled into one set per NHP to show overall
mRNA copy numbers. Intracisternal NHP cubes, circles; intraventricular NHP cubes, triangles; untreated control, inverted triangles. Means are shown by solid
black lines in each NHP set. The dashed lines represent levels used for analysis in Fig. 2 and Table 3, and the ranges are based on the mean mRNA TaqMan
levels (# copies [gc]/mg cDNA) <103 copies; 103 to 104 copies; 104 to 5 · 104 copies; 5 · 104 to 105 copies; and >105 copies. (C) Human ApoE2 protein (HA-tag), all
individual NHP data. The extent of ApoE2 expression in the brain cubes above background assay levels is shown (1 ng/mg). All cube results were assembled
into one set per NHP to show overall ApoE2-HA levels. Intracisternal NHP cubes, circles; intraventricular NHP cubes, triangles; untreated control, inverted
triangles. Means are shown by solid black lines in each NHP set. The baseline values for ApoE2-HA protein were based on the mean – 2SD for the untreated
control cubes (21.42 ng/mg protein). The dashed lines represent levels used for analysis in Fig. 2 and Table 3, and the ranges are based on the mean protein
ELISA levels/cube: <22 ng/mg, 22–50 ng/mg, 50–100 ng/mg, and >100 ng/mg protein. (D) Vector genome copies, all NHP data combined. The combined data from
all NHPs per route of vector administration for vector genomes are shown. All cube results were assembled into one set per treatment for comparisons, with
intracisternal NHP cubes, red circles; intraventricular NHP cubes, blue triangles; untreated control, yellow inverted triangles. Means are shown by solid black
lines, with the same dashed line ranges as in (A). (E) Human APOE2 mRNA copies, all NHP data combined. The combined data from all NHPs per route of
vector administration for mRNA copy number are shown. The graph displays the combined data from all NHPs per route of vector administration for vector
genomes. All cube results were assembled into one set per treatment for comparisons, with intracisternal NHP cubes, red circles; intraventricular NHP cubes,
blue triangles; untreated control, yellow inverted triangles. Means are shown by solid black lines in each treatment, with the same dashed line ranges as in (B).
(F) Human ApoE2 protein (HA-tag), all NHP data combined. The combined data from all NHPs per route of vector administration for ApoE2 protein expression
are shown. The graph displays the combined data from all NHPs per route of vector administration for vector genomes. All cube results were assembled into
one set per treatment for comparisons, with intracisternal NHP cubes, red circles; intraventricular NHP cubes, blue triangles; untreated control, yellow inverted
triangles. Means are shown by solid black lines in each treatment, with the same dashed line ranges as in (C). Statistical comparison of the treatment routes
and controls were calculated by an unpaired two-sided Student’s t-test, with alpha <0.05.

‰

AAVrh.10-MEDIATED APOE2 GENE THERAPY 37



38 ROSENBERG ET AL.



infiltrate and hemosiderosis in the gray matter
(Supplementary Fig. S7A–F) and multifocal gliosis
with histiocytic infiltrate, hemosiderosis, spon-
giosis, and vascular hyperplasia in the underly-
ing white matter (Supplementary Fig. S7G–L).
These findings were compatible with a needle
tract used to deliver the AAV vector in the intra-
ventricular route and comparable to that observed
in PBS-treated animals (NHP-13–NHP-14; Sup-
plementary Fig. S8A–D). Similarly, microscopic
examinations of the cerebellum lobes, dorsal to the
site of administration for the intracisternal route,
displayed no evidence of pathology or inflamma-
tion of the cerebellum in the three dual-route ad-
ministered NHPs (Supplementary Fig. S7M–R).

Further examination of CNS regions distal to the
intraventricular catheter insertions used for vector
administration demonstrated no vector-associated
pathology in the brain. Regions assessed included
the frontal lobe lateral ventricle (Supplementary
Figs. S8E and S9A, E, and I), parietal lobe white
matter (Supplementary Figs. S8F and S9B, F, and
J), temporal lobe hippocampal region (Supple-
mentary Fig. S9C, G, and K), and occipital lobe
visual cortex (Supplementary Fig. S9D, H, and L).
No other changes were observed. All other find-
ings were consistent with incidental background
lesions that can be expected to occur naturally in
animals of this species, age, and sex.

Additional safety parameters
The NHPs underwent routine safety testing,

including monitoring for blood parameters (he-
matologic, serum chemistry, antivector antibody
titers), in-life and necropsy parameters, and be-
havior over 8 weeks post administration.

Analysis of serum demonstrated that admin-
istration by both the intraventricular and the
intracisternal routes were associated with the
development of anti-AAVrh.10 antibodies (Fig. 5A
and B). Although the study cohort was small (n = 3/
route), it appears that the intracisternal route in
NHPs generated on average slightly lower anti-
AAVrh.10 antibodies compared to that of the in-
traventricular route NHPs. Statistical comparisons
between the NHP cohorts showed significance be-
tween treated and non-treated groups comparing
day 28 and 56 titers for each group by the Student’s
t-test (total antibody titers, intracisternal vs. non-
treated, p < 0.01; intraventricular vs. non-treated,
p < 0.04, intracisternal vs. intraventricular, p > 0.06;
Fig. 5A; neutralizing titers, intracisternal vs. non-
treated, p < 0.02; intraventricular vs. non-treated,
p < 0.03; intracisternal vs. intraventricular, p > 0.06;
Fig. 5B).

Blinded videotape analysis of NHP behavior
before surgery and after administration showed
no discernible neurological differences in any of the
routes tested (Fig. 6). All NHP scores of ‘‘healthy’’
activities (Supplementary Table S1) were within
the historic range of normal NHP behavior (Fig. 6A).
No adverse effects were observed during the ses-
sions, other than two NHPs displaying stereotypy
(scratching and pacing) at both pre- and post-
surgery time points (Fig. 6B).

The vector-administered groups (all routes) did
not differ from the sham controls (n = 2) in any
parameter of general assessment or comprehensive
blood profile (complete blood count and chemistry
panel), remaining within the historic ranges obtained

Table 3. Comparison of intracisternal versus intraventricular
routes of delivery of AAVrh.10hAPOE2-HA as assessed by copies
of vector genome, copies of transgene mRNA, and ApoE2-HA
protein levelsa

Parameter

% Cubesb

Intracisternal Intraventricular Non-treated

Vector genome copies/mg DNAc

<103 8.0 – 4.5 10.0 – 1.0 96.1
103–104 35.1 – 3.3 45.4 – 1.8 3.9
104–5 · 104 40.6 – 2.7 38.2 – 2.8 0.0
5 · 104–105 8.1 – 1.9 92.0% 5.2 – 0.8 90.0% 0.0 3.9%
105–106 7.7 – 2.4 1.3 – 0.7 0.0
>106 0.5 – 0.5 0.0 – 0.0 0.0

Transgene mRNA copies/mg cDNAd

<103 18.7 – 6.9 14.0 – 6.5 97.1
103–104 49.1 – 5.1 49.1 – 2.3 2.9
104–5 · 104 22.7 – 8.5 28.1 – 3.9 0.0
5 · 104–105 6.5 – 4.4 81.3% 3.9 – 1.7 86.0% 0.0 2.9%
105–106 3.1 – 2.3 4.8 – 1.4 0.0
>106 0.0 – 0.0 0.0 – 0.0 0.0

ApoE2-HA protein (ng/mg total protein)e

<22 31.9 – 16.0 48.5 – 23.1 97.0
22–50 50.4 – 9.2 24.6 – 1.3 3.0
50–100 13.9 – 7.8 68.1% 18.9 – 16.3 51.5% 0.0 3.0%
100–500 3.4 – 0.4 8.0 – 6.5 0.0
>500 0.5 – 0.5 0.0 – 0.0 0.0

aThe results in Fig. 3 were analyzed for the number of cubes per
expression level group. The data are shown as the percentage of total
number of brain cubes analyzed. The vector genome copies, transgene
mRNA, and ApoE2-HA protein expression detected in each brain cube were
grouped into level bins to display the extent of the levels of vector genome
copies, transgene mRNA, and ApoE2 expression in the NHP brains
following gene transfer. These artificial bins were established to group
similar expression amounts.

bCubes for each parameter were counted, expressed as percentage of
total brain cubes per NHP, and then averaged for each treatment. Shown
are the mean of n = 3 NHPs per group – standard error of the mean, except
for the non-treated NHP, where n = 1. All cubes with insufficient sample for
analysis have been removed from the counts.

cVector genome copy number levels are based on the mean DNA copy
number/cube (copies/mg DNA).

dTransgene mRNA copy number levels are based on the mean mRNA
copy number/cube (copies/mg cDNA).

eProtein assay results are based on the mean ApoE2-HA protein levels/
cube (ApoE2-HA ng/mg total protein). The baseline cut off for ApoE2-HA
protein was based on the mean – 2SD for the untreated control (21.42 ng/
mg protein).

} } }

} } }

} } }
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from previous studies (Supplementary Figs. S10
and S11).31,35 When compared to the historic ran-
ges, there were rare outlier values observed over
the course of the study for a small number of he-
matologic and serum chemistry parameters for
both treated animals and controls. Pairwise sta-
tistical comparisons between the treated NHPs
and non-treated sham controls showed very few
parameters with significant p-values ( p < 0.01),
none of which had clinical significance. For the in-
tracisternal vector-treated treated animals, there
was a significant difference between treated and
control animals for globulin (day 28) and albumin/

globulin ratio (day 28). For the intraventricular
vector-treated animals, there was significant dif-
ference between treated and control animals for
WBCs (day 0) and reticulocytes (day 28). For the
dual intraventricular/intracisternal vector-treated
animals, there was a significant difference between
treated and control animals for RBCs (day 0) and
hematocrit (days 0, 56). None was vector related. The
elevated ALT, AST, and LDH at early time points
were most likely surgery and anesthesia related,51

and all of these resolved (day 56; Supplementary
Fig. S11E, F, and G). Similar findings lacked dif-
ferences for in-life parameters (total body weight,
body temperature, heart and respiratory rates; not
shown), with a few scattered outliers, with nothing
linked to the vector. For the intracisternal vector-
treated animals, one of three NHPs had an ele-
vated heart rate (days 7 and 14), and one of three
NHPs had an elevated respiratory rate (days 7 and
28). For the dual intraventricular/intracisternal
vector-treated animals, one of three NHPs had an
elevated heart rate (days 7 and 14). Analogous
outcomes were noted following the termination of
the experiment. No differences were noted for the
necropsy weights between the dual-route (intra-
ventricular plus intracisternal) and PBS-treated
controls, other than smaller hearts in the smaller
monkeys (not shown).

To assess for any vector- or surgery-related in-
flammation or acute pathology, the NHPs in the
study were evaluated by MRI at two time points:
prior to surgery (0 weeks) and prior to necropsy

Figure 4. NHP cerebrospinal fluid (CSF) human ApoE2 levels following
AAVrh.10hAPOE2-HA administration. CSF was sampled from the NHPs at
three time points (pre-administration [day 0] and days 28 and 56 post ad-
ministration). CSF (10 lL/time point) was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis followed by anti-HA antibody detection
by APOE2-HA Western blot and by ApoE2-HA ELISA. (A) CSF from NHPs
administered via the intracisternal route (NHP-3–NHP-5). Lanes 1–3, day 0;
lanes 4–6, day 28; and lanes 7–9, day 56, prior to necropsy. (B) CSF from
NHPs administered via the intraventricular route (NHP-6–NHP-8). Lanes 10–
12, day 0; lanes 13–15, day 28; and lanes 16–18, day 56, prior to necropsy.
The ‘‘day 28’’ sample from NHP-3 was collected on day 21. The molecular
weight of human APOE2 is shown by the arrows. (C) ApoE2-HA levels in the
CSF detected by ELISA. The same samples from NHP-3–NHP-8 were ad-
ditionally analyzed by an ApoE2 capture ELISA to quantitate the levels
detected by Western blot analysis. The background of the ELISA was
subtracted from each sample. The graph displays the three time points (0,
28, and 56 days) assessed for ApoE2-HA in the CSF for each route of vector
administration, with intracisternal NHP (NHP-3–NHP-5), red circles; intra-
ventricular NHP (NHP-6–NHP-8), blue triangles. M – SD at day 28: in-
tracisternal, 0.98 – 0.39; intraventricular, 1.16 – 0.39 ng ApoE2/mL CSF.
M – SD at day 56: intracisternal, 1.07 – 0.52; intraventricular, 0.87 – 0.31 ng
ApoE2/mL CSF. Comparisons between the two administration routes
showed no difference concerning the route of treatment: p > 0.6, day 28,
and p > 0.5, day 56, or all time points, p > 0.9.
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(8 weeks –3 days). Full-head T1 axial scans were
performed without contrast agents on the three
dual-route NHPs and one non-treated control
(NHP-10–NHP-13; Supplementary Fig. S12A–H).
No visual pathology was noted around the admin-
istration sites other than thin holes from catheters.
No inflammation or pathologic abscesses were
discovered on the MRI series. This was confirmed
on T2 and T2-FLAIR scans (not shown) during the
same imaging session. The routine delivery to the
CSF in the NHP brains appears to be well toler-
ated, even with double the dose and volume in the
dual-route applications.

DISCUSSION

Individuals who are APOE4 homozygotes have a
markedly increased risk of developing AD. APOE2
homozygotes are protected from late-onset AD and,
compared to E4 homozygotes, APOE2/E4 hetero-
zygotes have a markedly reduced risk of developing
AD.6,12,13 Based on this genetic data, it was hy-
pothesized that expression of the ‘‘protective’’
APOE2 variant by genetic modification of the CNS
of E4 homozygotes could reverse or prevent the
progressive neurologic damage associated with the
APOE4 variant. The efficacy of this approach in AD
transgenic mouse models has been demonstrated

previously.23,24,26 To translate this therapy to the
clinic, the present study was designed to assess the
optimal route of administration and safety of
AAVrh.10-mediated delivery of human APOE2
coding sequence to the CNS.

AAV-mediated gene therapy to the CNS
As the gene therapy field advances with new

treatment methods and delivery vehicles, cures for
intractable degenerative neurological diseases,
such as AD, Parkinson’s disease, and Huntington
disease, have become a distinct possibility.22,52–54

Gene therapy using AAV constructs to deliver
corrected versions of mutated or missing genes
linked to CNS-related diseases has been a hot-bed
of activity over the past decade, with many clinical
trials underway to evaluate the safety and efficacy
of potential AAV-mediated gene therapies, includ-
ing lysosomal storage disorders (late infantile neu-
ronal ceroid lipofuscinosis [LINCL], metachromatic
leukodystrophy [MLD], Pompe disease, Canavan
disease, Tay Sachs disease, mucopolysaccharidosis
IIIA, and Gaucher’s disease), AD, Parkinson’s dis-
ease, giant axonal neuropathy, and spinal muscular
atrophy.52,53,55–65 Each disease has its own set of
hurdles that require tailored extensive preclinical
research in animals. The major issues facing suc-

Figure 5. Assessment of total anti-AAVrh.10 and neutralizing anti-AAVrh.10 antibody titers in NHP for humoral response evoked by CNS administration of
AAVrh.10hAPOE2-HA. Total anti-AAVrh.10 and neutralizing anti-AAVrh.10 antibody titers in the NHP serum were determined at three time points: before dosing
(pre-surgery, day 0), and at 28 and 56 days after vector administration of AAVrh.10hAPOE2-HA (n = 3/route) or non-treated control (n = 1). At the indicated time, the
NHPs were sedated for blood sampling with assessment of antibody titers in serum. The total antibody titer is expressed as the reciprocal of the serum dilution,
while the neutralizing antibody titer is expressed as the reciprocal of serum dilution at which 50% inhibition of AAVrh.10Luc was observed. Shown are the results
for each NHP in the study, color-coded by treatment route (red circles, intracisternal; blue triangles, intraventricular; yellow circles, non-treated control). (A) Total
serum anti-AAVrh.10 antibody titers. (B) Serum neutralizing anti-AAVrh.10 antibody titers. Limit of detection is 100. Symbols are offset to display each NHP in the
study. Comparisons between either of the administration routes and the non-treated NHPs were significant for post-treatment titers but not between the routes of
administration (total antibody titers, intracisternal vs. non-treated: p < 0.01; intraventricular vs. non-treated: p < 0.04; intracisternal vs. intraventricular, p > 0.06;
neutralizing titers, intracisternal vs. non-treated: p < 0.02; intraventricular vs. non-treated: p < 0.03; intracisternal vs. intraventricular, p > 0.06).
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cessful CNS gene therapy involve: (1) optimal vector
for expression of the therapeutic, (2) routes of de-
livery, and (3) safety.

AAV vectors
AAV vector-mediated gene therapy has become a

preferred method for delivering therapeutic genes
to the CNS.52,66 AAV vector administration to
the CNS has an excellent safety and efficacy pro-
file.52,53,55–65 Although the gene packaging size is
limited (maximum 5.0 kb), typically the relevant
gene coding sequences can be easily packaged for
CNS delivery.52,67

Regarding the AAV serotype for CNS gene ther-
apy, it has been shown that AAV1, AAV8, AAV9,
and AAVrh.10 are primarily neurotropic in their
transduction capacity,68 whereas AAV2 is re-
stricted to pyramidal and granular cells,69 AAV4 is
astrocyte and ependymal cell specific70, and AAV5

transduces only granular cells.69 Of these AAV
serotypes, the most commonly used for clinical trials
to date are AAV5, AAV9, and AAVrh.10.52,56,58,71 In
prior studies, AAVrh.10 was found to be superior for
widespread CNS expression than several serotypes,
including AAV5.27,32 For the current Alzheimer’s
APOE2 study in NHPs, the choice of AAVrh.10 as a
gene delivery vector was based on the following: (1)
comparison of multiple AAV serotypes demon-
strated that AAVrh.10 provided wide distribution
and high levels of transgene expression in the brain;
(2) pre-existing antivector immunity in humans is
minimal because AAVrh.10 is derived from rhesus
macaques72; (3) previous toxicology studies de-
signed in concordance with the Food and Drug Ad-
ministration established the safety of AAVrh.10 as
a gene delivery vehicle in small- and large-animal
species as a prerequisite for testing in the human
brain; and (4) AAVrh.10-based vector has been

Figure 6. Behavior safety assessment of NHP following CNS administration
of AAVrh.10hAPOE2-HA. African Green monkeys were assessed for normal
and abnormal behavior parameters at regular intervals before and after
surgery (see Supplementary Table S1 for details). At the indicated times, the
NHPs were videotaped for all activity, before and after surgery, by monitoring
their activity levels and actions to evaluate whether the surgery, route of
delivery, and/or vector dose had any effect on health over time. The NHPs
were assessed at five time points: >1 week prior to surgery (pre), on the day
of administration (day 0), and on days 7, 28, and 56 after administration (prior
to necropsy). Times for assessment were –1 day. Shown are the results of
normal and abnormal behavior scores for each NHP in the study, color-coded
by treatment (red circles, intracisternal route; blue triangles, intraventricular
route; green squares, dual intraventricular + intracisternal route; purple di-
amonds, intrahippocampal route; and yellow inverted triangles, sham or non-
treated NHPs). The normal range, shown as the gray-shaded area for each
parameter, was calculated from historic and current African green monkey
studies (n = 26 individual male NHPs and n = 62 individual behavioral ses-
sions, before surgery),31,35 as the mean – 2SD of each overall score sum of
monkeys in the studies at the presurgical time point (‘‘pre’’ and day 0, prior to
surgery or vector administration). At each time point, each animal was vi-
deotaped for 3 min in the absence of outside stimuli and subsequently ana-
lyzed by two blinded observers for 20 specific primate behaviors (normal,
n = 14; abnormal, n = 6), scoring ‘‘1’’ for 5 s of each behavior. The sum of
normal typical primate behaviors observed during each session was cal-
culated as a ‘‘healthy’’ score (see Supplementary Table S1 for details) for
each session and plotted as the M – SD as a function of time. Similarly, the
sum of all abnormal observed behaviors was calculated as an ‘‘abnormal’’
score (see Supplementary Table S1 for details) for each session. (A) Healthy
sum scores. No differences were seen between the non-treated controls
versus AAV-treated NHP for any route of delivery (one-way analysis of
variance with Dunnett’s multiple comparisons test): non-treated versus in-
tracisternal, p > 0.2; non-treated versus intraventricular, p > 0.4; non-treated
versus dual routes, p > 0.9; non-treated versus intrahippocampal, p > 0.1.
Comparison of the data collected by the two blinded reviewers showed no
significant reviewer based difference for any of the NHPs (range p > 0.3 to
p > 0.99). (B) Abnormal sum scores. None of the NHP showed abnormal
behaviors other than three incidents of stereotypy (scratching and continu-
ous pacing) observed in two NHP, which was the same behavior pattern
observed in the same NHP at pre- and post-vector administration.

‰
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administered to the brain of children with MPS-IIIA
in clinical trials with no drug-related clinically
relevant adverse events up to 4 years following
treatment.58,73

Routes of AAV vector delivery
There are multiple routes available for vector-

mediated delivery of the therapeutic transgene
into the CNS, and each has its pros and cons. The
most common route is direct administration to the
brain parenchyma (intraparenchymal route), which
involves delivering the vector to the sites of need or
local gene expression, such as the subthalamic nu-
cleus (Parkinson’s)74 or white matter (LINCL and
MLD).75,76 The advantage of this route is the di-
rected gene delivery to specific targeted brain re-
gions. However, there are disadvantages, including
limited vector delivery amounts and volumes, lim-
ited spread of the vector in confined space, pathol-
ogy to regions of important brain functions from
the catheters or localized high concentration of the
vector, and the requirement for invasive surgery
with weeks of postoperative recovery. To overcome
the limited vector spread, studies have been carried
out to assess delivering the vectors to multiple sites
along each delivery trajectory during surgery for
maximum coverage in the CNS.31,34,62,64,77 One
modified intraparenchymal delivery method in clin-
ical use is convection-enhanced delivery (CED).
This has the advantage of increased vector volume
that can be delivered to the target site, which en-
hances cell transduction in the targeted CNS sub-
structure, such as the putamen and caudate
nucleus.78–80 However, the CED strategy has as-
sociated localized trauma possible from the surgi-
cal intervention and increased pressure of fluid
volume due to vector delivery in a confined space.
As shown in the data in the present study, the di-
rect intraparenchymal route could be used for AD
to deliver directly to the hippocampus, but this
will involve delicate surgery to avoid pathology in
such a critical structure to obtain coverage in the
hippocampal target region.45–48

To overcome the issue of surgery-induced pa-
thology following direct vector delivery to the CNS,
less invasive routes have been examined. Since the
CSF bathes the entire parenchyma, studies have
been designed to deliver the viral vectors to the
CSF, and in animal models, widespread coverage
can be obtained by delivering the vector into the
CSF.81–84 The question has been where to enter
the CSF for the maximal coverage. Investigations
have targeted the larger reservoirs inside the brain
(cerebral ventricles), outside the brain (cisterna

magna), and into the thecal space in the spinal
canal (subarachnoid space). Targeting the large
cerebral ventricles (intraventricular route) in the
frontal lobe of the brain is an easy surgical task,
and is commonly used to deliver drugs to the
CNS.85–88 The advantages are that the slow pul-
satile flow of the CSF allows movement of the
vector around the brain without additional sur-
geries for effective coverage of the CNS.89 The
disadvantage is that the vector may be absorbed
quickly into the chorionic villi and ependymal cells
lining the ventricles.82,85 Alternative less invasive
routes of delivery of the gene therapy vector to the
CSF include either delivery to the cisterna magna
(intracisternal route) at the base of the skull or to
the spinal canal subarachnoid space (intrathecal
route). The intracisternal route has been shown by
multiple studies in large animals to result in
transgene expression throughout the CNS as ef-
fectively as the more invasive surgical intraven-
tricular route, and involves a simple puncture to
reach the CSF reservoir with minimal side ef-
fects.90 Use of intrathecal delivery for gene therapy
vectors has been limited to studies involving spinal
cord and peripheral nerve disease.90–93 The vectors
stay predominantly in the lower spine in intra-
thecal delivery administrations. Of interest, vector
distribution following intrathecal vector admin-
istration in NHPs was improved in one study if
the animal was placed in the Trendelenburg tilted
position during the intrathecal infusion, which led
to superior expression in the brain, especially in
the brain stem.94 In contrast, a recent paper by
Hinderer et al.95 found that there was little im-
pact of positioning the NHPs in this way fol-
lowing intrathecal administration. Finally, an
additional non-surgical route—intranasal—has
been tested delivering AAV9 via the nasal cavity
in mice for mucopolysaccharidosis I, resulting in
widespread detection of the transgene activity
across the CNS.96

AAVrh.10-mediated delivery of APOE2
Based on the above considerations, three routes

of AAV delivery of the APOE2 gene to the CNS of
NHPs (intraparenchymal, intraventricular, and
intracisternal) were assessed in order to determine
the optimal route of delivery that is both efficacious
and safe. Vector administration included: (1) direct
intraparenchymal administration to three sites in
the hippocampal region (5 · 1012 gc total); (2) in-
tracisternal (cisterna magna; 5 · 1013 gc); and (3)
intraventricular (frontal horn of the third ventri-
cle; 5 · 1013 gc). At 8 weeks post vector adminis-
tration, the CNS was quantitatively evaluated for
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APOE2 DNA, mRNA, and protein, and safety was
evaluated by hematologic, serum chemistry, be-
havior, and MRI parameters. The data demon-
strate that the direct hippocampal, intracisternal,
and intraventricular routes all result in effective
expression of ApoE2-HA in the hippocampal and
entorhinal cortex region, the regions effected the
earliest in AD,39–42 and do so safely. Both the in-
tracisternal and intraventricular routes result not
only in intrahippocampal expression, but also in
widespread expression throughout the brain. In
the context that the intracisternal and intraven-
tricular routes are equivalent in vector, APOE2
mRNA, and ApoE2-HA protein, and both routes
are equally safe, it is concluded that since the in-
tracisternal route is the least invasive, it is the
choice as the best route for APOE2 gene therapy to
treat APOE4 homozygotes.

The widespread and safe transgene expression
resulting from the relatively noninvasive in-
tracisternal delivery is advantageous compared to
the more localized delivery because in addition to
the hippocampal region, other areas in the CNS
are affected in AD.20,43,44 Of interest, the connec-
tion to the entorhinal cortex, the olfactory bulb, is
directly affected by changes in the perforant path-
way, and one of the earliest pathological changes in
AD.43,49 Similarly, the loss of visual recognition is
a characteristic pathology associated with AD.50

Intracisternal delivery of AAVrh.10hAPOE2-HA
vector resulted in ApoE2-HA detected by IHC in a
wide range of substructures in the CNS, including
the olfactory bulb and visual cortex, demonstrating
that gene therapy with AAVrh.10hAPOE2 gener-
ates localized ApoE2 expression and secretion
across width and breadth of the CNS, resulting in
successful targeting the AD-associated regions.

Safety
General safety parameters, hematologic analy-

sis, serum chemistry, and blinded videotape anal-
ysis of behavior parameters were assessed over the
course of the study with all routes. The vector-
administered groups did not differ from the sham
control in any parameter. No adverse events or
abnormal results were noted, suggesting that any
of the three routes could be a viable method and
route of delivery to target the regions of interest for
the treatment of AD. Given that even minor trauma
to the hippocampal region poses a significant risk,
the direct intraparenchymal hippocampal route
poses the greatest risk of an adverse event.45–48 In
that context, the less invasive intracisternal and
intracerebroventricular routes of delivery were
evaluated in NHPs at a dose scalable to humans.

While the hippocampal region is important to short-
term memory loss in AD and is the earliest region
involved in the progression of the disease,39–42 it is
recognized that there would be advantages to hav-
ing more widespread ApoE2 expression in the CNS,
including: (1) while the early manifestations of the
disease are in the hippocampal region, the amyloid
deposition spreads, and the disease pathogenesis
progressively involves a broad region of the brain;
(2) ApoE2 is a secreted protein, and thus (assuming
no toxicity) it should not matter where in the CNS it
is produced, as long as it reaches the CSF, which
circulates throughout the brain; and (3) based on
the data in the present study in NHPs, therapeutic
levels of ApoE2 in the CSF (>1 lg/mL) can be
achieved with the least invasive intracisternal
administration. In humans and rodents, ApoE lev-
els in the CSF are 1–5lg/mL.97 If these levels of
ApoE2 can be achieved in humans, this should be
therapeutic, at a minimum converting an APOE4
homozygote to an E4/E2 heterozygote. From epi-
demiologic studies, this would markedly decrease
the risk for developing early-onset AD compared to
E4 homozygotes.6,12–14 Based on this rationale, in-
tracisternal delivery in NHPs is safe and results in
widespread expression of ApoE2, laying the
framework for a clinical trial. In the recent study by
Hinderer et al.,95 comparison of intracisternal and
intraventricular delivery of AAV9-GUSB (1.8 · 1013

gc, 1 mL) to mucopolysaccharidosis-afflicted can-
ines found that the intraventricular route lead to
inflammation and development of encephalitis.
While no encephalitis was observed in any of the
NHPs administered vector intraventricularly, this
is a theoretical concern for the delivery route to
the CSF.

It is recognized that any surgical procedure
has risks, especially one involving the CNS, and it
is proposed that clinical trials that administer gene
therapy vectors via the intracisternal route use
fluoroscopy to guide the placement of the catheter
or spinal needle in the cisterna magna to avoid
piercing of the cerebellum, medulla oblongata, or
pons. To minimize the risk of the less commonly
practiced intracisternal injection, placement of the
spinal needle in the wider superior opening of the
cisterna magna should be made via myelography,
using a fluoroscope, to ensure correct placement
without potential brainstem injury. Together, the
risk/benefit ratio demonstrates that the in-
tracisternal administration of AAVrh.10hAPOE2-
HA leads to broad, widespread distribution of vec-
tor, transgene, and ApoE2 protein throughout the
CNS, indicating that administration to the CSF via
this route is sufficient and the least invasive.
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