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AAV-PHP.B Administration Results
in a Differential Pattern of CNS Biodistribution
in Non-human Primates Compared with Mice

William A. Liguore,' Jacqueline S. Domire,! Dana Button,! Yun Wang,' Brett D. Dufour,-? Sathya Srinivasan,’

and Jodi L. McBride'-?

Division of Neuroscience, Oregon National Primate Research Center, Beaverton, OR, USA; 2Department of Behavioral Neuroscience, Oregon Health and Science

University, Portland, OR, USA

The ability of recombinant adeno-associated virus (AAV) to
deliver transgenes to the CNS has allowed for several advance-
ments in the field of gene therapy to treat brain disorders.
Although most AAVs do not readily cross the blood-brain bar-
rier and transduce the CNS following peripheral administra-
tion, AAV-PHP.B has recently been shown to transduce brains
of mice with higher efficiency compared with its parent sero-
type, AAV9, following injection into the retro-orbital sinus.
Here, we extended this foundational work by comparing
AAV-PHP.B transduction efficiency in wild-type C57BL/6]
mice using four clinically applicable delivery strategies
including two intravascular (intra-jugular vein and intra-ca-
rotid artery) and two intra-cerebral spinal fluid (CSF) routes
(intra-cisterna magna and intra-lateral ventricle). We scaled
up these comparisons in a larger-animal model and evaluated
transduction efficiency of AAV-PHP.B in the rhesus macaque.
We found widespread and largely equal CNS transduction in
mice following all four injection strategies, whereas we
observed a differential pattern of transduction in macaques
with broad cortical and spinal cord transduction seen after
intrathecal administration and only very low transduction
following intravascular administration. Taken together, these
results suggest that AAV-PHP.B may be a useful gene therapy
vector for neurological disorders, particularly those stemming
from broad cortical or spinal cord neuropathology.

INTRODUCTION

The use of viral vectors to deliver genes to the brain and spinal cord
has opened up great possibilities in the realm of both modeling and
treating a variety of CNS disorders. Recombinant adeno-associated
virus (rAAV) has emerged as a front-runner for both pre-clinical
and clinical gene therapy studies because of its positive safety profile
in both animal and human studies,’ its ability to transduce several
different cell types in the brain,'™ its maintenance of expression
with low integration rates,”* and its relative ease of production.'*”
!> Historically, delivery of AAV to the brain has been achieved via ste-
reotaxic, magnetic resonance imaging (MRI)-guided intraparenchy-
mal injections into focal brain regions of interest, including several
AAV-based therapeutic approaches that have made their way into
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clinical trials for neurological disorders including Canavan’s,"
Parkinson’s,”*'” and Alzheimer’s'® diseases (ADs), as well as lyso-
somal storage disorders (LSDs), including late infantile neuronal ce-
roid lipofuscinoses (CLN2 variant)'” and mucopolysaccharidosis
IL°° Similarly, AAV-based gene therapies to treat eye disorders
have seen incredible advancements over the past several years, with
ongoing clinical trials for Leber congenital amaurosis, age-related
macular degeneration, achromatopsia, and choroideremia, as well
as the landmark US Food and Drug Administration approval of vor-
etigene neparvovec-rzyl (tradename: Luxturna) in late 2017, an AAV-
based therapy for patients suffering from RPE65 mutation-associated
retinal dystrophy.”'

Despite these advances, delivering genetic material efficiently to the
CNS still remains a hurdle in developing efficacious gene therapy stra-
tegies for CNS disorders characterized by widespread neuropathology
throughout several brain regions where a focal, targeted gene delivery
is far less likely to be efficacious. Although the majority of the AAV
serotypes identified to date show poor efficiency in crossing the
blood-brain barrier (BBB) when administered peripherally, a pivotal
study in 2009 by Foust et al.** found that rAAV serotype 9 (AAV9)
crosses the BBB from an intravenous (i.v.) injection and transduces
neurons and glia throughout the brain, spinal cord, and in multiple
peripheral tissues. Since that discovery, numerous laboratories have
demonstrated that AAV9 can deliver therapeutic cargo across the
BBB from an i.v. injection or throughout the CNS from an intra-ce-
rebral spinal fluid (CSF) infusion, partially correcting phenotypes in
some CNS disease models including LSDs,”™*’ Rett syndrome
(RS),3*31 spinal muscular atrophy (SMA),** % amyotrophic lateral
sclerosis (ALS),”*® and AD.” Encouragingly, a few of these
AAV9-based gene therapy programs have recently progressed to clin-
ical trials for neurological disorders, including those for SMA types 1
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Table 1. Study Participants

Species Age at Administration ~ Dose (Total VGs) ~ VG/kg Body Weight ~ Volume of Infusion ~ Route of Administration ~ No. of Animals Per Group
Mouse 12-16 weeks 3e10 1.5e12 60 pL jugular vein 8
Mouse 12-16 weeks 3el0 1.5e12 60 pL internal carotid artery 8
Mouse 12-16 weeks 3el0 1.5e12 15 uL lateral ventricle 8
Mouse 12-16 weeks 3el0 1.5e12 15 uL cisterna magna 8
Mouse 12-16 weeks lell 5el2 60 pL jugular vein 8
Mouse 12-16 weeks lell 5el2 60 pL internal carotid artery 8
Rhesus macaque 1-2 years 2el2 lel2 2mL internal carotid artery 2
Rhesus macaque 1-2 years 2el2 lel2 2mL cisterna magna 2

The study participants for both the mouse and NHP studies are detailed. For mouse studies, n = 3 animals per group were used for vector genome copy studies and n = 5 animals per
group were used for immunofluorescent studies (n = 8 total per group). Dose per kilogram listed for the mouse studies (for comparison with published data) is estimated based on an
average weight of 20 g per mouse; however, mice were all dosed with the same total viral genome number. All mice used in this study were C57BL/6]. For NHP studies, n = 2 juvenile
rhesus macaques per group were used for both vector genome copy analysis and immunofluorescent studies. Dose per kilogram listed for the NHP studies (for comparison with pub-
lished data) is estimated based on an average weight of 2 kg per NHP; however, NHPs were all dosed with the same total viral genome number. All NHPs used in this study were rhesus

macaques of Indian origin. VG, vector genome.

and 2 (ClinicalTrials.gov: NCT02122952 and NCT03381729) and
CLNG6 Batten disease (ClinicalTrials.gov: NCT02725580).

Although global CNS gene delivery has made significant progress in
the last decade, the transduction efficiency of AAVs that cross the
BBB and target widespread regions of the brain still remains quite
low in comparison with transduction efficiencies achieved from direct
brain injections.”>*’ New AAV capsid mutants have been engineered
by several groups by utilizing rational design or via molecular evolu-
tion technology in an attempt to enhance transduction efficiency in
brain tissue, including work by Deverman et al.,*' who used a Cre-
dependent evolution approach to generate an AAV9 capsid mutant
named AAV-PHP.B. This novel AAV capsid contains a 7-amino
acid (aa) insertion in the VPI capsid protein between aa 588 and
589, and is distinguished from its template serotype by its propensity
to cross the BBB and transduce CNS cells with a 40-fold greater effi-
ciency than AAV9 without significant increases in peripheral organ
transduction. To characterize the transduction profile of this novel
serotype, Deverman et al.! administered AAV-PHP.B into the
retro-orbital sinus, a venous reservoir located behind the rodent
eye, and assessed EGFP expression and vector genome (VG) copy
number throughout the brain and periphery of C57BL/6] wild-type

mice.

Although the retro-orbital sinus, facial vein, and tail vein are
commonly used sites of intravascular injection in rodent gene therapy
studies, particularly for their ease of access, these delivery approaches
are undoubtedly less translatable compared with approaches that will
be scaled up in large-animal model studies and ultimately evaluated in
human patient populations. Therefore, in the current study, we
extended the foundational work by Deverman et al.*' by investigating
the transduction efficiency of AAV-PHP.B in mice using two clini-
cally applicable intravascular surgical approaches: intra-jugular vein
and intra-internal carotid artery administration. In human patient
populations, these intravascular approaches are typically achieved

via the placement of central lines or remote catheterization under im-
age guidance and have been used successfully to deliver drugs to the
CNS, including chemotherapy agents.*”** These vascular delivery
modalities, particularly the internal carotid artery infusions, were
chosen to maximize first-pass delivery of AAV-PHP.B to the brain.
Moreover, we directly compared these two vascular delivery ap-
proaches with two clinically feasible intra-CSF approaches in mice
by injecting AAV-PHP.B into either the intracerebroventricular
(i.c.v.) space of the lateral ventricle or into the intrathecal (i.t.) space
of the cisterna magna via a suboccipital puncture. The rationale for
directly comparing i.v. approaches with intra-CSF approaches using
AAV-PHP.B was based on the recent success of i.t. administration
of AAVY in delivering therapeutic genes throughout the brain and
spinal cord in pre-clinical studies for a variety of neurological disor-
ders.*>>* In addition to studies in mice, we scaled up our investiga-
tion in a large-animal model by characterizing the biodistribution
of AAV-PHP.B in the rhesus macaque and directly compared trans-
duction efficiency throughout the brain, spinal cord, and in peripheral
tissues following intra-arterial (internal carotid artery) or intrathecal
(cisterna magna) administration. Together, this work investigates the
safety and utility of using AAV-PHP.B to deliver genes throughout
the mouse and primate CNS for a variety of neurological disorders
that would benefit from a widespread gene therapy approach.

RESULTS

Direct Comparison of Four Clinically Relevant Administration
Routes of AAV-PHP.B in C57BL/6J Mice

We first investigated the transduction efficiency in the brain of AAV-
PHP.B-expressing EGFP (AAV-PHP.B-EGFP) in wild-type adult
C57BL/6] mice at a dose of 3E10 VGs or 1.5E12 VGs/kilogram
body weight (VG/kg). See Table 1 for a list of study participant infor-
mation including ages, groups, doses, and volumes of infusion. We
compared transduction efficiencies between the four administration
routes by using immunofluorescent (IF) staining for EGFP to
characterize biodistribution of AAV.PHP.B throughout the brain.
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Figure 1. Comparison of Four Injection Routes of AAV-PHP.B in Mice at a Dose of 3E10 VGs

(A-D) High-power photomicrographs imaged with a x20 objective and extended field image function show AAV-PHP.B transduction of six regions throughout the mouse
brain (n = 5 mice imaged per injection group). Mouse brain transduction in four administration routes are shown: jugular vein (A), carotid artery (B), lateral ventricle (C), and
cisterna magna (D). Brain regions are (clockwise from upper left) frontal cortex (FCtx), motor cortex (MCtx), striatum (Str), hippocampus (Hip), cerebellum (Cbl), and thalamus
(Th). Scale bar in (D) represents 500 um and applies to all photomicrographs. (E-I) AAV-PHP.B vector genome copy data of left and right hemispheres for the 3E10 VG dose

(legend continued on next page)
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Additionally, in a second cohort of injected animals, we dissected five
brain regions from both hemispheres including the frontal and motor
cortices, striatum, thalamus, and cerebellum, and quantitated the
number of AAV-PHP.B VG copies (VGCs) per cell in each region us-
ing qPCR. As part of this analysis, we were also interested in investi-
gating potential differences in transduction between hemispheres,
given that three out of four of our injection paradigms were adminis-
tered unilaterally, including the jugular vein, carotid artery, and
lateral ventricle. The cisterna magna infusion was positioned centrally
in the cisternal space directly posterior to the cerebellum.

We detected widespread EGFP expression throughout the brain in
mice from each of the four injection groups. EGFP" cells were
observed throughout many regions of the cerebral cortex (Figures
1A-1D, top, left, and center panels, examples from the frontal and
motor cortices). EGFP* neurons and glia were found throughout
all cortical layers, with no discernable differences between injection
routes or between hemispheres. EGFP" neurons and glia were also
observed throughout the rostral-to-caudal extent of the striatum
in each injection group (Figures 1A-1D, top right panels). EGFP*
fibers were also abundant in the striatum, potentially reflecting
fibers from transduced cells in afferent brain regions including the
cortex and thalamus. We detected a notable difference in hemi-
spheric EGFP expression in the striatum, with the left hemisphere
showing higher expression compared with the right hemisphere,
in mice infused into the left lateral ventricle. However, none of
the other injection routes led to a difference in laterality in the stria-
tum or any other brain region. The thalamus contained abundant
EGFP" neurons and glia in all injection routes, and we observed a
particularly high number of EGFP fibers in this region following in-
jection into the cisterna magna (Figure 1D, bottom left panel).
Transduction in the cerebellum was characterized by EGFP™ neu-
rons and glia in both cerebellar cortex and deep cerebellar nuclei
following all injection routes (Figures 1A-1D, bottom center
panels), with the highest expression resulting from injection into
the cisterna magna. We also noted very robust expression of
EGFP throughout the hippocampus, particularly in the dentate
gyrus, following each administration route (Figures 1A-1D, bottom
right panel).

To quantify and compare the efficiency of gene transfer between
administration routes, we assessed vector genome copy (VGC)
numbers per cell in several brain regions via qPCR. The range of
VGCs that we detected, including all injection routes, was 0.008-
0.026 VGC/cell for the left hemisphere and 0.007-0.015 VGC/cell for
the right hemisphere of the frontal cortex (Figure 1E), 0.003-0.015
VGC/cell for the left hemisphere and 0.01-0.013 VGC/cell for the right
hemisphere of the motor cortex (Figure 1F), 0.008-0.289 VGC/cell for
the left hemisphere and 0.009-0.042 VGC/cell for the right hemisphere

of the striatum (Figure 1G), 0.013-0.047 VGCl/cell for the left hemi-
sphere and 0.013-0.057 VGC/cell for the right hemisphere of the thal-
amus (Figure 1H), and 0.003-0.017 VGC/cell for the left hemisphere
and 0.001-0.016 VGC/cell for the right hemisphere of the cerebellum
(Figure 1I). A two-way ANOVA statistical analysis with brain region
(left and right hemispheres) and injection route as the independent var-
iables and VGC numbers as the dependent variable showed significant
differences in the total number of VGCs per cell between injection
routes [F (3, 70) = 3.509, p = 0.0197] without significant differences
in VGCs per cell between brain regions [F (9, 70) = 1.604, p =
0.1309]. The interaction between route of injection and brain region
was also significant [F (27, 70) = 1.779, p = 0.0285]. Significance based
on injection route was largely driven by the increase in transduction in
the left striatum following injection into the lateral ventricle in the ipsi-
lateral hemisphere (Figure 1G). VGCs in the left striatum following a
left ventricular injection were not only significantly higher compared
with the right striatum, but also significantly different when compared
with either hemisphere from all other brain regions from each injection
route (p < 0.001 for all Tukey’s post hoc comparisons). Interestingly,
and contrary to our hypotheses, we detected no significant hemispheric
differences in any brain region measured when comparing VGCs
following injections into the jugular vein versus the internal carotid ar-
tery; VGC number was similar in left and right hemispheres in all re-
gions measured (p > 0.05 for all comparisons; Figures 1E-11I).

AAV-PHP.B Cell Transduction Profile in Mouse Brain following
Intravascular and Intra-CSF Delivery

We next used double-IF staining to identify the cellular transduction
profiles in mice injected with AAV-PHP.B-EGFP at a dose of 3E10
VGs. We used an antibody directed against EGFP to detect all trans-
duced cells and used antibodies against neuronal nuclear protein
(NeuN) to detect neurons, glial fibrillary acidic protein (GFAP) to
detect astrocytes, Olig2 for oligodendrocytes, CD31 for vascular endo-
thelial cells, and Ibal to label microglia. In mice from all four admin-
istration groups, AAV.PHP.B transduced neurons (Figures 2A-2F),
astrocytes (Figures 2G-2L), oligodendrocytes (Figures 2M-2R), and
vascular endothelial cells (Figures 25-2X), but not microglia (data
not shown), in widespread cortical and subcortical regions throughout
the brain. Examples of double-labeled IF cells in Figure 2 are from the
striatum (left panel) and motor cortex (right panel) of animals injected
into the jugular vein. A qualitative analysis of transduction levels of
each cell type in the striatum and motor cortex from mice in each in-
jection group is in Table S1. In the striatum, the majority of EGFP"/
NeuN*-labeled neurons had a characteristic shape of medium spiny
neurons with extensive dendritic trees (Figures 2A-2C, white arrow-
heads), but we also detected sparse examples of larger, aspiny EGFP*
striatal interneurons. EGFP*/NeuN"-labeled neurons in the motor
cortex appeared to be primarily large multipolar pyramidal cells (Fig-
ures 2D-2F, white arrowheads). We detected considerably more

presented as mean + SEM vector genomes per cell (n = 3 mice evaluated per group): frontal cortex (E), motor cortex (F), striatum (G), thalamus (H), and cerebellum (l).
Statistical analysis revealed no differences in vector distribution between injection routes in most brain regions; however, significant laterality in the striatum was
detected when delivering virus directly into the lateral ventricle of the same hemisphere (p < 0.001). CA, carotid artery; CM, cisterna magna; JV, jugular vein; LV, lateral

ventricle. **p < 0.001.
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Striatum Motor Cortex

Figure 2. AAV-PHP.B Transduces Neurons, Astrocytes, Vascular Endothelial Cells, and Oligodendrocytes in the Mouse Brain

Double-labeled IF of AAV-PHP.B-transduced mouse neurons (GFP*/NeuN*, A-F), astrocytes (GFP*/GFAP*, G-L), oligodendrocytes (GFP*/Olig2*, M-R), and vascular
endothelial cells (GFP*/CD31*, S-X). Examples were imaged from the mouse striatum (left panel) and motor cortex (right panel). In all cases, EGFP* cells are shown in green, the
cell specific marker is shown in red, and the merged images are shown in the largest panel of the trio, with double-labeled cells in yellow. All cells were imaged using a confocal
microscope at original magnification x 63 from mice injected into the jugular vein with 3E10 VGs of AAV-PHP.B (n = 5 mice imaged). AAV-PHP.B efficiently transduces neurons,
astrocytes, oligodendrocytes, and vascular endothelial cells; however, examples of AAV-PHP.B-transduced lba1* microglia were not detected (not shown). Scale bars represent
100 pm (V and X).
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EGFP"/GFAP"-labeled astrocytes in the motor cortex compared with
the striatum in each of the four administration groups (Figures 2G-
2L; Table S1), a phenomenon that we have previously seen following
injection of AAVY9 into the jugular vein.*’ In both the striatum and
motor cortex, we detected only a very low number of EGFP*/Olig2"
oligodendrocytes, with equal numbers detected regardless of the injec-
tion route (Figures 2M-2R; Table S1). Although we found transduced
blood vessels in mice from all administration groups, we observed more
EGFP"/CD31"-labeled vascular endothelial cells in mice injected into
the jugular vein or internal carotid artery compared with mice injected
via either of the intra-CSF routes, which was anticipated (Figures 25—
2X; Table S1). No EGFP*/Ibal™-labeled microglia were detected in
any brain regions of any mice (data not shown).

Significant Dose-Dependent Increases following Both Venous
and Arterial Delivery of AAV-PHP.B in Mice

To enhance transduction efficiency in the brain, we injected adult wild-
type C57BL/6] mice with AAV-PHP.B at a dose 3.3x higher than in
our first study cohort (1E11 VGs compared with 3E10 VGs). Mice
were injected into either the jugular vein or the internal carotid artery;
however, because of volume restrictions when administering into the
CSF and the relatively low titer of our virus, we were unable to assess
dose escalation via the two intra-CSF routes of administration. Mice
injected with 1E11 VGs of AAV-PHP.B versus 3E10 VGs showed a
distinct increase in EGFP IF throughout the entire rostral-to-caudal
extent of the brain, with the same brain regions transduced in both
comparison groups (Figure 3A). A more detailed, high-power panel
of EGFP IF for individual brain regions injected at a dose of 1E11
VGs that corresponds to Figures 1A and 1B is shown in Figure S1.

Analysis of VGC number between hemispheres was non-significant,
and therefore data from each hemisphere were averaged for further sta-
tistical analyses (p > 0.05 for each brain region and dose). A two-way
ANOVA statistical analysis with brain region and injection route as
the independent variables and VGC numbers as the dependent variable
detected significant differences in the total number of VGCs between
doses [F(3,35) = 39.31, p < 0.0001] and brain regions [F(4,35) = 10.7,
p < 0.0001]. The interaction between dose and brain region was also
significant [F(12,35) = 2.248, p = 0.0310]. We found a significant in-
crease in the number of VGCs per cell in 1E11 VG-injected animals
compared with 3E10 VG-injected animals in all brain regions analyzed
except for the cerebellum, regardless of injection route (Tukey’s post
hoc comparisons, p < 0.05 in all cases; however, the graph in Figure 3B
demonstrates statistical significance between high and low groups from
the same injection route only). At the 1E11 dose, the range of VGCs per
cell for each brain region was as follows: 0.071-0.104 VGCs/cell in the
frontal cortex, 0.060-0.100 VGCs/cell in the motor cortex, 0.066-0.07
VGCs/cell in the striatum, 0.102-0.138 VGCs/cell in the thalamus, and
0.010-0.017 VGCs/cell in the cerebellum, an 11- and 5-fold increase
compared with the 3E10 vg dose in jugular- and carotid artery-injected
animals, respectively, averaged across brain regions.

After establishing that both venous and arterial injections led to
similar AAV-PHP.B transduction in the brain, we next investigated

potential differences between the two in the liver. We compared
AAV-PHP.B transduction in mouse brain (all regions above averaged
together) with that in the liver in mice injected at a dose of 1IE11 VGs
(Figure S2). A two-way ANOVA statistical analysis with tissue type
and injection route as the independent variables and VGC numbers
as the dependent variable detected significant differences in the
total number of VGCs between injection route [F(1,8) = 12.95, p <
0.01], a non-significant trend between tissue type [F(1,8) = 4.58,
p = 0.06], and a significant interaction between the two [F(1,8) =
7.73, p < 0.05]. Tukey’s post hoc comparisons showed a 5-fold eleva-
tion in AAV-PHP.B transduction in liver following jugular vein
administration (0.23 VGC/cell) compared with carotid artery admin-
istration (0.04 VGC/cell, p < 0.01). VGCs per cell in the liver following
jugular vein injection was also significantly higher compared with
those detected in the brain via both injection routes, whereas liver
VGCs per cell post carotid artery administration was similar to that
detected in the brain (p > 0.05). Together, the dose escalation study
showed that we were able to significantly increase AAV-PHP.B trans-
duction using either vascular approach, but that administration into
the carotid artery reduces the characteristic “drain” of AAV in the
liver compared with jugular vein administration.

Intrathecal Administration of AAV-PHP.B Leads to Superior
Transduction in the Rhesus Macaque Cortex and Spinal Cord
Compared with Intra-carotid Administration

Given the large interest in using recombinant viral vectors to translate
studies conducted in rodents into human patients for myriad brain
diseases, we next investigated the utility of AAV-PHP.B to deliver
genes throughout the CNS in a larger-animal model. Naive 1- to
2-year-old juvenile rhesus macaques (n = 2 per group) received single
infusions of AAV-PHP.B-EGFP into the right internal carotid artery
or the cisterna magna at a dose of 2E12 VGs (1E12 VG/kg) delivered
in a 2-mL volume, a dose that was comparable with the low dose used
in our mouse studies described here (1.5E12 VG/kg). All non-human
primates (NHPs) on study were weighed and pre-screened for anti-
AAV9 neutralizing antibody titers, and only those that were nega-
tive (<1:5) were placed on study. See Table 1 for NHP group and
AAV-PHP.B dose information and Table 2 for pre- and post-surgical
body weight and pre- and post-surgical neutralizing antibody data.
Animals were monitored daily by veterinary and laboratory staff,
and rated weekly using our NHP neurological scale™ to investigate
the safety of AAV-PHP.B in NHPs. Animals were euthanized 3 weeks
post-surgery, and this post-surgical interval was chosen to prevent
potential toxicity stemming from the EGFP transgene. At necropsy,
tissue was collected from several bilateral cortical and sub-cortical
brain regions; cervical, thoracic, and lumbar spinal cord sections;
and peripheral tissues including the liver, spleen, kidney, and gastroc-
nemius muscle. Transduction efficiencies between administration
routes were visualized by using IF staining for EGFP to characterize
biodistribution of AAV.PHP.B throughout the macaque CNS, and
double-TF labeling was used to identify neuronal (NeuN™), astrocytic
(GFAP"), microglia (Ibal™), oligodendrocyte (Olig2"), and vascular
endothelial (CD31") cellular phenotypes. qPCR analysis of VGC num-
ber was used to statistically compare transduction efficiencies between
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Figure 3. Dose Escalation of AAV-PHP.B in the Mouse Brain following Intravenous and Intra-arterial Delivery

(A) Representative EGFP* coronal brain images throughout the mouse brain comparing two doses of AAV-PHP.B injected into either the jugular vein rostral-to-caudal extent
or carotid artery. EGFP* images were taken with a x4 objective and montaged together. Photomicrographs show an increase in EGFP* staining throughout the mouse brain
in animals injected at a dose of 1E11 VGs compared with 3E10 VGs following both routes of administration (n = 5 mice imaged per group). Scale bar represents 2 mm.
(B) Dose escalation was confirmed with VGC gPCR analysis of five brain regions and two administration routes (presented as mean + SEM vector genomes per cell), showing
significantly higher AAV-PHP.B VGCs per cell in mice injected with 1E11 VGs compared with 3E10 VGs for all brain regions except for the cerebellum, regardless of vascular
injection route (p < 0.05, n = 3 mice per group). *p < 0.05, *p < 0.01, **p < 0.001.
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Table 2. Neutralizing Antibody and Body Weight Analysis

Animal No. Route of Administration Pre-surgical Nab Screening Necropsy Nab Analysis Pre-surgical Body Weight (kg) Necropsy Body Weight (kg)
CAl internal carotid artery <L:5 1:67 225 231

CA2 internal carotid artery <L:5 1:2,183 1.5 1.8

CM1 cisternal magna <L:5 1:657 2.15 2.17

CM2 cisterna magna <L:5 1:2,396 2.1 2.03

All animals on study were weighed and pre-screened for anti-AAV?9 neutralizing antibody titers, and only those that were negative (<1:5) were placed on study. Neutralizing antibody titers
and body weight were also assayed at necropsy, 3 weeks post-surgery. CA, intra-carotid artery-injected animal; CM, intra-cisterna magna-injected animal; Nab, neutralizing antibody.

the two injection routes in brain, spinal cord, and peripheral tissue
samples, similar to the mouse biodistribution studies reported here.

We detected EGFP-positive neuronal bodies (Figure 4, white chev-
rons), dendrites, and axons, as well as glia (Figure 4, yellow chevrons)
and their processes, in several cortical and sub-cortical regions of in-
jected rhesus macaques using double-labeled IF staining (EGFP and
Hoechst) of coronal tissue sections; examples shown in Figure 4 are
from the dorsal prefrontal cortex (Figures 4A-4D), orbitofrontal cortex
(Figure 4E-4H), dorsal premotor cortex (Figures 41-4L), superior tem-
poral cortex (Figures 4M-4P), and putamen (Figures 4Q-4T). We saw
a clear difference between injection routes in cortical regions, with the
intrathecally injected animals showing a much higher density of posi-
tive cells throughout all cortical layers (Figure 4, left columns)
compared with animals injected into the carotid artery (Figure 4, right
columns), where cells were much sparser. Transduced neurons in the
cortex were a mix of large spiny pyramidal neurons with dense den-
dritic branching and long axons containing numerous varicosities
and smaller non-spiny neurons containing abundant shorter projec-
tions. In addition, EGFP* glia were detected (Figure 4, yellow chev-
rons). In both administration routes, AAV-PHP.B-transduced neurons
were also observed in low numbers in several sub-cortical regions
with an example shown here from the putamen, where we noted trans-
duced neurons having the morphology of medium spiny neurons
(Figures 4Q-4T, white chevrons). Figure S4 contains photomicro-
graphs of additional cortical and subcortical regions of transduction
(both delivery routes) taken at high magnification with a confocal
microscope. Lumbar spinal cord from animals in both injection groups
showed EGFP expression, with particularly high transduction in cells of
the anterior horn in both groups (Figures 4U-4X), as well as numerous
EGFP" fibers in ventral white matter columns in cisterna magna-
injected animals (Figures 4U and 4V), likely reflecting the long axonal
projections of the corticospinal tracts stemming from transduced
cortical cells. Cell-type specificity in coronal NHP brain sections was
verified with antibodies against EGFP and either NeuN, GFAP,
Ibal, Olig2, or CD31. We found numerous examples of EGFP*/
NeuN" neurons (Figures 5A-5F, white arrowheads), EGFP"/GFAP"
astrocytes (Figures 5G-5L, white arrowheads), and EGFP*/CD31"
vascular endothelial cells (Figures 5M-5R), but no examples of
EGFP"/Ibal® microglia in any brain region examined (data not
shown), similar to our findings in mice. We detected only very sparse
EGFP*/Olig2" cells in macaques infused into the cisterna magna and
no examples of transduced oligodendrocytes in intravascularly infused

animals (data not shown). Examples of double-labeled cells shown in
Figure 5 are all from the motor cortex; however, similar expression
patterns were seen throughout the brain.

VGC number between left and right hemispheres for each brain region
analyzed was non-significant, and therefore data from each hemisphere
was averaged for further statistical analyses (p > 0.05 for each brain re-
gion and dose). Intrathecal administration into the CSF led to higher
AAV-PHPB transduction compared with vascular delivery, with
VGCs per cell ranging from 0.004 to 0.660 in the intra-cisterna
magna-infused group compared with 0.0002-0.01 in the intra-carotid
artery-infused group, an averaged 53-fold difference across all brain re-
gions (Figure 6A). Planned t tests comparing the two injection groups
revealed significantly higher VGCs in intrathecally injected animals in
the orbitofrontal cortex [t(2) = 6.33, p = 0.024], dorsal pre-motor cortex
[t(2) = 29.57, p = 0.001], superior temporal cortex [t(2) = 8.62,
p = 0.013], and cerebellar cortex [t(2) = 6.54, p = 0.023], with a trend
found in the hypothalamus [t(2) = 4.02, p = 0.057]. AAV-PHP.B trans-
duction in the cervical and thoracic spinal cord was higher compared
with that seen across the majority of brain regions, regardless of delivery
method. Transduction ranged from 0.305 to 1.317 VGCs/cell in
intrathecally injected monkeys and 0.002 to 0.034 VGCs/cell in intra-
vascularly injected animals (Figure 6B), with no statistically significant
differences found between the two injection routes (p > 0.05 for
each analysis).

EGFP (transduced cells) and Hoechst (total cells) cell counts were
performed on a small subset of transduced brain regions, including
two cortical brain regions (orbitofrontal and dorsal premotor
cortices) and one subcortical area (putamen), to assess the percent
EGFP transduction (number of EGFP" cells/number of Hoechst*
cells) in these brain regions (Figure 6C). EGFP cell counts were
consistent with the VGC data, with a significantly higher percent of
EGFP transduction found in the cortical regions in cisterna magna-
infused monkeys (mean 0.9% transduction each in orbitofrontal
and dorsal premotor cortices) versus carotid artery-infused monkeys
(mean 0.04% transduction each in orbitofrontal and dorsal premotor
cortices), and no differences were found in the putamen (mean
0.03% transduction in cisterna magna-infused animals and 0.07%
transduction in carotid artery-infused animals). Planned t tests
comparing the two injection groups confirmed significantly higher
percent EGFP transduction in intrathecally injected animals in the
orbitofrontal cortex [t(6) = 4.88, p = 0.003] and dorsal pre-motor
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Figure 4. AAV-PHP.B Transduction in the Rhesus Macaque Brain and Spinal Cord following Intrathecal or Intravascular Administration

Double-labeled (EGFP*/Hoechst*) immunofluorescent coronal brain sections from rhesus macaques injected into either the cisterna magna (left panel, A-V) or the
internal carotid artery (right panel, C—X); n = 2 monkeys imaged per administration route. Animals injected into the cisterna magna showed several more transduced
neurons (white chevrons) and glia (yellow chevrons) throughout the cortex compared with those injected into the carotid artery, with GFP* cells observed in both deep
and superficial cortical layers. Robust EGFP expression was also detected in anterior horn cells in the lumbar spinal cord (white chevrons, U-X), regardless of the

(legend continued on next page)
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Intra-cisterna magna
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Figure 5. AAV-PHP.B Shows Tropism for Neurons, Astrocytes, and Vascular Endothelial Cells in the Rhesus Macaque Brain following Intrathecal or

Intravascular Administration

Confocal microscope images (x63 objective) show double labeling of green GFP™* cells and either red NeuN™ neurons (A-F), GFAP* astrocytes (G-L), or CD31* vascular
endothelial cells (M-R) in the motor cortex following AAV-PHP.B injection into the cisterna magna (left panel) or the internal carotid artery (right panel). Transduced neurons,
astrocytes, and vascular endothelial cells are indicated with arrowheads. Scale bars represent 50 um (P and R); n = 2 monkeys imaged per administration route.

cortex [t(6) = 4.94, p = 0.003], but not the putamen [t(6) = 0.229,
p = 0.826], compared with intra-carotid-infused animals.

Unlike our findings in mice, AAV-PHP.B transduction in the liver
(1.468-5.603 VGCs/cell) and spleen (0.586-4.826 VGCs/cell) was
higher compared with transduction in the brain regardless of injec-

tion modality (Figure 6D). Transduction in the kidney (0.015-0.074
VGCs/cell) and gastrocnemius muscle (0.011-0.052 VGCs/cell) was
lower compared with the liver and spleen, but this difference was
not statistically significant. Moreover, we found no statistically signif-
icant differences between the two injection routes for all peripheral
tissues (p > 0.05 for each analysis).

administration route; however, more fibers were noted in the descending corticospinal tracts in NHPs injected into the cisterna manga. (X) Scale bar represents
500 pm for all low-magnification photomicrographs (first and third columns) and 200 um for all high-magnification photomicrographs (second and fourth columns).
DPFC, dorsolateral prefrontal cortex; DPMC, dorsal premotor cortex; LSC, lumbar spinal cord; OFC, orbitofrontal cortex; PUT, putamen; STC, superior temporal

cortex.
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Figure 6. Cisterna Magna Administration of AAV-PHP.B Yields Greater Transduction Than Carotid Artery Administration in NHP CNS

Vector genome copy analysis via gPCR demonstrates that although both delivery strategies resulted in transduction in the rhesus macaque brain (A) and spinal cord (B),
cisterna magna infusions led to significantly higher numbers of vector genomes per cell in multiple cortical regions including frontal, motor, temporal, and cerebellar cortices,
compared with carotid artery administration (presented as mean + SEM vector genomes per cell, p < 0.05 for each structure). Similarly, the percent of EGFP expression
(EGFP* cells/Hoechst™ cells) was significantly higher in the orbitofrontal and dorsal premotor cortex of animals injected into the cisterna magna compared with the carotid
artery (C, p < 0.01 for both cortical regions). No differences in percent EGFP expression were detected in the putamen (C, p > 0.05). Additionally, we found no differences in
AAV-PHP.B transduction in the liver, spleen, kidney, or gastrocnemius muscle between delivery methods (D, p < 0.05). n = 2 monkeys evaluated per administration route.

Ctx, cortex; DCN, deep cerebellar nuclei. *p < 0.05, **p < 0.01.

Safety and Tolerability Measurements following AAV-PHP.B
Administration in Rhesus Macaques

Several in-life and post mortem measurements of safety and tolera-
bility were assessed in the four macaques that received AAV-PHP.B
administration. Body weight assessed prior to surgery and necropsy
showed that three out of the four animals gained weight from baseline
to necropsy, and one animal who received injection into the cisterna
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magna lost 0.07 kg, equivalent to 3% body weight (Table 2). Blinded
to the animals’ treatment groups, we evaluated each animal at base-
line and weekly thereafter until necropsy using our NHP-specific
neurological rating scale,” which assesses home cage horizontal
and vertical gaze, posture, balance, forelimb and hindlimb strength,
startle response, bradykinesia, dystonia, chorea, ataxia, and dysme-
tria. We found that all animals in each group had normal behavior
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at baseline and at each week post-surgery, with no development of
clinical neurological symptoms throughout the study. In the two an-
imals who received injection through the internal carotid artery, we
noted temporary miosis (pupil restriction) and ptosis (eyelid droop)
on the injected side, reminiscent of Horner’s syndrome, that persisted
for 7 days post injection and resolved with no further complications.
This most likely resulted from small perturbations to the surrounding
tissue in the neck while the internal carotid artery was isolated during
surgery rather than from the injectate.

Qualitative analysis of coronal sections throughout the brain stained
with antibodies to NeuN, GFAP, and Ibal showed no indication of
neuronal loss, astrogliosis, or microgliosis, respectively, throughout
the rostral-to-caudal extent of the brain. The Oregon National
Primate Research Center (ONPRC) Pathology Services report from
necropsy found no gross lesions of the respiratory, cardiovascular,
hemopoietic, gastrointestinal, genitourinary, endocrine, or musculo-
skeletal systems, as well as no damage to the liver and pancreas in
three of four monkeys receiving injections of AAV-PHP.B (both
cisterna magna-infused animals and one carotid artery-infused ani-
mal). Both animals receiving vascular injections showed mild scar tis-
sue surrounding the right carotid artery caudal to the bifurcation of
the internal and external arteries. One of the two carotid artery-
infused animals, CA2, showed evidence of mildly enlarged mesenteric
lymph nodes and mild diffuse fibrosis in the liver upon gross exam-
ination. Further microscopic evaluation of H&E-stained liver tissue
in this animal showed multifocal portal lymphocytic and neutrophilic
infiltrates and mild subcapsular lymphatic dilation, hepatocellular
anisokaryosis with increased numbers of binucleated and multinucle-
ated hepatocytes, and mild evidence of hepatocellular degeneration.

Neutralizing antibody analysis was performed on serum collected
from all animals at baseline and necropsy using a cell-based assay.
Results indicated an increase in anti-AAV9 neutralizing antibody
titers from baseline (<1:5 in all animals) in all four treated animals,
with no clear pattern detected between animals in the two different
groups (Table 2). CA1 and CA2 had antibody titers of 1:67 and
1:2,183 at necropsy, respectively, whereas CM1 and CM2 had titers
of 1:675 and 1:2,396, respectively.

DISCUSSION

The ability to deliver therapeutic agents throughout the CNS to treat
neurological disorders characterized by global neuropathology remains
a difficult, but not insurmountable, hurdle. Significant strides have been
made in the field of gene therapy to develop and characterize new viral
vector serotypes; however, further improvement is still needed to maxi-
mize the efficiency and spread of these vectors throughout the brain
and spinal cord. To aid in these efforts, the current study was under-
taken to directly compare the biodistribution and safety of the newly
designed AAV9 capsid variant, AAV-PHP.B, throughout the CNS
and peripheral tissues of mice and NHPs using several clinically viable
surgical delivery modalities, including intravascular and intra-CSF
routes of administration. The four delivery routes investigated here
were carefully chosen to allow us to answer several key questions. First,

we sought to determine a superior administration route of AAV-
PHP.B when directly comparing two intravascular (intra-jugular or
intra-carotid) and two intra-CSF (intra-cerebroventricular and intra-
cisterna magna) delivery strategies in mice that could be feasibly scaled
up in non-human and human primates. Second, we evaluated whether
any of the unilateral administration routes of AAV-PHP.B we em-
ployed resulted in a higher transduction efficiency in the injected hemi-
sphere, an obvious detriment to a brain-wide gene therapy strategy.
Third, we investigated the direct translatability of our findings in
mice to the much larger CNS of the rhesus macaque using identical
delivery modalities as a precursor to future pre-clinical gene therapy
studies using AAV-PHP.B in both mouse and NHP models of neuro-
degenerative diseases established in our laboratory, including Hunting-
ton’s and Batten diseases.

Interestingly, we found largely equal transduction efficiency of AAV-
PHP.B throughout several regions of the mouse brain when directly
comparing the four administration routes, with no single injection
route emerging as clearly superior. Lateral ventricle administration
led to higher transduction in the striatum and thalamus compared
with the other routes; however, significantly elevated transduction
in the striatum was seen in one hemisphere only, on the same side
as the injection, which is perhaps not surprising given their close
proximity. Although this may be perceived as a limitation to this
delivery strategy, particularly where hemispheric differences could
complicate dosing and provide only partial symptom relief, bilateral
ventricular infusions may alleviate this problem and result in a
more uniform distribution. Although the primate circle of Willis
forms a closed circuit, in mice and other rodents the circle is not com-
plete, and agents injected into one artery only typically show a unilat-
eral pattern of biodistribution in brain.”*>” Therefore, we anticipated
a potential hemispheric discrepancy in mice receiving intra-carotid
artery infusions compared with intra-jugular infused mice that we
did not detect. Given that AAV persistence in blood has been demon-
strated for up to 48 hours following tail vein infusion, with AAV9 per-
sisting significantly longer than other AAV serotypes,” >®
possible that AAV-PHP.B functions similarly and remains in circula-
tion long enough to even out any initial hemispheric differences from
a unilateral injection or perceived potential “first-pass” benefit from a
carotid artery administration. Although there were no differences in
AAV-PHP.B-mediated brain transduction between jugular- and ca-
rotid-infused mice, we found a significant 5-fold reduction in liver
transduction following carotid artery administration, corroborating
recent evidence by Morabito et al,”> who recently documented
similar findings in a mouse model of synucleinopathy. The reduction
in peripheral tissue AAV-PHP.B transduction may be an important
advantage of the carotid artery infusion strategy, particularly given
the high tropism of most AAVs to liver, potential off-target effects
of transducing this organ, and the recent demonstration of AAV-
related immunogenicity and elevated liver enzymes at very high sys-
temic titers in large-animal models.*>*’

it is

At the highest dose of AAV-PHP.B evaluated in mice (1E11 VGs),
we achieved transduction levels in the brain of approximately
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0.10 VGC/cell, averaged across brain regions. A practical way to inter-
pret these data is that we transduced, on average, 1 out of every 10 cells
in the mouse brain. Compared with the transduction efficiency in
brain originally reported by Deverman et al.,*" our findings at the
same dose (1E11 VGs) were approximately 10-fold lower. Potential
reasons for this discrepancy may be because of several factors. First,
although both studies used a single-stranded AAV-PHP.B vector at
the same dose, viral vector preps for each study were made at different
institutions (California Institute of Technology [Cal Tech] versus
Oregon Health and Science University [OHSU]), and small differ-
ences in production, purification, and tittering methods may result
in prep-to-prep variability. Additionally, VGCs in Deverman
et al’s*' study were determined using PCR primers that bind to the
Woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE) in the vector, whereas we used primers that bind to the
CAG promoter sequence. Both laboratories normalized to mouse
genomes using primers specific to the mouse glucagon gene. The
reasoning behind using different primer sets between labs was the dis-
covery that the WPRE primer used by Deverman et al.*' also amplifies
a region of the rhesus macaque genome. So that we could keep
methods consistent between our mouse and NHP analyses, priming
the CAG promoter was more desirable. Lastly, while we both investi-
gated intravascular routes of administration, there may be inherent
differences in how AAV-PHP.B reaches the brain following a retro-
orbital infusion compared with jugular vein and carotid artery infu-
sions. A similar finding was recently reported by Gruntman et al.,*”
who found higher transduction in mouse brain following retro-orbital
administration of AAV9 compared with facial vein infusion. It is
interesting to speculate whether a retro-orbital infusion of AAV-
PHP.B in rodents results in different diffusion properties into brain
compared with other venous routes of administration, particularly
at high volumes or rates of administration. For example, the retro-
orbital sinus drains intracranially into the cavernous sinus and basilar
plexus, in addition to draining into the external jugular vein.”* This
highlights the larger point of the importance in the selection of
administration route when comparing data between studies in the
same species, comparing across different species, and importantly,
when scaling gene therapy studies up in species that do not share
the same anatomy. Although retro-orbital sinus and tail vein are
the most commonly used routes of venous administration in
rodents likely because of ease of a less invasive injection, these delivery
routes may not be as directly translatable in terms of working up a
pre-clinical gene therapy strategy from mouse to primate.

In order to scale our findings in mice to a larger and more clinically
translatable animal model, we evaluated biodistribution of AAV-
PHP.B in juvenile rhesus macaques, comparing one intravascular
and one intra-CSF approach. Although both jugular vein and carotid
artery delivery modalities in mice resulted in a similar transduction
profile in the brain, the 5-fold higher elevation of AAV-PHP.B
VGCs in the liver of jugular vein-infused animals precipitated our
choice of an intra-carotid artery delivery strategy in the NHP study.
Additionally, because lateral ventricle injections led to increased
transduction in the striata of the injected hemisphere compared
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with the contralateral hemisphere in mice, we chose the cisterna ma-
gna for our intra-CSF delivery site in NHPs to increase the chance for
a more uniform distribution throughout the CNS. Although the more
common route of intrathecal administration in clinical studies has
been via lumbar puncture, likely because it is less invasive compared
with intra-cerebroventricular or intra-cisterna magna infusions,
recent evidence from Hinderer et al.”> demonstrates a 100-fold
more efficient gene transfer of AAV9 throughout the NHP brain
when delivered by intra-cisterna magna infusion compared with
intra-lumbar infusion. The two delivery modalities chosen for the
NHP study are both considered to be relatively non-invasive
compared with intraparenchymal infusion and, therefore, desirable
for translating gene therapy strategies from mice to large-animal
models and ultimately into human patients. The dose of AAV-
PHP.B used in the NHP study (1.5E12 VG/kg) was comparable
with the low dose used in our mouse studies (1.5E12 VG/kg).
Although the rodent studies presented here showed largely equal
transduction of AAV-PHP.B regardless of injection route, the intra-
CSF delivery into the cisterna magna in monkeys resulted in a sub-
stantial 50-fold higher transduction efficiency throughout the CNS
compared with intra-carotid artery delivery, with regions of the fron-
tal, motor, temporal, parietal, visual, and cerebellar cortices showing
the highest levels of transduction. Cortical areas showed the highest
transduction; however, we did detect a very low level of transduction
in several subcortical areas including the caudate, putamen, hypothal-
amus, substantia nigra, and medulla. The transduction level achieved
in NHPs was higher than seen in mice via cisterna magna infusion
(~10-fold higher throughout brain), but lower than seen in mice
via the intra-carotid route (~10-fold lower throughout brain). We
found that AAV-PHP.B transduces spinal cord neurons of the ante-
rior horn exceptionally well following both administration routes,
with higher transduction efficiency seen following cisterna magna
delivery.

Our data with AAV-PHP.B in NHPs corroborate findings by several
other labs that have showed higher transduction of AAV9 in brain
and spinal cord following intra-thecal delivery compared to intra-
vascular administration.>*>**"*° However, several of these reports
demonstrate that the intra-CSF delivery of AAV-PHP.B resulted in
significantly fewer transduced cells in peripheral organs, whereas
we found that intra-CSF and intra-carotid artery administration of
AAV-PHP.B resulted in equal transduction in all of the peripheral
organs we measured. Why this discrepancy exists is unclear.
However, several differences between our study and these previous
reports exist, including: (1) the slower intra-CSF infusion rate used
in our study (100 pL/min) compared with some of the other studies,
which could result in prolonged drainage of AAV-PHP.B into the
bloodstream; (2) species and age differences because many of these
studies assessed AAV transduction in adult cynomolgus macaques
versus the juvenile rhesus macaques evaluated here; and (3) vector
construct differences including our use of a single-stranded vector
versus a double-stranded, self-complementary vector used in many
of the other studies. There may also simply be differences between
AAV9 and AAV-PHP.B capsids that result in the difference in
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transduction of peripheral tissues following an intra-CSF infusion.
That being said, our results in NHPs showed highest peripheral trans-
duction of AAV-PHP.B in the liver and spleen compared with other
peripheral organs including the kidney and gastrocnemius muscle
following intrathecal or intravascular infusion, which has also been
reported for AAV9.>>%°

Recently, Matsuzaki et al.” and Hordeaux et al.”’ reported that AAV-
PHP.B does not enhance transduction in the marmoset and rhesus
macaque brain, respectively, compared with AAV9. Moreover,
Hordeaux et al.”’ concluded that the neurotropic properties of
AAV-PHP.B are limited to the C57BL/6] mouse, the species in which
it was developed. Although we cannot comment on which of these
two vectors performs best in the NHP because we did not directly
compare AAV9 with AAV-PHP.B, we report here that the neuro-
tropic properties of AAV-PHP.B are not limited to the C57BL/6]
mouse, because we found transduction of neurons and astrocytes in
the brain and spinal cord of the rhesus macaques, even at a 20-fold
lower dose than what was used by Hordeaux et al.” as their low
dose (1E12 VG/kg compared with 2E13 VG/kg). However, it does
appear that transduction of AAV-PHP.B in the NHP brain is highly
dependent on the delivery route, because we noted very low transduc-
tion of AAV-PHP.B following the intra-carotid approach compared
with the intra-CSF approach. A recent follow-up publication by Hor-
deaux et al.”” sheds light on our findings, because they demonstrated
via an eloquent series of studies that the G glycosylphosphatidylino-
sitol-linked protein, lymphocyte antigen 6 complex, locus A (LY6A),
acts as a co-receptor and transports AAV-PHP.B across the BBB in
mice when the virus is injected intravascularly.”' Interestingly,
although several mouse strains, including the C57BL/6] strain used
here, express LY6A, primates lack an LY6A homolog.”” The higher
transduction observed in the cortex, cerebellum, and spinal cord of
the cisterna magna-infused animals in our study makes sense given
that the virus does not have to penetrate the BBB via this route of
administration and likely accesses neurons and glia in the brain first
via traveling through the glymphatic system and then by passing
through extracellular space in these brain regions. We speculate
that AAV-PHP.B is then able to transduce neurons and glia via bind-
ing to cell surface receptors already identified for AAV9, including
N-linked galactose73 and the universal AAV receptor, AAVR.>74

Another difference that exists between our study and that of
17° is that we evaluated juvenile rhesus macaques
(age 1-2 years), whereas their study used adults (age 4), and inherent
differences may exist in how AAV-PHP.B transduces juvenile versus
adult rhesus macaque brain. Despite differences in brain and spinal
cord transduction, our data corroborate those of Hordeaux et al.”’
with respect to our findings of higher AAV-PHP.B transduction
found in liver and spleen compared with brain. At a much higher
dose of AAV-PHP.B (7.5E13 VG/kg), Hordeaux et al.’”® reported
acute toxicity in NHP characterized by activation of innate immunity
and elevated liver enzymes that necessitated euthanasia of their study
animal at day 5 post-infusion. In the current study, we found mild his-
tological abnormalities in the liver of one carotid artery-infused ani-

Hordeaux et a

mal, but found no abnormalities in CNS or any peripheral tissues in
the second carotid artery-infused animal or in either of the two
cisterna magna-infused animals. The cause of these findings in animal
CA2 are uncertain, particularly because they do not correlate with a
higher AAV-PHP.B VGC expression in the liver of this animal
compared with the other three study animals. The mild histological
abnormalities found in this animal’s liver did not cause any pheno-
typic changes in the animal’s temperament, food and water consump-
tion, locomotor behavior, nor any negative changes in body weight
throughout the study; however, the time to necropsy here was rela-
tively short at 3 weeks post-surgery. Given the high tropism of both
AAV9 and AAV-PHP.B for hepatocytes, it is advised that future
studies utilizing these rAAVs should vigilantly monitor transduction
profiles, enzyme levels, and potential signs of toxicity in this organ.
The two carotid artery-infused animals showed temporary miosis
and ptosis on the injected side that resolved after 1 week with no
further complications. This most likely resulted from small perturba-
tions to the neck tissue while isolating the carotid artery during
surgery. This issue, although minor, can be circumvented in future
studies by using remote catheterization of the internal carotid
artery from the femoral artery under image guidance such as
fluoroscopy.****

The set of studies presented here confirms a high tropism of AAV-
PHP.B in wild-type C57BL/6] mice. Importantly, we also show that
although AAV-PHP.B can successfully and equally express trans-
genes throughout the CNS of mice from four different intravascular
and intra-CSF delivery modalities, when translated into the macaque,
a large disparity exists, with the intra-cisterna magna route of
administration showing clear superiority over the intra-carotid artery
infusions. Due to volume limitations of infusing into CSF, it is more
difficult to scale up AAV dosing using this route compared with an
intravascular infusion. However, transduction efficiencies can be
enhanced by using higher titer viral vector preparations, using dou-
ble-stranded versus single-stranded viral vectors, and by reducing
infusion rates.””> Moreover, body position appears to play an impor-
tant role in transduction efficiency, because it has been shown that
maintaining NHPs in the Trendelenburg position (supine with the
feet elevated above the head) for 10 min post-intrathecal infusion
significantly enhances AAV9-mediated brain transduction.”

Taken together, these data demonstrate the use of AAV-PHP.B for
the delivery of transgenes throughout the CNS of mice and in the cor-
tex and spinal cord of rhesus macaques. Given the disparity in trans-
duction profiles in the macaques using the different delivery routes,
we highly recommend an intra-CSF delivery route when using
AAV-PHP.B in primates. This vector may be a good clinical candi-
date to deliver transgenes for a variety of neurological disorders
that would benefit from gene expression to the cortex, cerebellum,
and spinal cord, including lysosomal storage diseases, RS, AD, multi-
ple sclerosis, amyotrophic lateral sclerosis, and the various forms of
ataxia. Careful studies are needed to directly compare the transduc-
tion efficiencies of AAV9 and AAV-PHP.B when administered into
the CSF to address whether this new capsid variant shows enhanced
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transduction compared with the gold standard, AAV9, which is now
in pre-clinical and clinical development for a variety of CNS disor-
ders. For diseases where substantial cortical and subcortical transduc-
tion is desired, such as Huntington’s disease, the new AAV serotype 2
capsid variants, including AAV2.retro’® and AAV2-HBKO,”” which
exhibit robust retrograde transport from the sight of injection, may
be an attractive alternative to target multiple affected brain circuits
versus a single brain region.

MATERIALS AND METHODS

Vector Preparation

PAAV-PHP.B plasmids were sent to Dr. McBride by Dr. Deverman
under a material transfer agreement between OHSU and Cal Tech.
rAAV vector was generated by a scalable co-transfection procedure
in the OHSU/ONPRC Molecular Virology Support Core. Plasmids car-
rying the transgene cassette flanked by viral inverted terminal repeats
(ITRs) (sspAAV-PHP.B-CAG-EGFP), a rep-cap expression construct
encoding the sequence for the AAV-PHP.B serotype capsid, and a
helper plasmid expressing adenoviral E2a, VA, and E4-orf6 were trans-
fected into mammalian HEK293 producer cells. Viral lysates were
treated with Benzonase to remove residual plasmid, and virus was pu-
rified over an Iodixanol step gradient. Gradient fractions containing
intact virus, and excluding empty particles, were harvested, and the
final virus preparation was buffer exchanged into Dulbecco’s PBS
(DPBS) + 5% glycerol + 35 mM NaCl. Quality control was performed
to ensure purity by viral capsid protein evaluation by silver staining on
SDS-PAGE. Viral titers were determined by qPCR of purified vector
particles using a CAG primer-probe set: forward: 5-CCATCGC
TGCACAAAATAATTAAAA-3, reverse: 5-CCACGTTCTGCTTCA
CTCTC-3, probe: 5'-CCCCTCCCCACCCCCAATTTT-3'.

Animal Breeding and Husbandry

Mice

All mice (12- to 16-week-old male and female adults) were group
housed with littermates under controlled conditions of temperature
and light (12-hour light/dark cycle). Food and water were provided
ad libitum. WT C57BL/6] were obtained from Jackson Laboratories
(Bar Harbor, ME, USA) and bred in the vivarium at the ONPRC.
Only F1 generation, adult mice were used in the current study.
Mice were observed by trained veterinary technicians daily in their
home cages, and body weights of all animals were recorded weekly.

Rhesus Macaques

Four male juvenile rhesus macaques of Indian origin that were bred at
the ONPRC were used in the current study (age 1-2 years). All ani-
mals were pair housed on a 12-hour on/12-hour off lighting schedule
with ad libitum access to food and water. Animals were fed standard
primate chow twice daily and provided fruit and vegetable enrich-
ment daily. Macaques were observed by trained veterinary techni-
cians daily in their home cages, and body weights of all animals
were recorded weekly. All experimental procedures were performed
according to ONPRC and OHSU Institutional Animal Care and
Use Committee- and Institutional Biosafety Committee-approved
protocols.
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Neutralizing Antibody Analyses

Whole blood was collected in Vacutainer Serum Collection Tubes
(BD), and serum was collected following centrifugation at
2,500 rpm for 10 min and stored at —80°C until analysis. Initial
neutralizing antibody screening assays were carried out in 96-well
format with 5 x 10* CHO-Lec2 cells per well. Three dilutions of study
participant serum (1:5, 1:20, 1:80) were pre-incubated with 1E+9 GCs
of AAV9 reporter virus for 1 h at 37°C and then added to cells that
have been infected with Adeno Helper virus. After 48 h, Promega
Bright-Glo substrate was added to the cells, and luciferase expression
was quantified using the Biotek Synergy Mx luminometer. For the
final 50% infective dose (IDs,) assay, samples were tested for neutral-
izing antibodies starting at a 1:5 dilution, and serial 2-fold dilutions
were made for a total of 11 dilutions. The neutralizing antibody titer
at 50% inhibition of virus transduction was calculated based on the
global fitting of the data obtained from each of 11 antibody dilutions
using Gen 5 software. Both positive and negative monkey sera
controls were included with each assay.

Surgery

Mice

Carotid artery. Animals were anesthetized with isoflurane, and the
surgical site was shaved and prepared for incision with a betadine
solution (10% povidone-iodine) followed by 70% ethanol. An incision
was made along the animal’s right neck to expose the carotid artery.
Connective tissue covering the carotid artery was bluntly dissected,
and the vagus nerve was dissected free from the carotid artery. A
suture was tied tightly around the posterior portion of the carotid
artery, and the second suture was placed loosely around the anterior
portion with 5 mm between the sutures. A 25G needle bent at a
90-degree angle was used to make an opening in the artery. A
1.5 Fr catheter connected to a 250-uL Hamilton syringe was inserted
several millimeters into the artery. A microvascular clamp was then
placed around the artery to prevent leakage during infusion. The
syringe was loaded into a Stoelting quintessential stereotaxic injector
pump to control the infusion. Mice received 60 pL of diluted virus
into the right carotid artery over the course of 3 min (diluted with
sterile 1x PBS w/0.001% Pluronic F-68 to a final dose of 3E10 VGs
or 1E11 VGs). Upon completion of the infusion, the top suture was
tightened and the catheter was withdrawn. The incision was closed
with 5-0 Polysorb dissolvable sutures (Covidien), and animals were
placed in a cage to recover.

Jugular Vein. Mice were anesthetized with isoflurane, and the surgi-
cal site was shaved and prepared with a betadine solution (10% povi-
done-iodine) followed by 70% ethanol. An incision was made along
the animal’s right neck to expose the jugular vein. Forceps were
used to grasp the pectoral muscle, and a 30G needle attached to a
100-pL Hamilton syringe was inserted through the pectoral muscle
into the jugular vein. Mice were injected with 60 pL of diluted virus
into the right jugular vein over the course of 3 min. The incision
was sutured using 5-0 Polysorb dissolvable sutures (Covidien) and
further secured using Vetbond (3M), and animals were placed in a
cage to recover.
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Lateral Ventricle. Mice were anesthetized with isoflurane and their
scalps shaved before being mounted into a Kopf Model 900 stereotaxic
apparatus. The scalp was prepared with Betadine followed by 70%
ethanol, and an incision was made to expose the skull. Using bregma
as a reference point, coordinates of anteroposterior (A-P): —0.5 and
mediolateral (M-L): —1.0 were used to mark the skull so that a hole
could be drilled with a Dremel tool. After re-centering at bregma, a
25-pL Hamilton syringe with a 30G blunt-tipped needle was slowly
lowered into the coordinates A-P: —0.5, M-L: —1.0, and dorsoventral
(D-V): —2.0 (left lateral ventricle). After a 3-min wait period, 15 pL
of virus was infused at a rate of 0.5 pL/min (virus was diluted with ster-
ile PBS to a final dose of 3E10 VGs). After completion of the infusion,
the needle was left in place for 5 min before being slowly withdrawn out
of the brain. The scalp was then sealed with Vetbond (3M), and animals
were placed in a cage to recover.

Cisterna Magna. Mice were anesthetized with isoflurane, and the
nape was shaved before mice were mounted in a stereotaxic apparatus
with the front of the head tilted downward at a 30-degree angle. The
surgical site was prepped with Betadine, and an incision was made
from the base of the neck to lambda. Forceps were used to bluntly
dissect the muscle apart and expose the dura mater overlying the
cisterna magna. A 25-pL Hamilton syringe with a 33G needle that
has a bevel angle of 25 degrees was loaded into the stereotaxic arm.
The arm of the stereotaxic frame was placed at a 45-degree angle.
The cisterna magna was visualized just ventral to the cerebellum,
and the needle tip was advanced 0.75 mm past the dura into the
cisternal space. 15 pL of virus was infused a rate of 0.5 pL/min (virus
was diluted with sterile PBS to a final dose of 3E10 VGs). Following
infusion, the needle was retracted, the incision was closed with
Vetbond (3M), and animals were placed in a cage to recover.

Rhesus Macaques

Cisterna Magna. After positioning in lateral recumbency, sterile
prep of the posterior neck was performed, and the head was held in
flexion. A 22G, 3-inch spinal needle was inserted and stabilized in
the cisterna magna, confirmed by back flow of cerebrospinal fluid.
A 36-inch micro-extension line ending in a three-way stock cock
was connected to the spinal needle, and a 1.5-mL sample of CSF
was then obtained using a 3-mL syringe. The syringe was replaced
with a sterile syringe containing 2.0 mL of viral vector infusate for
a total dose of 2E12 VGs. The infusate was slowly delivered through
the spinal needle into the cisterna magna over 20 min (100 pL/min).
The needle was then flushed with 0.1 mL of the patient’s CSF at the
same rate and removed. Animals recovered on the operating room ta-
ble until extubation; thereafter, they were returned to their home cage.

Carotid Artery. Positioning was in dorsal recumbency with sterile
preparation and draping of the neck region. A 4-cm curvilinear inci-
sion was created along the lateral aspect of the neck extending from
the clavicle to the caudal aspect of the right mandibular ramus. Blunt
dissection through the subcutaneous layer was followed by lateral
retraction of the sternomastoid, revealing the common carotid artery.
The vagus nerve was dissected free from the common carotid artery.

The common carotid was followed under the mandible to the bifur-
cations of the internal and external branches. A vascular clamp was
placed on the external carotid branch to occlude it. Next, a 24G cath-
eter was introduced into the common carotid artery. A controlled
infusion (virus was diluted with sterile PBS to a final dose of 2E12
VGs) was performed over 10 min (200 pL/min). After the infusion,
the vascular clamp was released and the catheter removed. Hemosta-
sis was achieved with direct digital pressure. The skin incision was
closed with continuous 4-0 Monocryl in the subcutis, and skin was
apposed with continuous 4-0 intradermal Monocryl. Animals recov-
ered on the operating room table until extubation; thereafter, they
were returned to their home cage.

Neurological Rating Scale Assessment

Twenty-four NHP behaviors were rated cage-side in awake animals
including horizontal and vertical ocular pursuit, treat retrieval with
both forelimbs, ability to bear weight on both hindlimbs, posture, bal-
ance, startle response, as well as bradykinesia, dystonia, and chorea of
each limb and trunk.”® A score of 0 indicated a normal phenotype,
whereas a score of 3 indicated severely abnormal phenotypic move-
ments. All animals were evaluated using the rating scale prior to sur-
gery to obtain baseline scores and once per week for the duration of
the study by Dr. McBride, who was blind to the animals’ treatment
groups.

Necropsy and Tissue Collection

Mice

Mice were anesthetized with a solution of ketamine and xylazine
(10 and 1 mg/mL, respectively) and perfused with 20 mL of a sterile
0.9% sodium chloride solution through the left ventricle of the heart.
For VGC analyses (n = 3 per group), brains were extracted and
sectioned coronally into 1-mm-thick slabs using a mouse brain ma-
trix. Brain regions were carefully dissected from both hemispheres,
and samples were immediately frozen in dry ice and stored at
—80°C for further processing. Liver samples were also collected and
immediately frozen in dry ice and stored at —80°C for further pro-
cessing. For histology analyses (n = 5 per group), mice were perfused
with 0.9% sterile saline followed by 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer, and brains were post fixed overnight in 4%
PFA. Following fixation in PFA, brains were transferred to a 30%
sucrose solution for cryoprotection.

Rhesus Macaques

Animals were sedated with ketamine and then deeply anesthetized
with sodium pentobarbital followed by exsanguination. Brain and
spinal cord were perfused through the ascending carotid artery with
2 L of 0.9% saline. Brain was removed from the skull, placed into
an ice-cold, steel brain matrix, and blocked into 4-mm-thick
slabs in the coronal plane. Tissue punches used for VGC analyses
(n = 2 monkeys per group) were obtained from cortical and subcor-
tical regions from the left and right hemispheres and immediately
frozen on dry ice. Cervical, thoracic, and lumbar spinal cord segments
were carefully removed from the vertebral columns. Brain slabs and
lumbar spinal cord were subsequently post fixed in 4% PFA for
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48 h and cryoprotected in 30% sucrose for histological analyses (n =2
monkeys per group). Peripheral tissues were collected and frozen
immediately in liquid nitrogen.

IF and Histochemistry

Cryoprotected tissue was sectioned at 40 jim on a freezing microtome.
Sections were incubated overnight at room temperature with an anti-
body against GFP (1:1,000; Invitrogen) and for 1 h with an Alexa
Fluor 488-conjugated secondary antibody (1:500; Invitrogen) as pre-
viously described.”> Double labeling for GFP and IBA-1, GFAP,
Olig2, CD31, or NeuN was completed with antibodies against GFP
(1:1,000; Aves), IBA-1 (1:500; Wako), GFAP (1:1,000; Dako), Olig2
(1:500 mouse study [Abcam]; 1:500 monkey study [Millipore]),
CD31 (1:50; Abcam), and NeuN (1:500; Millipore) as previously
described.*” Alexa Fluor 488-conjugated secondary antibody was
used to visualize GFP (1:500; Invitrogen), and Alexa Fluor 546-con-
jugated secondary antibody (1:500; Invitrogen) visualized the second
antigen. Following immunostaining, all sections were counterstained
with Hoechst 33342 (1:10,000; Invitrogen). Images for Figures 1 and 3
were taken on an Olympus BX51 microscope with an Olympus DP72
camera controlled by CellSens program. For whole-brain mouse im-
ages, four images were taken at x4 magnification and montaged
together. All x4 mouse images taken with the Olympus microscope
used the same laser setting and an exposure time of 139.4 ms. All
%20 mouse images used the same laser setting and an exposure
time of 27.54 ms. For double-labeled fluorescence of both mouse
and NHP tissues, a Leica SP5 confocal microscope was used, along
with the corresponding LAS AF program. The gain and exposure pa-
rameters were optimized for each image. For Figure 4 and EGFP/
Hoechst cell counting of NHP brain regions, images were captured
on an Olympus VS120 Slide scanner using an Olympus BX61VS mi-
croscope with a x20 objective and a Hamamatsu C13440 Mono-
chrome camera. Fifteen z stacks throughout the tissue were captured
using an exposure time of 14.82 ms for the blue channel (Hoechst)
and 45 ms for the green channel (GFP). Following capture, the z
stacks were processed using a maximum intensity Z-projection in
the CellSens program. Peripheral tissues were fixed in 10% neutral-
buffered formalin, embedded in paraffin, sectioned at 5 um, and
stained with H&E (Leica ST5010 Autostainer XL; Leica Biosystems).

VGC Analysis

Mouse and NHP samples were processed for total DNA, RNA, and
protein using the All Prep Kit (QIAGEN). 100 ng of total DNA was
analyzed by qPCR using primer/probe sets specific for both vector
DNA and genomic DNA on a QuantStudio 12K Flex (Applied Bio-
systems). The copy numbers of both the vector and genomic DNA
were quantified by comparing with a standard curve generated from
known amounts of DNA amplicons. VGs per cell were calculated by
dividing total VGs by diploid copies of the glucagon (mouse) or
albumin (rhesus) gene. The following primer sets were used: CAG
promoter: forward 5-CCACGTTCTGCTTCACTCTC-3/, reverse
5'-CCATCGCTGCACAAAATAATTAAAA, probe 5-CCCCTCC
CACCCCCAATTTT-3'; mouse glucagon gene: forward 5-GA
GGACCCTGATGAGATGAATG-3, reverse 5-GGAGTCCAGGTA
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TTTGCTGTAG, probe 5'-CCACTCACAGGGCACATTCACCA
G-3'; rhesus albumin gene: forward 5-GTGGGCTGTAATCAT
GGTCTAG, reverse 5 -CTGCCGGTTCTCTTTCATTG, probe: 5'-AT
GTCCACACAAATCTCTCCCTGGC.

GFP* and Hoechst" Cell Counts

Z-projected images of GFP" and Hoechst" fluorescently labeled cor-
onal brain sections containing the dorsolateral pre-motor cortex,
orbitofrontal cortex, and putamen were counted using the Olympus
cellSens program. For each brain region quantified, a 40 x 40 grid
was placed on the outlined brain region at low magnification using
cellSens software. One box per each of the 40 rows was used to manu-
ally quantify the number of GFP" cells and Hoechst™ cells (high
magnification). For each tissue section, an average of 5,000 Hoechst*
cells were counted per brain region. In total, 2.5% of each image was
counted. A random number generator was used to determine which
box to count in each of the 40 rows. In cases where the box lay over a
tissue punch (collected for VGC analysis), another square from the
same row was chosen using a random number generator. Two tissue
sections spaced 480 pm apart from each other, and matched between
animals, were used for the quantification of each brain region from all
animals. For analysis, a ratio of GFP" cells (AAV-PHP.B-transduced
cells) to Hoechst™ cells (total cells) for each section was averaged be-
tween the two sections counted.

Statistical Analyses

All statistical analyses were performed with Prism software by Graph-
Pad. Mouse brain VGC data were analyzed by: (1) a two-way ANOVA
with injection route and brain region as the independent variables, and
VGC as the dependent variable for the injection route comparison; and
(2) a two-way ANOVA with dose and brain region as the independent
variables and VGC as the dependent variable for the dosing compari-
son. When significant overall effects were found, Tukey’s multiple
comparison post hoc analyses were performed. Mouse peripheral tissue
data were analyzed by a one-way ANOVA with injection route as the
independent variable and VGCs as the dependent variable. Upon sig-
nificant overall ANOVA effects, Tukey’s multiple comparisons tests
were made. NHP brain, spinal cord, and peripheral tissue VGC data,
as well as GFP*/Hoechst" cell count data, were assessed via planned
t tests comparing the two injection routes in each region. In all cases,
a p value <0.05 was considered significant.

Image Preparation
All graphs were made in Prism by GraphPad, and images were pre-
pared in Microsoft PowerPoint and Adobe Illustrator.
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