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Adeno-associated viral vectors (AAVs) have demonstrated po-
tential in applications for neurologic disorders, and the discov-
ery that some AAVs can cross the blood-brain barrier (BBB) af-
ter intravenous injection has further expanded these
opportunities for non-invasive brain delivery. Anc80L65, a
novel AAV capsid designed from in silico reconstruction of
the viral evolutionary lineage, has previously demonstrated
robust transduction capabilities after local delivery in various
tissues such as liver, retina, or cochlea, compared with conven-
tional AAVs. Here, we compared the transduction efficacy of
Anc80L65 with conventional AAVY in the CNS after intrave-
nous, intracerebroventricular (i.c.v.), or intraparenchymal in-
jections. Anc80L65 was more potent at targeting the brain
and spinal cord after intravenous injection than AAV9, and
mostly transduced astrocytes and a wide range of neuronal sub-
populations. Although the efficacy of Anc80L65 and AAVY is
similar after direct intraparenchymal injection in the striatum,
Anc80L65’s diffusion throughout the CNS was more extensive
than AAV9 after i.c.v. infusion, leading to widespread EGFP
expression in the cerebellum. These findings demonstrate
that Anc80L65 is a highly efficient gene transfer vector for
the murine CNS. Systemic injection of Anc80L65 leads to
notable expression in the CNS that does not rely on a self-com-
plementary genome. These data warrant further testing in
larger animal models.

INTRODUCTION

Adeno-associated viral vectors (AAVs) are considered a vector of
choice for in vivo gene transfer for various tissues based on an overall
attractive safety profile preclinically and clinically. Indeed, AAV is not
directly associated with any disease, minimally pro-inflammatory,
demonstrates promiscuous tropism for many therapeutic cell and tis-
sue targets, and its genome is stably maintained episomally yet tran-
scriptionally active in the cell nucleus in non-dividing cells.' * These
properties have contributed to demonstrations of long-lasting steady-

state expression (up to 10 years at least in humans’). Data from ani-
mal models have shown that AAV can lead to significant therapeutic
benefit in inherited,®® acquired,g’13 and even infectious'*™!” diseases.
Excitingly, encouraging results have also been reported in a handful of
early-stage clinical trials (phase I/II), such as a dramatically reduced
need for protein prophylaxis in hemophilia A and B,'*"*°
able impact on lifespan, motor function, and overall disease in the
most severe form of spinal muscular atrophy.”"** In January 2018,
the first AAV product, voretigene neparvovec, was approved by the
Food and Drug Administration (FDA) for the treatment of a form

of inherited retinal degeneration.*®

and remark-

The ability of AAVs to transduce post-mitotic cells and their strong
neuronal tropism has naturally promoted their use in the field of neu-
rosciences, not only for therapeutic purposes, but also as experimental
tools to express genetically encoded reporters to interrogate the basic
mechanisms underlying neuronal function or brain connectivity.”* "’
In most cases, direct intraparenchymal injection allows to bypass the
blood-brain barrier (BBB) and precisely manipulate gene expression
with time and spatial resolution, a strategy that has been associated
with clinical improvement in many pathological contexts, ranging
from neurodevelopmental®® > diseases to psychiatric®®*” or age-
related neurodegenerative disorders."”*"** Interestingly, the recent
characterization of AAV serotypes able to transduce the CNS after
a single intravenous injection in adult mice now offers a non-invasive
vector delivery route for the entire neural tissue and the possibility to
evaluate the impact of therapeutic candidates for multi-focal neuro-
logical disorders.”” " Although this approach constitutes a break-
through for the field, several issues remain when AAV is administered
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peripherally for clinical or basic research applications: first, efficient
CNS transduction in preclinical models is often conditional to the
use of a self-complementary (sc) genome (e.g., AAV9), which greatly
limits the insert capacity of the vector (<2.3 kb as opposed to 4.7 kb
for single-stranded AAV) ;7751 second, the presence of AAV neutral-
izing antibodies in human populations where natural AAV infections
occur in 30%-90% of individuals can dramatically inhibit the efficacy
of gene transfer by systemic delivery;*®** and third, ectopic expres-
sion of the transgene in peripheral tissues may lead to unwanted
side effects (a problem that can be limited by using neural cell-
type-specific promoters®>*). To overcome those issues, developing
novel AAVs that will retain their potential for crossing the BBB,
lead to sustained transgene expression from a single-stranded
genome, and limit pre-existing immunity is required.

In the present study, we characterized the efficacy and transduc-
tion profile of Anc80L65 harboring a single-stranded genome in
the CNS, thus preserving the full DNA insert capacity of the vec-
tor. As opposed to other AAVs, this relatively novel vector system
was designed in silico based on ancestral sequence reconstruction
with sequence information from natural AAVs, with the primary
goal to develop a stable and functional AAV variant, yet serolog-
ically and immunologically very distinct from AAVs currently
circulating in humans.”> Anc80L65 had not previously been
characterized for CNS targeting, yet has shown remarkable trans-
duction in the anterior segment of the eye,” retina,”™*’ and co-
chlea®®® following local injections. We therefore wanted to
evaluate Anc80L65 in its ability to target CNS after intravenous,
intraparenchymal, and intracerebroventricular routes of delivery.
Combining two different reporter approaches by bioluminescence
(Firefly luciferase [FLuc]) or fluorescence (EGFP), we demon-
strated that a single injection of Anc80L65 into the lateral tail
vein of adult immunocompetent mice led to sustained transduc-
tion of the entire CNS. Importantly, Anc80L65 largely outper-
formed the capabilities of AAV9 to target the nervous system
and increased the percentage of transduced neurons and astrocytes
by a factor 3 and 4.3, respectively. Although this performance re-
mained lower when compared with peripherally delivered AAV9
carrying an sc genome (scAAV9, which is the current configura-
tion used in current clinical trials), the increased transduction ca-
pabilities of Anc80L65 will offer novel opportunities to expand the
repertoire of therapeutic genes evaluated after systemic delivery.
When delivered directly into the brain parenchyma (striatum) or
in the lateral cerebral ventricle, less pronounced differences
were observed between Anc80L65 and AAVY9, even though
Anc80L65 further spreads after intracerebroventricular (i.c.v.) in-
jection. Considering the efficient expression of reporter genes in
neurons and astrocytes in mice after systemic administration of
Anc80L65 carrying a single-stranded genome, this vector is a use-
ful tool for delivery of transgenes in the CNS without the need for
packaging an sc genome (which restricts the cloning capacity of
the vector by half). These encouraging findings warrant further
study of Anc80L65 in larger animal models to evaluate it as a po-
tential candidate for clinical applications.
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RESULTS

Bioluminescence Imaging Reveals Higher Signal of Head Region
of Mice Systemically Injected with Anc80L65 Encoding FLuc
Compared with AAV9-FLuc Vector

To analyze the biodistribution and bodywide transduction pattern of
peripherally delivered Anc80L65, we injected in a pilot study BALB/c
female mice (n = 5, age 6-8 weeks) via the tail vein with 2 x 10"
genome copies (gc)/kg (5 x 10'° gc/25 g mouse) of Anc80L65 encod-
ing FLuc driven by the cytomegalovirus (CMV) promoter (described
in detail in the Materials and Methods). This combination of pro-
moter and transgene allowed for a versatile and highly sensitive
evaluation of expression at a moderate dose of vector delivered sys-
temically. For comparison, AAV9 vector carrying the same transgene
expression cassette was injected into a separate group of mice (n = 5).
Mice were imaged for FLuc-mediated bioluminescence after D-lucif-
erin substrate injection on days 3, 7, 21, and 42 after vector injection
(Figures S1 and S2). We observed a remarkably high signal emanating
from the liver region at day 3 post-injection in the Anc80L65 group,
which was on average 123-fold higher than the AAV9 group at this
time point. Signal declined slightly for the Anc80L65 group at day
7 and stabilized for the remaining time points. In contrast, biolumi-
nescent signal from AAV9-FLuc-injected mice increased by 3.7-fold
between days 3 and 7 before stabilizing for the remainder of the exam-
ined time points (Figure S1A). Interestingly, we also observed a robust
bioluminescent signal in the head region of Anc80L65-injected mice
(Figure S1B). At day 3, Anc80L65-FLuc-injected mice had an 8.3-fold
higher signal from the head region than AAV9-FLuc-injected mice.
This enhancement peaked at day 21 with a 34-fold higher signal in
the Anc80L65 groups over the AAV9 group. Both groups had an
overall slow increase in bioluminescence from days 3 to 42. The biolu-
minescence data from this pilot study suggested that Anc80L65 might
transduce the brain after intravenous (i.v.) delivery; a subsequent
study was therefore designed to determine cell-specific transduction
properties in the CNS using AAVs that encoded a fluorescent re-
porter, EGFP, and based on the literature and prior experience,
injected at a higher dose in order to obtain sufficient sensitivity to
determine cell-intrinsic expression.

Anc80L65 Broadly Transduces the CNS after Systemic Infusion,
and Mostly Targets Neurons and Astrocytes in the Brain

In order to get a better understanding of the transduction properties
of Anc80L65 in the CNS at a cellular level, another cohort of animals
was injected in the lateral tail vein with a vector encoding the EGFP
reporter. Due to the relative lack of sensitivity of immunostaining
compared with bioluminescence imaging, we infused a higher dose
of 4 x 10" gc/kg (1 x 10'% gc for a 25-g mouse) of Anc80L65-
CMV-EGFP and AAV9-CMV-EGFP. We also included a group of
mice injected with sc AAV9 (scAAV9) at equal dose as a positive
control benchmark because scAAV9 is the current vector of choice
used for peripheral approaches in clinical trials** and has been
previously reported to show a much higher transgene expression as
opposed to single-stranded AAV9 via this delivery route.”"** The
design of the sc and single-stranded (ss) transgene cassettes was
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made identical to allow for comparability (Figure S6). The number of
cells with EGFP signal after Anc80L65 i.v. injection was strikingly
higher than AAV9 (lowest EGFP signal), yet lower than scAAV9
(highest EGFP signal), and spread across the entire cerebral tissue

Figure 1. Anc80L65, AAV9, and scAAV9 Transduction
Profiles in the CNS after Intravenous Injection

(A) Representative images of EGFP fluorescence signal
(and DAPI) across three different coronal sections across
the brain: at the level of the striatum (upper panels), hip-
pocampus (Mmiddle panels), or cerebellum (bottom panels)
after intravenous injection of the same dose of Anc80L65,
AAV9, and scAAV9 harboring a self-complementary
genome in wild-type mice (4 x 10'® gc/kg). Scale bars:
1,000 um. (B) A closer view of each section reveals
numerous EGFP-positive cells in the cortex (ctx), striatum
(str), cerebellum, and hippocampus (hpc) after Anc80L65
infusion. The overall distribution of transduced cells was
similar for both AAV9 and scAAV9. Scale bar: 100 um. (C)
Within the spinal cord, AAV transduced cells could be
observed in the ventral (vh) and dorsal (dh) horns as well.
Scale bar: 500 um.

(Figure 1A). Cortex, striatum, hippocampus,
and cerebellum were homogeneously trans-
duced (Figure 1B), and the distribution of
EGFP-positive cells was not significantly
different between each vector, even though their
overall density varied. Anc80L65 also led to
transduction in the spinal cord, again with an in-
termediate level between single-stranded and sc
AAV9 (Figure 1C). These data confirmed our
previous observations using the Luciferase
reporter system and demonstrated that
Anc80L65 can efficiently cross the BBB after
peripheral delivery and target the neural tissue.
To evaluate the biodistribution of Anc80L65,
AAVY9, and scAAV9 in peripheral organs after
systemic delivery, we determined the number
of AAV gc by qPCR in liver, heart, quadriceps,
and diaphragm. Anc80L65 led to an intermedi-
ate level of vector gc as compared with single-
stranded (lowest level of gc/diploid cell) and
sc (highest level of gc/diploid cell) AAV9
(Figure S3). Those results suggest that, even
though Anc80L65 generally showed a better
transduction efficacy as opposed to AAV9Y,
the overall biodistribution of both vectors is
not drastically different (as previously reported
in our initial characterization of Anc80L65°°).

In order to characterize which neural cell types
were primarily transduced by each AAV after pe-
ripheral delivery, we performed co-immuno-
staining between EGFP and molecular markers
of neurons (neuronal nuclei [NeuN]), astrocytes (glutamine synthe-
tase [GS]), microglia (Iba-1), and oligodendrocytes (Olig2). As shown
in Figure 2, astrocytes and neurons were transduced by all three
AAVs, with different rates of efficacy. Additionally, intraparenchymal
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Figure 2. Identification of the Different Neural Cell Types
Transduced by Peripherally Administered Anc80L65, AAV9,
and scAAV9 Harboring a Self-Complementary Genome
Double immunostainings were performed in order to determine the
main neural cell types transduced by each vector. Colocalization
between EGFP and NeuN (neuronal nuclei) (A), or EGFP and GS
(glutamine synthetase) (B) suggest that neurons and astrocytes are
mostly targeted by Anc80L65, AAV9, and scAAV9 delivered intra-
venously. (C) In the corpus callosum, few oligodendrocytes (iden-
tified by the marker Olig2) expressing EGFP were also detected.
Higher magnification images of individual cells are presented on the
right panels for each cell type. By contrast, no transduced microglial
cells (Figure S4) were observed. Scale bar: 50 pm.
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astrocytes, as well as astrocytic endfeet, were evenly transduced (Fig-
ure S4), suggesting that the proximity of astrocytes to blood vessels
was not directly correlated with a higher probability of transduction,
but that other mechanisms are in play. Seldom EGFP-positive oligo-
dendrocytes were detected, and they were predominantly found in
the corpus callosum (Figure 2C). There were virtually no Ibal-positive
transduced cells found, indicating that none of the vectors were able to
target microglial cells (Figure S5).

O
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Figure 3. Neuronal Sub-types Targeted by Anc80L65
after Peripheral Injection

Representative images of co-labeling experiments per-
formed to characterize the neuronal sub-types transduced
by Anc80L65 (double-positive cells are indicated by white
arrows). The colocalization between EGFP with CaMKIl (A)
or GAD67 (B) markers demonstrates efficient targeting of
excitatory and inhibitory neurons, respectively. (C) Inter-
estingly, EGFP/tyrosine hydroxylase (TH)-positive dopami-
nergic neurons were also observed in the substantia nigra.
(D) In the cerebellum, numerous Purkinje cells, identified
with the marker Calbindin, express EGFP. (E) In the spinal
cord, EGFP-positive motor neurons expressing the choline
acetyltransferase (ChAT) were observed. Scale bar: 50 um.

To further characterize the neuronal sub-types tar-
geted by Anc80L65-CMV-EGFP after peripheral
infusion, we performed additional immunolabel-
ing for specific markers of excitatory neurons
(Ca**/calmodulin-dependent protein kinase II
[CaMKII]), inhibitory neurons (glutamate decar-
boxylase [GAD67]), dopaminergic neurons (tyro-
sine hydroxylase [TH]), Purkinje cells (calbindin),
and motor neurons (choline acetyltransferase
[ChAT]), all co-stained for EGFP (Figure 3). In
the cortex and hippocampus, a majority of pyrami-
dal excitatory neurons were transduced after i.v.
injection of Anc80L65 (Figure 3A), while compar-
atively fewer inhibitory neurons were detected
(Figure 3B). Dopaminergic EGFP-positive neu-
rons in the substantia nigra (Figure 3C), as well
as EGFP-positive Purkinje cells in the cerebellum,
were numerous (Figure 3D), whereas ChAT/EGFP
double-positive cells confirmed that Anc80L65
was also able to target motor neurons (Figure 3E).
Overall, those results demonstrate that Anc80L65
efficiently transduces several neuronal sub-types,
as well as astrocytes, after systemic injection.

Anc80L65 Transduces Neurons and

Astrocytes with a Greater Efficacy Compared
with AAV9 after i.v. Delivery When Both

Vectors Harbor a Single-Stranded Genome

In order to have a quantitative evaluation of the
gene transfer efficacy after iv. injection of
Anc80L65, AAVY, and sc AAV9, we performed
in the cortex an unbiased stereological analysis of the percentages
of transduced astrocytes and neurons, respectively, identified by the
markers GS and NeuN. We quantified the density of EGFP/GS or
EGFP/NeuN double-positive cells among the total number of
astrocytes or neurons after random sampling of the cortical mantle.
We observed that a single injection of Anc80L65 led to the transduc-
tion of 6.8% + 1.3% of neurons and 26.7% * 5.3% of astrocytes in
the cortical mantle, which was significantly higher than AAV9
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Figure 4. Stereology-Based Quantification of the
Percentages of Transduced Neurons and Astrocytes
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C57BL/6 mice were sacrificed 4 weeks after intravenous
injection of Anc80L65, AAV9, or scAAV9. To evaluate
the percentage of neuronal transduction, an unbiased
stereological analysis of the total number of neurons
(identified using the NeuN marker) or astrocytes (identi-
fied using the GS marker) and of the total number of
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O NeuN/EGFP and GS/EGFP double-positive cells was
éyY’ achieved by random sampling of the cortex. The
percentage of neurons (A) and astrocytes (B) expressing

EGFP after transduction by Anc80L65 reached an

intermediate level when compared with AAV9 and scAAV9. n = 4 mice per group (two sections analyzed per mouse); non-parametric one-way ANOVA
(Kruskal-Wallis test) followed by Dunn’s multiple comparison test; *p < 0.05. Data are represented as the mean with SD.

(2.3% = 0.7% and 6.2% + 2.3%, respectively), but did not reach the
levels of sc AAV9 (11.9% + 4.7% and 45.9% + 6.2%, respectively;
p < 0.05, Kruskal-Wallis test followed by a Dunn’s multiple compar-
isons; Figure 4). These results demonstrate that Anc80L65 is advan-
tageous compared with AAV9 when using a single-stranded vector,
allowing efficient delivery of transgenes to the CNS after i.v. delivery
while preserving the full cloning capacity of AAV.

Direct Intracerebral Injection of Anc80L65 in the Striatum or the
Cerebroventricular Space Leads to Widespread Expression of
Transgene

While systemic delivery is non-invasive and can lead to transduction
of most of the neural tissue at once, targeted intracerebral injections
can also offer advantages in certain pathological contexts character-
ized by focal alteration of the nervous system, achieve clinical efficacy
with a much lower dose of vector, and avoid ectopic expression of a
specific gene in the periphery. We therefore assessed the performance
of Anc80L65 transduction after intrastriatal or intracerebroventricu-
lar injections in comparison with conventional AAV9 (both
harboring identical single-stranded genomes).

Anc80L65 and AAVY direct injection profiles in the striatum were
rather comparable (Figure 5). Both vectors efficiently transduced
the entire region of interest and showed a preferential tropism for
neurons as opposed to astrocytes (Figure 5B), in direct contrast
with the results observed after iv. delivery. Injection of Anc80L65
or AAV9Y in the lateral ventricle led to more contrasted results (Fig-
ure 6), with Anc80L65 showing a higher efficacy at targeting the
choroid plexus (Figure 6B) and leading to a much wider transduction
pattern as compared with AAV9. In particular, a large number of
EGFP-positive Purkinje cells could be detected in the cerebellum,
whereas these were seldom detected after AAV9 injection
(Figure 6A).

DISCUSSION

Remarkable progress in the field of gene therapy has been made with
AAV technologies. Over the past few years, the diversity of the
available AAV library has been greatly expanded; initial studies
further explored the AAV biodiversity, others modified natural vari-

ants rationally, and a third set of strategies that has been a great
emphasis of the vector development field has been to leverage
methods of library selection via directed evolution.>*>** AAV9 was
isolated from a latent viral genome in human tissue by sensitive
PCR methods.®® Anc80L65, on the other hand, was entirely designed
in silico based on statistical inferences of the putative ancestral
sequence state within the primate AAV lineage.”® Transduction prop-
erties in neurosensory targets such as the retina’® and inner ear”*
illustrated its potential for neuronal targeting. Additionally, we
observed a low level of cross-reactivity between Anc80L65 and con-
ventional serotypes available, likely because of its significant sequence
and structural divergence from the closest AAV sequence rh.10 by
8.6%, an important feature considering that pre-existing immunity

against AAV can significantly reduce its efficacy.®®’

In order to further characterize this novel variant, the present work
specifically studied the transduction capabilities of Anc80L65 in the
CNS as compared with AAV9 after iv., intracerebroventricular, or
intrastriatal infusion in adult mice. Of importance, it is conceivable
that an sc genome packaged in Anc80L65 would have led to greater
performances, because it is the case for conventional AAV9. How-
ever, the current study essentially aimed at investigating the transduc-
tion capabilities of Anc80L65 based upon the unique characteristics of
the capsid of the vector as an ssAAV that preserves the full cloning
capacity of AAV, and thereby increases dramatically the number of
applications of the technology. In this context, it is important to
note that ssSAAV genomes at low efficiency are able to package
dimeric (analogous to sc) genomes, a phenomenon that is favored
for genomes close to or less than 50% of AAV wild-type packaging
size (Figure S6). While the relative level and contribution in transduc-
tion of this dimeric species in the ssAnc80L65 and ssAAV9 is ex-
pected to be similar, it was not empirically determined in the current
study.

One of the most appealing features of AAV vectors is their ability to
transduce non-dividing cells and their excellent neuronal tropism,
which make them a tool of choice to study and manipulate brain
circuitry or to express therapeutic genes in various neurological
contexts."***>?"?>3! Often, a strategy by direct intraparenchymal
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infusion is chosen to target specific brain regions, and we observed
that either direct intraparenchymal or intracerebroventricular injec-
tions of Anc80L65 potently transduced neurons and astrocytes in
the brain, with similar efficacy as conventional AAV9. Interestingly,
i.cv. delivery of Anc80L65 led to a broader diffusion of the vector
than AAVY9, extending to the cerebellum. Additionally, a particularly
strong tropism for the choroid plexus and the ependymal cells was
observed, a feature that may be very valuable for the treatment of spe-
cific neurological disorders such as Batten disease’”, spinal muscular
atrophy,®® metachromatic leukodystrophy,”” mucopolysaccharidosis
type IITA,”® or Alzheimer’s disease.”' Although strategies by direct
intracerebral injection have proven valuable, they still involve moder-
ately invasive surgical procedures that may not become easily trans-
latable to a large number of patients and may not be suitable to impact
diffuse neuropathological processes. The discovery that AAV9*” and
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Figure 5. Sustained Neuronal Transduction after Direct
Intrastriatal Injection of Anc80L65 and AAV9

(A) Representative images of EGFP fluorescence signal (and
DAPI) across the striatum after direct intraparenchymal in-
jection of Anc80L65 or AAVY (1.5 x 10'° gc/injection site).
Scale bar: 1,000 um. (B) Higher magnification images of the
striatum reveal that neurons were mostly transduced with this
route of delivery, as demonstrated by the colocalization be-
tween EGFP and NeuN. Scale bar: 100 pm.

several other serotypes (AAVrh.10, AAVrh.39,
AAVrh.43, AAV9, and AAV7*®"") can cross the
blood-brain barrier after systemic infusion and
achieve spread transduction of the CNS after mini-
mally invasive surgical procedures has opened
novel research avenues in the field of neurosci-
ences. Remarkable benefit has already been
demonstrated using i.v. delivery of AAV in multi-

21,44,72-74 P .
A87277% and a first clinical trial

ple animal models,
has been approved by the FDA to use systemic de-
livery of AAV9 for the treatment of infantile spinal
muscular atrophy type 1.°> Considering that
Anc80L65 is the predicted synthetic ancestor of
AAV serotypes 1, 2, 8, and 9, we hypothesized
that it may also cross the BBB. Indeed, although
the difference in transduction efficacy was minimal
after intraparenchymal or intracerebroventricular
injections (implying that the steps of receptor-
mediated entry, intracellular trafficking, endoso-
mal escape, and intranuclear transport were com-
parable between Anc80L65 and AAV9), our results
that peripherally
Anc80L65 efficiently targets the neural tissue,
with an order of magnitude above conventional
AAV9. However, the percentages of EGFP-posi-
tive cells remained lower when compared with
AAV9 harboring an sc genome. The transduction
discrepancy between single-stranded and sc AAV
administered peripherally has been reported in previous studies, >
an effect potentially related with the rate-limiting conversion of

ssDNA to double-stranded genomic DNA, a slow process that relies
61,62

demonstrate administered

on host-cell DNA synthesis and delays or impairs transduction.
By contrast, the increased capacity of Anc80L65 to target the nervous
system after peripheral injection as compared with AAV9 necessarily
relies on differences of the capsids, which could impact the half-life of
the vector within the bloodstream and/or the capacity of the vector to
cross vascular endothelial barriers and in particular the BBB. Previous
studies have demonstrated that each serotype has a different half-life
after systemic infusion, with AAV9 exhibiting a particularly slow
blood clearance and sustained infectivity in the bloodstream (up to
24 hr).”” Additionally, efficient transcytosis of AAV across endothe-
lial cells, which has been demonstrated in vitro, could be a determi-
nant factor for CNS gene transfer after peripheral delivery.”® Indeed,
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Figure 6. Widespread Diffusion of Anc80L65 as Compared with AAV9 after Intracerebroventricular Injection

(A) Representative images of the EGFP fluorescence intensity detected over three coronal sections after intracerebroventricular infusion of Anc80L65 or AAV9 (4.5 x
10'° gc/injection site). Of interest, although the signal was comparable at the level of the ventricle or in the hippocampus, Anc80L65 appeared to diffuse much more broadly
as compared with AAV9, as shown by the increased EGFP fluorescence across the cerebellum. Scale bar: 1,000 um. (B) Anc80L65 also efficiently targets the choroid plexus,
whereas sparse choroid plexus transduction was observed with AAV9.
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AAV9 has been shown to shuttle across brain microvascular endothe-
lial cells (BMVECs) more efficiently than AAV2 without compro-
mising the integrity of the BBB. By contrast, AAV2 appears to be
directly endocytosed without diffusing through the BMVEC cell layer,
resulting in transduction of those cells.”” Whether those features
(blood stability and transcytosis through the BBB) are potentiated
with Anc80L65 remains to be determined. In any case, the high effi-
cacy of Anc80L65 harboring a single-stranded genome to transduce
the CNS after i.v. infusion makes it a very attractive option for periph-
eral delivery of a wide variety of genes to the brain and the spinal cord
(cloning capacity for a scAAV: ~2.3 kb; for an ssAAV: 4.7kb”®). Addi-
tionally, higher doses of Anc80L65 could be delivered to further
increase its transduction efficiency in the nervous system. To date,
only a few variants of AAV9 from a library-based selection (AAV-
PHP.B, AAV-PHP.eB, and AAV-PHP.S) have been shown to also
achieve a high level of transgene expression in the CNS after iv.
administration of recombinant virions carrying a single-stranded
genome.*>** PHP.B, PHP.eB, and PHP.S, which were not available
at the initiation of these studies, are highly potent AAVs that incor-
porate a peptide in a surface-exposed region of the AAV9 capsid. A
library of peptides was successfully selected from a compelling in vivo
selection strategy in order to identify potent BBB-crossing AAVs,
which led to the isolation of AAV.PHP.B and other related vari-
ants.”>*>%*7>% One concern with orthologous strategies such as
the peptide insertion in PHP.B is the risk that a particular technology
is active only in the host species it was selected in. Specifically, the in-
serted peptide may engage a new pathway for transduction as
compared with the canonical AAV pathway, which drives the
enhanced BBB and CNS biology. Although it is known that the
AAV uptake and tropism biology are qualitatively upheld across spe-
cies (e.g., by the conservation of the AAVR entry receptor), this is not
known of these orthologous pathways that AAV normally does not
engage, which may impact the ability for vector technologies such
as AAVR to translate across species, and eventually to humans.
Indeed, a recent study by the group of James M. Wilson®' demon-
strated that AAV.PHP.B’s phenotype for enhanced transduction in
the CNS following i.v. injection was limited to the C57BL/6 strain
in which it was originally derived. By design, Anc80L65 permutates
residues on the AAV capsid that were naturally under selective pres-
sure throughout evolution, thereby possibly skewing its transduction
biology more toward conserved pathways. Further studies are
required, however, to demonstrate whether Anc80L65’s findings
here do translate to other mouse strains and higher species.

Importantly, although i.v. infusion of Anc80L65 efficiently targeted
the brain and spinal cord, very high expression in the liver was also
observed (Figures SI and S2). In fact, at day 3 post-injection, the
signal emanating from the liver was 123-fold higher with Anc80L65
than AAV9. This large differential decreased to about 15-fold from
day 7 on, due to a slight decrease in expression of Anc80L65 and
an increase in expression from days 3 to 7 with AAV9 (Figure S1A).
This observation could be partially explained by faster expression
kinetics for Anc80L65 versus AAV9, although the mechanism for
this is thus far unknown. The decrease of signal between days 3

and 7 in Anc80L65-FLuc-injected mice could be because of transient
expression in cells other than hepatocytes (e.g., Kupffer cells, sinusoi-
dal endothelial cells), although future studies will need to address this
possibility. The high liver transduction with Anc80L65 raises three
concerns when considering translation to the clinic: first, ectopic
expression of a foreign protein in an organ that physiologically
does not produce it can lead to unpredictable side effects; second,
expression of a transgene in the periphery can promote an adverse
immune reaction when the protein is initially absent, whereas
targeted expression in the neural tissue (referred to as an “immuno-
tolerant” organ) would not lead to such a reaction;®**? and third,
AAV genotoxicity has occasionally been reported in the liver after
infusion of high doses of vector.**"*
and increase the safety of peripherally delivered AAV, strategies to
restrict the expression of the transgene specifically in neural cells
(using appropriate specific promoters or miRNA)>>%%
Anc80L65 affinity for hepatocytes (approaches known as “liver detar-
geting”™’) could be implemented.

To circumvent those issues

or to lower

Overall, the present study emphasizes the efficacy of ssAnc80L65 as
an efficient gene transfer tool to target the CNS after i.v., intracerebro-
ventricular, and iv. injection. Although those results further
investigation of its transduction profile in other species, including
non-human primates will warrant its potential as an excellent gene
transfer tool.

MATERIALS AND METHODS

AAV Vector Genetic Backbone and Production

A CMV.EGFP.WPRE and CMV.EGFP.T2A Luciferase.SVPA were
cloned into an AAV2 genetic backbone. The expression cassette of
the CMV.EGFP.WPRE vector genomes used to produce single-
stranded AAV9, Anc80L65, and sc AAV9 (scAAV9) had exactly
the same configuration (Figure S6). AAV2/9 and AAV2/Anc80L65
viral stocks were prepared and titered at the Gene Transfer Vector
Core (http://vector.meei.harvard.edu) at Massachusetts Eye and
Ear. AAV preparations were produced by triple-plasmid transfection
as described previously.” In brief, large-scale polyethylenimine trans-
fections of AAV cis, AAV trans, and adenovirus helper plasmid were
performed with near-confluent monolayers of HEK293 cells. The
downstream purification process was performed following protocols
described previously.” Viral vectors were resuspended in PBS. DNase
I-resistant vector genomes copies were used to titrate AAV prepara-
tions by TagMan qPCR amplification (Applied Biosystems 7500; Life
Technologies, Woburn, MA, USA) with primers and probes detecting
promoter and transgene of the transgene cassette. The purity was
evaluated by SDS-PAGE gel electrophoresis. AAV2/Anc80L65
plasmid reagents are available through http://www.addgene.org/.

Animals and Tail-Vein Injection

All animal experiments were approved by the Institute of Animal
Care and Use Committees at the Schepens Eye Research Institute
(SERI) and the Massachusetts General Hospital Subcommittee on
Research Animal Care following guidelines set forth by the NIH
Guide for the Care and Use of Laboratory Animals. BALB/c mice or
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C57BL/6 females aged 6-8 weeks were purchased from Charles River
Laboratories. We used BALB/c mice for in vivo bioluminescence
imaging because white fur interferes less with the sensitivity of photon
detection (compared with black fur). We used C57BL/6 for immuno-
fluorescence detection of EGFP in brain sections because this strain
has been used by our laboratory historically for this purpose. For
tail-vein injections of AAV vectors, mice were placed into a restrainer
(Braintree Scientific, Braintree, MA, USA). The tail was warmed in
40°C water for 30 s before wiping the tail with 70% isopropyl alcohol
pads. A 200 pL volume of vector (either 2.0 x 10'? gc/kg for the
bioluminescence or 4 x 10'* gc/kg for the EGFP experiments, diluted
in PBS) was slowly injected into a lateral tail vein before gently finger-
clamping the injection site until bleeding stopped. Animals were
euthanized 42 (bioluminescence experiments) or 28 days (immuno-
fluorescence experiments) after injections of Anc80L65/AAV9-Luc
or Anc80L65/AAV9-EGFP, respectively. We used a lower dose
(5 x 10" gc/25 g mouse) for the bioluminescence imaging because
we were analyzing full-body bioluminescence. At higher AAV doses,
the luciferase-induced light emission from the liver is so intense that it
can convolute determination of bona fide signal emanating from
other body sources.

We used a higher dose (1 x 10'% gc/25 g mouse) in the immunoflu-
orescence experiments, because this is required for detection of EGFP
expression in individual cells after i.v. injection.

Stereotactic Intracerebral Injections

Stereotactic intrastriatal and intracerebroventricular injections of
AAV9 and Anc80L65 were performed as described previously.”!
Animals were anesthetized by intraperitoneal injection of ketamine/
xylazine (100 and 50 mg/kg body weight, respectively) and positioned
on a stereotactic frame (Kopf Instruments, Tujunga, CA, USA). Injec-
tions of vectors were performed in either the striatum (3 pL of viral
suspension/injection site, 1.5 x 10'* gc/mouse) or in the lateral
ventricle (5 uL of viral suspension/injection site, 4.5 x 10" gc/
mouse), using a 33G sharp needle attached to a 10-uL Hamilton
syringe (Sigma-Aldrich, St. Louis, MO, USA), at a rate of
0.2 pL/min. Stereotactic coordinates of injection sites were calculated
from bregma (striatum coordinates: anteroposterior +0.5 mm,
mediolateral +2.5 mm, and dorsoventral —2.5 mm; lateral ventricle
coordinates: anteroposterior +0.25 mm, mediolateral +0.7 mm, and
dorsoventral —2 mm).

Immunohistology

Four weeks after injection of Anc80L65, AAVY, and sc AAV9
(scAAV9), mice were given an overdose of anesthesia, transcardially
perfused with PBS, and the brain was dissected and post-fixed in 15%
glycerol/4% PFA for 48 hr. After cryoprotection in PBS with 30%
glycerol for 3 days, 40-pum-thick coronal floating sections were cut us-
ing a cryostat microtome for immunohistological analysis. After
rinsing off the glycerol in Tris-buffered saline (TBS) bulffer, cryosec-
tions were permeabilized in 0.5% Triton X-100 (AmericanBio) in TBS
for 20 min at room temperature and blocked with 5% normal goat
serum (NGS) and 0.5% Triton in TBS for 1 hr at room temperature.
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Primary antibodies were incubated overnight at 4°C in 2.5% NGS and
0.1% Triton in TBS, whereas Alexa Fluor 488 or Cy3-conjugated
secondary antibodies (Jackson Immunoresearch Laboratories, Balti-
more, MD, USA) were incubated for 1 hr the next day. Primary anti-
bodies used for this study were chicken anti-GFP (Aves Labs, Tigard,
OR, USA), mouse anti-NeuN (EMD Millipore, Burlington, MA,
USA), rabbit anti-glutamine synthetase (Abcam, Cambridge, CA,
USA), rabbit anti-Olig2 (EMD Millipore, Burlington, MA, USA), rab-
bit anti-Ibal (Wako, Japan), rabbit anti-CaMKII (Abcam, Cam-
bridge, MA, USA), mouse anti-GAD67 (EMD Millipore, Burlington,
MA, USA), rabbit anti-ChAT (EMD Millipore, Burlington, MA,
USA), mouse anti-calbindin (Abcam, Cambridge, MA, USA), rabbit
anti-TH (Novus Biologicals, Littleton, CO, USA), and DyLight 594
Lycopersicon Esculentum lectin (Vector Laboratories, Burlingame,
CA, USA). Sections were mounted with Vectashield mounting me-
dium with DAPI (Vector Laboratories, Burlingame, CA, USA).

Epifluorescence Microscopy

Tile-scan images were collected on a Zeiss Axio Imager Z epifluores-
cence microscope equipped with AxioVision software and modified
for automated acquisition of entire brain slices, using 5x, 10x, or
20x objectives. Exposure times for each specific immunostaining
were set and maintained between each cryosection to preserve
consistency.

Stereology-Based Quantitative Analyses

Stereology-based studies were performed as previously describe
using a motorized stage of an Olympus BX51 epifluorescence
microscope equipped with a DP70 digital CCD camera, an X-Cite
fluorescent lamp, and the associated CAST stereology software
version 2.3.1.5 (Olympus, Tokyo, Japan). The cortex was initially
outlined under the 4x objective. Random sampling of the selected
area was defined using the optical dissector probe of the CAST soft-
ware. To evaluate the percentage of Anc80L65, AAV9, and scAAV9
transduced astrocytes or neurons, we performed the stereology-based
counts under the 20x objective, with a meander sampling of 10% for
the surface of cortex for Anc80L65 and scAAVY, and 30% for AAV9
(the EGFP-positive cells being seldom in this case). For each counting
frame, the total number of astrocytes (GS-positive cells) or neurons
(NeuN-positive cells) was evaluated, and among each of those
populations, the percentages of EGFP-positive cells. Only glial and
neuronal cells with a DAPI-positive nucleus within the counting
frame were considered. Counts were performed blindly.

92.9
d,)Z,)S

Tissue DNA Biodistribution

Snap-frozen tissue was proteinase K digested, and genomic DNA
(gDNA) was extracted using the Blood & Cell Culture DNA Mini
kit (Qiagen, Germantown, MD, USA) as indicated. Isolated gDNA
was quantified using the BioTek plate reading spectrophotometer
(BioTek Instruments, Winooski, VT, USA). gc distribution in diploid
cells were detected and quantified by qPCR using Applied Biosystems
7500 Real-Time PCR Systems with TagMan PCR master mix reagents
(Applied Biosystems, Woburn, MA, USA) and transgene-specific
primer/probes.
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Bioluminescence Imaging

Imaging experiments were performed using the IVIS Spectrum
imager outfitted with an XGI-8 gas anesthesia system (PerkinElmer,
Waltham, MA, USA). Mice were anesthetized and then injected intra-
peritoneally with 4.5 mg of D-luciferin substrate (Sigma-Aldrich, St.
Louis, MO, USA) resuspended in 150 pL of PBS. Five minutes
post-substrate injection, mice were imaged for luciferase expression
using auto-acquisition. We acquired bioluminescence using the
auto-exposure setting. Quantitative analysis of bioluminescence
images was performed using Living Image software (Perkin Elmer).
Regions of interest were carefully circumscribed around each body
area (e.g., liver, head), and the light emission expressed in photons
per second in graphical format. In bioluminescence images, the scale
is depicted as radiance (photons/s/cmz/steradian).

Statistics

Statistical analysis of data was performed using GraphPad Prism soft-
ware (version 5.01). Because of the small number of animals per
experimental group, the normality test was not conclusive (D’Agos-
tino-Pearson normality test). A non-parametric one-way ANOVA
test (Kruskal-Wallis test) followed by a Dunn’s multiple comparisons
test was therefore performed. A p value <0.05 was considered to be
statistically significant. For statistical analysis of bioluminescence
assays, comparison between two groups was performed using an
unpaired t test. Data are represented as the mean with SD.
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