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Abstract

Until recently, adeno-associated virus 9 (AAV9) was considered the AAV serotype most effective in crossing the
blood-brain barrier (BBB) and transducing cells of the central nervous system (CNS), following systemic injection.
However, a newly engineered capsid, AAV-PHP.B, is reported to cross the BBB at even higher efficiency. We investigated
how much we could boost CNS transgene expression by using AAV-PHP.B carrying a self-complementary (sc) genome. To
allow comparison, 6 weeks old C57BL/6 mice received intravenous injections of sSCAAV2/9-GFP or scAAV2/PHP.B-GFP at
equivalent doses. Three weeks postinjection, transgene expression was assessed in brain and spinal cord. We consistently
observed more widespread CNS transduction and higher levels of transgene expression when using the scAAV2/PHP.B-
GFP vector. In particular, we observed an unprecedented level of astrocyte transduction in the cortex, when using a
ubiquitous CBA promoter. In comparison, neuronal transduction was much lower than previously reported. However, strong
neuronal expression (including spinal motor neurons) was observed when the human synapsin promoter was used. These
findings constitute the first reported use of an AAV-PHP.B capsid, encapsulating a sScAAV genome, for gene transfer in adult
mice. Our results underscore the potential of this AAV construct as a platform for safer and more efficacious gene therapy
vectors for the CNS.

Introduction

Adeno-associated viruses (AAV) have proved to be one of
the most promising viral vector systems for use in gene
therapy, due to their excellent safety profile (non-replicative
and non-pathogenic), ability to infect both dividing and
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non-dividing cells, and to provide long-term expression of
any given transgene. AAV vectors have been especially
useful for the treatment of neurological disorders in pre-
clinical animal models—and this has led to numerous
therapeutic trials in humans [1].

A major challenge when developing gene therapy for the
central nervous system (CNS) is the route of delivery. Most
neurological disorders need large areas of the brain to be
targeted, if not the entire CNS. Therefore, direct intrapar-
enchymal delivery, which has the advantage of requiring
relatively low doses of vector, is not clinically appealing, as
it is a highly invasive procedure, which usually leads to
poor dispersion of the AAV vector and hence the transgene.
Another alternative is to deliver AAV vector into the cer-
ebrospinal fluid via intracerebroventricular or intrathecal
(cisterna magna or lumbar puncture) injection. Various
groups have shown the feasibility and therapeutic potential
of this approach in rodent and large animal models [2].
However, this route of delivery is not risk free: the injection
procedure requires highly trained personnel and can lead to
infection and/or neurotoxicity [3].
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From a clinical standpoint, systemic delivery remains
ideal, as a single injection allows targeting of the entire
CNS without complicated and invasive injection procedures
—and their associated risks. A breakthrough came with the
discovery that AAV vectors based on serotype 9 are able to
cross the blood-brain barrier (BBB) and efficiently trans-
duce CNS cells after systemic delivery [4, 5]. Importantly,
the therapeutic benefit of this strategy was proven in various
rodent models of neurological conditions [6-9]. However,
several practical hurdles remain in relation to using sys-
temic AAV delivery to treat CNS conditions. Principal
amongst these are challenges in terms of vector production
and safety, as high doses are generally required to achieve
therapeutically relevant levels of transgene expression,
following systemic administration. Thus, developing stra-
tegies that enhance overall levels of transgene expression in
the CNS (or in specific CNS cell types) remains a priority.
The development of self-complementary (sc) AAV-based
vectors has proved effective in boosting transgene expres-
sion [10]. Various reports have shown that the use of a
scAAV vector dramatically enhances expression of a given
transgene (10 to 50-fold) in the CNS after systemic delivery
[4, 11, 12]. Careful selection of promoters and regulatory
elements can also boost expression in specific CNS cell
types. The ubiquitously expressed CAG promoter (and its
derivatives CBA and CB), as well as the CMV promoter,
are the most frequently used in both preclinical and clinical
studies—as both promoter types give efficient transgene
expression across all major CNS cell types [1]. However,
the level of transgene expression varies considerably
between cell types (both in terms of the number of cells
expressing the transgene and the strength of expression),
and this also depends on the specific regulatory elements
used [13].

Off-target transduction represents another challenge
when using a systemic delivery route. The use of CNS-
specific promoters only partially addresses this issue [14].
Complementary approaches to reducing off-target trans-
duction aim at enhancing vector tropism for the desired
organ or cell type, while (simultaneously) reducing tropism
for off-target systems. De novo synthesis of novel AAV
capsids, or modification of existing capsids (through
directed evolution [15], mutagenesis of specific amino acids
in the capsid [16], or incorporation of specific targeting
peptides [17]) have all proved to improve CNS transduc-
tion, while decreasing transduction in peripheral organs. In
2016, Deverman et al. [18] reported a significant advance in
capsid design, when they published a selection method
called Cre recombination—based AAV targeted evolution
(CREATE)—which allows selection of AAV capsids that
efficiently transduce defined Cre-expressing cell popula-
tions in vivo. They used CREATE to generate AAV capsids
that efficiently transduce the adult mouse CNS after
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intravenous injection. One variant in particular, AAV-PHP.
B, was reported to transduce the majority of astrocytes and
neurons across multiple CNS regions following systemic
injection, leading to a 40-fold increase in transgene
expression compared to AAV9, when both vectors used
single-stranded expression cassettes. However, it is widely
known that transgene expression using AAV9 is greatly
enhanced by using a scAAV genome configuration (see
above) [10]. Hence, in this study, we sought to further
improve transduction levels in the CNS obtained with PHP.
B. Using injections in adult mice, we show that expression
levels, following systemic injection, are boosted when the
PHP.B capsid envelops a self-complementary genome, and
that these transduction levels exceed the current state of the
art. As such, this vector configuration represents a sub-
stantial improvement over existing AAV-derived vectors
for efficient and safe CNS use.

Results and discussion

To assess the effect of different genome configurations on
the levels of CNS transduction obtained with the PHP.B
capsid, we injected 1x 10" vector genomes (vg) of either
ssAAV2/PHP.B-CBA-GFP or scAAV2/PHP.B-CBA-GFP
in C57BL/6 adult mice. As expected, based on knowledge
of the AAV replication cycle [10], we observed higher
levels of transgene expression in all brain regions evaluated
with injection of scAAV2/PHP.B (5516 +587 vs. 3442 +
420 a.u.; p=0.0074: Supplementary figure 1). Further-
more, our results revealed that the cell tropism was similar
between the evaluated groups. The higher level of overall
transgene expression obtained using the scAAV genome
was largely the result of an increased number of astrocytes
expressing GFP, relative to neurons (Supplementary fig-
ure 2). These results provide unambiguous confirmation that
scAAV2/PHP.B gives superior CNS transduction following
systemic injection.

Systemic delivery of scAAV2/PHP.B-CBA-GFP
achieved widespread transgene expression in the
brain

To obtain insight into the degree of improved BBB crossing
and cell transduction possible with scAAV2/PHP.B-CBA-
GFP, we referenced it to the current gold standard,
scAAV2/9-CBA-GFP (hereafter referred to as scAAV2/9),
following intravenous delivery. Adult C57BL/6 mice were
injected through the lateral tail vein at post-natal day 42
(1x 10" vg/mouse). Transduction efficiency was evaluated
in brain tissue using immunofluorescence analysis, 3 weeks
postinjection. As previously reported, both viral vectors
were able to cross the BBB and mediate GFP expression in
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various regions of the brain. However, GFP expression in
mice injected with scAAV2/PHP.B was significantly
increased compared to those that received scAAV2/9.
Strong GFP expression was present in all major brain areas,
including (but not limited to) cortex, striatum, hippo-
campus, brainstem and cerebellum (Fig. 1a, b). Quantitative
analysis of GFP intensity in the different brain regions
confirmed that scAAV2/PHP.B had higher transduction
efficiency than scAAV2/9 in the cerebrum (2105 £ 161 vs.
1441 £99 a.u.; p=0.0032), cerebellum (2601 +196 vs.
1737 £ 135 a.u.; p = 0.0032) and brainstem (3082 =319 vs.
2485 + 88 a.u.; p =0.0038) (Fig. lc).

We also investigated whether intracerebroventricular
delivery of the scAAV2/PHP.B vector in adult mice could
mediate widespread transgene expression, and whether the
enhanced transduction efficiency observed with the PHP.B
serotype (compared to sCAAV9) was preserved using this
route of delivery. Mice received a unilateral intracer-
ebroventricular injection of scAAV2/9 or scAAV2/PHP.B
(4% 10° vg/mouse), and GFP expression in the CNS was
analyzed 3 weeks later (Supplementary figure 3). For both
vectors, strong GFP signal was detected around the ventricle
at the injection site and in the hippocampus. In particular,
both the Cornus Ammonis sub region 3 (CA3) and CAl of
the hippocampus showed strong GFP expression. Lower
levels of expression were observed throughout the entire
CNS, with GFP-positive cells detected in cortex, thalamus,
brainstem and cerebellum. However, no significant differ-
ence in transduction efficiency was observed between the
two serotypes using this route of delivery (Supplementary
figure 3). These results highlight that the enhanced trans-
duction seen with the PHP.B capsid, following systemic
delivery, most likely results from improved BBB crossing,
rather than an increased ability to transduce cells per se.

Systemic delivery of scAAV2/PHP.B carrying a CBA
promoter mainly gave efficient transgene
expression in astrocytes

To identify the different cell types transduced after systemic
delivery of scAAV2/PHP.B, we performed co-immunostaining
using antibodies against GFP and specific CNS cell markers:
S100p (astrocytes), Ibal (microglia), CC-1 (oligoden-
drocytes), and NeuN (neurons) (Fig. 2). Most of the GFP-
expressing cells in the cortex, brainstem and thalamus were
astrocytes (Fig. 2a and data not shown), with fibrous astro-
cytes in the white matter and protoplasmic astrocytes in the
gray matter being equally transduced. Manual counting of
double-labeled cells (S100p and GFP) in the cortex showed
that scAAV2/PHP.B significantly increased the number of
astrocytes transduced in comparison to standard scAAV2/9
(379+£7.4% vs 12.8+3.1%; p<0.001). The levels of
astrocyte transduction observed with scAAV9 were similar

to those reported previously [11, 19]. However, neuronal
transduction could only be observed in specific brain
regions, such as the CA3 of the hippocampus and in the
cerebellum (Fig. 2b). We did not observe microglia
expressing GFP after delivery of either vector, in any of the
evaluated regions. Hence, these data support the fact that
scAAV2/PHP.B significantly enhances CNS transduction
over and above the levels achievable with scAAV9 (when
using equivalent promoters and transgene cargo).

We then evaluated transduction levels in the spinal cord
(Fig. 3). Similar to the results we observed in the brain,
scAAV2/PHP.B injection resulted in a higher level of GFP
expression in the spinal cord, when compared to an
equivalent dose of scAAV2/9. For both vectors, most of the
GFP-expressing cells were astrocytes; only occasionally
were motor neurons expressing the transgene observed,
which is in direct contrast to previous reports [14, 18].
Quantitative evaluation of GFP fluorescence confirmed a
significant increase in fluorescence in the group injected
with the PHP.B capsid (2359 +267 vs 1639+ 113 a.u,; p=
0.001; Fig. 3c¢).

Taken together, these data show a pronounced bias
towards efficient expression of the transgene in astrocytes,
when scAAV2/PHP.B-CBA-GFP is administered by intra-
venous injection.

Systemic delivery of scAAV2/PHP.B increases the
number of transduced cells without modifying cell
specificity

We then performed a dose escalation comparison between
the two vectors. Mice received a tail vein injection of 1 x
102 vg (low dose) or 2.5x 10'? vg (high dose) of AAV
vector (scAAV2/PHB.B or scAAV2/9). GFP expression in
CNS tissues was examined 3 weeks postinjection. Immu-
nofluorescence analysis showed a dose-dependent increase
in the level of cell transduction for both scAAV2/PHB.B
and scAAV2/9, in all the CNS regions evaluated (Fig. 4a,
b). As expected, quantitative analysis of fluorescence
intensities showed increased GFP expression in the
scAAV2/PHP.B group compared to scAAV2/9 (cerebrum
3731 +420 vs. 2571 +141 a.u.; p=0.0001: spinal cord
4113 £437 vs. 2025 £131 a.u.; p=0.0001; Fig. 4c). Of
note, we did not see a change in the cell types targeted when
using the highest vector dose. Similar to that observed with
the low dose, the majority of transduced cells were astro-
cytes, with some GFP-positive neurons visible in hippo-
campus and cerebellum (not shown). Together with the
results shown in Supplementary figure 2, these data strongly
support the idea that the self-complementary genome con-
figuration shows a strong cell type bias in transgene
expression—with the increase in GFP fluorescence seen
with dose escalation proportional to an increased number of
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Fig. 1 scAAV2/PHP.B vector scAAV2/9 scAAV2/PHP.B
gives better CNS transduction
than scAAV2/9 when delivered
systemically. C57BL/6 mice
received a single tail vein
injection of either scAAV2/9 or
scAAV2/PHP.B vector,
expressing the reporter gene
GFP under control of the CBA
promoter. The dose was 1 x 10'2
vg in each case. GFP expression
was analyzed 3 weeks
postinjection. Representative
coronal brain sections were
immunostained for GFP.
Sections show various regions of
(a) cerebrum and (b) cerebellum
and brainstem. All brain regions
from scAAV2/PHP.B injected
mice showed stronger GFP
expression than when scAAV2/
9 was used. ¢ Quantification of
the relative fluorescence
intensities (10 sections per
mouse; 3 mice per group
analyzed). **p <0.01. a.u.
arbitrary units. Scale bars: 1000
um
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Fig. 2 scAAV2/PHP.B mostly
transduces astrocytes in the
brain following systemic
delivery. Brain sections were
immunostained for GFP (green)
and cell markers specific for
major CNS cell types (magenta).
a In the cortex, most GFP-
expressing cells were astrocytes
(S100pB). A few GFP-expressing
neurons (NeuN) were found.
Oligodendrocytes (CC-1) were
rarely transduced. We did not
observe transduction of
microglia, as judged by
colocalization of GFP with Ibal.
(Arrowheads indicate double-
labeled cells). b Representative
images from the CA3 region of
the hippocampus and the
cerebellum, showing higher
levels of neuronal GFP
expression in these brain
regions. Scale bars: (a) 20 um,
(b) 50 ym

transduced astrocytes, rather than increased transduction of
additional cell types.

Broad neuronal expression is achieved using the
human synapsin promoter

We next assessed GFP expression in the CNS after systemic
delivery of a scAAV2/PHP.B vector in which expression of

GFP was under control of the human synapsin 1 (hSYN1)
promoter [20]. scAAV2/PHP.B-hSYN1-GFP was injected
at two different doses (2 x 10" and 1 x 10'> vg/mouse). In
direct contrast to our results using a CBA promoter, use of
the hSYN1 promoter resulted almost exclusively in GFP
expression in neurons, in all CNS regions evaluated
(Fig. 5), including the cortex, striatum, and hippocampus
(Fig. 5a—c). Importantly, GFP-positive motor neurons were
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Fig. 3 scAAV2/PHP.B in Cl scAAV2/9
combination with a CBA
promoter does not transduce
motor neurons after systemic
delivery. a Representative
images from the lumbar spinal
cord region of adult mice
injected with scAAV2/9 or
scAAV2/PHP.B and
immunostained for GFP 3 weeks
postinjection. Higher GFP
expression is observed in
animals injected with the [} scAAV2/9
scAAV2/PHP.B vector. b In the
ventral horn, both vectors gave
strong GFP expression in
numerous cells showing typical
astrocyte morphology (also see
Fig. 2). However, no GFP
expression in motor neurons (as
judged by ChAT co-staining;
magenta) was observed. ¢
Quantification of the relative
fluorescence intensities observed b7 =
in spinal cord. a.u. arbitrary ‘ZII?HP'B(

units. **p <0.01. Scale bars: (a) i s R
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observed in spinal cord after co-labeling for ChAT and GFP
(Fig. 5d). These results indicate that AAV2/PHP.B is cap-
able of infecting the majority of cell types in the CNS,
consistent with previous results [14, 18], with genome
configuration and promoter choice largely determining the
pattern of transgene expression.

In summary, we set out to evaluate the efficiency of CNS
transduction when using systemic injection of the newly
described PHP.B capsid. As expected, the PHP.B capsid
with a novel combination of a self-complementary genome
configuration and CBA promoter showed enhanced levels
of transduction compared to sSAAV2/PHP.B, as well as
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scAAV?2/9. Furthermore, our results highlight the impor-
tance of choosing the correct genome configuration and
promoter combination when attempting to target specific
CNS cell types. First, the increase in overall transduction
levels, when using a CBA promoter, was the result of an
increased number of astrocytes expressing GFP, perhaps
indicating the limited ability of this cell type to synthesize
double-stranded DNA from a single-stranded genome.
Second, the number of neurons expressing transgene
remained relatively low across different regions of the
cortex, irrespective of the genome configuration used,
despite use of a strong ubiquitous promoter. Furthermore,
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Fig. 4 Dose dependency of transgene expression with systemic
delivery of scAAV2/9 or scAAV2/PHP.B vectors. Adult C57BL/6
mice received a low dose (1 x 10'? vg) or high dose (2.5 x 10'? vg) of
scAAV2/9 or scAAV2/PHP.B vectors. Animals were euthanized
3 weeks later and GFP expression was analyzed by immuno-
fluorescence in (a) the brain and (b) the spinal cord. For easy visual

no staining of motor neurons in the spinal cord was detected
(in contrast to previous reports using a single-stranded
genome and a variant of the CBA promoter) [18]. In con-
trast, we did observe strong neuronal expression when the
hSYNI1 promoter was used. These factors obviously need to
be accounted for in future experiments using AAV2/PHP.B
for CNS applications.

Taken together, however, our data unequivocally point
towards capsid optimization as a viable strategy for

scAAV2/PHP.B

AAV2/9  AAV2/PHP.B

comparison of GFP intensities across the various conditions, heat maps
were generated. ¢ Quantification of the relative fluorescence intensities
observed in the brain and spinal cord (Brain: 10 sections per mouse;
Spinal cord: 15 sections per mouse; 3 mice per group analyzed). a.u.
arbitrary units. **p <0.01

improving transgene expression in CNS, following systemic
delivery of scAAV-based vectors. We anticipate this will be
critical for future applications of gene therapy to treat CNS
disorders. Crucially, more efficient BBB crossing will allow
the use of lower vectors doses, with corresponding benefits
for reduction of expression in off-target tissues, reduced
immunological complications arising from the use of high
AAYV doses, and reduced manufacturing costs. Additional
modifications, associated with enhanced transcriptional
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Fig. 5 Widespread transgene
expression in neurons is
achieved when using the hNSYN1
promoter. C57BL/6 mice
received tail vein injections of a
scAAV2/PHP.B vector (1 x 10"
vg) expressing GFP under
control of the hSYN1 promoter.
GFP expression was analyzed

3 weeks postinjection. a
Representative brain sections
showing widespread expression
of GFP. b In the cortex, strong
GFP expression (green) was
observed exclusively in neuronal
cells (NeuN, magenta). ¢
Representative images from the
hippocampus showing strong
neuronal GFP expression in the
CA3 region. d In the lumbar
ventral horn, GFP and ChAT co-
staining indicates substantial
transduction of motor neurons.
Scale bars: (a) 1000 pm, (b-d)
50 um

activity, are likely to further boost vector performance,
allowing therapeutic levels of transgene expression to be
more easily achieved. Such modifications, which include
the use of highly specific CNS promoters [21], or the use of
specific enhancer sequences [22-24], are necessary to fur-
ther improve vector specificity and strength.

Materials and methods
AAV vector production and purification

ssAAV2/PHP.B and scAAV2/PHP.B vectors used in
experiments for direct comparison of these two vector
configurations (Supplementary figures 1 and 2) were pro-
duced and vector titer measured by ViGene Biosciences
(Rockville, MD, USA). The AAVRep2CapPHP.B plasmid
sequence was cloned in house using online data as a guide
[18], and provided under a Material Transfer Agreement
(MTA). Further details about packaging and purification
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can be found

strategies
(http://www.vigenebio.com).
scAAV2/9 vectors used in all other experiments were pre-
pared in the VIB core facility, using methods described

on the company website
scAAV2/PHP.B and

previously [25]. Briefly, HEK293T cells were tri-
transfected with an adenovirus helper plasmid (pAdAF6),
a packaging plasmid (AAVRep2Cap9 or AAVRep2-
CapPHP.B), and a scAAV transgene plasmid. Vectors were
purified using an iodixanol density-gradient strategy. Vector
titers were determined by quantitative PCR (expressed as
vg/ml) and purity assessed by SDS-PAGE and silver
staining.

Animal procedures

All animal procedures were approved by the animal ethics
committee of the KU Leuven. Six weeks old C57BL/6 mice
were injected (100 ul total volume) in the lateral tail vein
with AAV vectors at doses of either 2 x 10", 1x10'? or
2.5x% 10" vg/mouse (n = 3 mice per group). In the absence
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of data quantifying the effect size, the sample size was
chosen based on that used in comparable studies [14, 18].
The entire project was conducted using female C57BL/6J
mice (Jackson Laboratory, Bar Harbor, ME). Mice were
selected randomly for injection with a given serotype. The
researcher that performed tail vein injection was masked to
the AAV serotype injected. Further analysis was done in an
unmasked manner. Three weeks postinjection, mice were
transcardially perfused with phosphate buffered saline
(PBS), followed by ice-cold 4% paraformaldehyde (PFA) in
PBS. Brains and spinal cords were recovered and underwent
further post-fixation by overnight incubation in the same
fixative, before cutting into 50 um sections on a vibratome
(Leica VT1000S). In an additional set of experiments,
6 weeks old C57BL/6 mice were stereotaxically injected
directly into the left cerebral ventricle (coordinates from
bregma —0.2cm lateral, + 1 cm anteroposterior, —2.5 cm
depth), using a Hamilton syringe 7001 N (n = 3 per group).
scAAV2/9-CBA-GFP or scAAV2/PHP.B-CBA-GFP were
injected at a dose of 4 x 10” vg/mouse (total injected volume
1.8 ul). Three weeks postinjection, mice were euthanized
and brain samples were collected for histology. Samples
from all injected animals were included for analysis.

Immunohistochemistry

Sections were rinsed twice in PBS, before blocking for 1 h
at room temperature in 1% Triton X-100 in PBS, supple-
mented with 10% normal donkey serum (NDS). Primary
antibody labeling was done overnight at 4°C. Antibodies
used were: rabbit anti-GFP (1:300, Synaptic Systems,
#132002), guinea pig anti-NeuN (1:400, Synaptic Systems,
#266004), mouse anti-S100p (1:1000, Sigma, #S2532),
goat anti-ChAT (1:200, Merck Millipore, #AB144P),
mouse anti-CC-1 (1:200, Abcam, #ab16794) and rabbit
anti-Ibal (1:600, Synaptic Systems, #234003). Sections
were then washed in PBS before incubation with secondary
antibodies (diluted in 1% Triton X-100/PBS) for 2-3 h at
room temperature. Secondary antibodies used were: donkey
anti-rabbit Alexa Fluor 488 (1:1000, Invitrogen, #A21206),
donkey anti-guinea pig Cy3 (1:200, Jackson Immuno,
#7006-165-148), and donkey anti-mouse Cy5 (1:200, Jack-
son Immuno, #715-175-150). Sections were washed before
mounting with Fluoromount-G containing DAPL

For manual counting of double-positive cells, images
were taken on a Leica DMS5500 epifluorescence micro-
scope, equipped with an APO10x/NA 0.40 objective. Cells
were counted in 60 different observation fields, taken from
across the cerebral cortex (10x views per mouse, n = 3 per
group). Measurements of total GFP fluorescence were made
from wide field images taken on a Zeiss Slide scanner (Axio
Scan Z1), equipped with a PL APO20x/NA 0.8 objective,
controlled using Zen 2 software. Fluorescence intensity

measurements were made using ZEN lite analysis software
(Zeiss). Intensities are reported in arbitrary units (following
background correction).

Statistical analysis

Data are expressed as mean*s.d. Differences between
vector groups were analyzed using a one-way ANOVA test,
followed by a post hoc two-tailed Student’s r-test. p values
<0.05 were considered significant. Sample groups were all
compared to a relevant control group. Data in each
experimental group was normally distributed and variance
between the groups was similar.
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