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The production of cell-type– and age-specific genetically modi-
fied mice is a powerful approach for unraveling unknown gene
functions. Here, we present a simple and timesaving method
that enables adeno-associated virus (AAV)–mediated cell-
type– and age-specific recombination in floxed mice. To
achieve astrocyte-specific recombination in floxed Ai14 re-
porter mice, we intravenously injected blood-brain barrier–
penetrating AAV-PHP.eB vectors expressing Cre recombinase
(Cre) using the astrocyte-specific mouse glial fibrillary acidic
protein (mGfaABC1D) promoter. However, we observed
nonspecific neuron-predominant transduction despite the use
of an astrocyte-specific promoter. We speculated that subtle
but continuous Cre expression in nonastrocytic cells triggers
recombination, and that excess production of Cre in astrocytes
inhibits recombination by forming Cre-DNA aggregates. Here,
we resolved this paradoxical event by dividing a single AAV
into two mGfaABC1D-promoter-driven AAV vectors, one ex-
pressing codon-optimized flippase (FlpO) and another express-
ing flippase recognition target–flanked rapidly degrading Cre
(dCre), together with switching the neuron-tropic PHP.eB
capsid to astrocyte-tropic AAV-F. Moreover, we found that
the FlpO-dCre system with a target cell-tropic capsid can also
function in neuron-targeting recombination in floxed mice.
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INTRODUCTION
Cell-type–specific expression of molecular tools and sensors in the
brain is an effective approach for monitoring and regulating the activ-
ity and function of target cell types in the nervous system. Conven-
tionally, cell-type–specific transgene expression is performed by
randomly inserting a cell-type–specific promoter-transgene cassette
into the mouse genome. However, this method makes it difficult to
control the level of transgene expression, which can also result in
its expression in nontargeted cells. To overcome this limitation,
knockin mice have been developed by inserting a transgene at a
particular gene locus by homologous recombination. Such knockin
mice express a transgene under the control of the endogenous pro-
moter of a target gene, and thus recapitulate the spatiotemporal
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expression pattern of the target endogenous gene. Crossing targeted
knockin Cre recombinase (Cre) driver mice with floxed mice allows
recombination only within cells defined by the endogenous promoter
of the target gene. Despite these advantages, producing and maintain-
ing multiple mouse lines is expensive and time-consuming.

In recent years, adeno-associated virus (AAV) vectors targeting specific
cell populations have been used widely. The application of AAV car-
rying a cell-type–specific promoter allows for brain cell type-specific
transduction.1–3Moreover, changing the age of themice for AAV injec-
tion allows for age-specific genemodification. There aremultiple routes
through which AAV can be administered to the brain. Direct injection
into the brain parenchyma can cause high levels of expression with a
relatively low dose, and expression in a limited area is achievable. How-
ever, it requires skillful techniques and an invasive surgical operation,
especially when injecting it into a deep brain area. Moreover, a gradient
of transgene expression centered around the injection needle tip is
observed. Intravenous injection of mouse blood-brain barrier (BBB)–
penetrating AAV4–6 overcomes the disadvantages of direct paren-
chymal injection, and overall homogeneous and widespread transgene
expression throughout the brain can be attained without a surgical pro-
cedure. However, a major disadvantage of intravenous injection is the
requirement of a higher dose of AAV and the accompanying toxicity
observed in the peripheral off-target tissues, such as the liver and mus-
cle, that can sometimes make the interpretation of the observed pheno-
type difficult. Through both techniques (i.e., direct brain tissue and
intravenous injections), the application of low-dose AAV results in
transduction only in sparse cells, whereas high-dose AAV injections
likely lead to leaky transgene expression in nontarget brain cells. There-
fore, it is important to determine the optimalAAVdose to obtain highly
efficient target cell type-specific transgene expression.
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Figure 1. Astrocyte-specific transgene expression by AAV carrying the astrocyte-specific mGfaABC1D promoter

(A) Schema of AAV and experimental procedure. AAV vectors coated with PHP.eB, a BBB-penetrating capsid variant, which express tdTomato under control of the mouse

GFAP (mGfaABC1D) promoter (100 mL, 1� 1013 vg/mL), was injected into the C57BL/6mouse through the orbital plexus. (B) Immunohistochemistry of mouse brain 3 weeks

after AAV injection. Sagittal brain sections were immunostained for S100B, a marker of astrocytes, and NeuN, a marker of neurons. A square region in the tdTomato

fluorescence image of sagittal brain section (top) was magnified (bottom), in which square regions were enlarged and presented at upper right corners. Arrowheads indicate

S100B-labeled astrocytes. Scale bar, 50 mm. (C) Graph showing specificity for astrocyte transduction and that for neuronal transduction. Specificity for astrocyte (or neuron)

transduction was calculated by the number of tdTomato and S100B (or NeuN) double-positive cells divided by the number of tdTomato+ cells. (D) Graph showing trans-

duction efficiency for astrocytes and neurons. Transduction efficiency was calculated by dividing number of tdTomato and S100B (or NeuN) double-positive cells divided by

number of S100B+ (or NeuN+) cells. Data (average ± SD) were obtained from 4 mice, and the value from each mouse was plotted. ITR; inverted terminal repeat; SV40pA;

simian virus 40 polyadenylation signal.
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The glial fibrillary acidic protein (GFAP) promoter is often used to
express transgenes specifically in astrocytes. Astrocyte-specific
transgenic mice were initially produced using the Gfa2 promoter,
a human genomic region extending 2.2 kb upstream of the GFAP
RNA start site.7 Subsequent transgenic mouse studies revealed
that the truncated 681-bp promoter containing subregions A, B,
C1, and D (GfaABC1D promoter) worked specifically in astrocytes
with 2-fold greater activity than the original 2.2-kb Gfa2 promoter.8

Furthermore, AAV with the GfaABC1D promoter has been shown
to induce astrocyte-specific transgene expression in rodents and
rhesus macaques.9–11 In this study, we aimed to achieve astrocyte-
specific recombination in the floxed mouse brain by intravenously
injecting BBB-penetrating AAV-PHP.eB (PHP.eB), which expresses
Cre under the control of the GfaABC1D promoter in Ai14 re-
porter mice.
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RESULTS
Astrocyte-specific transduction after systemic administration of

PHP.eB with mouse GfaABC1D promoter

Previously, we demonstrated astrocyte-specific transduction by intra-
venous infusion of BBB-penetrating AAV-PHP.B with the astrocyte-
specific mouse GfaABC1D (mGfaABC1D) promoter (Figure S1).12

To confirm this, we produced PHP.eB4 expressing tdTomato under
the control of the mGfaABC1D promoter. The PHP.eB (1.0 � 1013

viral genome [vg]/mL, 100 mL) was intravenously infused to mature
wild-type mice through the orbital plexus (Figure 1A). Three weeks
after viral injection, cerebral sections were produced and double
immunostained for S100B (an astrocyte marker) and NeuN (a neuron
marker). tdTomato was not immunolabeled and assessed by intrinsic
fluorescence throughout. Efficient transduction was observed
throughout the brain (upper panel in Figure 1B). A magnified image
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of the cerebral cortex showed numerous tdTomato+ cells, most of
which were coimmunolabeled with S100B (lower panels in Figure 1B).
Quantitative analysis showed that over 90% of tdTomato+ cells were
astrocytes immunolabeled for S100B (90.6% ± 4.1%, n = 4 mice), with
only a minor fraction of tdTomato+ cells being NeuN+ neurons
(0.4% ± 0.7%, n = 4 mice) (Figure 1C), indicating astrocyte-specific
transduction by PHP.eB with the mGfaABC1D promoter, which is
consistent with a previous report.12

Next, we calculated the transduction efficiency of astrocytes in the ce-
rebral cortex, which is the ratio of the number of tdTomato+ and
S100B+ cells to the total number of S100B+ astrocytes in the cerebral
cortex. The transduction efficiency of neurons in the same region was
calculated by dividing the number of tdTomato+ and NeuN+ cells by
the total number of NeuN+ neurons. The results showed that approx-
imately 13% of astrocytes and almost none of neurons were trans-
duced (Figure 1D).

Absence of astrocyte-specific transduction in Ai14 mice by

intravenous infusion of PHP.eB expressing Cre under control of

mGfaABC1D promoter

To clarify whether the astrocyte-targeted transduction by PHP.eB
with the mGfaABC1D promoter can be applied to floxed mice, we
intravenously injected the same dose (1.0 � 1012 vg/mouse) of
PHP.eB expressing Cre recombinase under the control of the
mGfaABC1D promoter in mature Cre-reporter Ai14 mice (Fig-
ure 2A). Ai14 mice have a loxP-flanked STOP cassette in the
Gt(ROSA)26Sor locus, which prevents the transcription of a CAG
promoter-driven tdTomato. Ai14 mice trigger tdTomato expression
following Cre-mediated removal of the STOP cassette. Thus, we ex-
pected astrocyte-specific tdTomato expression in Ai14 mice systemi-
cally treated with PHP.eB expressing Cre under the control of the
mGfaABC1D promoter. To validate this, sagittal brain sections of
the injected Ai14 mice were produced 3 weeks after AAV treatment,
followed by immunolabeling for S100B and NeuN. However, we
could not distinguish between the cell types in the cerebral cortex
because of the overwhelming expression of tdTomato without gaps
between the cells (Figures 2B and S2A). Therefore, we reduced the in-
jection dose to 0.2, 0.04, 0.02, and 0.01 times the original dose
(1.0 � 1012 vg/mouse).

We identified individual cell outlines in the cerebral cortex of mice
that received AAV vectors at <4 � 1010 vg/mouse (Figures 2C and
S2A). Quantitative analysis in mice treated with AAV vectors at
4 � 1010 vg/mouse revealed that only 13% of tdTomato-expressing
cells were S100B+ astrocytes and approximately 40% of tdTomato-ex-
pressing cells were NeuN+ neurons (Figure 2D). Immunohistochem-
istry using anti-CD31 and anti-Olig2 antibodies revealed that the re-
maining tdTomato+ cells were primarily brain microvascular
endothelial cells (Figure S2B). The specificity for astrocyte transduc-
tion (�10%) and that for neuron transduction (�40%) was almost
stable even with a further decrease in the viral doses, although the
transduction efficiency of astrocytes decreased along with lowering
the viral doses injected (Figure 2D).
Molecu
Significant increase in astrocyte recombination by switching

AAV capsid from PHP.eB to AAV-F

Previous studies have shown that PHP.eB and PHP.B were neuro-
tropic,4,13 whereas AAV-F, a different BBB-penetrating capsid
variant, has a significantly higher tropism for astrocytes than
PHP.B.6 Therefore, switching from the PHP.eB capsid to the
AAV-F may upregulate astrocyte recombination. To test this, we
compared the transduction profile of AAV-F with that of PHP.eB, us-
ing a nonselective chicken b-actin hybrid intron (CBh) promoter.
AAV-F or PHP.eB expressing EGFP under the control of the CBh
promoter (2.0 � 1011 vg/mouse) were intravenously injected into
C57BL/6 mice, and the brains were examined 3 weeks after the injec-
tion (Figure S3A).

GFP fluorescence intensity in the whole brain treated with PHP.eB was
significantly higher than that of AAV-F (Figure S3B). Subsequently, we
produced sagittal brain sections immunostained for S100B, NeuN, and
Olig2, and examined the ratios of transduced astrocytes, neurons, and
oligodendrocytes to the total number of transduced cells in the primary
motor cortex. We found a significantly higher ratio of GFP-expressing
astrocytes to total transduced cells in brains treated with AAV-F
(51.7% ± 6.2%, n = 4 mice), compared with PHP.eB (24.2% ± 5.1%)
(p < 0.01) (Figures S3C and S3D). Consistently, the ratio of transduced
neurons to total transduced cells was significantly lower in AAV-F-
treated brains than in PHP.eB-treated brains (Figures S3C and S3E).
Almost no transduced oligodendrocytes were observed in either group
(Figures S3C and S3F). These results suggested that AAV-F is more
suitable for astrocyte transduction.

We then prepared AAV-F or PHP.eB, both of which express Cre un-
der the control of the mGfaABC1D promoter. Ai14 mice received
intravenous infusion of AAV-F or PHP.eB (4.0 � 1010 vg/mouse)
and were examined by immunohistochemistry 3 weeks after injection
(Figure 3A). As expected, replacement of the capsid from PHP.eB to
AAV-F significantly increased the ratio of transduced astrocytes to to-
tal transduced cells from 9.3%± 3.5% to 33.6%± 5.6% (n = 4mice, p =
0.0007) without affecting efficiency for astrocyte transduction
(Figures 3B and 3C). Consistent with the increase in astrocyte trans-
duction, utilization of the AAV-F capsid significantly decreased the
ratio of neuronal transduction to total transduced cells from
49.7% ± 5.2% to 19.6% ± 1.8% (n = 4 mice, p < 0.0001), and efficiency
of neuronal transduction from 17.3% ± 7.0% to 3.1% ± 1.2% (n = 4
mice, p = 0.0134) (Figure 3C).

Highly specific astrocyte transduction by combination of a

codon-optimized flippase (FlpO)-destabilized Cre (dCre) system

with AAV-F

The mGfaABC1D promoter works in an astrocyte-specific manner,
but likely possesses subtle promoter activity in nonastrocytic cells.
Thus, we hypothesized that Cre, which is expressed and accumulates
in nonastrocytic cells, causes recombination and subsequent tdTo-
mato expression in a broad range of cell types, including neurons,
in the Ai14 mouse brain. In this case, strictly limiting Cre expression
to astrocytes may inhibit nonastrocytic transduction.
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 3
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Figure 2. Nonspecific cellular transduction in floxed

mouse brain by intravenously administered PHP.eB

expressing Cre by mGfaABC1D promoter

(A) Schema showing experimental procedure. An Ai14 re-

porter mouse, which has the CAG promoter, bilaterally

loxP-flanked STOPcassette, and cDNA of tdTomato, a red

fluorescent protein, received intravenous injection of

PHP.eB expressing Cre by mGfaABC1D promoter. (B)

Immunohistochemistry of mouse brain 3 weeks after AAV

injection (100 mL, 1 � 1013 vg/mL). Left, sagittal brain

section immunostained for S100B. Right, magnification of

a square region at left; tdTomato expressionwas too strong

to distinguish individual cells. (C) Immunohistochemistry of

cerebral cortex from mice that were similarly treated with

(B), except for injection dose of AAV. Those mice received

lower doses of AAV ranging from one-fifth to one-one

hundredth. (D) Graphs showing specificity (Spe., left) and

efficiency (Eff., right) for transduction of astrocytes and

neurons. Data (average ±SD) were obtained from 4 mice,

and the value from each mouse was plotted. n.s., not

significant and *p < 0.05 by 1-way ANOVA with

Bonferroni’s post hoc test. Scale bars, 100 mm.
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To validate our hypothesis, we used a FlpO-flippase recognition target
(FRT) system, which is analogous to but less efficient than the Cre-
loxP system. In addition, we generated dCre by fusing Cre recombi-
nase with a PEST sequence, a segment rich in proline, glutamate,
serine, and threonine from murine ornithine decarboxylase, to facil-
itate degradation.14,15 In this strategy, Ai14 mice received an intrave-
nous infusion of a mixture of two different PHP.eB capsid vectors car-
rying the mGfaABC1D promoter—one expressing FlpO and the
other expressing dCre in response to FlpO-mediated recombination
(Figure 4A). The mGfaABC1D promoter likely drives the expression
of a small amount of FlpO in nonastrocytic cells; however, FlpO
causes recombination 10 times less efficiently than Cre.16 Eventually,
a smaller population of nonastrocytic cells is thought to express dCre.
Moreover, the expressed dCre was rapidly degraded because of the
appended PEST sequence.17

A mixture of PHP.eB vectors expressing FlpO by the mGfaABC1D
promoter and PHP.eB expressing dCre by themGfaABC1D promoter
in the presence of FlpO (5.0 � 1011 vg/mouse) was intravenously
4 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
administered to Ai14 mice (Figure 4A). Three
weeks after the injection, sagittal sections of
the brain were obtained and immunostained
for S100B and NeuN. Immunohistochemistry
of the cerebral cortex showed numerous tdTo-
mato-expressing cells, in which approximately
50% were S100B-expressing astrocytes
(49.9% ± 10.9%, n = 4 mice) and 50% were
NeuN-labeled neurons (47.1% ± 10.0%, n = 4
mice) (Figures 4B and 4C). The recombination
efficiencies of astrocytes and neurons were
43.3% ± 6.8% and 14.7% ± 4.3%, respectively
(Figure 4D). These results suggest that the FlpO-dCre expression sys-
tem with two different AAV vectors significantly increased the spec-
ificity and efficiency of astrocyte transduction in floxed mice
compared with a single AAV expressing Cre.

Based on these results, we combined the astrocyte-tropic AAV-F
capsid with the FlpO-dCre system to target astrocytes. The mixture
of AAV-F vectors expressing FlpO by the mGfaABC1D promoter
and AAV-F expressing dCre by the mGfaABC1D promoter in the
presence of FlpO (5.0 � 1011 vg/mouse, respectively) was systemi-
cally administered to Ai14 mice (Figure 5A). Immunohistochem-
istry of treated brains revealed numerous tdTomato+ cells, most
of which were immunolabeled for S100B (Figure 5B). Quantitative
analysis showed that >90% of tdTomato+ cells were S100B-express-
ing astrocytes (92.6% ± 1.4%, n = 4 mice), with only 5.0% ± 0.4% of
tdTomato+ cells being NeuN+ neurons (Figure 5C). As for the trans-
duction efficiency, >40% of astrocytes and <1% of neurons ex-
pressed tdTomato (42.8% ± 9.7% and 0.7% ± 0.1%, respectively,
n = 4 mice) (Figure 5D).
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Figure 3. Significant upregulation of astrocyte

transduction by shifting AAV capsid from PHP.eB to

AAV-F

(A) Schema showing experimental procedure. Ai14 re-

porter mouse received intravenous injection of PHP.eB or

AAV-F expressing Cre bymGfaABC1D promoter (100 mL,

4 � 1011 vg/mL). (B) Immunohistochemistry of mouse

brain 3 weeks after AAV injection. Astrocytes were

immunolabeled for S100B. Fluorescence images of

primary motor cortex from PHP.eB-treated (top) and

AAV-F-treated (bottom) mice were presented, in which

square regions were enlarged to present at respective

upper right corners. Arrowheads indicate S100B-

immunolabeled astrocytes. Scale bar, 100 mm. (C)

Graph showing specificity (Spe.) and efficiency (Eff.) for

astrocyte transduction (left) and that for neuronal

transduction (right) in mice treated with PHP.eB or

AAV-F vectors. Data (average ± SD) were obtained from

4 mice, and the value from each mouse was plotted.

n.s., not significant; *p < 0.05; and ****p < 0.0001 by

unpaired Student’s t test.
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Because enhanced astrocyte specificity may be attained using dCre
alone (without FlpO), the AAV-F expressing dCre with the
mGfaABC1D promoter (4.0� 1010 vg/mouse intravenously) were in-
jected into the Ai14 mice (Figure S4). However, this did not increase
but rather decreased the specificity and efficiency of astrocyte trans-
duction (Table S1), suggesting that using dCre in combination with
the mGfaABC1D promoter did not increase the specificity or
efficiency.
Neuron-targeted recombination in floxed mice by FlpO-dCre

method

Next, we examined whether the FlpO-dCre system combined with a
capsid tropic for a target cell population could be used for neuronal tar-
geting. We first tested unmatched capsids, that is, astrocyte-tropic
AAV-F-expressing Cre, under the control of the neuron-specific
enolase (NSE) promoter.3,12 AAV-F vectors expressing Cre under the
control of the NSE promoter were injected intravenously into Ai75G
mice expressing tdTomato fused with a nuclear localization signal
(NLS) sequence in the presence of Cre (Figure 6A). Immunohisto-
chemistry 3 weeks after the AAV injection showed that among tdTo-
mato-expressing cells, 68% were NeuN-labeled neurons and >20% of
cells were S100B-labeled astrocytes, despite using the neuron-specific
NSE promoter (upper panels in Figures 6B and 6C). Switching the
capsid from AAV-F to neuron-tropic PHP.eB (expressing Cre by the
NSE promoter) significantly increased the specificity for neuronal
Molecular Therapy: Methods
transduction from 68% to 78% and efficiency
for neuronal transduction from 69% to 94%
(center panels in Figures 6B and 6C).

Finally, we tested the most favorable combina-
tion, neurotropic PHP.eB with the FlpO-dCre
system. Systemic infusion of the mixture of
PHP.eB expressing FlpO and PHP.eB expressing dCre in the presence
of FlpO toAi75Gmice (Figure 6A) attained highly specific and efficient
neuronal transduction (88.1%± 4.5% and 83.1%± 14.9%, respectively),
with complete elimination of astrocyte transduction (lower panels in
Figures 6B and 6C). These results suggest that the FlpO-dCre system
combined with an AAV capsid tropic in a target cell population can
be applied for the transduction of cell types other than astrocytes.

Combination of FlpO-dCre with a capsid tropic to a target cell

type also works in brain parenchymal injection

Next, we examined whether FlpO-dCre in combination with a cell-
type–specific capsid also worked in brain parenchymal injections.
In the direct cortical injection, we used the AAV5 capsid because it
was shown to be significantly tropic to astrocytes.18 AAV5 expressing
Cre under the control of the mGfaABC1D promoter (5.0 � 108 vg/
mouse) was injected into the primary cortex of Ai14mice (Figure 7A).
Immunohistochemistry at 3 weeks postviral injection showed
numerous tdTomato-expressing but S100B� (i.e., nonastrocytic) cells
(Figure 7B), which was analogous to the result of the systemic injec-
tion of AAV-F-mGfaABC1D promoter-Cre (Figure 3).

Next, we injected a mixture of AAV5 expressing FlpO under the con-
trol of the mGfaABC1D promoter and AAV5 expressing dCre under
the control of the mGfaABC1D promoter in an FlpO-dependent
manner (2.5 � 108 vg/mouse) (Figure 7C). Immunohistochemistry
& Clinical Development Vol. 32 March 2024 5
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Figure 4. Increase in specificity and efficiency for astrocyte transduction by FlpO-dCre system

(A) Schema showing structure of AAV vectors and experimental procedure. Two AAV vectors were used: one carrying mGfaABC1D promoter-driven mouse codon-opti-

mized flippase recombinase (FlpO) and another carryingmGfaABC1D promoter-driven short FRT site-flanked, inverted dCre. Thus, dCre expresses in the presence of FlpO in

cells infected with both AAV vectors. PHP.eB-coated AAV mixture (5 � 1011 vg/mouse, respectively) was injected into Ai14 mice through the orbital plexus. (B) Immuno-

histochemistry of mouse brain 3 weeks after AAV injection. A square region in tdTomato fluorescence image of sagittal brain section (top) was magnified (bottom), in which

square regions were enlarged and presented at upper right corners. Arrowheads indicate S100B-labeled astrocytes. Scale bar, 100 mm. (C and D) Graph showing specificity

(C) and efficiency (D) for astrocyte and neuronal transduction. Data (average ± SD) were obtained from 4 mice, and the value from each mouse was plotted.
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performed 3 weeks after injection showed numerous tdTomato+ and
S100B+ astrocytes (Figure 7D). Although astrocyte specificity by
AAV5- mGfaABC1D promoter-Cre was as low as 34.0% ± 8.5%, a
mixture of twoAAV5 vectors with the FlpO-dCre system significantly
increased the astrocyte specificity to 73.6% ± 1.1% (Figure 7E). These
results suggest that our FlpO-dCre system, in combination with a
capsid tropic to a target cell type, is also available for direct cortical
injection into floxed mice.

Transduction profiles of astrocytes present in the brain region

apart from the cerebral cortex by AAV-F/FlpO-dCre system

The possibility that the AAV-F/FlpO-dCre system causes astrocyte-
targeted recombination in other brain regions was assessed. Ai14
mice were injected with a mixture of AAV-F vectors expressing
6 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
FlpO and dCre, as depicted in Figure 5A. The results are summarized
in Figure S5 and Table S2. With respect to astrocyte recombination,
the thalamus and hippocampus showed over 80% specificity, followed
by the olfactory bulb (62.0% ± 14.1%) and the caudate putamen
(37.3% ± 21.4%) (Table S2). Moreover, with respect to the recombi-
nation efficiency, the olfactory bulb had the highest efficiency
(48.7% ± 16.3%) and the thalamus had the second highest efficiency
(48.7% ± 16.3%), followed by the hippocampus (22.3% ± 5.7%) and
the caudate putamen (8.7% ± 5.9%). However, the tdTomato+ cells
were not detected in the corpus callosum.

DISCUSSION
In the present study, we found that Cre expression by systemic or
local administration of AAV with an astrocyte-specific mGfaABC1D
024
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Figure 5. Astrocyte-specific transduction by intravenous infusion of 2 AAV-F mixtures expressing dCre in the presence of FlpO

(A) Schema showing experimental procedure. AAV genomes, which were the same as those in Figure 4, were coated with BBB-penetrating AAV-F capsid, instead of

PHP.eB. AAV-Fmixture (5� 1011 vg/mouse, respectively) was injected into Ai14 mice through the orbital plexus. (B) Immunohistochemistry of mouse brain 3 weeks after the

AAV injection. A square region in the tdTomato fluorescence image of sagittal brain section (top) was magnified (bottom), in which square regions were enlarged and

presented at upper right corners. Arrowheads indicate S100B-labeled astrocytes. Scale bar, 100 mm. (C and D) Graph showing specificity (C) and efficiency (D) for astrocyte

and neuronal transduction. Data (average ± SD) were obtained from 4 mice, and the value from each mouse was plotted.
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promoter caused nonspecific recombination in the floxed Ai14mouse
brain, including both neurons and astrocytes. Moreover, neurons
were the predominant cell type despite the use of an astrocyte-specific
promoter. We hypothesized that the paradoxical outcome was caused
by mGfaABC1D promoter-driven, slight but continuous expression
and accumulation of Cre in nonastrocytic cells, leading to nonspecific
recombination, whereas recombination in astrocytes was inhibited by
the excess expression of Cre, likely due to the formation of Cre-DNA
aggregates.19 Thus, it would be necessary to suppress leaky Cre
expression in nontarget cells while maintaining Cre at the optimum
dose in target cells.

To suppress the overall expression of Cre in both astrocytes and non-
astrocytic cells, we decreased the injection dose of AAV vectors. Serial
lowering of the injection dose significantly decreased the transduction
efficiency of astrocytes; however, it did not influence the specificity of
astrocyte transduction (Figure 2D). After several trials, we success-
Molecu
fully restricted the recombination specifically to astrocytes by using
the FlpO-dCre system in combination with an astrocyte-tropic
AAV-F capsid. Likewise, neuron-specific recombination was attained
using the NSE promoter-driven FlpO-dCre expression system
together with a neuron-tropic PHP.eB capsid. Furthermore, this strat-
egy was shown to be available not only for systemic administration
but also for direct cortical injection.

Our FlpO-dCre system with a target cell-tropic capsid succeeded in
achieving the above conditions using at least three different means.
The first is the use of a target cell-tropic capsid, which decreases
the number of AAV copies to infect nontarget cells. The second is
the use of FlpO, which has only one-tenth the recombinase activity
of Cre.16 The third mechanism is division of one AAV into two
AAVs, which enables the dual use of a cell-type–specific promoter
and thereby synergistically limits the expression of dCre in nontarget
cells. By contrast, the use of dCre may not contribute to the system
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 7
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Figure 6. Neuron-specific transduction in floxed

mice by FlpO-dCre system in combination with a

neurotropic PHP.eB capsid

(A) Schema showing experimental procedure. Ai75Gmice,

which express NLS-attached tdTomato in the presence of

Cre, received intravenous injection of astrocyte-tropic

AAV-F or neuron-tropic PHP.eB capsid vectors

expressing Cre under control of NSE promoter, as

controls. To prove the efficacy of our FlpO-dCre system,

Ai75G mice similarly received a mixture of 2 NSE

promoter-driven PHP.eB vectors: one expressing FlpO

and another expressing dCre in the presence of FlpO. (B)

Immunohistochemistry of mouse brain 3 weeks after

AAV injection. Far left, fluorescence images of tdTomato

(magenta) and NeuN (green) from primary motor cortex,

in which square regions were enlarged and arranged at

right. Arrowheads indicate tdTomato+ and NeuN�

nonneuronal cells. Scale bars in bottom left and bottom

right, 100 and 10 mm, respectively. (C) Graph showing

specificity (Spe.) and efficiency (Eff.) for the transduction

of neurons and astrocytes. “C” and “F” below horizontal

axis indicate “Cre” and “FlpO-dCre,” respectively. Data

(average ± SD) were obtained from 4 mice, and the value

from each mouse was plotted. n.s., not significant;

*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001

by 1-way ANOVA with Bonferroni’s post hoc test.
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outcome, because switching from Cre to dCre in AAVs with the
mGfaABC1D promoter did not increase the specificity or efficiency
(Table S1). In this experiment, we assessed the treated mice 3 weeks
after the AAV injection. The amount of Cre in the infected cells in-
8 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
creases over time; thus, the use of dCre may
become effective after 3 weeks of AAV injection.

A previous study by Gao et al. reported similar
leaky neuronal expression following subretinal
injection of the AAV-GfaABC1D promoter-
Cre-WPRE (woodchuck hepatitis virus post-
transcriptional regulatory element) in Ai9 floxed
mice.20 To suppress leaky Cre expression in
nontarget retinal ganglion cells, the WPRE
sequence was removed from the AAV genome
(AAV-GfaABC1D promoter-Cre-DWPRE) and
the retinal ganglion cell transduction was elimi-
nated without compromising the specificity and
efficiency of the target Müller glia transduction.
Thus, AAV-GfaABC1D promoter-Cre-DWPRE
may also achieve astrocyte-specific recombina-
tion in the floxed mouse brain.

Our method can be applied to study unknown
gene functions by inducing recombination in
floxed mice in a cell-type– and age-specific
manner. Systemic administration of BBB-pene-
trating AAV causes whole-brain transduction,
whereas local brain parenchymal injection enables the recombination
of a limited brain region. Cell types that undergo recombination can
be changed easily by switching the cell-type–specific promoters and
the capsids tropic to target cell types, indicating that this method



Figure 7. FlpO-dCre system in combination with a

target cell–tropic capsid is also available for direct

cortical injection

(A and C) Schema showing experimental procedure. Ai14

mice received intravenous injection of astrocyte-tropic

AAV5 capsid vectors expressing Cre under control of

mGfaABC1D promoter (A) or mixture of mGfaABC1D pro-

moter-driven AAV5 vectors: one expressing FlpO and

another expressing dCre in the presence of FlpO (C). (B and

D) Immunohistochemistry of mouse brain 3 weeks after AAV

injection. Fluorescence images show primary motor cortex

from mice treated with AAV5 expressing Cre (B) and those

treated with AAV5 mixture expressing FlpO and dCre (D).

Square regions were enlarged and are shown in upper right.

Note that there are numerous tdTomato-expressing and

S100B� nonastrocytic cells (B), whereas most tdTomato-

expressing cells were immunolabeled also for S100B (D).

Scale bar, 100 mm. (E) Graph showing specificity for

astrocyte (left) and that for neuron (right) in Ai14 mice

treated with AAV5 as depicted in (A) and (C). Data

(average ± SD) were obtained from 3–4 mice, and the

value obtained from each mouse was plotted.

****p < 0.0001 by unpaired Student’s t test.
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can be used to screen gene functions in different cell types with sub-
stantial savings in time and effort.

As shown in the present study, a BBB-penetrating capsid variant with
high neuron infectivity (PHP.eB) and that with high astrocyte infec-
tivity (AAV-F) are available. However, such variants with high infec-
tivity in other cell types have not yet been well established. Moreover,
the cellular tropism of PHP.eB and AAV-F likely differed depending
on the region of the brain, leading to nontarget cell recombination in
regions other than the cerebral cortex. Notably, large regional differ-
ences in the specificity and efficiency of astrocyte transduction were
observed in our FlpO-dCremethod combinedwithAAV-F (Figure S5;
Table S2). Therefore, if current AAV doses (5.0 � 1011 vg/mouse,
Molecular Therapy: Method
respectively) are used, then our method is useful
in the cortex, hippocampus, and thalamus, but
may be less reliable in other brain regions. To
target other brain regions, the dose of AAV
should be adjusted and different capsids should
be tested to achieve higher specificity and
efficiency.

Our present method attained highly specific
target cell recombination in the cerebral cortex
at�R90%, almost comparable to a conventional
method using cell-type–specific CreER-driver
mice (�87%).21 Regarding the transduction effi-
ciency, our method using PHP.eB and the NSE
promoter allowed >83%, whereas the transduc-
tion efficiency for astrocytes using AAV-F and
the mGfaABC1D promoter remained as low as
43%. Meanwhile, �75% of astrocytes were trans-
duced by the conventional method using a mouse line expressing
CreER by the human GFAP promoter.21 The relatively low transduc-
tion efficiency of astrocytes may be due to the need for two different
AAV vector infections in one cell for recombination. Systemic injec-
tion of a single AAV-F vector at 5.0 � 1011 vg/mouse transduces
60%–70% astrocytes, resulting in <50% cotransduction when two
different AAVs are used. Accordingly, to gain >50% cotransduction
efficiency, injection doses should be increased. However, this could
increase leaky Cre expression in nontarget cells, resulting in reduced
specificity of astrocyte transduction.

The method described in this study requires the administration of an
AAV dose �10 times higher to attain cotransduction for the
s & Clinical Development Vol. 32 March 2024 9
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expression of two recombinases, which increases the risk of immune
activation and endoplasmic reticulum stress. Therefore, if a single
Cre-expressing AAV vector, such as an AAV vector lacking
WPRE,20 works in the brain, it could reduce the injection dose and
potential neurotoxicity, and thus could be a better alternative than
the current two AAV vector system.

MATERIALS AND METHODS
AAV vector preparation

We used BBB-penetrating AAV-PHP.eB (PHP.eB)4 and AAV-F6

capsid variants. The pAAV expression plasmid comprises an astro-
cyte-specific mGfaABC1D, neuron-specific NSE promoter, ubiqui-
tous CBh promoter, WPRE or WPRE3,22 and a simian virus 40
(SV40) polyadenylation signal sequence.12 The mGfaABC1D pro-
moter was constructed according to a previous report.23 The trans-
genes incorporated were tdTomato, GFP, Cre, FlpO, and flp-depen-
dent dCre. They were then inserted into the AgeI/NotI-digested
sites of pAAV vectors. The packaging plasmid for PHP.eB was con-
structed by replacing the wild-type fragment between the BsiWI
and PmeI sites of pAAV2/9 (kindly provided by Dr. J. Wilson, Uni-
versity of Pennsylvania) with a mutant capsid gene fragment.
AAV-F was constructed by replacing the wild-type fragment between
HindIII and EcoRV of pAAV2/9 with a humanized mutant capsid
gene fragment. Two fragments with the following primers containing
the insertion sequence for FVVGQSY of AAV-F based on AAV2/9
were amplified by PCR using KOD One PCR Master Mix (Toyobo,
Osaka, Japan) and inserted into a plasmid cut with HindIII and
EcoRV using the In-Fusion HD Cloning Kit (Takara Bio, Shiga,
Japan): F1-forward: 50-TCAGACGCGGAAGCTTCGATCAAC-30,
F1-reverse: 50-GTAGCTCTGGCCCACGACGAATTGGGCACTCT
GGTGGTTTGTGG-30, F2-forward: 50- GTGGGCCAGAGCTACGC
ACAGGCGCAGACCGGCTGGG-30, F2-reverse: 50- CAGTGTGAT
GGATATCTGCAGAATTC-30. Recombinant single-stranded PHP.eB,
AAV-F, and AAV5 vectors were produced using an ultracentrifuga-
tion method as described in a previous paper.24 Briefly, HEK293T
cells (HCL4517; Thermo Fisher Scientific, Waltham, MA), which
were cultured in DMEM (D5796-500ML, Sigma-Aldrich, St. Louis,
MO) supplemented with 8% fetal bovine serum (Sigma-Aldrich),
were transfected with three plasmids: the expression plasmid (pAAV/
mGfaABC1D-tdTomato-WPRE-SV40pA, pAAV/mGfaABC1D-Cre-
WPRE-SV40pA, pAAV/mGfaABC1D-FlpO-WPRE3-SV40pA, pAAV/
mGfaABC1D-frt-inverted dCre-frt-WPRE3-SV40pA, pAAV/NSE-
Cre-WPRE-SV40pA, pAAV/NSE-FlpO-WPRE3-SV40pA, pAAV/
NSE-frt-inverted dCre-frt-WPRE3-SV40pA, or pAAV/CBh-GFP-
WPRE-SV40pA), the pHelper (Agilent Technologies, Santa Clara,
CA), and the packaging plasmid (pAAV-PHP.eB, pAAV-F, or
pAAV2/5). Viral particles were harvested from the culture medium
6 days after transfection and concentrated by precipitation with 8%
polyethylene glycol 8000 (P5413; Sigma-Aldrich) and 500 mM so-
dium chloride. The precipitated particles were resuspended in Dul-
becco’s PBS (D-PBS) and purified using iodixanol (Optiprep; AXS-
1114542-250ML, Serumwerk Bernburg AG, Bernburg, Germany)
and continuous-gradient ultracentrifugation. The viral solution was
concentrated and formulated in D-PBS using a Vivaspin 20 column
10 Molecular Therapy: Methods & Clinical Development Vol. 32 March
(VS2041 or VS2042; Sartorius AG, Göttingen, Germany). The
genomic titers of the viral vectors were determined by PCR using Po-
wer SYBR Green PCR Master Mix (Thermo Fisher Scientific) using
the primers 50-CTGTTGGGCACTGACAATTC-30 and 50-GAAGG
GACGTAGCAGAAGGA-30 for the WPRE sequence, and the
primers 50-ACGCTGCTTTAATGCCTTTG-30 and 50-GAATTGTC
AGTGCCCAACAG-30 for the WPRE3 sequence. The expression
plasmid was used as the standard.
Animals

The C57BL/6J mice used in this study were purchased from Jackson
Laboratory Japan (Yokohama, Japan) and bred in the breeding colony
at Gunma University Bioresource Center (Maebashi, Gunma, Japan).
Ai14 reporter mice (Rosa-CAG-LSL-tdTomato; JAX: Ai14: [strain no.
007914]) were kindly provided by Dr. Daisuke Kohno (Gunma Uni-
versity). Ai75G mice were generated by inserting an NLS sequence
before tdTomato in Ai14 mice. A sex-balanced group of mice were
used for this study. All of the animal care and treatment procedures
were performed in accordance with the Japanese Act on the Welfare
and Management of Animals and the Guidelines for Proper Conduct
of Animal Experiments issued by the Science Council of Japan. The
experimental protocol was approved by the Institutional Committee
of Gunma University (nos. 21–063 and 21–065). Every effort was
made to minimize suffering and to reduce the number of ani-
mals used.
Generation of Ai75G mice

Ai75G mice were generated by inserting an NLS sequence before
tdTomato in the Ai14 mice. The C57BL/6J and ICR mice were pur-
chased from Charles River Laboratories (Yokohama, Japan). To pre-
pare Ai14 zygotes, superovulation was induced in C57BL/6J female
mice by injecting 5 U of pregnant mare serum gonadotropin
(SEROTROPIN, ASKA Pharmaceutical, Tokyo, Japan), followed by
the administration of 5 U of human chorionic gonadotropin
(GONATROPIN, ASKA Pharmaceutical) 48 h later. After 17 h,
MII oocytes were isolated from the oviduct, and in vitro fertilization
was performed using the sperm derived from an Ai14 male mouse in
CARD medium (Kyudo, Tosu, Saga, Japan). After 3 h of incubation,
the zygotes were transferred toM16medium (Sigma-Aldrich) supple-
mented with 1 mM EDTA/2Na. Genome editing by electroporation
was performed as described previously.25 Briefly, an electrode
(LF501PT1-10; BEX, Tokyo, Japan) connected to a CUY21EDIT elec-
troporator (BEX) was placed under a stereoscopic microscope. Ai14
zygotes were placed in a line in the electrode gap filled with 5 mL re-
combinant Cas9 protein (100 ng/mL; EnGen Cas9 NLS, New England
Biolabs, Ipswich, MA), combined CRISPR RNA (crRNA)/trans-acti-
vating crRNA (3 mM, IDT, Coralville, IA), and donor DNA (7.6 mM,
Ultramer DNA Oligo, IDT) in Opti-MEM I medium (Life Technolo-
gies, Carlsbad, CA). The target sequences used in this study were
as follows: crRNA (50-gcaacacgatcccgccacca-30) and donor DNA
(50-ctccatgcgcaccttgaagcgcatgaactctttgatgacctcctcgcccttgctcaccatcacct
ttctcttcttcttaggcatggtggcgggatcgtgttgcacttaacgcgtacaaggccggccgaattcg
atctagcttgg-30).
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Electroporation was performed at 30 V (3 ms on + 97 ms off) using 7
electrical pulses. Genome-edited embryos that were developed to the
2-cell stage were transferred into the oviducts of pseudopregnant ICR
females. To detect NLS insertion, genomic sequencing analysis was
performed using tail tips from the offspring.

AAV injection through retro-orbital sinus

After deep anesthesia via an intraperitoneal injection of ketamine
(100 mg/kg body weight) and xylazine (10 mg/kg body weight),
100 mL of the AAV solution was injected through the retro-orbital si-
nus for 20–30 s, using a 1-mL syringe with a 30G needle (08–277; Ni-
pro, Osaka, Japan).

Stereotaxic injection of AAV5 into mouse primary motor cortex

After inducing deep anesthesia with ketamine/xylazine, the mice were
positioned in a stereotactic frame and the skin covering the frontal
bone was cut. The tip of a Hamilton syringe (33G) with a stereotaxic
micromanipulator (SMM-100; Narishige, Tokyo, Japan) was inserted
into the primary motor cortex (coordinates from bregma: anterior
and posterior, +1.0 mm; midline, ±1.0 mm; dorsal and ventral,
0.8 mm). Viral solution (1 � 1012 vg/mL, 0.5 mL) was injected at a
rate of 25 nL/min. After the injection, the needle remained in place
for an additional 2 min and was withdrawn slowly.

Immunohistochemistry

Between 20 and 22 days after viral injection, deeply sedated mice were
transcardially perfused with PBS (pH 7.4) and 4% paraformaldehyde
in 0.1 M phosphate buffer (4% PFA/PB). Whole brains were
immersed in 4% PFA/PB for 4–5 h at 4�C and cut sagittally into
30-mm (Figures 2, 3, 4, 5, 7, S2, S4, and S5) or 50-mm (Figures 1, 6,
and S3) sections, using amicrotome (Leica VT1200 S; LeicaMicrosys-
tems, Wetzlar, Germany). Free-floating brain sections were blocked
with PBS containing 2% normal donkey serum, 2% BSA, 0.05%
Triton X-100, and 0.05% NaN3 (blocking solution), and then incu-
bated overnight at 4�C with primary antibodies. In the case of Fig-
ures 6 and S3, the primary antibodies were incubated overnight at
room temperature. These primary antibodies for immunostaining
were rabbit polyclonal anti-S100B (1:1,000; S100B-Rb-Af1000; Nit-
tobo Medical, Tokyo, Japan), mouse monoclonal anti-NeuN
(1:1,000; MAB377; Merck, Darmstadt, Germany), goat polyclonal
anti-Olig2 (1:100; AF2418; R&D Systems, Minneapolis, MN), rat
monoclonal anti-CD31 (1:100; 550274; BD Pharmingen, Franklin
Lakes, NJ), and rat monoclonal anti-GFP (1:1,000; 04404-84; nacalai
tesque, Kyoto, Japan). After rinsing several times with PBS containing
Triton X-100 at room temperature, the slices were incubated with the
following secondary antibodies overnight at 4�C in blocking solution:
Alexa Fluor Plus 405 donkey anti-rabbit immunoglobulin G (IgG),
Alexa Fluor Plus 488 donkey anti-goat IgG, Alexa Fluor Plus 488
donkey anti-rabbit IgG, Alexa Fluor Plus 488 donkey anti-rat IgG,
Alexa Fluor Plus 555 donkey anti-goat IgG, Alexa Fluor Plus 647
donkey anti-rat IgG, and Alexa Fluor Plus 647 donkey anti-mouse
IgG. As shown in Figures 6 and S3, secondary antibodies were incu-
bated for 3 h at room temperature. Secondary antibodies were diluted
1:2,000. After washing using the procedure described above, the
Molecul
immunostained sections were mounted on glass slides with
ProLong diamond antifade reagent (Thermo Fisher Scientific).

Imaging analysis

Fluorescent images of the brain sections were acquired using a laser-
scanning confocal microscope (LSM 800; Carl Zeiss, Oberkochen,
Germany) with a 10� objective, and z stack images of different focal
planes were generated. GFP images of the whole brain were acquired
using a fluorescence stereoscopic microscope (VB-7010; Keyence,
Osaka, Japan). The GFP fluorescence intensity of the whole brain
was measured using ImageJ software (https://imagej.net/software/
fiji/).26 The outline of the whole brain was traced, and the fluorescence
intensity in the enclosed areas was measured accordingly.

Measurement of specificities and efficiencies for astrocyte or

neuronal transduction

To determine the specificity in astrocytes or neurons and the efficiency
in these cell types, the fluorescent images (639.0� 639.0 mm) were ac-
quired in two different regions of the cerebral cortex (M1 or M2) of
each sagittal brain section using a confocal laser-scanning microscope
with a 10� objective. The S100B+ (n > 300), tdTomato+ (n > 180), and
NeuN+ (n > 1,200) images of each mouse brain were automatically
counted using ImageJ Fiji. In Figure 7, a total of at least 30 tdTomato+

cells in each coronal brain section were counted manually. The speci-
ficity for astrocyte transduction was calculated by dividing the number
of cells that were double positive for S100B and tdTomato by the num-
ber of tdTomato-expressing cells. The efficiency of astrocyte transduc-
tion was calculated as the number of cells that were double positive for
S100B and tdTomato divided by the number of S100B-immunolabeled
cells. Similarly, the specificity and efficiency of neuronal transduction
were calculated using NeuN labeling instead of S100B labeling. In Fig-
ure S3, the transduction specificities for astrocytes, neurons, and oligo-
dendrocytes were determined by dividing the number of double-posi-
tive cells (GFP and cell-type marker) by the number of GFP+ cells.

Statistical analysis

GraphPad Prism (version 9; GraphPad Software, San Diego, CA) was
used for the statistical analysis and to generate schematic images. The
statistical methods are shown in each figure legend. The data are ex-
pressed as mean ± SD. A p < 0.05 was considered statistically
significant.
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Figure S1. Sequence of astrocyte-specific mouse GfaABC1D promoter used in this study. 

AACAAATACCATGTCGCTGGTATGGAGTATAGGCTGTTGCTATGACAGGAACT
CAGGGGTCTTAACTGGCTTGAGCGCTGGGAGGGGGCAAGCAGCCAGGCCT
TGTCTGTAAGCTGAAGACCTGGCAGTGCTGAGCTGGTCAGCCCCCAGGACC
TCCTTTTGTGCCCACGAGTGACTCACCTTGGCATAGACATAATGGTCAGGGG
TGGGCACGCAGCCTGCTTCCCGCTGTGCTCCAGGCCTCCTTCGATGCTTTC
CGAGAAGTCTATTGAGCTGGGAGCTTGTACTGCACCCGGGGCTGACATCCT
GGCATCCTGGGATAAAAGCAGCCCACGGGGCTGCCCTTGCCATATGCCTCA
CTGGCGGCAGAGAACAAGGCTCTATTCAGCGAGTACCCTGGGGAGTTCTCC
CCCTAGCTGGGCTGGGGCCCAGCTCCACCCCCTCAGGCTATTCAATGGGG
GTGCTTCCAGGAAGTCAGGGGCAGATTTAGTCCAACCCGTTCCTCCATAAAG
GCCCTGACATCCCAGGAGCCAGCAGAGGCAGGGCAGGTTGGAGCGGAGA
CGCATCACCTCTGCGCGCCGC

5’-

-3’

mGfaABC1D promoter: 582bp 
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Figure S2. Non-specific cellular transduction in Ai14 floxed mouse brain by intravenously 

administered PHP.eB expressing Cre using mGfaABC1D promoter. Immunohistochemistry 

of cerebral cortex three weeks after administration of AAV injection. Mice received 

injection of AAV vectors serially diluted from 1×1012 vg/mouse to 1×1010 vg/mouse as 

shown on the upper left corner of each panel. (A) Numerous tdTomato-expressing cells 

immunolabeled for NSE, a neuron marker. (B) Expression of tdTomato in CD31-positive 

brain microvascular endothelial cells (orange arrowheads). Sagittal brain sections were 

A
0.2

0.04 0.02 0.01 ( × 1012 vg/mouse)

1
tdTomato/NeuN
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Enlarged images
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immunolabeled for CD31 (green), a marker of brain microvascular endothelial cell and 

Olig2 (light blue), and a marker of oligodendrocyte. Scale bars; 100 μm.   
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Figure S3. Higher astrocyte-tropic nature of AAV-F over PHP.eB. (A) Schematic diagram 

showing experimental procedure. PHP.eB or AAV-F capsid vectors expressing green 

fluorescence protein (GFP) under control of ubiquitously active chicken β-actin hybrid 
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(CBh) promoter were injected into wild-type C57BL/6 mice through orbital plexus. (B) 

Significantly higher fluorescence intensity in PHP.eB-treated mouse brain than in AAV-F-

treated brain. GFP fluorescence intensity of whole brains was measured three weeks after 

AAV injection. Data (average ± SD) were obtained from four mice and value from each 

mouse was plotted. ****P<0.0001 by unpaired student’s t-test. Scale bar; 5 mm. (C) Triple 

immunostaining of brain sagittal sections for S100B, NeuN, and Olig2, an oligodendrocyte 

marker, three weeks after AAV injection. Fluorescence images of primary motor cortex from 

PHP.eB-treated (upper panels) and AAV-F-treated (lower panels) mice were presented, in 

which square regions were enlarged and shown in upper right corners. Scale bar; 100 μm. 

(D–F) Graph showing specificity for transduction of astrocytes (D), neurons, (E) and 

oligodendrocytes (F) in mice treated with PHP.eB or AAV-F vectors. Data (average ± SD) 

were obtained from four mice and value from each mouse was plotted. **P<0.01 and 

***P<0.001 by unpaired student’s t-test. ITR; inverted terminal repeat, WPRE; woodchuck 

hepatitis virus post-transcriptional regulatory element, SV40pA; simian virus 40 

polyadenylation signal.  
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Figure S4. Non-specific recombination in Ai14 mouse brain by AAV-F- mGfaABC1D 

promoter-dCre. (A) Schematic diagram showing experimental procedure. Ai14 mice 

received intravenous injection of AAV-F-mGfaABC1D promoter-dCre. (B) Double 

immunostaining of brain sagittal sections for S100B (green) and NeuN (not shown) three 

weeks after AAV injection, showing that most of tdTomato-expressing cells were not 

immunolabeled for S100B. Scale bar; 100 μm. (C, D) Graph showing specificity (C) and 

efficiency (D) for astrocyte and neuronal transduction. Data (average ± SD) were obtained 

from four mice and value from each mouse was plotted. The specificity and efficiency for 

astrocytes are presented in Table S1. 
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Figure S5. Recombination profiles of various regions in Ai14 mouse treated with AAV-

F/FlpO-dCre. Ai14 mice were treated with AAV-F/FlpO-dCre as depicted in Fig. 5A and 
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examined three weeks after the injection. Fluorescence images of S100B immunolabeling 

(green, left panels), native tdTomato (magenta, middle panels) and merged images (right 

panels) from various brain regions. Fluorescent images were obtained using the same 

parameters except for S100B immunostaining of corpus callosum (#, bottom left panel), 

which was enhanced because the fluorescence was too weak. Scale bar; 100 μm. The 

specificity and efficiency of astrocyte recombination in the mentioned brain areas are 

summarized in Table S2.  
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Table S1. Summary of the specificity and efficiency of astrocyte transduction in the cerebral 

cortex by intravenous infusion of PHP.eB or AAV-F capsid vectors. These AAV vectors 

expressed tdTomato, Cre, FlpO, and dCre under control of mGfaABC1D promoter. 

Specificity for astrocyte transduction was calculated by dividing number of tdTomato and 

S100B double-positive cells by number of tdTomato-positive cells. Transduction efficiency 

was calculated by dividing number of tdTomato and S100B double-positive cells by number 

of S100B-positive cells. Data (average ± SD) were obtained from four mice.  

 

 

  

AAV
Mouse Dose 

(vg/mouse)
Astrocyte

Genome Capsid Specificity (%) Efficiency (%)

mGfaABC1D-tdTomato PHP.eB WT 1.0E+12 90.6±4.1 13.2±8.2

mGfaABC1D-Cre PHP.eB Ai14 4.0E+10 9.3±3.5 10.8±7.8

mGfaABC1D-Cre AAV-F Ai14 4.0E+10 33.6±5.6 17.6±3.6

mGfaABC1D-dCre AAV-F Ai14 4.0E+10 16.6±4.8 11.3±4.6

mGfaABC1D-FlpO
mGfaABC1D-dCre PHP.eB Ai14 5.0E+11

5.0E+11 49.9±10.9 43.3±6.8

mGfaABC1D-FlpO
mGfaABC1D-dCre AAV-F Ai14 5.0E+11

5.0E+11 92.6±1.4 42.8±9.7
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Table S2. Summary of the specificity and efficiency of astrocyte transduction in different 

brain regions from Ai14 mice treated with AAV-F/FlpO-dCre. Data (average ± SD) were 

obtained from four–five mice except for the data on the corpus callosum (n = 2 mice). N.D., 

not determined. 

 

Astrocyte

Region Specificity (%) Efficiency (%)

Olfactory bulb 62.0±14.1 48.7±16.3

Thalamus 81.8±15.1 32.2±10.0

Hippocampus 88.4±6.9 22.3±5.7

Caudate putamen 37.3±21.4 8.7±5.9

Corpus callosum N.D. N.D.


	Improving cell-specific recombination using AAV vectors in the murine CNS by capsid and expression cassette optimization
	Introduction
	Results
	Astrocyte-specific transduction after systemic administration of PHP.eB with mouse GfaABC1D promoter
	Absence of astrocyte-specific transduction in Ai14 mice by intravenous infusion of PHP.eB expressing Cre under control of m ...
	Significant increase in astrocyte recombination by switching AAV capsid from PHP.eB to AAV-F
	Highly specific astrocyte transduction by combination of a codon-optimized flippase (FlpO)-destabilized Cre (dCre) system w ...
	Neuron-targeted recombination in floxed mice by FlpO-dCre method
	Combination of FlpO-dCre with a capsid tropic to a target cell type also works in brain parenchymal injection
	Transduction profiles of astrocytes present in the brain region apart from the cerebral cortex by AAV-F/FlpO-dCre system

	Discussion
	Materials and methods
	AAV vector preparation
	Animals
	Generation of Ai75G mice
	AAV injection through retro-orbital sinus
	Stereotaxic injection of AAV5 into mouse primary motor cortex
	Immunohistochemistry
	Imaging analysis
	Measurement of specificities and efficiencies for astrocyte or neuronal transduction
	Statistical analysis

	Data and code availability
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


