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Cell-penetrating peptides enhance
the transduction of adeno-associated virus
serotype 9 in the central nervous system
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Recombinant adeno-associated viruses (rAAVs) have been
widely used in the gene therapy field for decades. However,
because of the challenge of effectively delivering rAAV vectors
through the blood-brain barrier (BBB), their applications for
treatment of central nervous system (CNS) diseases are quite
limited. In this study, we found that several cell-penetrating
peptides (CPPs) can significantly enhance the in vitro transduc-
tion efficiency of AAV serotype 9 (AAV9), a promising AAV
vector for treatment of CNS diseases, the best of which was
the LAH4 peptide. The enhancement of AAV9 transduction
by LAH4 relied on binding of the AAV9 capsid to the peptide.
Furthermore, we demonstrated that the LAH4 peptide
increased the AAV9 transduction in the CNS in vitro and in vivo
after systemic administration. Taken together, our results sug-
gest that CPP peptides can interact directly with AAV9 and in-
crease the ability of this AAV vector to cross the BBB, which
further induces higher expression of target genes in the brain.
Our study will help to improve the applications of AAV gene
delivery vectors for the treatment of CNS diseases.

INTRODUCTION

Recombinant adeno-associated virus (rAAV) vectors have been
widely used for preclinical and clinical studies for decades." Three
AAV vector-based gene therapies (Glybera, Luxturna, and Zolgen-
sma) have already received marketing authorization in the United
States and Europe, and several other promising AAV-mediated
gene therapy medicines are in phase III clinical trials.”’® rAAV
vectors are also considered as promising platforms for the treat-
ment of central nervous system (CNS) disorders.”® However,
because AAV vectors cannot efficiently cross through the blood-
brain barrier (BBB), AAV-mediated gene therapy for CNS diseases
has to be reached by either the intraparenchymal injection or the
high-dosage system administration.” Although intraparenchymal
injection can successfully deliver the AAV vectors to a local area
of the brain, most neurodegenerative disorders, such as amyotro-
phic lateral sclerosis, Huntington’s disease, leukodystrophies, and
lysosomal storage diseases, involve cell damage in multiple areas
but not a single site.'>'" In addition, the side effects of intraparen-
chymal injection are another concern of this clinical method. To
overcome the drawback of intraparenchymal injection, the sys-
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temic administration of AAV vectors has been explored to treat
CNS diseases.'>"?

It has been shown that some AAV serotypes, such as AAV7, AAVS,
AAV9, AAVrh.8, and AAVrh.10, have demonstrated the ability to
transduce neurons and other types of brain cells, the best of which is
AAV9."*"'7 AAV9 possesses the remarkable ability to transduce neu-
rons, parenchymal brain cells, and portions of the BBB endothelium. It
is considered as a very promising AAV vector for CNS diseases. How-
ever, although AAV9 has a higher transduction efficiency in brain than
do other AAV serotypes, its transduction efficiency in brain is drasti-
cally lower than that in other tissues.'® To improve the transduction
efficiency, the dose of AAV vectors for system administration is
much higher than that of local injection.'**’ The higher dosage usually
leads to a higher immune response, which will decrease the efficiency
of gene therapy.”’ > Currently, there are two main methods to
improve the AAV transduction efficiency in the brain. The AAV
capsid engineering has been used to look for high transduction AAV
mutants.”* >’ For example, Deverman et al.”® generated an AAV9
capsid mutant, AAV-PHP.B, using an evolution approach. This novel
AAV serotype contains a 7-aa insertion in the VP1 capsid protein and
is distinguished from AAV9 by its high potency to cross the BBB and
transduce CNS cells with about 40-fold greater efficiency than AAV9
without significant increases in peripheral organ transduction.
Another method is to use cell-penetrating peptides (CPPs) to improve
the internalization of AAV capsid into cells through the endocytosis
process. CPPs are short peptides, which are able to pass through tissues
and cell membranes via energy-dependent or independent mecha-
nisms. CPPs are considered as drug delivery vehicles because they
can bind with a wide variety of biologically active conjugates, including
proteins, peptides, DNAs, small interfering RNAs (siRNAs), and small
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Figure 1. CPPs improve AAV9 transduction in HEK293T cells

(A) Peptides of LAH4, LEPTIN30, and APOE increased AAV9 transduction to
HEK293T cells. HEK293T cells were infected with AAVO/GFP (multiplicity of infec-
tion (MOI) of 1,000) alone or precomplexed without or with 5 or 20 uM LAH4,
LEPTIN30, or APOE. Images were taken by an inverted fluorescence microscope
(Nikon). (B) Quantification of green fluorescent protein (GFP) fluorescence levelin (A).
Error bars represent the standard error of the mean (SEM) from triplicate experi-
ments. Data are means + SEM (n = 3; >100 cells per experiment). *p < 0.05, “*p <
0.01, by one-way ANOVA followed by a Turkey’s test.

drugs, and help these molecules transport into cells.”” Numerous pre-
clinical studies have been performed to investigate applications of
CPP-derived therapeutics, some of which have entered into clinical tri-
als.’"* Recently, it was reported that several CPPs can significantly
improve the transduction of AAV2 and AAVS in mouse muscles.”
Zhang et al.”” also found that BBB shuttle peptides can significantly
enhance AAVS transduction in the brain and liver in vivo after sys-
temic administration.

In this study, we showed that several CPPs, including LAH4, LEP-
TIN30, and APOE, can significantly enhance the in vitro transduction
efficiency of AAVY, the best of which was the LAH4 peptide. The

enhancement of AAV9 transduction relied on binding of the AAV9
capsid to the peptide. We also demonstrated that the LAH4 peptide
increased the AAV9 transduction in the brain and liver after systemic
administration. Our results suggest that CPPs can interact directly
with AAV9 and increase the ability of this AAV vector to cross the
BBB, which further induces higher expression of target genes in the
brain.

RESULTS

CPPs enhanced AAV9 transduction in HEK293T cells

It has been reported that CPPs can enhance the transduction of AAV2
and AAVS in vivo and in vitro.>**> However, whether CPPs can
improve transduction of AAV9, the most promising AAV serotype
for CNS diseases, is unknown. AAV9 has been speculated to be
able to cross through the BBB more efficient than any other AAV se-
ro‘[ypes.()’15 To test the effects of CPPs on the transduction of AAV9,
the peptide of LAH4, LEPTIN30, or APOE was incubated with an
AAV9 vector encoding green fluorescent protein (GFP) and the
transduction efficiency was examined after infection of HEK293T
cells. Increasing concentrations of CPPs (0, 5, and 20 uM) were
used against fixed amounts of AAV9 (multiplicity of infection
[MOI] of 1,000). As shown in Figures 1A and 1B, LAH4, LEPTIN30,
and APOE induced a dose-dependent enhancement of viral transduc-
tion in HEK293T cells. As expected, there was no fluorescence found
in cells without AAV9 transduction (negative control [NC]). In cells
incubated with the AAV9 vector only, there was very weak fluores-
cence in cells. However, the GFP-expressing cells increased about
340%, 140%, and 130% when the AAV9 vector was incubated with
peptide (5 uM) of LAH4, LEPTIN30, or APOE and then transduced
into HEK293T cells. When the concentration of CPPs increased to
20 puM, the GFP-expressing cells increased about 540%, 230%, and
170% compared to cells transduced with AAV9 only, respectively,
the best of which is LAH4. These results indicate that CPPs can effi-
caciously improve the transduction of AAV9 into human cells.

Enhanced AAV9 transduction mediated by CPPs in endothelial
cells (ECs) and human astrocytes (HAs)

Since CPPs are able to enhance AAV9 transduction to HEK293T
cells, we wanted to know whether these CPPs can also enhance the
transduction of AAV9 into the human brain cells. The BBB is a highly
selective permeability barrier that separates the circulating blood
from the brain extracellular fluid in the CNS and prevents entry
into the brain of most drugs from the blood. The major BBB compo-
nents include brain microvascular ECs and astrocytes. Brain micro-
vascular ECs help to regulate the flow of substances into and out of
the brain, while astrocytes are essential for the formation and integrity
of the BBB. Astrocytes are the major type of glial cells in the mamma-
lian brain and provide a variety of supportive functions to their
partner neurons in the CNS, such as neuronal guidance during devel-
opment, and nutritional and metabolic support throughout life.”® **
To examine the role of CPPs on AAV9 transduction in human cells,
the peptide of LAH4, LEPTIN30, or APOE was incubated with an
AAV9 vector encoding GFP, and the transduction efficiency was as-
sayed after infection of human cerebral microvascular ECs and HAs.
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Figure 2. CPPs improve AAV9 transduction in ECs and HAs
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(A) Peptides of LAH4, LEPTIN30, and APOE increased AAV9 transduction to ECs and HAs. ECs or HAs were infected with AAV9/GFP (MOI of 1,000) alone or precomplexed
without or with 5 or 20 uM LAH4, LEPTIN30, or APOE. Images were taken by an inverted fluorescence microscope (Nikon). (B) Quantification of GFP-expressing cells
in (A). Error bars represent the SEM from triplicate experiments. Data are means + SEM (n = 3; >100 cells per experiment). **p < 0.01, by one-way ANOVA followed by a

Turkey’s test.

Increasing concentrations of CPPs (0, 5, and 20 pM) were used
against fixed amounts of AAV9 (MOI of 1,000). As shown in Figures
2A and 2B, LAH4, LEPTIN30, and APOE induced a dose-dependent
enhancement of viral transduction in ECs and HAs, which is similar
to that in HEK293T cells. As expected, there was no fluorescence
found in cells without AAV9 transduction (NC). In cells incubated
with the AAV9 vector only, there was very weak fluorescence in cells.
However, the number of GFP-expressing cells significantly increased
about 310%, 142%, and 140% in ECs and 490%, 350%, and 220% in
HAs when the AAV9 vector was incubated with the peptide (5 uM)
of LAH4, LEPTIN30, or APOE and then transduced with ECs or
HAs, respectively. Compared to cells transduced with AAV only,

when the concentration of CPPs increased to 20 uM, the number
of GFP-expressing cells increased about 360%, 200%, and 170% in
ECs and 750%, 590%, and 410% in HAs, respectively. Similar to
HEK293T cells, LAH4 was the most effective peptide for enhancing
viral transduction in ECs and HAs, as compared to that of LEPTIN30
and APOE. Based on these data, we conclude that CPPs can efficiently
improve the transduction of AAV9 into ECs and HAs.

CPPs significantly increased the target gene expression
delivered by AAV9

Because LAH4, LEPTIN30, and APOE can enhance the AAV9-GFP
transduction in HEK293T cells, ECs, and HAs, we speculated that
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Figure 3. CPPs improve the target gene expression in HEK293T cells, ECs, and HAs

(A) Peptides of LAH4, LEPTIN30, and APOE increased GFP mRNA level in cells. HEK293 cells, ECs, or HAs were infected with AAV9-GFP (MOI of 1,000) alone or pre-
complexed without or with 5 or 20 uM LAH4, LEPTINS0, or APOE. Total RNA was isolated from cells, and mRNA levels of GFP were assessed by quantitative polymerase
chain reaction (GPCR). The 2722 method was used to calculate the relative GFP mRNA level. All of the data were then normalized by the mean percentage of GFP
expression in AAV9 only cell. All error bars represent the SEM from triplicate experiments. Data are means + SEM (n = 3). *p < 0.05, **p < 0.01, by one-way ANOVA followed by
a Turkey’s test. (B) Peptides of LAH4, LEPTIN30, and APOE increased GFP protein level in cells. HEK293 cells, ECs, or HAs were infected with AAV9/GFP (MOI of 1,000)
alone or precomplexed without or with 5 or 20 uM LAH4, LEPTINSO0, or APOE. Total protein was extracted and GFP expression levels in three cell lines were determined by
western blots. Ponceau S-stained total protein was used as a loading control. (C) Quantification of the level of GFP protein in (B). Error bars represent the SEM from triplicate
experiments. Data are means + SEM (n = 3). *p < 0.05, **p < 0.01, by one-way ANOVA followed by a Turkey’s test.

the expression of the GFP gene should also increase accordingly. To  tase polymerase chain reactions (RT-PCRs). As shown in Figure 3A,
test this hypothesis, we purified the total RNA from the cells in Fig- LAH4, LEPTIN30, and APOE induced a dose-dependent increasing
ures 1 and 2 and performed quantitative real-time reverse-transcrip- ~ of GFP mRNA level in HEK293T cells, ECs, and HAs. In cells

Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021 31


http://www.moleculartherapy.org

Molecular Therapy: Methods & Clinical Development

LAH4-FITC AAV9 Vector Colocalization

w

LAH4-FITC AAV9 Vector Colocalization

No Serum

20% Serum

10% Serum

30% Serum

(9]

120

100 ]

—

80
60
40
20

Relative coloalization of
LAH4-FITC and AAV9 (%)

0
Serum Conc.: 0 10% 20% 30%

(legend on next page)

32 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021



www.moleculartherapy.org

incubated with the AAV9 vector only, there was a very low level of
GFP mRNA in cells. However, compared to cells transduced with
AAV, only the mRNA level significantly increased about 357%,
150%, and 110% in HEK293T cells, 230%, 130%, and 115% in ECs,
and 550%, 350%, and 270% in HAs, respectively, when the AAV9 vec-
tor was incubated with the peptide (5 uM) of LAH4, LEPTIN30, or
APOE and then transduced with HEK293T cells, ECs, or HAs.
Compared to cells transduced with AAV only, when the concentra-
tion of CPPs increased to 20 uM, the mRNA level increased about
700%, 200%, and 170% in HEK293T cells, 360%, 170%, and 120%
in ECs, and 1,600%, 730%, and 445% in HAs, respectively.

We also examined the GFP protein level by immunoblots using
mouse anti-GFP antibody. As shown in Figures 3B and 3C, LAH4,
LEPTIN30, and APOE induced a dose-dependent increasing of
GFP protein level in HEK293T cells, ECs, and HAs. In cells incubated
with the AAV9 vector only, there was a very low level of GFP protein
in cells. However, when the AAV9 vector was incubated with the pep-
tide (5 uM) of LAH4, LEPTIN30, or APOE and then transduced with
HEK293T cells, ECs, or HAs, the protein level increased about 216%,
310%, and 100% in HEK293T cells, 330%, 160%, and 130% in ECs,
and 1,000%, 650%, and 220% in HAs compared to cells transduced
with AAV vector only, respectively. When the concentration of
CPPs increased to 20 pM, the protein level increased about 1,000%,
380%, and 160% in HEK293T cells and 990%, 130%, and 200% in
ECs and 1,200%, 700%, and 370% in HAs compared to cells trans-
duced with AAV vector only, respectively.

To characterize the effect of these peptides on the target cells, the
viability of cells was determined by an MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) assay after incubation
with either AAV9-CPP complexes or AAV9 alone. As shown in Fig-
ure S1, no cytotoxicity was observed when AAV9 was preincubated
with CPPs at concentrations up to 20 uM. Taken together, CPPs,
especially LAH4, can significantly enhance the target gene expression
in HEK293T cells, ECs, and HAs delivered by AAV9 vector.

Colocalization of the LAH4 peptides and AAV9 vector particles in
cells

We next sought to determine whether the enhanced viral transduc-
tion mediated by CPPs resulted from a direct interaction of the
AAV9 vector particles and CPPs, and whether the mouse serum af-
fects the stability of the AAV9-CPP complex. To test this speculation,
empty capsid AAV9 particles without transgene were pre-incubated
with 5 pM fluorescein isothiocyanate (FITC)-labeled LAH4 peptides
at 37°C for 1 h. The mixture was then incubated with ECs, respec-
tively. After 3 h, the cells were collected and fixed, and images were

captured by fluorescence confocal microscopy. AAV9 was immuno-
stained with an antibody specific for intact AAV particles. As shown
in Figure 4A, most of the AAV?9 vectors were colocalized with FITC-
labeled LAH4 peptides, suggesting the formation of AAV9-LAH4
complexes. This result strongly confirmed the speculation that the
enhanced viral transduction mediated by CPPs resulted from a direct
interaction of AAV9 particles and CPPs. To explore whether the
AAV9-LAH4 complex is suitable for administration in mammals,
the effect of serum on the stability of the AAV9-LAH4 complex
was examined. As shown in Figures 4B and 4C, adding of 10%-
30% mouse serum into the incubation reaction of AAV9 and LAH4
did not significantly change the colocalization of LAH4-FITC and
AAV9 in the cells, suggesting that the mouse serum did not dissociate
the AAV9-LAH4 complex in vitro.

Optimization of AAV9-LAH4 complex formation

To optimize the experimental conditions for producing AAV9-CPP
complex mixture with the most potent transduction efficiency, we
first examined the transduction efficiency of the AAV9-LAH4 com-
plex mixture formed after incubation the 1 x 10* vector genomes
(vg) of AAVY particles encoding GFP and 5 uM LAH4 peptide for
0, 60, and 120 min, respectively. The AAV9-LAH4 complex mixtures
were then incubated with ECs for transduction for 24 h. The cells were
examined by fluorescence microscopy. As shown in Figure 5A, LAH4
induced a time-dependent increasing of fluorescence level in ECs.
Without incubation of AAV9 and LAH4 (time 0), there was very
weak fluorescence in cells. The fluorescence level significantly
increased when the AAV9 vectors were incubated with the LAH4
peptide for 2 h. We also extracted the total RNA and protein from
the cells in Figure 5A and examined the GFP mRNA level and protein
level with quantitative real-time RT-PCR and western blot, respec-
tively. As shown in Figures 5B-5D, similar to the fluorescence level,
the LAH4 peptide also induced a time-dependent increasing of
GFP mRNA and protein level in ECs. After incubation for 2 h,
both the GFP mRNA and protein levels were about 350% and
260% higher than those without incubation (time 0).

It has been suggested that CPPs interact with AAV particles through a
covalent bond, which is an energy-dependent process, and that the
temperature affects formation of the AAV-CPP complex.”>** To
examine whether formation of the AAV9-CPP complex is also a tem-
perature-dependent process, we examined the transduction efficiency
of the AAV9-LAH4 complex formed at 4°C, 25°C, and 37°C, respec-
tively. The AAV9-CPP complex mixtures were incubated with ECs
for transduction for 24 h. The cells were then examined by fluores-
cence microscopy. As shown in Figure 5E, the LAH4 peptide induced
a temperature-dependent increase of fluorescence levels in ECs. At

Figure 4. Colocalization of the LAH4 peptides and AAV9 particles in cells

(A) AAV9 particles were incubated with FITC-CPP (green) and subsequently probed with a mouse monoclonal antibody specific for intact AAV (red). The nucleus is in blue and
a single cell is shown. Overlapping green and red signals appear as yellow in the merged image. The image was taken by a Nikon confocal microscope. Arrows indicate
colocalized AAV9 particles and LAH4 peptides. Scale bar represents 10 um. (B) The AAV9-LAH4-FITC mixture was incubated without or with mouse serum and subse-
quently probed with a monoclonal antibody specific for intact AAV (red). Overlapping green and red signals appear as yellow in the merged image. The image was taken by
Nikon confocal microscope. Scale bar represents 20 um. (C) Quantification the colocalization of each cell in (B). n = 3; >50 cells per experiment.
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Figure 5. Optimization of AAV9-LAH4 complex
formation

(A) Effect of incubation time on AAV9 transduction effi-
ciency. Scale bar represents 40 um. (B) Total RNA was
isolated from cells in (A), and mRNA levels of GFP were
assessed by gPCR. Data are means + SEM (n = 3; one-
way ANOVA followed by t test). **p < 0.01. (C) GFP protein
level in ECs transduced with the AAV9-LAH4 complex
formed after 0, 30, and 120 min. Total protein was ex-
tracted, and western blots were performed using anti-
GFP antibody. The Ponceau S-stained total protein was
used as a loading control. (D) Quantification of the protein
level in (C). Data are means + SEM (n = 3; one-way
ANOVA followed by a t test). **p < 0.01. (E) Effect of in-
cubation temperature on AAV9 transduction efficiency.
Scale bar represents 40 um. (F) Total RNA was isolated
from cells incubated at 4°C, 25°C, or 37°C in (E), and
mRNA levels of GFP were assessed by quantitative po-
lymerase chain reaction. Data are means + SEM (n = 3;
one-way ANOVA followed by a t test). *p < 0.05, *p <
0.01. (G) GFP protein level in ECs transduced with the
AAV9I-LAH4 complex formed at 4°C, 25°C, or 37°C. Total
protein was extracted and western blots were performed
using anti-GFP antibody. The Ponceau S-stained total
protein was used as a loading control. (H) Quantification
of the protein level in (G). Data are means + SEM (n = 3;
one-way ANOVA followed by t test). *p < 0.05, **p < 0.01.

rescence level, the LAH4 peptide induced a tem-
perature-dependent increase of GFP mRNA
and protein level in ECs. At 37°C, the GFP
mRNA and protein level were 220% and 160%
higher than those at 4°C, respectively. Taken
together, the incubation condition of 37°C for
120 min produced the AAV9-LAH4 complex
mixture with the most transduction potency.

LAH4 increased the penetration of AAV9
through the BBB model in vitro

It has been reported that AAV9 penetrates brain
microvascular EC (BMVEC) barriers more
effectively than does AAV2 through an active,
cell-mediated prOC€SS.38’39 Therefore, we estab-
lished a BBB model in vitro. BMVECs were
seeded on cell culture inserts featuring trans-
parent polyethylene terephthalate (PET) mem-
branes with pores, 0.4 pm in diameter. The
two-compartment configuration allows for an
upper and lower chamber to be separated by
polarized BMVECs. AAV9 particles were incu-

bated with phosphate-buffered saline (PBS) or different concentra-
tion gradients of LAH4 (20-50 uM), which were then diluted in the
media and added to the upper chamber of cell culture inserts. At
the indicated time points, media were collected from the lower cham-
bers and analyzed by qPCR for the presence of vector genomes,
enabling the monitoring of AAV particles that traffic across the
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Figure 6. LAH4 increased the penetration of AAV9 through the BBB model
in vitro

hCMEC/D3 cells were cultured in a monolayer and incubated without or with LAH4
at concentration gradients of 20, 30, 40, and 50 uM. The media in the basal
chamber were collected at different time points and the viral titer was analyzed by
gPCR. All treatments were performed in triplicate. Data are means = SEM (n = 3;
one-way ANOVA followed by a t test). *p < 0.05, *p < 0.01, compared to cells with
the AAV9 treatment.

BMVEC monolayer. As shown in Figure 6, LAH4 significantly
increased the penetration of AAV9 through the BBB model, which
was reliant on the incubation time of AAV9 with LAH4. We also
found that LAH4 could enhance the ability of AAV9 to penetrate
the BBB in a dose-dependent manner (20-40 uM). However, LAH4
with a higher concentration (>40 pM) would inhibit the penetration
of AAV9 through the BBB.

The LAH4 peptide enhanced the expression of target gene
delivered by AAV9 in vivo
The BBB is composed of specialized brain microvascular ECs that

36-39 @:
°~7” Since

control the flow of substances into and out of the brain.
CPPs can enhance the transduction of AAV9 vector into ECs, we
speculate that CPPs can also enhance transduction of the AAV9 vec-
tor in the CNS crossing the BBB. To test this hypothesis, we injected
the PBS buffer, AAV9 vector, and AAV9-LAH4 complex mixture into
mice intravenously (i.v.). After 3 weeks, the GFP fluorescence in the
tissues of liver and brain was examined using the immunohistochem-
istry method. We selected three different brain regions and one liver
region for imaging. As shown in Figures 7A and 7B, there was very
weak background fluorescence in both the brain and liver in mice in-
jected with PBS. The fluorescence level in both the brain and liver
increased mildly in mice injected with AAV9 vector as expected. In
mice injected with the AAV9-LAH4 complex mixture, the number
of GFP-expressing cells increased about 250% in hippocampus,
160% in cerebellum, 140% in cortex, and 400% in liver compared
to those of mice injected with AAV9 vector only.

To confirm this result, the DNA level and mRNA level of GFP in both
the brain and liver were also examined by quantitative real-time RT-
PCR. As shown in Figure 7C, the GFP DNA copy numbers in mice

injected with the AAV9-LAH4 complex increased about 400% and
580% compared to those in mice injected with AAV9 alone, respec-
tively. Similarly, the GFP mRNA levels in mice injected with the
AAV9-LAH4 complex increased about 180% and 500% compared
to those in mice injected with AAVY9, respectively (Figure 7D). Taken
together, the LAH4 peptide enhanced the expression of target gene in
the brain and liver delivered by AAV9 through systemic administra-
tion in vivo.

To confirm that LAH4 can increase the transduction of AAV9 in neu-
rons and other CNS cells, the GFP fluorescence in the tissues of brain
was examined by immunohistochemistry using two antibodies, the
neuronal nuclear protein (NeuN) antibody and the glial fibrillary
acidic protein (GFAP) antibody, which are used to stain mature neu-
rons and numerous cell types of the CNS, including astrocytes and
ependymal cells, respectively. As shown in Figures 8A and 8B, there
was very weak background GFP fluorescence in cells labeled with
anti-NeuN and anti-GFAP antibodies in the brain of mice injected
with PBS. Strong GFP fluorescence was found in cells labeled with
anti-NeuN and anti-GFAP antibodies in mice injected with AAV9
vector as expected. In mice injected with the AAV9-LAH4 complex
mixture, the number of GFP-expressing cells greatly increased
compared to those of in mice injected with AAV9 vector only. These
results confirm the notion that LAH4 has the potential to increases
the ability of AAV9 to cross the BBB and enhance brain transduction,
especially in neurons, astrocytes, and ependymal cells.

Immune responses of AAV9 transduction in the brain were
reduced by the LAH4 peptide

The systemic administration of AAV usually leads to immune re-
sponses, which will reduce the gene therapy efficiency and increase
the safety concern of gene therapies. Although we have found that
the CPPs can enhance the transduction of AAV9 in the brain,
whether the immune responses increased along with the higher trans-
duction in the brain is unknown. To examine the immune response in
mice injected with the AAV9-LAH4 complex mixture, we examined
the mRNA level of two inflammation factors, interleukin-18 (IL-1B)
and tumor necrosis factor-o. (TNF-a), by quantitative real-time RT-
PCR. As shown in Figure 9A, the mRNA levels of IL-1f and TNEF-
o in the liver of mice injected with the AAV9-LAH4 complex were
about 130% and 140% of those in mice injected with AAV9, respec-
tively, suggesting that the LAH4 peptide increased the immune
response in the liver. However, the mRNA levels of IL-1B and
TNF-a in the brain of mice injected with AAV9-LAH4 were about
55% and 60% of those in mice injected with AAVY, respectively, sug-
gesting that the LAH4 peptide might have reduced the immune
response for AAV9 transduction in the brain. This result was
confirmed by the decreased levels of CD4 and CD8 in the brain of
the mice injected with AAV9-LAH4 compared to those in mice in-
jected with AAV9 only using the immunohistochemistry method
(Figures 9B and 9C). We also found that the CD4 and CD8 levels
in the liver of mice transduced with AAV9-LAH4 only mildly
increased compared to those in mice transduced with AAV9 only,
respectively (Figures S2A and S2B). These data suggest that the
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LAH4 peptide decreased the immune responses of AAV9 transduc-
tion in the brain but not in the liver.

DISCUSSION

Although rAAV vectors are ideal tools for gene therapy and have been
widely used for eye diseases, cancers, and vascular diseases, among
others,*** their applications for the treatment of CNS diseases
have been seriously limited because of their very low efficiency of
crossing through the BBB. Several methods have been developed to
enhance the capacity of crossing through the BBB and enhance the
transduction efficiency for AAV vectors in the CNS, including
CPPs. In this study, we found that CPPs can significantly enhance
the transduction efficiency of AAV9, the most promising AAV sero-
type for CNS diseases in vitro and in vivo.

Efforts have been devoted to improve the transduction efficiency of
AAV vectors in the brain. However, very limited progress has been
made in this area. Some preclinical studies have shown that engineered
AAV vectors have displayed promising results, but further studies sug-
gest that these mutated AAV vectors may not be able to enhance the
transduction in large animals and humans. It is also unknown how
the mutations on the capsid affect its manufacturing capacity, and
whether they lead to any safety concerns are unclear. In addition,
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Figure 7. The LAH4 peptide facilitates gene delivery
of AAV9 in mouse brain and liver

(A) The transgene expression in tissues from C57BL/6
mice injected with AAV9 or AAV9-LAH4 complexes. Tis-
sues of the liver and brain (hippocampus, cerebellum,
cortex) were taken at day 21 after tail vein injection and
immunohistochemically stained with antibodies against
GFP (green) and liver, respectively. Scale bars represent 5
or 10 um. (B) Quantification of the relative number of
positive cells in (A). Data are means + SEM (n = 3; one-
way ANOVA followed by a t test). *p < 0.05, **p < 0.01. (C)
Genomic DNA was isolated from tissues of the liver and
brain and GFP DNA was assessed by gPCR. The 244
method was used to calculate the relative DNA level. Data
are means = SEM (n = 3; one-way ANOVA followed by a t
test). **p < 0.01. (D) Total RNA was isolated from tissues
of the liver and brain and mRNA levels of GFP were as-
sessed by gPCR. The 2722Ct method was used to
calculate the relative mRNA level. Data are means + SEM
(n = 3; one-way ANOVA followed by a t test). “*p < 0.01.

wk

AAV engineering is time- and cost-consuming.
Therefore, it is necessary to look for an efficient
and economic strategy to improve AAV trans-
duction in the CNS. Liu et al.** have found
that CPPs can efficiently improve the transduc-
tion of AAV2 and AAV8 in muscle tissue and
no cytotoxicity of CPPs was detected in vivo.
Zhang et al.” found that the THR peptide
increased the BBB crossing ability and transduc-
tion efficiency in the brain of AAVS after sys-
temic administration. However, many more AAVS virions were found
in the liver compared to those in the brain (about 175-fold) following
systemic administration of the AAV8-THR complex, which is consis-
tent with the previous conclusion that AAV8 is a vector with high liver
tropism.'®** This result suggests that AAVS is not an ideal AAV vector
to deliver target genes to the brain.”” In our study, the GFP DNA level
in the brain is about 25% of that in the liver of mice transduced with
AAV9 vector only (Figure S3), which is consistent with previous re-
ports that AAV9 has relatively high transduction efficiency in the brain
compared to other AAV serotypes.'*'° We also found that the fluores-
cence level in both the brain and liver in mice transduced with the
AAV9-LAH4 complex increased about 1.5- to 4-fols compared to
that in mice transduced with AAV9 only (Figures 7A and 7B), suggest-
ing that the LAH4 peptide did not change the tropism of the AAV9
vector and the AAV9-LAH4 complex is an ideal candidate of target
gene delivery tool for CNS disease treatment.

One of the main safety concerns for gene therapies using AAV vectors
is the immune response, which not only reduces the therapy efficiency
but also may cause serious safety issues for patients.** Currently, med-
icines are used to inhibit the immune response when patients are
treated with gene therapies.ds However, because of the BBB barrier,
those medicines may not work very well for the immune response
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induced in the brain. As expected, we found that the mRNA level of
two inflammation factors, IL-1B and TNF-a, in the liver of mice
transduced with the AAV9-LAH4 complex increased about 30%
and 40% compared to those in mice transduced with AAV9 only,
respectively. Surprisingly, the mRNA level of IL-1B and TNF-o in
the brain of mice transduced with AAV9-LAH4 decreased about
55% and 60% compared to those in mice transduced with AAV9
only, respectively. The reduced immune response by LAH4 in the
brain was also confirmed by CD4- and CD8-positive cells using the
immunohistochemistry method (Figures 9B and 9C). The different
immune responses in the brain and the liver induced by LAH4 are un-
known. Further experiments are needed to explore the mechanism of
LAH4-induced reduction of immune response in the brain.

As mentioned in this study and previous reports, the enhancement of
viral transduction mediated by CPPs is caused by the direct interaction
between AAV particles and CPPs. It has been suggested that CPPs can
improve the internalization of AAV capsid into cells through the endo-
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Figure 8. AAV9-LAH4 complex leads to increased
transduction in neurons

The transgene expression in neuron cells from C57BL/6
mice injected with PBS, AAV9, or AAV9-LAH4 complexes
was examined. (A and B) Tissues of the brain were taken
at day 21 day after tail vein injection and im-
munohistochemically stained with antibodies against
GFP (green color) and NeuN (red color) (A) or GFAP (red
color) (B), respectively. Representative images of the GFP
expression (green) of AAV9, NeuN (red), or GFAP (red) (B)
were merged with DAPI (blue). Scale bars represent
10 pm.

cytosis process.”* To explore whether endocy-
tosis also plays a similar role for transduction
of the AAV9-LAH4 complex into cells, we
examined transduction of the AAV9-LAH4
complex in ECs preincubated with amiloride
and chlorpromazine, which are known to block
clathrin-mediated internalization and inhibit
the macropinocytosis by preventing induction
of membrane ruffling, respectively."*"” As
shown in Figures S4A and S4B, amiloride did
not inhibit the transduction of AAV9 in ECs,
whereas chlorpromazine did. Both amiloride
and chlorpromazine significantly inhibited the
transduction efficiency of AAV9-LAH4 into
ECs, suggesting that endocytosis plays an impor-
tant role in this process. The fact that Erythrina
cristagalli lectin (ECL), which blocks the binding
of AAV9 with its receptor,” dramatically in-
hibited the entry of both AAV9 and AAVY-
LAH4 into ECs (Figures S4C and S4D), suggest-
ing that the AAV9 receptor also plays an essen-
tial role for the entry of AAV9-CPP into cells.

Based on the results in this study, we speculate that the purified AAV-
CPP complex may have higher efficiency, better safety, and a lower
immune response than those of the unpurified mixture. How to re-
move unbound impurities in the AAV-CPP complex mixture with
high transduction efficiency is a technical challenge that needs to be
overcome in the future.

MATERIALS AND METHODS

Cell lines and peptides

HEK293T cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) (HyClone, Northbrook, IL, USA) with 10% (v/v) of
heat-inactivated fetal bovine serum (FBS) (Sera Pro). The human cere-
bral microvascular EC (hCMEC) line hCMEC/D3, marked as ECs, was
purchased from Sigma-Aldrich (product no. [PN] SCC066). Culture
medium contained endothelial basal medium (EBM)-2 (Lonza, Basel,
Switzerland) supplemented with 1% lipid concentrate, 1% HEPES,
0.055% cortisol, 0.002% basic fibroblast growth factor (bFGF), and
0.00055% vitamin C. HAs were purchased from Science Cell Research
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Figure 9. The LAH4 peptide did not increase the

immune response in the brain
* (A) Total RNA was isolated from tissues of the liver and
brain, and mRNA levels of IL-1B and TNF-a. were as-
sessed by gPCR. The 2722%" method was used to
calculate the relative expression of IL-1B and TNF-a.. All of
the data were then normalized by the mean percentage of
cytokine expression in mice injected with AAV9 only. Data
are means + SEM (n = 3; one-way ANOVA followed by a t
test). *p < 0.05. (B) Analysis of T lymphocyte infiltration in
brain tissues from C57BL/6 mice injected with AAV9 or

Liver

Relative TNF-a mRNA level (A.U.)

Brain

Brain

AAV9

CDh4

CD8

4, M PBS
AAVY
M AAVY+LAH4

Relative number of positive cells

Laboratories (Carlsbad, CA, USA) and maintained in astrocyte me-
dium (Science Cell Research Laboratories, Carlsbad, CA, USA). All
of the cell lines were cultured in an incubator at the condition of
37°C/5% CO,. All peptides with >95% purity were synthesized at Gen-
Script (Nanjing, China) and dissolved in Dulbecco’s PBS (DPBS) with
10% dimethyl sulfoxide to a stock solution of 10 mM. The amino acid
sequences for the peptides of LAH4, ApoE, and Leptin30 are KKALLA-
LALHHLAHLALHLALALKKAC, LRKLRKRLLLRKLRKRLL,
YQQILTSMPSRNVIQISNDLENLRDLLHVL, respectively.

and

38

AAV9+LAH4

T AAV9I-LAH4 complexes at 21 days. Tissues were im-
Liver munohistochemically stained with antibodies against
CD4 and CD8 (red). Scale bar represents 5 um. (C)
Quantification of the relative number of positive cells in (B).
Data are means = SEM (n = 3; one-way ANOVA followed
by a t test). *p < 0.05.

Plasmids

The AAV9 rep/cap plasmid, pAAV/CBA-GFP,
and pAD helper plasmid for recombinant
AAV9 vector production were obtained from
Addgene (Cambridge, MA, USA).

Production of recombinant AAV9 viral
vectors

Recombinant AAVY full particles expressing
GFP driven by the chicken B-actin (CBA)
promoter were produced using a triple trans-
fection in HEK293T cells as previously
described. > In brief, the transgene
plasmid pAAV/CBA-GFP, the AAV helper
plasmid containing Rep and Cap genes,
and the adenoviral helper plasmid pAD
were co-transfected into HEK293T cells.
HEK293T cells were collected and lysed
72 h post-transfection. The supernatant was
then subjected to a cesium chloride gradient
ultracentrifugation.

In vitro transduction assay

At least 6 h before AAV9 transduction, the cells

were seeded in 24-well plates with a density of

3 x 10° cells per well. CPPs at different concen-

trations (final concentration of 0, 5, and 20 uM)
were incubated with AAV9/GFP (MOI of 1,000) at 37°C for 2 h. The
AAV9 alone or AAV9-peptide complexes were then added to the
HEK293T cells, ECs, or HAs. To assess the best temperature for
AAV particles and the peptide to interact, AAV-peptide complexes
were incubated at 4°C, 25°C, or 37°C, respectively. To explore the
optimal incubation time for AAV9 particles and peptides to form
AAV-LAH4 complexes with the best transduction efficiency,
AAV9-peptide complexes were incubated in time gradients of 0, 1,
and 2 h.
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Western blot analysis

Total proteins from cells or animal tissues were isolated with radioim-
munoprecipitation assay (RIPA) buffer (Beyotime Institute of
Biotechnology, Shanghai, China). Protein quantification was per-
formed with a bicinchoninic acid (BCA) protein assay kit (PN
WLAO004, Wanleibio, Shenyang, China). Equal amounts of protein
samples were separated by SDS-PAGE and electrophoretically trans-
ferred onto polyvinylidene fluoride (PVDF) membranes. To avoid
non-specific binding, membranes were blocked with 5% nonfat
milk for 45 min at room temperature. Subsequently, membranes
were incubated with anti-GFP antibody (1:100,000 dilution, PN
66002-1-1g, Proteintech, Wuhan, China) for 2 h at room temperature.
After washing, the membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 2 h at room
temperature (1:5,000 dilution, PN SA00001-1, Proteintech, Wuhan,
China). After washing three times with Tris-buffered saline with
Tween 20 (TBST), immunoblots were visualized by an enhanced
chemiluminescence (ECL) kit (PN 180-5001, Tanon, Shanghai,
China) and scanned using the Tanon AllDoc_x. The integrated den-
sity values were calculated through Image] software.

Real-time PCR assay

The total RN As were separated from cells and tissues of the brain and
liver using TRIzol reagent (PN DP424, TIANGEN, Beijing, China).
Then, the concentration and quality of RNA were determined using
a NanoPhotometer N50 Touch (Implen). TakaRa PrimeScript RT
master mix (RR036A) was used for inverse transcription of total
RNA to cDNA. The qPCR was performed on the LightCycler 96
real-time system (Roche) using a pair of primers specific for the
GFP transgene, that is, 5-GCACAAGCTGGAGTACAACTA-3
(forward) and 5-TGTTGTGGCGGATCTTGAA-3' (reverse). Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the
endogenous control. The primers specific for the GAPDH gene are
5'-GAAGGTGAAGGTCGGAGTC-3' (forward) and 5'-GAAGATG
GTGATGGGATTTC-3' (reverse). The primers specific for the IL-
1B gene are 5'-GCAACTGTTCCTGAACTCAAC-3' (forward) and
5-ATCTTTTGGGGTCCGTCAACT-3' (reverse). The primers spe-
cific for the TNF-a. gene are 5'-CTGAACTTCGGGGTGATCGG-3'
(forward) and 5-GGCTTGTCACTCGAATTTTGA-3' (reverse).
The genomic DNA (gDNA) was extracted from the tissues using a
DNeasy blood & tissue kit (PN DP304, TIANGEN, Beijing, China)
and was quantified by qPCR. The relative expression values were
calculated using relative quantification (27248,

Immunofluorescence assays

AAV9 particles and the LAH4-FITC peptide were incubated at 37°C
for 1 h. The mixture was then added into cell cultures and incubated
for 1 h. After that, ECs and HAs were washed by DPBS buffer three
times. The cells were fixed with 4% paraformaldehyde for 20 min
and permeabilized with 0.5% Triton X-100 for 40 min at room tem-
perature. After blocking with 5% bovine serum album (BSA) for
30 min, the cells were incubated with AAV primary antibodies
(1:10 dilution, PN 65158, Progen) at 4°C overnight. Cells were incu-
bated with DyLight 549-conjugated goat anti-mouse immunoglob-

ulin (Ig)G (1:5,000 dilution, PN 29147, Rockland) for 1 h at room
temperature. DAPI (4',6-diamidino-2-phenylindole) was applied to
the samples and incubated for 5 min to visualize cell nuclei. Stained
cells were visualized using confocal microscopy (Nikon AIR). To
examine the effect of serum on the transduction efficiency of
AAV9-LAH4, AAV9 particles and the LAH4-FITC (5 uM) peptide
were incubated at 37°C for 1 h. After that, the mouse serum was
added into the mixture to final concentrations of 10%, 20%, and
30% (v/v) and incubated for another 2 h. The mixtures with serum
were then added into EC cultures and incubated for 1 h for the trans-
duction assay.

In vitro internalization and intracellular trafficking study

The ECs were preincubated without or with amiloride (1 mmol/L) or
chlorpromazine (15 pg/mL) for 30 min at 37°C. Then, the cells were
infected with the AAV9 vector or the AAV9-LAH4 complex. The
cells were also treated with ECL (50 pg/mL) for 15 min at 4°C. The
cells were then washed and AAV9 or AAV9-LAH4 complexes were
added into the solution and incubated at 4°C for 1 h. GFP expression
was analyzed by western blot 2 days after infection.

In vitro BBB model and transcytosis assays

hCMEC/D3 cells were seeded into positron-emission tomography
(PET) track-etched membranes (0.4-pum pores) and a 24-well trans-
well plate, which were both coated with rat-tail collagen type I and
rinsed with 1x PBS. The hCMEC/D3 cells at a density of 5 x 10*
cells/insert and the medium were changed every 2 days. After about
1 week, an electric cell-substrate impedance system (MERS00002)
was used detected transendothelial electrical resistance (TEER) read-
ings. When the reading was stable at 1,000 Q, cells were washed with
DPBS and cultured in serum-free medium. AAV9 or AAV9-LAH4
(20-50 uM) vectors were applied to the upper chamber at 2 x 10°
vg. Cultures were then incubated with the virus at 37°C with 5%
CO,. The culture medium of the lower chamber was collected at
the designated time point at 6, 18, 24, 36, and 48 h. Viral titers
were calculated by qPCR.

Animal study

C57BL/6 female mice at 5 weeks of age were purchased from the Wei-
tonglihua (Beijing, China). All mice were randomly divided into
groups of three animals each and maintained in a specific path-
ogen-free facility at China Medical University. Mice were adminis-
tered either AAV9/GFP or an AAV9/GFP-peptides complex via tail
vein injection. After 3 weeks of injection, mice were euthanized,
and the tissues were collected. All procedures were approved by the
China Medical University Animal Ethics Committee and conducted
in accordance with China Animal Welfare and Biosecurity
Legislation.

Immunohistochemistry assays

AAV9 (3 x 10" particles/smouse) was pre-incubated with
0.001 mmol LAH4 peptide for 2 h at 37°C. The AAV9 or AAV9-
CPP complexes were injected via tail vein into C57BL/6 mice. After
21 days of injection, the brain and liver of mice were excised, fixed,
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frozen, cryosectioned, and then mounted onto glass slides (Thermo
Scientific, Cryotome E). Frozen sections were then washed with
cold PBS. After fixation with 4% paraformaldehyde in antigen
retrieval buffer (100x EDTA buffer, pH 8.0), the slides were blocked
with 3% BSA and then washed by PBS, followed by incubation with
rabbit anti-GFP (Proteintech PN 50430-2-AP), rat anti-CD4
(Abs120100), or anti-CD8 (Abs120101). After that, the slides were
incubated with secondary antibody, and then counterstained with
DAPI for 10 min (KeyGEN BioTECH PN KGAZ215). Fluorescence
images were acquired by Nikon DS-U3 controller using a Nikon
Eclipse C1 microscope. Regions of interest were randomly chosen
per image at x200 magnification.

Statistical analysis

The results are expressed as means + SEM (standard error of the
mean). The significance of the difference in the means was deter-
mined by a Student’s t test.

SUPPLEMENTAL INFORMATION
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