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Abstract

The adeno-associated virus (AAV) vector has been used in preclinical and clinical trials of gene
therapy for central nervous system (CNS) diseases. One of the biggest challenges of effectively
delivering AAV to the brain is to surmount the blood-brain barrier (BBB). Herein, we identified
several potential BBB shuttle peptides that significantly enhanced AAV8 transduction in the brain
after a systemic administration, the best of which was the THR peptide. The enhancement of
AAVS brain transduction by THR is dose-dependent, and neurons are the primary THR targets.
Mechanism studies revealed that THR directly binds to the AAV8 virion, increasing its ability to
cross the endothelial cell barrier. Further experiments showed that binding of THR to the AAV
virion did not interfere with AAV8 infection biology, and that THR competitively blocked
transferrin from binding to AAV8. Taken together, our results demonstrate, for the first time, that
BBB shuttle peptides are able to directly interact with AAV and increase the ability of the AAV
vectors to cross the BBB for transduction enhancement in the brain. These results will shed
important light on the potential applications of peptides for enhancing brain transduction with
systemic administration of AAV vectors.
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1. Introduction

Recombinant adeno-associated virus (rAAV) vectors are one of the most promising vehicles
for therapeutic gene delivery [1, 2]. Following from extensive preclinical studies, there are
numerous ongoing clinical trials using rAAV vectors and great success has been achieved for
patients with blindness and hemophilia [3-7]. rAAV vectors have also shown promise as a
platform for the treatment of neurological disorders [8, 9]. Upon intraparenchymal injection
in mice, some serotypes have demonstrated the ability to efficiently transduce neurons. Of
the 13 identified AAV serotypes, serotypes 7, 8, and 9 were shown to effectively transduce
neurons [10]. It is worth noting that intraparenchymal injection, adopted by the majority of
clinical trials, can successfully deliver the AAV vectors to a local area of the brain. However,
most neurodegenerative disorders, such as amyotrophic lateral sclerosis, frontotemporal
dementia, Rett syndrome, and Huntington's disease, involve cell damage in multiple areas.
Due to the limitations of a local transduction and the side effects of intraparenchymal
injection, systemic administration of AAV vectors has been explored for whole brain
transduction. AAV9 possesses the remarkable ability to transduce parenchymal brain cells
and portions of the BBB endothelium after intravenous injection. Systemic administration of
AAV9 results in a widespread neuron gene transfer in the neonatal brain, but has less neuron
transduction efficacy in adults [11].

Genetically modifying the viral capsid is commonly used to improve AAV transduction or
achieve an anticipated tissue tropism [12-15]. Several groups have developed rAAV vectors
with enhanced gene transfer to the CNS after intravenous delivery [16—19]. One study found
that one AAV8 mutant (AAV-B1), with 19 amino acid changes and derived from in vivo
direct evolution of the AAV shuffling library, resulted in a widespread brain transduction
after its systemic administration [16]. A recent study using a novel capsid selection method,
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named Cre recombinase-based AAV targeted evolution (CREATE), identified an AAV9
variant (AAV.PHP.B), which could transduce a majority of astrocytes and neurons across the
CNS when compared to AAV9 after its systemic administration [18]. Another study found
that AAV9 vectors with tyrosine capsid mutations significantly enhanced gene delivery to
the CNS after systemic injections in neonatal mice [19]. While successful brain neuron
transduction in a mouse model has been achieved with these mutants, effective preclinical
animal studies with engineered rAAV vectors are not always predictive of a desirable human
outcome [20-23], Additionally, it is currently impossible to test these mutants in the human
brain, leading to efficacy concerns about the methods [5, 24-26]. In addition to the genetic
modification of the AAV capsid, other attempts to augment brain delivery have involved the
utilization of mannitol and focused ultrasound in combination with microbubbles [27].
However, these methodologies have the risk of adverse side effects, such as edema, seizures,
and the development of neurological disorders. Therefore, it is imperative to explore novel
strategies that could effectively increase the ability of rAAV vector to overcome the BBB
and safely enhance the brain neuron transduction after a systemic administration.

Among the non-invasive approaches, BBB shuttle peptides have proved their potential in
preclinical research and clinical trials, in part because of their ease of affordable access,
lower immunogenicity, and higher chemical versatility [28]. BBB shuttle peptides are stably
capable of transporting a variety of cargo, such as proteins, antibodies, or nanoparticles, into
the brain parenchyma without disrupting the BBB integrity [29, 30]. Of note, several
targeted peptides with the ability to cross the BBB for brain delivery have been identified
[28]. For example, mediated by a low-density lipoprotein (LDL) receptor-related protein-1,
the Angiopep-2 peptide, was shown to effectively transport a wide variety of particles across
the BBB [31]. The THR peptide was identified to specifically bind to the transferrin receptor
1 (TfR1) by biopanning a phage display peptide library on a stable TfR1-expressed chicken
embryo fibroblasts cell line [32]. It has been demonstrated that the THR peptide is able to be
conjugated with gold nanoparticles to increase the permeability of the conjugate in the brain
[33]. Previously, we showed that some human serum proteins, such as human serum albumin
(HSA), transferrin, and LDL, are able to directly bind to AAV8 and enhance its transduction
in the mouse liver [34, 35]. Other research has shown that some cell-penetrating peptides
(CPPs) can bind to AAV virions and increase transduction [36]. Based on these observations,
we hypothesized that specific BBB shuttle peptides are able to bind to AAV8 virions and
increase their ability to cross the BBB for enhanced brain transduction. In this study, we
tested several potential BBB permeable peptides and found that the BBB shuttle peptide
THR could significantly enhance the brain transduction of AAV8 by crossing the endothelial
cell barrier and then transducing in neuronal cells after systemic administration.

2. Materials and methods

2.1. Cell lines and Peptides

HEK?293 and human Huh7 cells were maintained in Dulbecco's modified Eagle's medium
(DMEM) with 10 % (v/v) of heat inactivated fetal bovine serum (FBS), penicillin (100 U/
mL), and streptomycin (100 pg/mL). Variant Chinese hamster ovary (CHO)-TRVB cells,
devoid of the endogenous TfR1, were kindly provided by Dr. T. E. McGraw (Weill Cornell
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Medical College, NY) and were grown in F12 mix medium (Lonza, MD, USA)
supplemented with 5 % FBS. Human brain endothelial capillary hCMEC/D3 cells
(Millipore, USA) were plated in collagen | (Thermo Fisher Scientific, USA)-coated dishes
and grown in EBM-2 medium (Lonza, USA) supplemented with 0.025 % vascular
endothelial growth factor, 0.025 % LONG® R3 IGF-I, 0.025 % hEGF, 0.0025 % hBFGF,
0.01 % hydrocortisone, penicillin (100 U/mL), streptomycin (100 pg/mL), and 2.5 % FBS.
All cells were maintained at 37 °C in an atmosphere of 5 % CO,. All peptides with > 95 %
purity (Table 1) were synthesized by GenScript (NJ, USA) and KareBay Biochem, Inc. (NJ,
USA). Peptides (stock solution, 10 mM) were dissolved in Dulbecco's phosphate-buffered
saline (DPBS) with 10 % DMSO. The 5’-FAM labeled THR peptide was synthesized by
High-Throughput Peptide Synthesis and Array Core Facility at the UNC at Chapel Hill.

2.2. Plasmid construction

Plasmids mCherry-TFR-20 (Addgene #55144), expressing human TfR1, and pAcGP67A-
murine TfR (Addgene #12392), expressing mouse TfR1, were purchased from Addgene.
The mCherry-mTfR-20 plasmid was constructed by PCR with Phusion High-Fidelity DNA
polymerase (NEB, USA). Briefly, the mouse TfR1 gene was amplified from the pAcGP67A-
murine TfR plasmid using the mTfR1-fwd primer and mTfR1-rev primer (Table S1). The
resulting amplicon was digested with restriction enzymes Xho/ | and EcoRl |, and then used
to replace the human TfR1 gene in the mCherry-TFR-20 plasmid.

2.3. Virus production

Recombinant AAV full particles expressing luciferase or eGFP, driven by the CBA promoter
or the CBh promoter, respectively, were produced using a triple transfection in HEK293
cells as previously described [13]. In brief, the AAV transgene plasmid pTR/CBA-luc, AAV
helper plasmid containing AAV Rep and Cap genes, and Ad helper plasmid pXX6-80 were
co-transfected into HEK293 cells. HEK293 cells were collected and were lysed 48 h post-
transfection. The supernatant was then subjected to a CsCl gradient ultra-centrifugation.
Fractions containing AAV were collected and viral titer was determined by real-time
quantitative PCR (qPCR) using the Light Cycler 480 instrument with SYBR green (Roche,
USA) and a pair of primers (Table S1) that were designed to bind to a homologous sequence
on the inverted terminal repeats (ITR) region.

2.4. MTT assay

The 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) assay was
performed to measure the cytotoxicity of peptides using the Vybrant® MTT cell
proliferation assay kit (Thermo Fisher Scientific, USA) according to the manufacture’s
instruction. In brief, cells were grown in a 48-well plate and transduced with the AAV8/luc
and peptides complex. After 48 h, the medium was removed and replaced with fresh culture
medium. MTT (10 pl) was added to the cells and incubated for 4 h at 37 °C, then 100 pl of
the SDS-HCI solution was added into the wells and further incubated for 4 h at 37 °C.
Absorption was measured at 595 nm using the Victor instrument (Perkin-Elmer, MA).
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2.5. In vitro transduction assay

At least 4-5 h before AAV transduction, the cells were seeded in 48-well plates with a
density of 1x10° cells per well. THR at different concentrations (0.001 mM, and 0.01 mM)
were incubated with AAV8/luc at 4 °C for 2 h. Then the cells were infected with 1x104
vector genomes (vg) per cell with AAV8/luc virus or the incubated complex of AAV8-THR
and harvested after 48 h. Luciferase activity was measured using the Promega Luciferase
assay system based on the manufacturer’s instructions (Promega, Madison, WI).

2.6. AAV8 binding assay

The complex of AAV8/luc and THR or human apo-transferrin protein (Sigma, 616395,
USA) was incubated at 4 °C for 2 h. Either 10,000 vg of the AAV8/luc virus alone or the
complex was added into Huh7 cells at a cell density of 4x10° per well for 1 h at 4 °C. The
cells were then washed three times with DPBS. Genome DNA (gDNA) was extracted from
the cells with the DNeasy blood & tissue kit (Qiagen, USA) and was quantified by qPCR
with luciferase primers and reference GAPDH primers (Table S1).

2.7. Transcytosis assay on the hCMEC/D3 cell line

The hCMEC/D3 cells were seeded into Transwell®-COL collagen-coated membrane inserts
(24 Well Permeable Support with 0.4 um Pore Polycarbonate Membrane and 6.5 mm Inserts,
Sigma, USA) at a density of 5x10* cells per well in EBM-2 cultured medium. The medium
was changed every 2—-3 days. After about 2 weeks, the cells were washed with DPBS and
cultured in serum-free EBM-2 medium. Three cohorts were designed: AAV8 incubated with
DPBS at 4 °C for 2 h (AAV8), a brief mixture of AAV8 with 0.1 mM THR prior to infecting
cells (AAV8/0.1 mM THR), and AAV8 incubated with 0.1 mM THR at 4 °C for 2 h
(AAV8-0.1 mM THR). The hCMEC/D3 cells on the trans-membrane were treated with the
AAVS vector, the medium in the basal chamber was collected at the different time points of
0.25-, 0.5-, 2-, 4-, 6-, and 24- h. Viral titers were calculated by gPCR according to
established procedures using primers that were designed against the ITR region (Table S1).

2.8. AAV8 competitive binding assay

For THR competitive binding analysis, 10 pl of Protein G resin (Thermo Fisher Scientific,
USA) was incubated with 1 ug of either a human transferrin (hTf) antibody or a goat 1gG
antibody control at 4 °C overnight. The next day, 1x1010 vg of AAV8/luc was incubated
with HSA of physiological concentration, THR or the PEPXT-1 control peptide at different
dilutions, or DPBS on ice for 2 h. HTf was added into the complex at a 1:100 dilution of the
physiological concentration and incubated on ice for another 2 h. After that, the mixture was
added to the complex of protein G resin and transferrin antibody and then incubated at 4 °C
overnight. Finally, the complex was stringently washed three times with cold DPBS. DNA
from the complex was extracted and subjected to qPCR to determine AAV genome copy
number per cell using luc specific primers (Table S1).

2.9. Animal study

C57BL/6 female mice, at 5-6 weeks of age, were purchased from the Jackson Laboratory
(Bar Harbor, ME). All mice were randomly divided into groups of 5 animals each and
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maintained in a specific pathogen-free facility at the UNC-Chapel Hill. All procedures were
approved by the UNC Institutional Animal Care and Use Committee. Mice were
administered either AAV8/Luc or sScCAAV8-CBh-eGFP incubated with peptides via the retro-
orbital injection. Following the intraperitoneal injection of a D-luciferin substrate (Nanolight
Pinetop, AZ), luciferase expression was imaged at the indicated time points using a Xenogen
IVIS Lumina (Caliper Lifesciences, Waltham, MA). Bioluminescent images were analyzed
using Living Image (PerkinElmer, Waltham, MA). At the time points of 5 min, 2-, 24-, and
48- h after injection, blood was collected from the retro-orbital plexus, and the viral titers
were determined by qPCR.

2.10. Quantitation of luciferase expression in tissues

Animals utilized for imaging studies were sacrificed either three or one week after imaging
work. The tissues of the heart, liver, spleen, skeletal muscle, and brain were collected,
minced, and homogenized in passive lysis buffer. The lysates were centrifuged at 12,000 g
for 5 min to remove cellular debris. The supernatant was transferred to 96-well plates for
luciferase activity analysis as described above. Total protein concentration in tissue lysates
was measured using the Bradford assay (Bio-Rad, Philadelphia, PA).

2.11. Measurement of AAV genome copy number in the tissues

The different minced tissues and the blood collected at different time points were treated
with Protease K, and the total gDNA was isolated using the DNeasy blood & tissue kit
(Qiagen, USA). The luciferase gene was measured by gPCR assay. The mouse lamin gene
served as an internal control.

2.12. Histological processing and immunohistochemistry

Mice were anesthetized 4 weeks post-injection and transcardially perfused with 253ml of
DPBS followed by 153ml of ice-cold 4 % paraformaldehyde (PFA) in DPBS. The brains
were extracted and post-fixed in 4 % PFA overnight at 4 °C. Brains were then dehydrated in
30 % sucrose in DPBS overnight at 4 °C. Serial 40 um free-floating sections of the entire
brain were cut with a Cryostat (Leica Biosystems, USA). Immunohistochemistry (IHC) was
performed on floating sections with primary and secondary antibodies. In brief, free-floating
brain sections were permeated in Tris-buffered saline (TBS) containing 0.5 % Triton X-100
(Sigma, St. Louis, MO) (TBST) for 30 min at RT, and then blocked in 0.05 % TBST
containing 3 % donkey serum (Sigma, D9663, St. Louis, MO) for 1 h at RT. Then sections
were incubated at 4 °C overnight with primary antibodies diluted in blocking buffer. The
following day, tissue sections were washed in 0.05 % TBST and incubated with the
appropriate secondary antibodies in blocking buffer for 2 h at RT. Finally, the sections were
washed and were mounted onto slides with DAPI (Sigma, St. Louis, MQ). The whole brain
was examined under an Olympus epifluorescence microscope for general GFP expression.
Z-stack confocal imaging was acquired for the region with the most abundant GFP
expression. All images were captured on a Zeiss LSM 710 Spectral Confocal Laser
Scanning Microscope using a 20- objective. The primary and second antibodies used in this
study were as follows: rabbit anti-GFP (Abcam, Cambridge, MA, ab6556), goat anti-CD31
(Abcam), mouse anti-NeuN (Millipore, MAB377, Billerica, MA), rat anti-GFAP (Thermo
Fisher Scientific, 13-0300, USA). Alexa Fluor 488-conjugated donkey anti-rabbit
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(Invitrogen A21206), Alexa Fluor 594-conjugated donkey anti-goat (Invitrogen A11058),
Alexa Fluor 594-conjugated donkey anti-mouse (Invitrogen A21203), and Alexa Fluor 594-
conjugated donkey anti-rat (Invitrogen A21209).

2.13. Statistical analysis

3. Results

All of the quantitative data is presented as mean3+3standard deviation (SD) using GraphPad
Prism 6.0 (GraphPad, La Jolla, CA). All of the statistical analyses were performed by one-
way analysis of variance (ANOVA) followed by Dunnett's multiple comparisons test. Only
the pvalues of <0.05 were considered statistically significant. Graphs are representative of
the data sets from at least three independent assays.

3.1. BBB shuttle peptides enhance AAV8 transduction in the brain

To identify the potential peptides that enhanced AAV8 brain transduction after a systemic
administration, we screened several reported peptides based on their predicted actions on the
BBB (Table 1). First, we tested the cytotoxicity of each peptide at different concentrations
on either HEK293 or Huh7 cells in culture using the MTT assay. No cytotoxicity was
observed in the cells treated with the peptides (Fig. 1A). Next, we studied the effect of the
peptides on rAAV transduction /n vitro. After incubating 10,000 vg of AAV8/luc with either
0.001 mM or 0.01 mM of the peptides for 2 h at 4 °C, the mixtures were applied to either
HEK?293 or Huh7 cells. The cell lysate was collected after 48 h for luciferase analysis.
Several peptides, including LAH4, HIV-1 TAT (48-60), leptin 30 (61-90), and THR,
significantly enhanced AAV8 transduction in both cell lines (Fig. 1B). Of these, THR
increased AAV8 transduction the most.

Previous research has shown that the THR peptide can interact with the human TfR1 [32].
Here, the immunofluorescence assay results showed that THR could also interact with the
mouse TfR1 in CHO-TRVB cells (Fig. S1). Next, we assessed the effect of the peptides on
AAV transduction in vivo. The AAV8/luc vector (5x1020 vg) was incubated with 0.1 mM of
peptides for 2 h at 4 °C and injected into C57BL/6 mice viathe retro-orbital vein. After 7
days, the images were taken. The transgene expression in the liver was higher in the AAV8
vectors treated with peptides LAH4, Angiopep-2, TAT, ApoE (159-167)5, leptin 30 (61-90),
and THR (Fig. 2A). Consistent with the result observed in cell lines, the THR peptide
induced the greatest level of transduction throughout the whole body, including in the brain
(Fig. 2B). We also evaluated luciferase gene expression and viral genome number by gPCR
in different tissues. Consistent with the imaging results, the incubation of peptides
Angiopep-2, ApoE (159-167),, leptin 30 (61-90), and THR increased the rAAV8 genome
and mRNA expression in the brain (Fig. 2C, D). The bio-distribution analysis showed that a
much higher AAV genome copy number was detected in the brains of the mice receiving
AAVS vectors treated with peptides, including Angiopep-2, ApoE (159-167),, leptin 30
(61-90), and THR. A higher AAV genome copy humber was not detected in the brains of
the mice receiving AAV8 vectors treated with LAH4 and HIV-1 TAT (48-60), although an
increased liver transduction was achieved by these peptides (Fig. 2C, D). These results
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indicate that BBB shuttle peptides can increase the ability of the AAV8 vector to cross the
BBB and enhance brain transduction.

It is well known that polarity plays an important role in peptide function. To rule out the
possibility of a non-specific peptide interaction with AAV8 virions increasing the ability of
AAV to cross the BBB and enhance brain transduction, we designed four control peptides
with different polarities (Table 1). The images were taken seven days after the systemic
injection of AAV8/luc and peptide complexes into the C57BL/6 mice. There was no
observed enhancement of transgene expression in the liver or the brain following the
treatment with these control peptides (Fig. S2). These results, in combination with those
obtained using peptides LAH4 and HIV-1 TAT (48-60), indicate that the BBB shuttle
peptides specifically facilitate AAV8 virions to increase the ability of AAVS to cross the
BBB and enhance brain transduction.

3.2. The effect of THR on enhanced AAV8 transduction is dose-dependent

Given that the THR peptide was the most effective at enhancing the transduction of AAVS, it
was chosen for the following experiments. To verify the effect of the THR peptide further,
six-week old female C57BL/6 mice received 5x1010 particles of AAV8/luc pre-incubated
with different concentrations of the THR peptide (0.001 mM, 0.01 mM, and 0.1 mM) for 2 h
at 4 °C viathe retro-orbital injection. Luciferase expression showed that a higher brain
transduction was achieved at days 3 and 7 with the higher concentration of THR (Fig. 3A,
B). We also measured the viral genome number in the various tissues. As expected, it was
achieved that increased genomic copy number in the THR treated groups compared to the
AAVS alone in the liver, brain, and spleen (Fig. 3C). Surprisingly, slightly decreased
transduction and genomic copy number in the liver of the group with higher concentration of
THR at day 7 were observed, even though no significant difference among them. One
possible explanation is that higher concentration of THR accelerates distribution of AAV8 in
the whole body.

3.3. THR promotes AAV8 crossing the BBB and targeting neuron cells in the brain

Based on the transgene expression and AAV genome copy number, systemic administration
of AAVS8/luc vectors pre-incubated with THR induced high transduction in the brain. The
luciferase analysis results were unable to differentiate whether the high transduction levels
were from either the endothelial or brain parenchymal cells. Therefore, we assessed the
transgene expression in different cells of the brain 4 weeks after the intravenous injection of
2x10™ vg of scAAV8-CBh-eGFP pre-incubated with 0.4 mM of THR (scAAV8-eGFP-
THR) for 2 h at 4 °C. An efficient transduction of brain endothelial cells was observed in the
mice treated with either the scAAV8-CBh-eGFP viruses or sScAAV8-CBh-eGFP-THR (Fig.
4A). A higher neuron transduction was observed in the mice receiving sSCAAV8-eGFP-THR
than was observed in the mice treated with sSCAAV8-CBh-eGFP (Fig. 4C). No astrocyte
transduction was observed in the mice treated with either sScAAV8-CBh-eGFP or scAAV8-
eGFP-THR (Fig. 4B). These results confirm the notion that THR has the potential to
increases the ability of AAVS to cross the BBB and enhance brain transduction, especially in
the neuronal cells.
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3.4. Direct interaction between THR and AAV8 is required for enhanced transduction

Incubation of THR with AAV8 enhances its brain transduction, as described above.
However, it is unclear whether the effect of THR on the ability of AAVS to cross the BBB
and enhance brain transduction requires a direct interaction between THR and the AAV8
virions. To answer this question, AAV8/luc vectors were incubated with 0.1 mM of the THR
peptide at 4 °C for 2 h (AAV8-0.1 mM THR cohort) and administered via the retro-orbital
vein injection. The other two groups (the AAV8 vector pre-incubated with the PBS-AAVS
cohort and a brief mixture of AAV8 with 0.1 mM of THR prior to administration-AAV8/0.1
mM THR cohort) were used as the controls (Fig. 5A). The effect of systemic administration
of the AAV8 and the THR peptide mixture into mice was analyzed at different time points.
Surprisingly, although not significant, a slightly lower transduction was observed in the liver
of the mice receiving AAV8/0.1 mM THR when compared to the control AAV8 cohort (Fig.
5B, C. One possible explanation is that the free THR in the AAV8/0.1 mM THR cohort
preferably binds to the TfR1 on liver cells, and then blocks the interaction of AAV8 with the
liver cells, resulting in a lower liver transduction. As expected, the AAV8-0.1 mM THR
group showed significantly enhanced transduction in the brain (Fig. 5B, D). This result
implies that the increased ability of AAVS to cross the BBB requires a direct interaction
between the virus and the THR peptide.

3.5. THR enhanced the AAV8 binding to cells and endothelial cell permeability

The THR peptide can increase vascular permeability by binding to the transferrin receptor
on endothelial cells [33]. To study whether THR affects the ability of AAV8 to cross the
endothelial cell layer, we first performed an AAV8 virion-binding assay in Huh7 cells. The
incubation of THR with AAV8 dramatically increased the binding of the AAV8 virions to
the surface of Huh7 cells, similar to that observed for hTf (Fig. 6A). We then performed an
in vitro endothelial cell permeability analysis in a well-defined system using BBB
hCMEC/D3 endothelial cells. We designed three groups: an AAV8 vector incubated with
DPBS (AAVS/Iuc cohort); the addition of THR to culture medium just before the application
of an AAV8 vector incubated with DPBS (AAV8/0.1 mM THR cohort); and an AAV8 vector
incubated with THR (AAV8-0.1 mM THR cohort). The integrity of the BBB membrane was
confirmed by an FITC-dextran fluorescence intensity analysis (Fig. S3A), and by the similar
expression levels of the zona occludens-1 (ZO- 1) major junction protein of BBB (Fig. S3B,
C). A significant increase in the endothelial cell permeability was observed when the AAV8
vector was pre-incubated with the THR peptide (AAV8-0.1 mM THR cohort) at every time
point assessed, except for 15 min after the application of the AAV8 vector (Fig. 6B).
However, no marked difference was observed between the AAV8/0.1 mM THR and AAV8
cohorts. These observations indicate that a direct interaction of AAV8 with the THR peptide
increased the binding of the AAV virions to the cell surface, resulting in an enhanced ability
of AAVS to cross the BBB.

3.6. THR decreases AAVS8 clearance in blood

Slow AAV vector clearance may increase its global transduction [37]. Next, we examined
whether the interaction of THR with the AAV8 virions affected its clearance in the blood
after a systemic administration. C57BL/6 mice were intravenously administered a high dose
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(1x1011 vg per mouse) of AAVS8/Iuc pre-incubated with THR (AAV8-0.1 mM THR). The
blood was collected at the indicated time points, and the AAV genome copy number in the
plasma was detected v7a quantitative PCR. Consistent with previous findings, the THR
peptide enhanced the AAV8 transduction in the brain (Fig. 7). The mice injected with the
AAV8-0.1 mM THR complex consistently exhibited a delayed blood clearance at both the
early and late time points. This observation may suggest that a slow clearance of the AAV
vector increases the brain transduction after a systemic administration [37].

3.7. THR does not affect AAV8 infection biology

To determine whether THR could interfere with the infection biology of AAV8, we
performed /in vitro neutralization assays. Complexes of AAV8/luc and various concentrations
of THR were incubated at 4 °C for 2 h, and then different dilutions of mouse AAVS sera
were incubated with either the AAV8/luc virus or the AAV8/luc and THR complex for 1 h at
37 °C. The various combinations of AAV8, mouse sera, and THR were then applied to
HEK?293 or Huh7 cells and the luciferase expression was detected after 48 h. The presence
of THR, regardless of the concentration, did not change the sera neutralizing antibody (Nab)
titer against AAV8 (Fig. S4). This result suggests that the interaction between THR and the
AAV8 virions does not influence AAV8 transduction biology.

3.8. THR competes with the human transferrin for AAV8 virion binding

Previously, we showed that several serum proteins (transferrin, albumin, and ApoB) are able
to directly interact with AAV8 and enhance liver transduction /n vitro and in vivo. Further
studies showed that these proteins competitively bind at the same location on the AAV8
virions [34, 35]. To investigate whether THR also binds at this AAV8 virion location, we
performed a competitive binding assay. AAV8 was incubated with HSA, control peptide
PEPXT-1, or different amounts of THR for 2 h at 4 °C. After this, the human transferrin was
added to the mixture for another 1 h. The transferrin antibody was used to pull down the
transferrin bound AAV8 virions and the gene copy number was measured by qPCR.
Consistent with our previous report, HSA blocked the transferrin binding to AAVS, while
the control peptide PEPXT-1 had no effect on the transferrin binding to AAV8. However, at
high concentrations, the THR peptide exhibited a blocking effect on the transferrin binding
to the AAV8 virions, similar to that observed for HSA (Fig. 8). This result implies that the
THR increases the ability of AAV8 to cross the BBB by binding to the same location on the
AAV virions as do the human serum proteins.

4. Discussion

To date, increasing number of therapeutic peptides are used in a wide range of medical
applications [38]. Our objective was to explore the potential of using BBB shuttle peptides
to enhance the ability of AAV vectors to cross the BBB for efficient brain transduction. We
found that several peptides increased AAV8 brain transduction after a systemic
administration, with the THR peptide having the greatest effect. Furthermore, we showed
that the direct interaction between THR and the AAV8 virions was required for the THR-
mediated increase in the ability of AAV8 to cross the BBB and transduce brain cells,
especially the neuronal cells.
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Tremendous efforts have been devoted to surmount the BBB for cerebral disease treatments.
However, for the rAAV vectors to effectively cross the BBB and transduce the brain after its
peripheral application remains challenging. While a substantial amount of research into
engineered AAVs has displayed promising results in rodents, additional studies suggest that
the possibility of cross-reactivity in large animals and humans that may not be accurately
predicted by studies in rodents remains a large concern [20, 21, 23, 39]. For example, the
systemic injection of AAV.PHP.B significantly enhanced the ability of crossing the BBB in
C57BL/J mice [18], but did not correspondingly increase the CNS transduction in BALB/cJ
mice and marmosets [23, 40]. Therefore, it is important to explore a generic strategy that
which is able to overcome the differences across species for brain transduction after
systemic administration of the AAV vector. The BBB is a complex regulatory interface that
possesses barrier, secretory, and transporter activities [41]. In general, substances permeate
the BBB by a variety of either active or passive mechanisms [28, 41]. Compared to the
transcellular passive diffusion and carrier-mediated transport of the passive pathway, the
adsorptive- or receptor-mediated endocytosis and transcytosis pathways could transport a
wider variety of cargo with a high molecular weight, including proteins, viruses, peptides,
and nanocarriers for their potential targeting capacity [28]. The BBB shuttle peptides are
able to provide broadly applicable, selective, and safer delivery systems. Until now, several
BBB shuttle peptides have reached most the advanced stages in the route towards clinical
application, including Angiopep-2 and GSH [42, 43], but little research has reported the
application of these peptides for rAAV-based gene therapy. Interestingly, among the peptides
tested in this study, the enhancement effect on the brain transduction of AAV8 was
inconsistent. The GSH peptide did not show any enhanced effect on brain transduction, and
the peptide THR induced the best transduction in the brain. There are several possibilities
for these discrepancies. Firstly, this could be accounted for by the ability of specific peptides
to bind to the AAV8 virions, with some peptides able to interact with the AAV virions, such
as THR, while others are not, for example the control peptides. Secondly, it is possible that
the structure of the peptide changes to prevent its binding to corresponding receptors on the
cell surface after interacting with the AAV capsids. Lastly, the differences in the brain
transduction enhancement observed between the peptide-AAV virions complexes may be
affected by the stability of the complexes in the endosomes of endothelial cells.

There are several lines of evidence that support a higher chance of success for future clinical
trials to apply the BBB shuttle peptides to enhance AAV vector brain transduction after a
systemic administration. 1) BBB shuttle peptides use normal physiological mechanism to
enhance the BBB permeability, but do not disrupt the physical integrity of the BBB. 2)
Unlike AAV mutants which have unknown tissue tropism, the application of the BBB shuttle
peptides does not change the structure or affect the receptor binding and intracellular
trafficking pathway of AAV, therefore there is no change of the AAV tropism in the brain. 3)
Since there is a similar mechanism used by receptor mediated BBB permeability between
different species, the results obtained from the mouse model would predict the AAV
transduction efficiency in humans.

In this study, less glial cells and more neurons were transduced after a systemic
administration of the AAV8-THR complex. Until now, little research has been done
concerning the AAV8 tropism in the brain after a systemic injection. There are several
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reports about the local brain injection of AAV8 and tests of the tropism [44, 45]. After direct
injection into the brain, AAVS is able to preferably transduce the brain neurons, along with
glial cells. The mechanism for the low glial cells transduction is unknown after a systemic
administration of AAVS. It is possible that the interaction of the AAV8 virions with either
serum proteins or BBB shuttle peptides may affect the AAV8 tropism in the brain.

A major concern in this study is whether the binding of the peptides to AAV8 would
interfere with the AAV8 infection mechanism. Recently, it was reported that an artificial
peptide could mimic the activity of the Nab to bind with the influenza virus and block
infection [46]. Here, the Nab analysis showed that THR did not influence the AAV8 Nab
titer irrespective of the THR concentration (Fig. S4.B). TfR1 is highly expressed in brain
endothelial cells [47, 48] and together with either the drug or antibody conjugates has been
actively explored as a means to deliver protein therapeutics to the brain [49, 50]. Our study
demonstrates that THR can compete with the transferrin binding to AAV8. Collectively,
these results indicate that the THR peptide binds to the non-functional sites of AAV8 and
serves as a secondary ligand for endothelial cell binding to enhance the AAV BBB
permeability.

The other concern raised from this study is the high level of liver transduction. Indeed, more
AAV virions were detected in the liver following a systemic administration of the complex
AAV8/peptide. It has been suggested that in clinical trials for patients with hemophilia, the
capsid specific cytotoxic T lymphocytes (CTLs) are able to eliminate the AAV transduced
hepatocytes, leading to therapeutic failure [6]. The capsid antigen presentation in AAV
transduced cells is dose-dependent [51]. To avoid a high liver tropism and maintain the
increased BBB permeability, it is imperative to identify novel BBB peptides with a liver de-
targeting capacity and the ability to bind to AAV virions in future studies.

The third concern is whether there is an increased susceptibility for other pathogenic
infections/crossing BBB when the THR shuttle peptide is used to increase the AAV brain
transduction after a systemic administration. THR is able to interact with AAV8 and
specifically bind to the TfR1 without physically changing the BBB integrity. Therefore, an
increased susceptibility for other pathogenic infections is not expected.

A delayed blood clearance plays an important role in the robust cardiac transduction of
AAV9 following a systemic administration [37]. Here, we investigated the THR peptide’s
role in a possible delayed blood clearance. As expected, our analysis revealed that, when
compared with that of the control, THR delayed the blood clearance (Fig. 7C). Whether the
THR peptide-mediated slow blood clearance of the AAV vector after a systemic
administration directly contributes to the increased ability of the AAV vector to cross the
vascular vessels (including the BBB) for a higher global transduction warrants further
investigation.

In this study, we demonstrated that several BBB shuttle peptides were able to enhance the
ability of AAV8 to cross the BBB after systemic administration. One of the issues is whether
there is a serotype dependency to the BBB shuttle-peptide. To address this, we tested the
possible serotype dependency of a BBB shuttle-peptide with AAV9. After a systemic
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administration of AAV9 pre-incubated with THR, we did not observe a significant increase
in the transduction of the brain and liver (Fig. S5). The results suggest that there is a
serotype dependency to the BBB shuttle-peptide. A systemic administration of AAV9 has
been used in several clinical trials for patients with CNS disorders. Other serotypes, such as
AAVT and AAVrh10, also demonstrate the ability to cross the BBB in animal models. In
further studies, we will be focusing on identifying the novel BBB shuttle peptides that are
able to bind to AAV9, AAV7, or AAVTh10 for further increased brain transduction after
systemic administration.

5. Conclusion

Herein, we demonstrate that the BBB shuttle peptide can directly interact with AAV and
facilitate its targeting of brain cells across the BBB. This approach uses a natural mechanism
that would potentially apply to any species, including humans, and importantly, without
theoretically changing the AAV capsid structure. The results presented here advance and
expand our understanding of the roles of BBB shuttle peptides for use in rAAV-based
systemic gene delivery. Therefore, these findings are of importance in clinical trials for
patients with CNS disorders who require a systemic administration of an AAV vector. Our
results explore a novel and effective strategy to enhance the AAV penetration of the BBB
and hold a potential for future human clinical trials.
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Highlight

. BBB shuttle peptides enhance AAV8 brain transduction after systemic
administration

. BBB shuttle peptide THR directly binds to AAV8 and facilitates its crossing
the BBB

. THR primarily promotes AAV8 targeting neurons in the brain after systemic
delivery

. THR competitively binds to AAV8 with serum proteins

. THR does not interfere with AAV8 infection biology
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Fig. 1. Screening of the peptides to enhance AAVS transduction without cytotoxicity in vitro
(A) Different concentrations of the peptides (0.001 mM and 0.01 mM) were first incubated

with 1x108 vg of AAVS8/luc at 4 °C for 2 h, and then added into 1x10° cells for 48 h. After
that, the cytotoxicity of the peptides was measured using the MTT assay. (B) The
transduction efficiency of the different AAVS (1x10* vg per cell) and peptide complexes
were tested in the HEK293 and Huh7 cell lines. *p < 0.05 compared to the AAV8
transduction alone group. All error bars represent the SD of the mean from at least a

triplicate of experiments.
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Fig. 2. THR peptide significantly enhances AAV8 transduction in vivo, especially in the brain
5x1010 vg of AAV8/Iuc alone or the complex of pre-incubated AAV8 and 0.1 mM of peptide

at 4 °C for 2 h were administered via an intravenous injection. At one-week post- injection,
/n vivo luminescence imaging (A) was performed and the photon signal (B) was measured
and calculated. At three-week post-injection, the mice were euthanized and their tissues
were harvested for DNA extraction. Relative luciferase expression levels (C) and vector
copy numbers (D) of different tissue lysates were determined separately. The data of each
group represent the average and SD from five mice. *** p <0.001, ** p <0.01, and *p <
0.05 compared to the control mice with an AAV8 treatment only. The “ns” indicates no
significant difference (p> 0.05).
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Fig. 3. THR enhances AAV8 transduction in vivo in a dose-dependent manner, especially in the
brain

(A) On days 3 and 7 after the administration of AAV8 or different doses of complexes, the
images were taken for luminescence analysis. (B) The average luciferase signal for the liver
and whole body (excluding the liver) in the mice treated with different doses of THR was
calculated. (C) The gene copy numbers in liver, brain, and spleen were determined
separately. The data of each group represents the average and SD from five mice. *** p <
0.001, ** p < 0.01, and *p < 0.05 compared to control mice with AAV8 treatment only. The
“ns” indicates no significant difference (o> 0.05).
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Fig. 4. Intravenous injection of the THR and scAAV8-CBh-eGFP complex leads to neuron cell
transduction in the brain
2x101 vg of either sScAAV8-CBh-eGFP or scAAV8-eGFP-0.4 mM THR was retro-orbitally

injected into the mice (n = 3). Representative images of the EGFP expression (green) of
AAVS8 was colocalized with CD31 (red, endothelial marker) in the cortex (A), GFAP (red,
astrocyte marker) in the cortex (B), and NeuN (red, neuronal marker) in the hippocampal
CAL region (C) in the mice brain, and were merged with DAPI (blue), were captured and
assessed after 4 weeks. Scale bars, 50 um (Objective 20x optical axis).
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Fig. 5. THR binding to AAV8 is necessary for THR-mediated enhanced transduction
(A) A schematic administration of the AAV8 vectors. Three groups were assigned: AAV8

only, AAV8/0.1 mM THR and AAV8-0.1 mM THR (B) Images were taken for luminescence
expression on days 3, 7, 14, and 21 following the AAV8 only, AAV8/0.1 mM THR, and
AAV8-0.1 mM THR after a systemic administration. (C) The average liver luciferase signal
was calculated for the different groups. (D) Relative luciferase expression level and vector
copy numbers in the brain of each group were determined separately. The data of each group
represents the average and SD from five mice. ****p < 0.001 compared to the control mice
with the AAV8 treatment only.
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Fig. 6. THR dose dependently enhances the binding ability of AAV8 and transcytosis in
hCMEC/D3 cells following AAV8 and THR complex exposure

(A) The ability of the Huh7 cells to bind to either AAV8 alone or the AAV8 complexed with
either transferrin or THR was assessed. The transduced cells were incubated at 4 °C for 1 h,
and the AAV8 genome copy number was measured and normalized to GAPDH. (B)
hCMEC/D3 cells were cultured in a monolayer and incubated with AAV8 only, a brief
mixture of AAV8 with 0.1 mM THR prior to infecting cells (AAV8/0.1 mM THR), or the
incubated AAV8-0.1 mM THR complex. The media in the basal chamber was collected at
different time points and the viral titer was analyzed by gPCR. All treatments were
performed in triplicate. *p < 0.05, **p < 0.01 compared to cells with the AAV8 treatment
only.
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Fig. 7. THR enhanced AAV8 transduction by decreasing AAV8 clearance in the blood
(A, B) The mice were immunized with the incubated complex of 2x1011 vg of AAV8/luc

and 0.1 mM THR peptide via a retro-orbital injection. The luciferase expression was
measured on days 2 and 7. (C) The blood was also collected from the retro-orbital plexus at
various time points as shown after injection, and the viral titers were tested by qPCR. The
data represents the average and SD from five mice. Asterisks indicate the statistical
significance when compared to the AAV8-CBA-Iuc alone treatment group (*p < 0.05; **p <

0.01, ***p< 0.001).
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Fig. 8. The THR peptide competes with the human transferrin binding to AAV8
Diluted HSA (1:100 and 1:100,000 of physiological concentration), peptide control (1:100

and 1:100,000 dilution), THR (1:100 and 1:100,000 dilution), and DPBS control were used
to block the AAV8 capsid on Huh7 cells /n vitro. Then, the human transferrin (1:100 of
physiological concentration) was added to the mixture separately, the transferrin antibody
was used for pull down, and the AAV8 gene copy number was measured by qPCR. All of
the data were shown as the means of the triplicate experiments and SD. Asterisks indicate
the statistical significance when compared to the DPBS group (**p < 0.01, ****p< 0.001).
The “ns” indicates no significant difference (o> 0.05).
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Table 1

Sequences and polarity of peptides used in the study

Peptides

Sequences Polarity

Proposed transporter

LAH4

KKALLALALHHLAHLALALKKAC Basic

N/A

Angiopep-2 GSH

TFFYGGSRGKRNNFKTEEY-OH r-g-L-glutamyl-CG-OH  Basic

LRP1 GSH transporter

HIV-1 TAT(48 - 60) GRKKRRQRRRPPQ Basic AMT

ApoE (159-167)2 (LRKLRKRLL)2 Basic LRP1, LRP2, LDLR
Leptin 30 (61-90) YQQILTSMPSRNVIQISNDLENLRDLLHVL Neutral Leptin receptor
THR THRPPMWSPVWP-NH2 Basic TfR1

PEPXT-1 FILMVWAPFI Neutral N/A

PEPXT-2 STNQSTNQST Neutral N/A

PEPXT-3 DEDEDEDEDE Acid N/A

PEPXT-4 RKHRKHRKHR Basic N/A
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