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Neurodegeneration and cerebrovascular disease share an underlying microvascular dysfunction that may be remedied by
selective transgene delivery. To date, limited options exist in which cellular components of the brain vasculature can be
effectively targeted by viral vector therapeutics. In this study, we characterize the first engineered adeno-associated virus
(AAV) capsid mediating high transduction of cerebral vascular pericytes and smooth muscle cells (SMCs). We per-
formed two rounds of in vivo selection with an AAV capsid scaffold displaying a heptamer peptide library to isolate
capsids that traffic to the brain after intravenous delivery. One identified capsid, termed AAV-PR, demonstrated high
transduction of the brain vasculature, in contrast to the parental capsid, AAV9, which transduces mainly neurons and
astrocytes. Further analysis using tissue clearing, volumetric rendering, and colocalization revealed that AAV-PR en-
abled high transduction of cerebral pericytes located on small-caliber vessels and SMCs in the larger arterioles and
penetrating pial arteries. Analysis of tissues in the periphery indicated that AAV-PR also transduced SMCs in large
vessels associated with the systemic vasculature. AAV-PR was also able to transduce primary human brain pericytes with
higher efficiency than AAV9. Compared with previously published AAV capsids tropisms, AAV-PR represents the first
capsid to allow for effective transduction of brain pericytes and SMCs and offers the possibility of genetically modu-
lating these cell types in the context of neurodegeneration and other neurological diseases.
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INTRODUCTION
MANY COMMON NEURODEGENERATIVE diseases involve the

brain vasculature, including small vessel disease, Alzhei-

mer’s disease, Parkinson’s disease, multiple sclerosis, and

amyotrophic lateral sclerosis.1 Among diseases with the

most severe phenotypes are monogenic causes of cere-

brovascular disease affecting small vessel and/or arterial

function that lead to white matter degeneration, stroke, and

death in childhood.2–4

Gene therapy using adeno-associated virus (AAV)

vectors has the potential to treat diseases that affect the

vasculature. The gold standard in central nervous system
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(CNS) gene therapy, AAV9, which is FDA approved for

treatment of spinal muscular atrophy, mainly transduces

neurons and astrocytes with minimal vasculature trans-

duction.5 Thus, for therapies targeting components of the

vasculature, other vectors are needed.

In recent years, several groups have engineered and

selected AAV capsids capable of transducing the vascu-

lature.6–9 While these capsids are very useful for transgene

expression in endothelial cells, none has reported trans-

duction of other components of the cerebral vasculature,

specifically smooth muscle cells (SMCs) and pericytes.

Both cell types are affected in a variety of diseases. For

example, pericyte degeneration has been implicated as a

factor in the development of Alzheimer’s disease10 and

Cerebral Autosomal Dominant Arteriopathy with Sub-

cortical Ischemic strokes and Leukoencephalopathy (CA-

DASIL), the most common familial stroke disorder; and

ACTA2 mutations in SMC lead to a devastating multi-

systemic smooth muscle dysfunction syndrome and

childhood strokes.4,11 Additionally, neuroinflammation,

including HIV infection, can lead to a loss of pericytes.12,13

Therefore, developing new gene delivery systems that can

target these cell types would have important implications

for therapeutic development and studies of basic biology.

In this study, through an in vivo selection process in

mice using an AAV9 peptide display library, we discov-

ered a new capsid, called AAV-PR, which displays high

tropism for the CNS vasculature after systemic delivery.

AAV-PR transduces several cell types, including pericytes

and SMCs, which has not been effectively targeted by

prior AAV capsids.

MATERIALS AND METHODS
Animals

All animal experiments were approved by the Massa-

chusetts General Hospital Subcommittee on Research

Animal Care following guidelines set forth by the National

Institutes of Health Guide for the Care and Use of La-

boratory Animals. We used adult age (8- to 10-week-old)

Ai9 [B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, Strain

No. 007909], C57BL/6J (Strain No. 000664), and BALB/cJ

(Strain No. 000651) mice all from The Jackson Laboratory

(Bar Harbor, ME).

Primary human pericyte cell culture, AAV
transduction, and immunostaining

Adult primary human pericytes were isolated from

microvessels present in resected brain tissue (from healthy

areas and not from the focal resection) of patients under-

going surgery for the treatment of intractable epilepsy,

supplied by Michael Bernas and Dr. Marlys Witte (Uni-

versity of Arizona, Tucson, AZ). The tissue was me-

chanically fragmented and size filtered using polyester

meshes.14 The resulting microvessel fragments were

placed onto type-I collagen-coated flasks to allow cells to

proliferate. From the resulting mixed culture of brain en-

dothelial cells and pericytes, cells were detached by

ethylenediaminetetraacetic acid and sorted using flow

cytometry (as described previously15). Cells were sorted to

remove the endothelial cells, and the remaining cells

(pericytes) were placed back into culture.

Pericytes were plated on collagen type I, Rat Tail

(50 lg/mL; Corning, Corning, NY)-coated tissue culture

flasks in premedium; Dulbecco’s modified Eagle’s med-

ium/F-12 media supplemented with 10% heat inactivated

fetal bovine serum (Fisher Scientific), heparin (1 mg/mL;

Thomas Scientific), cell growth supplement (endothelial

cell growth supplement; Fisher Scientific), amphotericin B

(2.5 lg/mL; Invitrogen�), penicillin (100 U/mL; Invitro-

gen), and streptomycin (100 lg/mL; Invitrogen). Char-

acterization by immunofluorescence staining of these donor

cells indicated that >90% expressed protein markers such as

a-SMC actin and platelet-derived growth factor receptor

(PDGFR)-b, used to commonly identify pericytes.

For transduction with AAV, the pericytes (passages

below 6) were plated on to collagen type I, Rat Tail (50 lg/

mL; Corning)-coated six-well plates at 1 · 106 cells/mL.

Then, cells were rinsed with 1 · phosphate-buffered saline

(PBS) and maintained in postmedium for 24 h to remove

heparin from the culture. Next, AAV9-sc-CBA-DsRed or

AAV-PR-sc-CBA-DsRed (both at 2 · 105 vg/cell) were

suspended in postmedium and incubated with pericytes for

24 h. The medium was then changed to remove unbound

virus and the pericyte cultures were rinsed with 1 · PBS.

Pericytes were incubated in postmedium at least for 3 days

to allow for DsRed expression. Before imaging, pericytes

were rinsed with 1 · PBS, fixed with 4% ultrapure para-

formaldehyde (PFA) for 30 min, and permeabilized with

0.1% Triton X-100 in PBS. The cells were incubated with

primary antibodies for 1 h at room temperature. Secondary

antibodies anti-Rb Alexa Fluor-488 (Invitrogen) or anti-

Mouse Fluor-594 were used at 1:200 for 1 h. Cells were

then washed and mounted with ProLong Antifade Reagent

without 4¢,6-diamidino-2-phenylindole (DAPI).

Images of the DsRed expression of monolayers exposed

to AAV-PR and AAV9 were captured at 10 · magnifica-

tion using the EVOS imaging system (Thermo Fisher). All

the images were taken with same settings (i.e., exposure

time). Primary antibodies and dilutions used included

rabbit polyclonal antibodies to DsRed (1:200; Rockland)

and mouse monoclonal to a-smooth muscle actin (a-SMA,

1:200; Abcam). Image analysis to determine transduction

efficiency was performed with the AIVIA imaging soft-

ware (Leica) using the pixel classifier and particle count-

ing functions.

AAV-PR selection and identification
We performed an in vivo selection with an AAV peptide

display library to isolate AAV capsids, which could
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transduce brain after systemic injection. To do this we

used our previously described iTransduce library16 (AAV-

CBA-Cre-p41-Cap), which combines a 7-mer peptide

display library with a Cre recombinase cassette to couple

transgene expression in mice, which express a Cre-

sensitive fluorescent reporter (Ai9 mice) with rescued

peptide encoding sequences. We initially set out with the

goal of isolating capsids capable of transducing myeloid-

derived cells (e.g., microglia) in the brain. We performed

two rounds of selection with the capsid library. For the first

round of selection, 1.27 · 1011 vector genomes (vg) of the

library was injected intravenously in one adult male and

one female Ai9 mouse. Three weeks postinjection, DNA

was extracted from the brain tissue, and the CAP region

containing the 21-mer randomized inserts was amplified

before recloning it back into the AAV plasmid backbone

and repackaging for the second round of selection (‘‘brain-

enriched capsid library’’).

For the second round, we used the Cre-cassette to iso-

late transduction-competent capsids. Two Ai9 females and

one male were injected through the tail vein with

1.91 · 1010, respectively, of the rescued and repackaged

library. After 3 weeks, mice were killed, brain cells disso-

ciated, and cells isolated using anti-CD11b/magnetic beads

(magnetic activated cell sorting; Miltenyi). Next, cells were

flow sorted into tdTomato+ and tdTomato- fractions. DNA

was isolated from each cell pellet as described for the first

round and polymerase chain reaction (PCR) amplification

of the peptide insert-encoding region submitted for next-

generation sequencing (NGS). From the NGS data we se-

lected capsid candidates that had a high read frequency in

the tdTomato+ fraction. DNA was isolated from each cell

pellet using the Pico Pure� DNA Extraction Kit (Thermo

Fisher Scientific) and we PCR amplified the cap region

containing the insert to determine the peptide profile by

NGS. From the NGS results, four capsid clones were chosen

to evaluate in a pilot study in mice.

AAV-PR capsid construction
To create rep/cap plasmids encoding AAV9 capsids

displaying the AAV-PR peptide (PRPPSTH) for produc-

tion of vectors encoding a transgene of interest (e.g., green

fluorescent protein [GFP] or Cre), we digested an AAV9

rep/cap plasmid (pAR9) with BsiWI and BaeI, which re-

moves a fragment flanking the VP3 amino acid 588 site for

peptide sequence insertion. Next, we ordered a 997 bp

dsDNA fragment from Integrated DNA Technologies

(IDT, Coralville, IA), which contains overlapping Gibson

homology arms with the BsiWI/BaeI cut AAV9 as well as

the 21-mer nucleotide sequence encoding the peptide of

interest in frame after amino acid 588 of VP3. Last, we

performed Gibson assembly using the Gibson Assembly�

Master Mix (NEB, Ipswich, MA) to ligate the peptide-

encoding insert into the AAV9 rep/cap plasmid. Next, we

transformed NEB 5-alpha competent Escherichia coli

(NEB) with 2 lL of the Gibson assembly and plated

transformed cells on LB-Amp agar plates.

DNA isolated from selected colonies was sent for

Sanger sequencing at the MGH Center for Computational

and Integrative Biology DNA Core using a primer that

flanked the peptide-encoding region to confirm the correct

sequence was inserted.

AAV vector production, purification,
and titration

For transgene expression studies with AAV-PR vectors

we used the following constructs: (1) AAV expression

plasmid, pAAV-CBA-NLS-Cre, a gift from Dr. Miguel

Sena-Esteves (UMass Medical Center). This plasmid con-

tains AAV inverted terminal repeats (ITRs) flanking the

chicken b-actin (CBA) expression cassette, which consists

of: a hybrid CMV-IE enhancer/CBA promoter, SV40 nu-

clear localization signal (NLS), Cre recombinase cDNA, and

a bovine growth hormone (BGH) poly A signal sequence. (2)

pAAV-sc-CBA-GFP. This plasmid drives GFP expression

under the hybrid CMV immediate-early/CBA promoter

(flanked by AAV ITRs), and was kindly provided by Dr.

Miguel Sena-Esteves (UMass Medical Center). AAV-sc-

CBA-GFP encodes a self-complementary (sc) AAV ge-

nome. (3) pAAV-sc-CBA-DsRed. This plasmid replaces the

GFP cDNA of AAV-sc-CBA-GFP with DsRed cDNA.

AAV production was performed as previously de-

scribed.17 Briefly, 293T cells were triple transfected (calcium

phosphate method or polyethylenimine) with (1) AAV-PR

rep/cap plasmid (2) an adenovirus helper plasmid, pAdDF6,

and (3) ITR-flanked AAV transgene expression plasmid.

Cell lysates were harvested 68–72 h posttransfection and

purified by ultracentrifugation of an iodixanol density gra-

dient. Iodixanol was removed and buffer exchanged to PBS

containing 0.001% Pluronic F68 (Gibco) using 7 kDa mo-

lecular weight cutoff Zeba� desalting columns (Thermo

Scientific). Vector was concentrated using Amicon� Ultra-2

100 kDa MWCO ultrafiltration devices (Millipore Sigma).

Vector titers in vg/mL were determined by TaqMan quan-

titative polymerase chain reaction in an ABI Fast 7500 real-

time PCR system (Applied Biosystems) using probes and

primers to the BGH poly A sequence and interpolated from a

standard curve made with a restriction enzyme-linearized

AAV plasmid. Vectors were pipetted into single-use aliquots

and stored at -80�C until use.

Vector injections in mice. In experiments involving

AAV-PR-mediated Cre recombination and tdTomato ex-

pression in Ai9 mice, we injected adult (both male and

female) Ai9 mice systemically through the lateral tail vein

with AAV-PR-CBA-Cre vector. At 3–5 weeks postinjec-

tion, animals were killed and brains and other organs

processed for cryosectioning and immunofluorescence

staining and imaging. In experiments using AAV-PR as a

conventional transgene expression vector, male C57BL/6J
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mice or BALB/c mice were injected systemically through

the lateral tail vein with AAV-PR-sc-CBA-GFP. Mice

were killed at 2 or 5 weeks (depending on the experiment)

postinjection and transcardially perfused with PBS then

4% formaldehyde buffered in PBS.

For intracerebroventricular injection, 8-week-old

C57BL/6 mice were anesthetized with 5% isoflurane and

placed in a stereotaxic frame. Anesthesia was maintained

with 2% isoflurane and body temperature was regulated

with a heating pad. An incision was made at midline and a

0.5 mm hole was drilled in the skull at A/P +0.3 mm, M/L

+1 mm Bregma. A Hamilton syringe fitted with a 30-gauge

beveled needle was loaded with 5 lL AAV-PR-sc-CBA-

GFP and was lowered 3 mm into the lateral ventricle. In-

jections were carried out at 1 lL/min using an injector

pump. Five minutes after infusion, the needle was re-

tracted and mice were sutured and returned to their home

cages. After a 5-day incubation period, mice were killed

through CO2, perfused with PBS and brains were drop-

fixed in 4% PFA in PBS for 48 h.

Immunofluorescence staining and microscopy
and image analysis

Brain immunostaining and imaging. Once har-

vested, brains were placed into a 4% PFA solution

(Electron Microscopy Sciences, Hatfield, PA) in 1 · PBS

(Fisher Scientific) for 24 h at 4�C. Next, brains were re-

moved from the solution and placed into a brain matrix

(Zivic Instruments, Pittsburgh, PA) and segmented into

1 mm segments. The brain segments were then placed in a

12-well nontreated tissue culture plate (Corning) and

submerged again into 4% PFA for a second 24-h fixation

incubation at 4�C. Following fixation, the brain segments

were washed five times with 1 · PBS. Samples were then

infused in an 4% acrylamide hydrogel solution (Logos

Biosystems, Annandale, VA) for 24 h at 4�C in the dark to

create polyacrylamide bonds throughout the tissue. Suc-

ceeding infusion of the hydrogel, the brain segments were

polymerized to hybridization of the hydrogel into the tis-

sue with the X-Clarity� Polymerization System on a heat

Figure 1. AAV-PR-CBA-Cre mediates vasculature-tropic transduction and gene modification in transgenic Ai9 mice (CAG-floxed-STOP-tdTomato). (A) AAV-
PR peptide and insertion site. The peptide PRPPSTH is inserted after amino acid 588 of AAV9 VP1. A Cre-recombinase expression cassette is packaged inside
AAV-PR and this is administered systemically to Ai9 mice, which contain a floxed-stop-tdTomato cassette in all cells. If AAV-PR mediates Cre expression, the
loxP-stop is removed from the genome allowing tdTomato expression. (B) Half brain hemisphere of Ai9 mouse injected i.v. with AAV-PR-CBA-Cre showing
bright intrinsic fluorescence (white signal). Letters (C–F) indicate areas of zoomed images in (B). The cells that were transduced had morphology consistent
with the vasculature ( pink arrowheads), and neurons (yellow and blue arrowheads). Scale bar in (B) = 500 lm. (C–F) = 10 lm. AAV, adeno-associated virus;
CBA, hybrid CMV early/chicken b-actin promoter; i.v., intravenous.
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block for flat-bottom plates (Logos Biosystems) in the 12-

well plate for 3 h at -90 kPa at 37�C.

Once polymerization of the samples was complete,

samples were washed three times with 1 · PBS at room

temperature on an orbital shaker at 120 RPM to remove

residual hydrogel, which can affect proper clearing of the

samples. Brain segments were then placed into a holder for

36-1 mm mouse brain slices (C12010; Logos Biosystems)

and placed in the X-Clarity Tissue Clearing System II for

lipid removal and active tissue clearing. This piece of

equipment utilizes an electrophoretic tissue clearing so-

lution (Logos Biosystems) to actively remove lipids from

tissue by running a constant current and voltage through

the clearing solution, while the machine pumps the solu-

tion through the clearing chamber.

Mouse brain segments were cleared for 4 h, 70 RPM, at

37�C, while maintaining 1.2 Å and 60 V consistently

through the clearing process. Once clearing had been

completed, samples were washed overnight with 1 · PBS

at room temperature on an orbital shaker at 120 RPM to

remove excess electrophoretic tissue clearing solution

from the sample, which can affect antibody staining.

Following the overnight wash, the samples appeared

opaque white, indicating tissue clearing was successful.

Following tissue clearing, samples were additionally

washed three times with 1 · PBS for 5 min each wash on an

orbital shaker at 120 RPM, in a 12-well nontreated tissue

culture plate for antibody staining. Samples then under-

went a 24-h block incubation at 4�C on an orbital shaker at

90 RPM with Invitrogen ReadyProbes� Mouse-on-

Mouse IgG Blocking Solution (Thermo Fisher Scientific),

for a final solution volume of 2.5 mL, two drops of the

ReadyProbe block in 1 · PBS containing 5% normal

donkey serum (Jackson ImmunoResearch Laboratories,

Inc., West Grove, PA). After blocking was completed, the

samples were washed three times with 1 · PBS for 5 min

each wash on an orbital shaker at 120 RPM. Samples were

then incubated in primary antibody solution at room tem-

perature for 72 h on an orbital shaker at 120 RPM. The

primary antibody solution consisted of the primary anti-

body diluted in 1 · PBS containing 5% bovine serum al-

bumin (BSA; Fisher Scientific) 0.1% Triton X-100 (Sigma,

Burlington, MA), and 0.01% sodium azide (Sigma).

Succeeding primary incubation, the samples were wa-

shed five times over 24 h (roughly every 2–3 h) with

1 · PBS, including an overnight wash at room temperature

on an orbital shaker at 120 RPM. Samples were incubated

in the secondary antibody solution at room temperature for

48 h, covered from light on an orbital shaker at 120 RPM.

The secondary antibody solution consisted of the sec-

ondary antibody diluted in 1 · PBS containing 1:1,000

DAPI (Sigma), 2% normal donkey serum, 0.1% Triton

X-100, and 0.01% sodium azide. Once secondary antibody

incubation is complete, the samples were washed five

times over 24 h (roughly every 2–3 h) with 1 · PBS, in-

cluding and overnight wash at room temperature on an

orbital shaker at 120 RPM, while covered from light.

Finally, the samples were rinsed three times with

deionized (DI) water for 5 min each wash on an orbital

shaker at 120 RPM while covered from light. The DI water

was aspirated, and the samples are mounted in X-Clarity

Mounting Solution (Logos Biosystems) with an RI = 1.46

and incubated in the dark for 2 h on an orbital shaker at 120

RPM, with enough solution to cover the samples.

Samples were then transferred with the mounting so-

lution to an imaging dish (Thermo Fisher). All samples

were imaged with Nikon A1R confocal microscope.

AAV-PR transduction efficiency of pericyte, SMCs, and

endothelial cells was performed using the AIVIA imaging

analysis software (Leica). Whole hemisphere image stacks

were collected (A1R; Nikon) from 2 mm tissue-cleared

segments (bregma -1.05). Ten regions of interest at

100 · 100 lm were extracted and processed with the soft-

ware’s machine learning pixel classifier function (for each

channel) to eliminate background and isolate tdTomato,

endothelial cells (CD31), and pericyte (a-SMA)-positive

cells. Next, stacks were processed with the 3D object

tracking function to segment and volumetrically render

objects ready for object classification and quantitation.

CD31+ or a-SMA+ (on small-caliber vessels under 7 lm in

diameter) cell/objects were colocalized with tdTomato and

measured for the Pearson coefficient. It is important to note

how we distinguished pericytes from SMCs given both

were identified by a-SMA immunostaining. It is well es-

tablished that capillary-sized vessels (avg. 7 lm in diam-

eter) are surrounded by pericytes and that large (first-order

arterial vessels) are surrounded by SMCs.18,19

Of note, our analysis has focused on capillary and large-

caliber vessels, thus avoiding intermediate-sized vessels,

which have mural cells with both SMC and pericyte attri-

butes. For transduction efficiency of a-SMA+ SMCs on

brain vasculature we focused on first-order arterial vessels.

Calculated Pearson coefficients of 0.35 and above were used

as the threshold for determining transduction efficiency.

‰
Figure 2. Pericytes are efficiently transduced by AAV-PR after systemic injection. The identity of transduced vascular cells in Ai9 mice injected with AAV-PR-CBA-Cre
was determined by immunofluorescence staining. (A) Low magnification image a-SMA staining (yellow) for pericytes and tdTomato ( purple). Scale bar = 100 lm. Inset:
higher magnification of the cortex showing colocalization. Scale bar = 50 lm (B, C). Higher magnification images of tdTomato/a-SMA colocalization. Scale bar = 10 lm
(D). Colocalization of tdTomato with PDGFR-b. Bottom panel shows PDGFR (yellow), tdTomato ( purple), DAPI (cyan), and CD31 endothelial cells (white). The colocalization
of tdTomato was mainly with PDGFR and not CD31. (B–D) Arrows head point to transduced pericytes. (E) Quantitation of transduction efficiency in pericytes (PDGFR) and
endothelial cells (CD31). Colocalization was based on a Pearson correlation of >0.35. (F) Transduction of smooth muscle cells on large caliber vessels. Arrow points to
transduced smooth muscle cells. a-SMA, a-smooth muscle actin; DAPI, 4¢,6-diamidino-2-phenylindole; PDGFR, platelet-derived growth factor receptor.
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Table 1 displays primary antibodies and Table 2, sec-

ondary antibodies, used for whole-tissue immunofluores-

cent staining at the indicated concentrations.

Imaging of aorta. Fixed aortas were embedded in

optimal cutting temperature (OCT) and cryosectioned at

10 lm. Frozen slides were washed with sterile PBS twice

for 2 min followed by antigen retrieval with Borg De-

cloaker RTU buffer (cat# BD1000G1; BIOCARE Medi-

cal). Then slides were washed with PBS twice for 2 min

and tissues were blocked with donkey serum at 10% for 1 h

followed by incubation overnight at 4�C with anti-a-SMA

antibody. Slides were washed with PBS-Tween at 0.1%

three times for 3 min each followed by incubation with

secondary antibody (1:400) for 1 h at room temperature.

Then slides were washed with PBS-Tween at 0.1%, four

times for 3 min each and slides were mounted with dia-

mond mounting medium containing DAPI. Intrinsic

tdTomato and GFP fluorescence was observed without

immunostaining. Slides were visualized with the Leica

TCS SP8 confocal microscopy station and micrographs

were digitized with the Leica Application Suite X software.

Brain. Forty micrometers of free-floating brain

sections were washed 3 · with PBS, permeabilized in

0.01% Phosphate Buffered Saline-Tween (PBST)

overnight at 4�C, and then blocked with a 10% donkey

serum in PBS overnight at 4�C. Sections were subse-

quently incubated with primary antibodies made up in

blocking solution for 48 h at 4�C on a rocking shaker,

washed 3 · with 0.01% PBST, and incubated with

secondary antibodies and DAPI made up in blocking

solution for 3 h at 4�C. Finally, sections were washed

3 · with 0.01% PBST, 3 · with PBS, and finally

mounted on a glass slide and cover slipped for imaging

with mounting media. The following primary anti-

bodies were used at the indicated concentrations: Rat

anti-CD31 (1:250 dilution, BD550274; BD Bios-

ciences), Rabbit anti-RFP (1:250 dilution, 600401379;

Rockland), Alexa Fluor� 488 anti-a-SMA antibody

[1A4] (1:250 dilution, SC-32251-AF488; SantaCruz).

Multiple coronal brain sections were acquired from

each animal and imaged in its entirety using a Tissue-

FAXS SQL Confocal Slide whole slide Scanner. Re-

presentative images were extracted using TissueFAXS SL

Viewer software.

Organs. Organs were postfixed in 4% PFA at 4�C

overnight. Samples were then washed 3 · with PBS to

remove residual PFA. For cryosections, samples were

cryopreserved in a 30% sucrose solution at 4�C overnight

and then embedded in OCT and cryosectioned at 8 lm.

Frozen slides were washed 3 · with PBS followed by an-

tigen retrieval with ice-cold methanol for 15 min. Slides

were then washed 3 · with PBS for 5 min each and tissues

were blocked with 5% donkey serum with 3% BSA in PBS

for 1 h followed by incubation overnight at 4�C with pri-

mary antibodies. Slides were washed 3 · with PBS for

5 min each followed by incubation with secondary anti-

body for 2 h at room temperature. Then slides were washed

3 · with PBS for 5 min each and slides were mounted with

mounting medium containing DAPI. Slides were imaged

in its entirety using a TissueFAXS SQL Confocal Slide

whole slide Scanner. Representative images were ex-

tracted using a TissueFAXS SL Viewer software.

Statistics
We used GraphPad Prism 9.0 for PC for statistical

analysis. To compare the difference between two means,

we used an unpaired two-tailed t-test; p-values <0.05 were

accepted as significant. For the comparison of transduction

of endothelial cells, pericytes, and SMCs in two strains of

mice, we used a two-way ANOVA followed by a Tukey’s

multiple comparisons test for comparisons of two means.

RESULTS
An engineered peptide displaying AAV9
capsid, AAV-PR, mediates a vasculature-
selective transduction phenotype in brain
after intravenous delivery

In an earlier in vivo selection with our AAV9 peptide

display library (please see Materials and Methods section

for details), we identified several candidate 7-mer peptide

Table 1. Primary antibodies used for brain immunostaining

Antibody
Concentration Used
for Immunolabeling Catalog No. and Vendor

Goat anti-GFP 1:1000 Cat. No. ab5450; Abcam
Mouse anti-GFAP 1:100 Cat. No. GA5-3670;

Cell Signaling Technology
Rabbit anti-IBA-1 1:50 Cat. No. 019-19741; Wako
Mouse anti-a-SMA 1:100 Cat. No. ab7817; Abcam
Rabbit anti-CD31 1:100 Cat. No. ab28364; Abcam
Rabbit anti-PDGFR-b 1:100 Cat. No. ab234965; Abcam
Mouse anti-Zo1 1:66 Cat. No. 33-9100; Invitrogen�

a-SMA, a-smooth muscle actin; GFAP, glial fibrillary acidic protein; GFP,
green fluorescent protein; PDGFR, platelet-derived growth factor receptor.

Table 2. Secondary antibodies used for brain immunostaining

Antibody
Concentration Used
for Immunolabeling

Catalog No.
and Vendor

Donkey anti-goat IgG (H+L)
AF488 highly cross-absorbed

1:350 A32814; Invitrogen

Donkey anti-rabbit IgG (H+L)
AF488 highly cross-absorbed

1:350 A21206; Invitrogen

Donkey anti-mouse IgG (H+L)
AF488 highly cross-absorbed

1:350 A21202; Invitrogen

Donkey anti-rabbit IgG (H+L)
AF647 highly cross-absorbed

1:350 A31573; Invitrogen

Donkey anti-mouse IgG (H+L)
AF647 highly cross-absorbed

1:350 A31571; Invitrogen
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displaying capsids for evaluation of CNS transduction in

mice. We next tested four of these new capsids for trans-

duction of the adult murine brain after systemic delivery.

We packaged a single-stranded AAV-CBA-Cre genome

into each of the candidate capsids and injected 1012 vg

(5 · 1013 vg/kg) into the tail vein of adult Ai9 mice, which

have a Cre-sensitive CAG-floxed-STOP-tdTomato re-

porter in all cells. Any cells, which are successfully

transduced by the AAV vector and have Cre-expressed,

should result in removal of the floxed-STOP cassette and

allow tdTomato expression. Mice were harvested 3 weeks

postinjection, brains were sectioned, and tdTomato was

detected with immunofluorescence staining. For one cap-

sid, displaying the peptide, PRPPSTH, named AAV-PR,

we observed a distinct vasculature-like immunostaining of

tdTomato expression throughout the entire brain (Sup-

plementary Fig. S1).

The rest of the capsids showed a lower transduction

efficiency with many neurons transduced (data not

shown). The profile of AAV-PR is in stark contrast to the

tropism of parental AAV9-CBA-Cre in adult Ai9 mice,

which mediates transduction of mostly astrocytes and

neurons.20

Next, we followed up this pilot experiment by injecting

Ai9 mice (n = 2 male, n = 2 females) with AAV-PR-CBA-

Cre at a dose of 4 · 1013 vg/kg (*8 · 1011 vg/mouse)

(Fig. 1A). Mouse tissues were harvested at 5 weeks post-

injection and similar to the pilot experiment, we observed

efficient transduction of the brain vasculature with AAV-

PR, as observed by bright tdTomato expression (intrinsic

fluorescence without immunostaining, Fig. 1B). No ob-

vious differences in the transduction phenotype/efficiency

were observed between male or female mice (data not

shown). Higher magnification clearly showed transduction

Figure 3. AAV-PR transduces aortic smooth muscle cells as well as multiple peripheral tissues. Ai9 mice were left untreated (noninjected) or were injected
with AAV-PR-CBA-Cre and 5 weeks later, intrinsic tdTomato fluorescence observed. (A) Intrinsic tdTomato fluorescence (magenta) was readily detected in
aorta of injected but not in untreated mice. Scale bar = 30 lm (B). Many of the transduced cells in aorta were smooth muscle cells as they colocalized with a-
SMA and SM22a. Scale bar = 30 lm (C). Cell lining the coronary artery were transduced by AAV-PR. Scale bar = 100 lm (D). tdTomato expression in peripheral
tissues of Ai9 mice injected with AAV-PR-CBA-Cre injected (left panels) and noninjected (right panels). Scale bars are as follows: liver, kidney = 500 lm; lungs,
bladder, small intestine = 200 lm; large intestine = 100 lm.
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of vascular cells in several regions of the brain (Fig. 1B–F,

pink arrowheads). Transduced neurons were confirmed by

morphology (Fig. 1D, yellow arrowheads). We also ob-

served transduced cells with ‘‘bushy’’ processes such as

those found in basket neurons (Fig. 1E, blue arrowheads).

Next, to ascertain the cell types of the vasculature

transduced by AAV PR in the brain, we stained with an-

tibodies to proteins on pericytes (a-SMA and PDGFR),

and endothelial cells (CD31). Interestingly, we observed

colocalization of tdTomato fluorescence with a-SMA

(Fig. 2A–C) indicating pericytes were transduced. Further

evidence of transduction of pericytes was confirmed with

PDGFR colocalization (Fig. 2D). We also immunostained

for colocalization image analysis of CD31 and tdTomato,

and surprisingly, there was much less than for the pericyte

markers (Fig. 2D). Thus, the majority of capillary trans-

duction appeared to be in pericytes. We quantitated the

percentage of pericytes and endothelial cells based on the

colocalization of tdTomato expression with PDGFR and

CD31, respectively. Remarkably, an average of 56% of

pericytes were transduced, while only 12% of endothelial

cells had tdTomato colocalization (Fig. 2E). We next as-

sessed transduction of vascular SMCs in cerebral arteries

stained for a-SMA and we observed tdTomato expression

in this cell type (Fig. 2F).

This was further confirmed when we stained large

vessels for ACTA2 and we observed colocalization with

tdTomato expression, and very little tdTomato/CD31 co-

localization (Supplementary Fig. S2). Staining for astro-

cytes (glial fibrillary acidic protein [GFAP]) and microglia

(IBA1) revealed no-colocalization with tdTomato ex-

pression (Supplementary Fig. S3), including in the cells

with ‘‘bushy’’ processes observed in Fig. 1E (data not

shown).

Characterization of peripheral tissues
and organs transduced by AAV-PR

In the same Ai9 mice injected with AAV-PR-CBA-Cre

from Figs. 1 and 2, we assessed transduction of peripheral

organs and tissues. Due to the transduction of brain vas-

culature and SMCs, we also assessed transduction of the

aorta. Remarkably, tdTomato-positive cells resembling

SMCs were seen in the aorta, primarily the aortic valve

and root, while no signal was observed in untreated Ai9

mice (Fig. 3A). We confirmed that the AAV-PR-

transduced cells were indeed SMCs as they were positive

for a-SMA and SM22a (Fig. 3B). We also observed cells

lining the coronary artery were transduced by AAV-PR

(Fig. 3C).

Liver is efficiently transduced by many AAV capsids

after systemic dosing, and not surprisingly AAV-PR

transduced hepatocytes with high efficiency (Fig. 3D). In

lung, bladder, kidney, esophagus, and small intestine, ro-

bust intrinsic tdTomato expression was observed in pa-

renchymal vessels, including glomeruli, alveolar, and

submucosa capillaries and arteries that surrounded or

colocalized with CD31. In addition, a number of

histiocyte-like CD31-positive cells in the kidney medulla

and submucosa of gastrointestinal organs and skeletal

myocytes were transduced by AAV-PR (Fig. 3D and

Supplementary Fig. S4).

AAV-PR transduces brain pericytes using
a conventional ‘‘gene addition’’ transgene
expression cassette

The impressive transduction efficiency of the vasculature

by AAV-PR-CBA-Cre in the Ai9 (Floxed-stop-tdTomato)

transgenic mouse is a model of genetic editing, as Cre

expression leads to permanent tdTomato expression af-

ter Cre-mediate excision of the transcription stop signal.

To assess whether AAV-PR would function in a more

traditional ‘‘gene addition’’ transgene expression strategy,

we packaged a sc AAV genome, which encodes GFP

cDNA.

We tested transduction of AAV-PR in the two most

widely used strains of mice, C57BL/6 and BALB/c, to

observe if the capsid’s vascular tropism translated across

these two strains. Adult mice (n = 3/strain) were injected

systemically with 1.2 · 1011 vg/mouse of AAV-PR-sc-

CBA-GFP, which on a dose/weight was 6.5 · 1012 vg/kg

for C57BL/6 and 4.8 · 1012 vg/kg for BALB/c and har-

vested 2 weeks later. Brains were cleared and imaged for

GFP expression as well as a-SMA-positive pericytes

(Fig. 4A). Similar to the gene editing experiment with

AAV-PR-CBA-Cre in Ai9-floxed-STOP-tdTomato mice,

a vascular transduction phenotype was detected upon the

‰
Figure 4. AAV-PR transduces pericytes and smooth muscle cells in brain vasculature of C57BL/6 and BALB/c mice using a ‘‘gene addition’’ transgene
expression cassette. (A) Overview of experiment. AAV-PR capsid packaged a sc cassette encoding GFP under the CBA promoter (AAV-PR-sc-CBA-GFP) was
injected through the tail vein into adult C57BL/6 mice and BALB/c mice and 2 weeks later mice were sacrificed and processed for imaging of GFP fluorescence.
(B) Transduction of a-SMA-positive pericytes in C57BL/6 mice. Scale bar = 25 lm. (C) Pericyte staining on small caliber vessels detected with a-SMA staining.
(D) Merge of GFP (green) with a-SMA (red). (E) Rendering of GFP/a-SMA colocalization. (F) Correlation of a-SMA fluorescence signal intensity versus GFP
signal intensity. (G–K) The same depiction as for C57BL/6, except in BALB/c mice. (L) Quantitation of endothelial cells, pericytes, and smooth muscle cells on
large caliber vessels in both strains of mice. Values of significance indicated by asterisks compare transduction to endothelial cells. ****p < 0.0001;
***p = 0.0001; ns = not statistically significant. (M, N) An independent experiment was performed in C57BL/6 mice injected with AAV-PR-sc-CBA-GFP (6 · 1012

vg/kg) and 5 weeks later, brains were imaged for GFP (green) and ZO-1 to label endothelium (magenta). (M) Low magnification image of brain showing GFP
cells transduced by AAV-PR and the endothelium labeled with ZO-1. Scale bar = 100 lm. (N) Volumetric rendering of stacked images shows spatial location of
GFP-positive cells with pericyte morphology (black arrowheads) interacting with the ZO-1-positive cerebrum endothelium. GFP, green fluorescent protein; ITR,
wild-type inverted terminal repeats; mITR, mutant inverted terminal repeats; pA, poly A signal sequence; sc, self-complementary; vg, vector genomes.
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expression of GFP in the brain of AAV-PR-sc-CBA-GFP-

injected C57BL/6 mice (Fig. 4B).

Brains were costained with a-SMA to label pericytes on

capillaries (Fig. 4C). In line with the prior data with AAV-

PR-Cre, we observed GFP signal colabeling with the

pericyte marker a-SMA (Fig. 4D–F). Similarly, AAV-PR

transduced pericytes in BALB/c mice (Fig. 4G–K). Next,

we performed quantitation of transduction efficiency of

AAV-PR for endothelial cells (CD31), pericytes (a-SMA,

small-caliber vessels), and SMCs (a-SMA, large-caliber

vessels), in both strains of mice. Similar to the experiment

with AAV-PR-CBA-Cre in Ai9 mice, AAV-PR-sc-CBA-

GFP transduced a high percentage of pericytes in the brain,

which was 54.7% in C57BL/6 and 73.1% for BALB/c,

with BALB/c group being significantly higher than

C57BL/6 group (Fig. 4L). Quantifying AAV-PR mediated

transduction of SMCs at first-order large vessels revealed

85.2% for C57BL/6 and 79.7% for BALC/c (Fig. 4L).

Transduction of endothelial cells was significantly lower

than either pericytes or SMCs for both mouse strains

(11.9% for C57BL/6 and 8.1% for BALB/c) (Fig. 4L).

In an independent experiment, adult C57BL/6 mice

were injected systemically with 1.2 · 1011 vg/mouse

(6.5 · 1012 vg/kg) of AAV-PR-sc-CBA-GFP and har-

vested 5 weeks later. Brains were cleared and imaged for

GFP expression and costained with ZO-1, which labels the

intracellular tight-junction protein on endothelial cells.

We observed GFP signal in cells with pericyte morphol-

ogy that were wrapped around the ZO-1 signal (Fig. 4M).

Three-dimensional rendering of the brain images clearly

showed GFP-positive cells interacting closely with the

ZO-1-labeled endothelium (Fig. 4N).

We also looked for SMC transduction in the aorta in

these mice. We observed SMC transduction with AAV-

PR-sc-CBA-GFP in both strains of mice, although it

appeared to be much lower efficiency than with AAV-PR-

CBA-Cre injection in Ai9 transgenic mice (Supplemen-

tary Fig. S5).

Cell type tropism of AAV-PR in the brain is
dependent on route of administration

To understand if AAV-PR pericytes and SMC trans-

duction are driven by the intravenous route of adminis-

tration, we tested intracerebroventricular injection (lateral

ventricle) of AAV-PR-sc-CBA-GFP in adult C57BL/6

mice. Five days later, mice were harvested and cryosection

of brain imaged for GFP expression. We chose a shorter-in-

life duration to speed up the experimental timeframe, as we

have previously found that intracranial injections generally

yield fast transgene expression kinetics with AAV vectors

likely owing to higher vector genome concentrations ver-

sus systemic injections (unpublished observations).

Transduction was not widespread and was confined mainly

to cells immediately surrounding the subventricular zone

of the injected lateral ventricle (Supplementary Fig. S6).

The morphology of the cells (round cell bodies with uni or

bipolar fine projections) did not appear to be associated

with the vasculature and were most consistent with neural

and progenitor cells. This suggests that AAV-PR’s pericyte

and SMC tropism is driven by its ability to penetrate the

endothelium after intravascular delivery.

AAV-PR transduces primary human
pericyte cultures

Since AAV-PR demonstrated a remarkable ability to

transduce pericytes after systemic injection in vivo in

mice, we were curious to test whether this capsid could

mediate transduction of primary human pericytes in cul-

ture. Human pericyte cultures were transduced with

2 · 105 vg/cell of either AAV9-sc-CBA-DsRed or AAV-

PR-sc-CBA-DsRed vectors and 3 days later, cells were

examined for a-SMA expression to confirm the purity of

the cultures as well as DsRed to observe AAV-mediated

transgene expression. We found that although both capsids

could transduce human pericytes, the transduction effi-

ciency was 6.7-fold higher ( p < 0.001) for AAV-PR (4.5–

6.63% efficiency) compared with AAV9 (0.41–1.3%

efficiency) (Fig. 5A, B).

DISCUSSION

Developing AAV vectors, which can deliver genes

more efficiently and specifically to the vasculature, has

great promise to treat diseases that affect the cells that

form the cerebrovascular system. In this study, we found

that the AAV9-based capsid, AAV-PR, is highly efficient

at mediating transduction of both brain pericytes and

SMCs. AAV9 capsid crosses the blood–brain barrier and

while it can transduce the brain endothelium, it is with

relatively low efficiency.5

In the past decade, there has been considerable progress

in the development of AAV capsids that mediate transduc-

tion of the vasculature. For example, the capsid AAV2-BR1

was identified through an in vivo selection with an AAV2-

based peptide display library.7 This capsid (NRGTEWD

peptide) mediates efficient transduction of endothelial cells

of the brain vasculature, with significant detargeting from

peripheral organs such as the liver. The same group identified

another AAV2 capsid variant with the peptide ESGHGYF

after an in vivo selection directed at the lung vasculature.8

Similar to BR1, AAV2-ESGHGYF transduced endothelial

cells (although transduction was localized to the lung).

Ravindra Kumar et al. developed the PHP.V1 capsid

using the CREATE system.9 This capsid, with peptide

TALKPFL, was able to transduce both cortical astrocytes

as well as endothelial cells of the brain. More recently,

Krolak et al. derived an AAV9 capsid, called AAV-BI30

displaying the peptide, NNSTRGG, after selection in vivo

in mice and in vitro in human and mouse brain micro-

vascular endothelial cells (BMVECs).6 AAV-BI30 was
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able to efficiently transduce endothelial cells of the murine

brain, as well as human and mouse BMVECs.

While AAV-PR can transduce endothelial cells to some

extent, what profoundly sets it apart from these prior

capsids, is that it can transduce both pericytes and SMCs

after systemic injection. As a variety of disease affect

these two cell types, AAV-PR should be a useful tool to

modulate these cells at the genetic level, for both basic

research and preclinical therapeutic development. It

should be noted that an engineered capsid, AAV2.5, has

been shown to transduce SMC in injured aortas of rats,

although the route of delivery was local through clamping

the aorta and instilling virus locally for 30 min.21 It may be

interesting to try local delivery of AAV-PR to the aorta for

more selective SMC transduction.

In addition to the high level of vascular transduction,

we observed transduced cells with a phenotype resembling

basket neurons (Fig. 1E). We were unable to identify the

precise identity of this cell type, as it did not stain positive

for either GFAP or Iba1. It will be interesting in future

work to determine its phenotype in case it turns out to be a

cell type of interest to genetically modify with this capsid.

AAV-PR could also transduce other cells in the body after

systemic injection (e.g., hepatocytes), and in future ap-

plications the transcriptional activity can be controlled

using selective promoters/and or liver detargeting using

specific microRNA seed sequences in the AAV transgene

cassette.22 For example, the PDGFR-b promoter has been

cloned for both human and mouse.23,24 Testing different

regions of the promoter in the context of an AAV trans-

gene expression cassette may allow further restriction of

transduction to pericytes.

We tested the transduction of AAV-PR using two

transduction models. In the first model we used the ultra-

sensitive Cre/lox system to model a genome editing

strategy. In this system (Figs. 1–3), transduction resulting

from even transient or low levels of transgene expression

by AAV can result in permanent genetic modification

(similar to gene editing strategies with Cas9/gRNA).25

Using the AAV-PR-CBA-Cre (single-stranded genome) in

Cre-sensitive reporter mice, we found highly efficient

transduction of pericytes and SMCs at clinically relevant

doses (4 · 1013 vg/kg).

In the second transduction system, we modeled a tradi-

tional gene addition strategy, AAV genomes encoding GFP

cDNA. Because observing transduction events by AAV is

limited by the sensitivity of the expression cassette and re-

porter molecule, we opted to use a self-complementary

genome to maximize transgene expression. Again, in this

system, we observed efficient transduction of brain peri-

cytes and SMCs (Fig. 4). Transduction of SMC cells in the

aorta was observed with AAV-PR-sc-CBA-GFP, although

it appeared to be much lower than in the AAV-PR-Cre/Ai9

system.

Prior work has shown that many AAV genomes do not

form stable dsDNA forms, resulting in transient transgene

expression.26 Thus, AAV-PR may be able to efficiently

enter and transiently transduce SMC, but some AAV ge-

nomes may be lost. Other explanations, could be tran-

scriptional shutdown in these cells, which will be the focus

Figure 5. AAV-PR transduces primary human pericytes in culture. Human pericytes were transduced with equal doses of either AAV9 or AAV-PR both
packaging a sc AAV-CBA-DsRed genome. Three days posttransduction cells were examined for a-SMA to determine culture purity and DsRed for transgene
expression. (A) Representative images of transduced cells with either vector. DsRed fluorescence is shown in magenta. Scale bars = 275 lm. (B) Quantitation
results from particle counting image analysis of transduced (DsRed positive) positive pericytes for AAV9 and AAV-PR. Shown are the number of cells/field
counted, the number of DsRed-positive cells/field counted and the percentage of total cells expressing DsRed. Performed in triplicate, n = 8 averaged fields of
view, ****p < 0.0001 by Student’s unpaired t-test.
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of future work. At any rate, these data in both transduction

models suggest that AAV-PR may be useful in gene

editing strategies as well as gene addition/gene knock-

down studies targeted to the vasculature, particularly in the

brain, although aorta SMC transduction may be best suited

for transient expression strategies, such as CRISPR/Cas9

gene editing.

We also observed that AAV-PR requires systemic in-

jection to efficiently transduce the vasculature, including

pericytes. This was determined by injecting AAV-PR-sc-

CBA-GFP directly into the lateral ventricle of adult mice.

Transduced cells were restricted to the subventricular zone

immediately surrounding the ventricle and did not appear

to be of vascular origin (i.e., they were not pericytes)

(Supplementary Fig. S5). This is not surprising in hind-

sight as AAV-PR was selected from a library that was

administered intravenously. Therefore, this capsid likely

has the unique ability to penetrate past the endothelium,

but unlike AAV9, AAV-PR mainly transduces the cells

intimately in contact with the endothelium (SMC and

pericytes). It will be interesting in future research to de-

termine if AAV-PR binds to a unique receptor on the

surface of pericytes and SMC or if it is more related to

postentry transduction events in pericytes that differ from

AAV9.

It is important to note that the initial selection with the

AAV9 peptide display library that identified AAV-PR had

the goal of deriving AAV capsids that could transduce

microglia. To drive the selection, we recovered AAV ge-

nomes from cells that were pulled down with anti-CD11b

beads. The target cells were intended to be microglia/brain

macrophage as they express CD11b on their surface.

However, when AAV-PR was tested individually after

systemic injection, it did not transduce microglia.

One explanation is that the promoter for the transgene

expression cassette, CBA, is not optimized for microglia-

specific transcription, as it has recently been shown that

even AAV9 can transduce microglia in the context of

specific promoters and regulatory elements.27 Another

potential explanation for AAV-PR pericyte tropism, is that

the CD11b isolation may inadvertently have isolated

pericytes, which coisolated with CD11b-positive cells.

Support for this is a recent study, which showed that a

subpopulation of microglia, termed pericyte-associated

microglia are in close proximity to pericytes, as the name

implies.28

A more speculative explanation would be that the anti-

CD11b-conjugated beads pulled down pericytes them-

selves as pericytes have been reported to express CD11b on

their surface in vivo,29,30 and in some reports, pericytes can

differentiate into CD11b-positive microglia-like cells.31,32

The results of the selection demonstrate that obtaining the

desired traits from a peptide library of capsids can be

challenging and needs to be carefully optimized, especially

for cell types that are very recalcitrant to AAV transduc-

tion. In any case, the pericyte tropism obtained by AAV-PR

was very useful and unprecedented and is the reason we

chose to pursue this capsid for the current study.

Virus vector transduction efficiency in a given cell type

can vary greatly between in vivo systems and cultured

cells, owing to differences in cell biology as well as bio-

physical factors. There are several examples of transduc-

tion efficiency and cell-type tropism differences with

AAV vectors in primary human cultured cells and in vivo

in mice33 and between mice and larger animals, including

nonhuman primates (NHPs).34 For example, Non-

nenmacher et al. identified novel AAV capsids with high

transduction efficiency of murine brain after systemic in-

jection in mice compared with AAV9. The group then

tested these same capsids to bind cultured murine

BMVECs, and while some capsids had an increased ability

to bind to these cells compared with AAV9, many did

not.35 This is just one of several examples that shows the

difficulty in predicting how a given capsid will perform

in vivo based on in vitro results and vice versa. Interest-

ingly, we found that AAV-PR transduced primary cultured

human pericytes at a higher efficiency than AAV9, al-

though at a relatively low level.

While these results are encouraging, a more accurate

measure of clinical potential of AAV9 for transduction of

human vasculature after systemic delivery will be deter-

mined in ongoing NHP experiments, as they are currently

the most complex biological system with highest genetic

similarity to humans. In the gene addition experiment

(Fig. 4), we demonstrate AAV-PR’s tropism for SMC and

pericytes extends to the two most widely used mouse

strains, C57BL/6 and BALB/c (Fig. 4). Thus, the results in

mice with AAV-PR will allow the study of pericyte and

SMC biology as well as testing of new therapeutics in

animal models of human disease.
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