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Abstract

Developing therapies for central nervous system (CNS) diseases is exceedingly difficult due to the 

blood-brain barrier (BBB). Notably, emerging technologies may provide promising new options 

for the treatment of CNS disorders. Adeno-associated virus serotype 9 (AAV9) has been shown to 

transduce cells in the CNS following intravascular administration in rodents, cats, pigs, and non-

human primates. These results suggest that AAV9 is capable of crossing the BBB. However, 

mechanisms that govern AAV9 transendothelial trafficking at the BBB remain unknown. 

Furthermore, possibilities that AAV9 may transduce brain endothelial cells or affect BBB integrity 

still require investigation. Using primary human brain microvascular endothelial cells (BMVEC) 

as a model of the human BBB, we performed transduction and transendothelial trafficking assays 

comparing AAV9 to AAV2, a serotype that does not cross the BBB or transduce endothelial cells 

effectively in vivo. Results of our in vitro studies indicate that AAV9 penetrates BMVEC barriers 

more effectively than AAV2, but has reduced transduction efficiency. In addition, our data suggest 

that 1) AAV9 penetrates endothelial barriers through an active, cell-mediated process, and 2) 

AAV9 fails to disrupt indicators of BBB integrity such as transendothelial electrical resistance, 

tight junction protein expression/localization, and inflammatory activation status. Overall, this 

report shows how human brain endothelial cells configured in BBB models can be utilized for 

evaluating transendothelial movement and transduction kinetics of various AAV capsids. 
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Importantly, the use of a human in-vitro BBB model can provide import insight into the possible 

effects that candidate AVV gene therapy vectors may have on the status of BBB integrity.

Graphical abstract

AAV9 vectors penetrate the BBB and are in clinical trials for gene-therapy of CNS disease. 

Remarkably little is known regarding how AAV9 traverses the BBB, and whether this process 

affects barrier homeostasis. Here for the first-time, using primary human brain-endothelial cells in 

a model of the BBB, we provide evidence that AAV9 crosses the BBB by an active-transport 

mechanism, while not compromising barrier integrity. These results provide insight related to 

safety of AAV use and a platform for further analysis.
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INTRODUCTION

Based on their safety profile in clinical trials and their ability to efficiently transduce target 

cells, such as neurons and glia, recombinant AAV (rAAV) vectors are the top prospect gene 

therapy delivery vehicle currently being developed to treat central nervous system (CNS) 

disorders (Vannucci et al. 2013, Maguire et al. 2014). Transduction of target cells in the CNS 

using rAAV has previously been achieved through local (i.e. direct parenchymal or intra-

cerebroventricular) injections. Unfortunately, due to high tortuosity of the extracellular 

space, which limits the diffusion of vectors within the CNS, only focal transduction of 

parenchymal cells is possible (Lo et al. 1999). Global transduction of target cells in the CNS 

has proven difficult because the most widely studied AAV serotype, AAV2, cannot penetrate 

the BBB after intravascular injection (Fu et al. 2003). However, recent reports have 

identified the remarkable ability of AAV serotype 9 (AAV9) to transduce parenchymal brain 

cells and portions of the BBB endothelium after intravenous injection (Foust et al. 2009, 

Yang et al. 2014). Due to its apparent efficiency at crossing the BBB, preclinical data 

obtained from rodents, cats, pigs, and non-human primates indicate that AAV9 may have 

utility in the treatment of human CNS disorders (Gray et al. 2011, Samaranch et al. 2012, 

Bevan et al. 2011, Duque et al. 2009). Notably, intravenously delivered AAV9 encoding a 

therapeutic transgene is currently being tested in clinical trials for the treatment of spinal 

muscular atrophy (Passini et al. 2014, Wirth et al. 2015, Rashnonejad et al. 2015).

To date, no studies have described the kinetics of AAV9 transport across a human BBB. 

Furthermore, little is known regarding the mechanisms that regulate AAV9 trafficking across 

the brain endothelium. For example, AAV9 may cross the BBB by either a transcellular or 
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paracellular route. Understanding how AAV9 interacts with and negotiates blockades 

typically imposed by the BBB is important for several reasons. First, in order to maintain 

homeostasis in the CNS, the structural and functional integrity of the BBB must be 

preserved and not disrupted by AAV9 exposure. Thus, evaluating the effect of AAV9 vectors 

on key parameters of BBB integrity is important to safeguard patient health. Second, 

determining the viral peptides that function in BBB penetration might allow for the 

development of better viral and non-viral therapeutics.

We set out with the goal of employing an in vitro model that would allow us to examine the 

effects of AAV9 on the human BBB. Using primary human brain microvascular endothelial 

cell (BMVEC) cultures, we performed transduction and transendothelial trafficking assays to 

compare the efficiency of AAV9 against AAV2, a vector that does not appreciably cross the 

BBB or transduce brain endothelial cells in vivo (Varadi et al. 2012, Geoghegan et al. 2014). 

Our results indicate that AAV9 crosses our human BBB model more efficiently than AAV2; 

however, AAV2 exhibited more robust transgene expression in BMVEC cultures compared 

to AAV9. Furthermore, we monitored the effect of AAV9 exposure on multiple indicators of 

BMVEC barrier integrity including the stability of transendothelial electrical resistance 

(TEER), permeability, relative expression and cellular localization of tight junction (TJ) 

proteins, and the surface expression of cellular adhesion molecules, each of which could 

undermine neuronal function and CNS homeostasis if disrupted (Persidsky et al. 2006b, 

Abbott et al. 2006). Importantly, our data show no adverse effect on these indicators of 

BMVEC barrier integrity. Finally, using live-cell two-photon microscopy, we observed and 

compared the intracellular distribution of AAV9 to AAV2 finding unique distribution 

patterns between these serotypes in BMVEC cultures. These distinct intracellular patterns 

may explain the different activities we observed between AAV2 and AAV9 in our 

transduction and transcytosis assays. Notably, future investigations characterizing the 

mechanisms that guide these differing patterns may assist in developing innovative gene 

therapy delivery platforms for either endothelial transduction or transport across the BBB.

MATERIALS AND METHODS

Primary cell culture

Dr. Marlys Witte and Michael Bernas from the University of Arizona (Tucson, AZ) provided 

the primary human brain microvascular endothelial cell (BMVEC) cultures. These cells 

were isolated from either temporal lobe or hippocampal tissue resected from human subjects 

seeking operative treatment for epilepsy. The Temple University Institutional Review Board 

approved all procedures detailed in this study related to the use of these primary human 

cultures. As previously described, BMVEC cultures were derived from microvessels outside 

of the epileptogenic margins of the resected tissue (Bernas et al. 2010). Low passage 

BMVEC cultures from five different donors (mean age: 25.4 years; range: 18–39 years, both 

genders) were used to obtain the data presented herein. From each donor, cultures were 

validated for the presence of endothelial markers and the formation of barrier properties 

(Bernas et al. 2010). Briefly, the purity of our BMVEC cultures were validated by assessing 

the presence of astrocyte and pericyte contamination using α-smooth muscle actin (α-SMA) 

and glial fibrillary acidic protein (GFAP) labeling, along with positive expression of 
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endothelial markers such as glucose tranporter-1 (GLUT-1), platelet endothelial cell 

adhesion molecule-1 (PECAM-1), zonula occludens-1 (ZO-1), occludin (Occ), and 

claudin-5 (CLD-5) using western blot, real time PCR, fluorescence activated cell sorting, 

and immunohistochemical techniques. Furthermore, from each donor, our BMVEC cultures 

have been shown to generate absolute TEER values greater than 1000 ohms (Bernas et al. 

2010). Of note, quantification of α-SMA labeling has revealed approximately 2–5% 

pericytes in our BMVEC cultures, while GFAP labeling is negative. For expansion, 

BMVECs were cultured in pre-medium: DMEM/F12 media containing 10% fetal bovine 

serum, heparin (1 mg/ml), penicillin (100U/mL), streptomycin (10μg/ml), amphotericin B 

(2.5μg/ml), and endothelial cell growth supplement. After expansion, BMVEC cultures were 

maintained in heparin-free post-medium: DMEM/F12 media containing 10% fetal bovine 

serum, penicillin (100U/mL), streptomycin (10μg/ml), and amphotericin B (2.5μg/ml). 

Cultures were incubated at 37°C with 5% CO2 and 95% humidity. Before initiating any in 
vitro experiments, cells were rinsed with 1X-PBS and maintained in post-medium for at 

least 24 hours to remove any heparin from the culture.

Adeno-associated viral (AAV) vectors

AAV vectors were produced in 293T cells as previously described (Maguire et al. 2012). 

Briefly, a triple transfection of AAV and helper plasmids was performed using the calcium 

phosphate method. AAV vectors were extracted from cell lysates and purified by iodixanol 

density gradient ultracentrifugation. Next, iodixanol was removed and vector concentrated 

using Amicon Ultra 100 kDa molecular weight cutoff (MWCO) centrifugal devices 

(Millipore, Billerica, MA) and phosphate buffered saline (PBS). The final preparation was 

filtered through a 0.22 um Millex-GV Filter Unit (Millipore). Vectors were stored at −80°C 

until use. The following AAV vector constructs were used: (1) single stranded (ss) AAV 

construct encoding firefly luciferase (Fluc) driven by the CBA promoter (Gyorgy et al. 
2014); (2) self-complementary (sc) AAV construct encoding eGFP driven by the CBA 

promoter kindly provided by Dr. Miguel Sena-Esteves (University of Massachusetts Medical 

School, Worcester, MA); (3) a ss-AAV9 construct encoding IRES-GFP driven by the CBA 

promoter. To titer AAV preparations, a quantitative TaqMan PCR that detects AAV vector 

genomes (polyA region of the transgene cassette) was performed as previously described 

(Maguire et al. 2012). AAV vectors encoding Fluc or eGFP using these plasmids were 

subsequently packaged into either AAV2 or AAV9 capsids using plasmids encoding these 

structural proteins. For confocal microscopy analysis of AAV capsid trafficking on BMVEC 

monolayer cultures, AAV2 or AAV9 capsids were labeled using the DyLight™ 488 Amine-

Reactive Dye (ThermoFisher Scientific, Waltham, MA). Briefly, approximately 5 × 1011 

genome copies (gc) of AAV vector were diluted into labeling buffer (0.1M sodium 

phosphate, 0.15M NaCl, pH 7.2) containing 50 μg of dye. After mixing thoroughly, the 

solution was incubated 1 hour at room temperature in the dark. Next, free dye was removed 

by dialyzing into PBS overnight at 4°C using 20,000 molecular weight cutoff Slide-A-

Lyzer™ MINI dialysis devices (ThermoFisher Scientific). AAV capsid labeling was 

confirmed by placing an aliquot of each sample diluted 1:100 into PBS in a black 96 well 

plate and measuring fluorescence in a FlexStation 3 Multi-Mode Microplate Reader 

(excitation wavelength, 500 nm; emission wavelength 518 nm; cutoff filter, 515 nm). 

Fluorescence values of the 1:100 diluted labeled capsids samples were determined to be 10-

Merkel et al. Page 4

J Neurochem. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fold over background (PBS only) levels. We observed fluorescence values of labeled AAV2 

and AAV9 capsids to be within 10% of one another, indicating similar levels of labeling 

efficiency. Aliquots of labeled vector were prepared and stored at −80°C until use.

Immunofluorescence and microscopy

BMVEC cultures were prepared in 6-well plates on sterile 25 mm, circular glass microscopy 

coverslips coated with rat-tail collagen type I. Cells were seeded at a density of 2×105 and 

expanded in pre-medium for 2 weeks. BMVEC cultures were then rinsed with 1X-PBS and 

maintained in post-medium for 24 hours to remove heparin from the culture. Next, either sc-

AAV2-eGFP or sc-AAV9-eGFP (both at 1×104 genome copies (gc)/cell) were suspended in 

post-medium and incubated with BMVECs for 4 hours. After incubation, the media was 

changed to remove unbound virus. BMVEC cultures were then further maintained in virus-

free post-medium for 5 days to allow for eGFP expression before imaging.

A separate set of experiments was performed in under-confluent BMVEC cultures. Again, 

cells were seeded at a density of 2×105 and expanded in pre-medium but for only 3 days. 

Under-confluent cultures were then rinsed with 1X-PBS and maintained in post-medium for 

another 24 hours to remove heparin from the culture. BMVECs were then exposed to either 

sc-AAV2-eGFP or sc-AAV9-eGFP as described above. For both confluent and under-

confluent conditions, control coverslips were incubated in virus-free post-medium. At the 

end of all experiments, cultures were rinsed with 1X-PBS, fixed with 3% ultra-pure 

formaldehyde, and mounted on glass microscopy slides using prolong anti-fade reagent 

without DAPI.

Cultures were prepared as previously described for immunocytochemistry. BMVECs 

(2×104) were incubated with AAV9-Fluc (2.5×105 gc/cell) for 24 hours, then rinsed, treated 

with pre-extraction buffer (0.2% Triton X-100), fixed using 3% ultra-pure 

paraformaldehyde, and permeablized with 0.05% Triton X-100. Cells were incubated 

overnight at 4°C with primary antibodies against Occ (1:50; Santa Cruz clone: N-19). Next, 

cells were washed and incubated with secondary antibodies, Alexa-488 (1:100), for 1 hour at 

room temperature. Finally, cells were mounted and counterstained with DAPI. Occludin 

signal intensity was evaluated by measurement of pixel intensity across intercellular borders. 

Images were captured at 10X magnification from monolayers with or without AAV exposure 

with camera settings kept uniform (i.e., exposure time) throughout all imaging sets. Using 

the NIH ImageJ (1.48v) imaging software, 5 plot profile histograms (based on the intensity/

pixel) from top to bottom were generated for each image. Intensity profiles for each image 

were added and then averaged to the image set from each experimental condition (no virus 

vs virus) and graphed.

For the multi-photon experiments, BMVECs were plated at a density of 2×104 on collagen-

coated MatTek glass-bottomed cultureware dishes outfitted with a 14 mm microwell 

(Ashland, MA). Cultures were expanded and maintained for one week as described above to 

remove heparin. BMVEC cultures were incubated with 2.5×106 gc/cell DyLight™-488 

conjugated ss-AAV2-CBA-Fluc or ss-AAV9-CBA-Fluc for either 4 or 24 hours. At the 

indicated time points, BMVEC cultures were washed three times with 1X-PBS to remove 

unbound virus. Cells were then incubated with CellTracker-CMTPX (Invitrogen), a viability 
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tracker dye, for 30 minutes. After CMTPX staining, cells were washed with 1X-PBS, the 

microwell containing BMVECs was filled with DMEM/F12 without phenol red (Life 

Technologies), and cultures were secured under a glass microscopy coverslip for live cell 

imaging.

Imaging was performed using epi-fluorescence microscopy using a CoolSNAP EZ CCD 

camera (Photometrics) fitted to a Nikon 80i Eclipse (Nikon). Bright field images were 

acquired with a DS-Fi2 Nikon camera also configured to the above microscope. Two-photon 

imaging was performed with a Leica TCS SP5 II MP multi-photon microscope (Leica 

Microsystems) configured with a tunable femto-second pulsed Mai Tai Ti:Sapphire laser 

(Spectra Physics) featuring a resonant scanner and non-descanned detector or NDD external 

detectors. A 20x water immersion objective (NA 0.95) was used for observation of the 

specimen and images were acquired using Leica’s LAS imaging software. Images were 

processed with either NIS Elements (Nikon) or the Imaris (Bitplane) imaging analysis 

software.

Luciferase assay

A clear bottomed, black polystyrene 96-well plate (Corning Life Sciences) was used to 

assess luciferase activity in BMVEC cultures incubated with AAV vectors expressing firefly 

luciferase. First, wells were coated with rat-tail collagen type I. Cells were then seeded at a 

density of 2×104 cells/well and expanded in pre-medium for 3 days. After expansion, 

BMVEC cultures were washed with 1X-PBS and then maintained in post-medium for 

another 24 hours to remove heparin from the culture. Next, vectors (AAV2-Fluc or AAV9-

Fluc) were suspended in post-medium and applied to BMVEC cultures at concentrations of 

either 1×104 gc/cell or 1×105 gc/cell. Cultures were then incubated with the AAV vectors at 

37°C with 5% CO2 for 24, 48, 72, or 120 hrs. A Luciferase Assay System (Promega) was 

used to evaluate AAV-mediated expression of firefly luciferase (Fluc). After incubation with 

AAV-Fluc vectors, cells were rinsed with 1X-PBS, lysed, and exposed to luciferase 

substrate, D-luciferin. An Infinite M200 PRO microplate reader with i-control™ software 

(Tecan) was then used to detect luciferase activity (in relative light units) in the BMVEC 

cultures. Luciferase activity was normalized to read-outs from 0-hour controls treated with 

either AAV2-Fluc or AAV9-Fluc. All treatments were performed in quadruplicate. Within 

the groups for each serotype, luciferase activity was analyzed as a function of the 24-hour 

read-outs. Between serotypes, luciferase activity was analyzed as a function of the read-outs 

for each time point.

BBB model and transendothelial assay

Cell culture inserts featuring transparent polyethylene terephthalate (PET) track-etched 

membranes (0.3 μm pores) were coated with rat-tail collagen type I and rinsed with 1X-PBS. 

BMVEC were then seeded onto cell culture inserts at a density of 4×104 cells/insert. 

BMVEC cultures were expanded in pre-medium for 3 days, washed, and then maintained in 

post-medium (changes every 3 days) until a confluent monolayer with a stable 

transendothelial electrical resistance was established, as previously described (Persidsky et 
al. 2006a, Ramirez et al. 2008). After assessing the integrity of the monolayer, AAV2-Fluc 

or AAV9-Fluc vectors were applied to the upper chamber at 2×105 gc/cell. Cultures were 
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then incubated with the virus at 37°C with 5% CO2 for 2, 3, 6, 8, and 24 hours. At the 

indicated times, media was collected separately from both the upper and lower chambers, 

then analyzed by qPCR to quantify the number of AAV genomes present in each 

compartment. Media was diluted 1:10 and analyzed using the same Taqman qPCR assay as 

described above for the titration of purified AAV vectors. In additional experiments, 

BMVEC cultures were incubated with either AAV2-Fluc or AAV9-Fluc vectors at 4°C to 

reduce metabolic activity related to cell-mediated transport. A third set of experiments was 

performed as proof of concept, whereby 2×104 primary human astrocytes (ScienCell™ 

Research Laboratories) were seeded at the bottom of poly-L-lysine-coated wells and 

incubated with BMVEC cultures grown on cell culture inserts. These cultures were treated 

with AAV9-Fluc vectors applied to the upper chamber at 2×105 gc/cell and incubated with 

the virus for 24, 72, and 120 hours. At the indicated time points, astrocyte cultures were 

washed, lysed and evaluated for AAV9-mediated expression of luciferase using a luciferase 

assay as described in Materials and Methods. Luciferase activity was normalized to read-

outs from 0-hour controls treated with AAV9-Fluc. All treatments were performed in 

quadruplicate, and luciferase activity was analyzed as a function of the 24-hour read-outs.

Permeability assay

As described above, BMVECs were grown in 24-well format cell culture inserts with 

collagen-coated PET track-etched membranes with 0.1 μm pores. Cultures were incubated 

with 2×105 gc/cell AAV9-IRES-GFP vectors for 2, 4, 6, 24, and 48 hours. At the indicated 

time points, BMVEC monolayers were rinsed with 1X-PBS, and phenol red minus 

DMEM/F12 was dispensed into wells below cell culture inserts. Tetramethylrhodamine 

(TMR)-labeled dextrans of two different molecular weights (3,000 and 40,000 daltons) were 

reconstituted in phenol minus DMEM/F12 and dispensed into the upper chamber of separate 

BMVEC cultures. Cell monolayers were incubated with the different weight, labeled 

dextrans for 20 minutes at room temperature. Following incubation, cell culture inserts were 

removed and media remaining in the well (bottom chamber) was analyzed for the presence 

of dextran-TMR using a Synergy 2 Multi-Mode microplate reader with Gen5 2.0 software 

(BioTek Instruments, Inc.). All treatments were performed in quadruplicate, and data were 

analyzed as a function of fluorescence recorded from control BMVEC monolayers exposed 

to AAV9 vectors at 0 hours.

Transendothelial electrical resistance

An Electrical Cell-substrate Impedance Sensor (ECIS) Zθ system produced by Applied 

BioPhysics (Troy, NY) was used to measure BMVEC transendothelial electrical resistance 

(TEER). First, cells were plated at a density of 2×104 BMVEC/well on 96W20idf PET 

cultureware arrays (Applied Biophysics) coated with rat-tail collagen type I. Cultures were 

expanded in pre-medium for 3 days, rinsed with 1X-PBS, and then maintained in post-

medium for another 4 days to remove heparin. Throughout the expansion and maintenance 

phase, BMVEC monolayer formation was continually assessed until stable TEER baseline 

values were established. One-week after plating, BMVEC cultures were treated with sc-

AAV2-eGFP or sc-AAV9-eGFP vectors at three different concentrations: 1×104, 1×105, and 

1×106 gc/cell. Cultures were then incubated with the AAV vectors for an additional 48 hours 

to assess the effect of viral exposure on stable BMVEC TEER recordings. TEER 
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measurements were continuously obtained at 1000 Hz alternating current (AC) signal 

settings in 30-minute intervals. TEER recordings were obtained from a single BMVEC 

donor with each treatment performed in triplicate for all time points. Control cultures that 

were never exposed to virus were used to compare TEER stability after AAV exposure. 

EDTA was used as a positive assay control for the reduction of baseline TEER values.

Western blotting

BMVECs were expanded to confluence and maintained as previously described in collagen-

coated 6-well cell culture plates. Cultures were then exposed to AAV9 at 2.5×105 gc/cell for 

24 hours. Next, cells were lysed and a BCA assay (Thermo Scientific) was used to determine 

protein content. Equal protein was then loaded onto a gel for each condition. Samples were 

mixed with 4x Laemmli buffer and boiled for 5 minutes, then loaded onto a 4–20% Mini-

Protean TGX gel (Biorad). Gels were transferred to nitrocellulose membranes using the 

Trans-blot Turbo™ transfer system (Biorad) following the manufacturer’s protocol. 

Membranes were blocked with 5% milk in PBST (0.5%). All primary antibodies (ZO-1, BD 

Biosciences clone: 1/ZO-1; Occ, Abcam clone: EPR8208; CLD-5, Abcam clone: EPR7583, 

and β-actin, Sigma clone: AC-15) and secondary antibodies were dissolved in 5% milk-

PBST (0.5%). After incubation with antibodies, blots were imaged with a G:Box Chemi 

HR16 (Syngene, Frederick, MD) gel documentation system. Control cultures never exposed 

to virus were used for comparison.

Flow cytometry

BMVECs were expanded and maintained as previously described, then incubated with 

AAV9 at 2.5×105 gc/cell for either 8 or 24 hours. At the indicated time points, cells were 

washed using 1X PBS without calcium and magnesium, trypsinized, and pelleted by 

centrifugation at 1000 rpm for 5 minutes. Next, cells were suspended in fixation buffer 

(ebioscience) and incubated for 10 minutes. Following fixation, cells were washed with flow 

cytometry buffer (ebioscience) and re-pelleted. Cells were re-suspended in 100 μL of flow 

cytometry buffer with pre-conjugated antibodies for ICAM-1 (PE; ebioscience clone: HA58) 

and VCAM-1 (APC; BD Biosciences clone 51-10C9) for 1 hour. Cells were then washed, 

pelleted, and re-suspended in flow cytometry buffer for analysis using a FACS BD Canto II 

flow cytometer (BD Biosciences). Acquisition parameters and gating were controlled by BD 

FACSDiva software (BD Biosciences). Data were analyzed using FlowJo software (Tree 

Star, Ashland, OR, USA). All treatments were performed in triplicate. Control cultures never 

exposed to virus were prepared to determine baseline expression of ICAM-1 and VCAM-1. 

Cultures treated with recombinant IL-1β (100 ng/mL) for 18 hours were used as positive 

controls for ICAM-1 and VCAM-1 up-regulation.

Statistical analysis

The values shown in all figures and those mentioned throughout the text represent the 

average ± SEM of experiments that were performed at least 3 times (or as indicated). 

Statistical significance (P < 0.05) was determined by performing unpaired two-tailed 

Student’s t-test or via multiple group comparisons (where warranted) by ANOVA with 

Dunnett’s post hoc test utilizing Prism v6.04 software (GraphPad Software, Inc.).
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RESULTS

Comparative analysis of AAV9 and AAV2 transgene expression in primary human BMVEC 
cultures

We first compared transgene expression of AAV2 and AAV9 vectors encoding eGFP under 

the ubiquitously utilized chicken beta actin (CBA) promoter in primary human brain 

microvascular endothelial cell (BMVEC) cultures. To ensure the integrity of our cultures, 

BMVECs from all donors were validated for both the presence of endothelial markers and 

the formation of barrier properties (see methods section). Furthermore, whenever AAV9 and 

AAV2 were compared herein, BMVECs from the same donor were utilized for both 

serotypes. To begin analysis of transgene expression, BMVECs from two separate donors 

(one male, one female) were seeded and expanded into confluent monolayers for 2 weeks, 

then exposed to either AAV2 or AAV9 particles expressing the eGFP reporter. Cells were 

incubated with the virus for a period of 4 hours, after which the media was changed to 

remove unbound particles. BMVEC cultures were further incubated for 5 days to allow for 

eGFP expression (Figure 1A, are representative images from a single BMVEC donor).

As can be seen in Figure 1A-iii, epi-fluorescence microscopy imaging revealed robust eGFP 

expression in BMVECs transduced by self-complimentary AAV2 (sc-AAV2) vectors. In 

contrast, BMVECs exposed to sc-AAV9 (Figure 1A-iv) exhibited marginal to no evidence of 

eGFP reporter expression, indicating that unlike AAV2, AAV9 does not efficiently permit 

transgene expression in brain endothelial cultures under these conditions. Interestingly, when 

the same experiment described above was repeated with under-confluent BMVEC cultures 

(same donors), the number of cells expressing eGFP following AAV2 exposure was greatly 

enhanced at the monolayer edge (Figure 1A-v), along with some evidence of AAV9-

mediated transgene expression (Figure 1A-vi) near the edge. These results suggest that 

cellular transduction by both AAV serotypes may be more efficient in BMVECs that have a 

pro-angiogenic status.

In order to test the possibility that AAV9 transduction and reporter expression may be 

occurring in BMVEC cultures to a degree that is simply well below the detection threshold 

for fluorescent microscopy, experiments were performed with AAV2 and AAV9 vectors 

encoding the gene for firefly luciferase (Fluc), an extremely sensitive reporter. Figure 1B 

demonstrates a time course analysis of enzymatic/luciferase activity (in relative light units) 

in BMVEC cultures (derived from a third donor; female) incubated with either AAV2 or 

AAV9 for 0, 24, 48, 72 or 120 hours. Within the AAV2 group (1×104 gc/cell), expression-

mediated luciferase activity increased 7.3 fold (48 hours), 8.5 fold (72 hours), and 24.7 fold 

(120 hours), as a function of the 24-hour read-outs. Luciferase activity measurements for 

cells exposed to AAV9 (1×104 gc/cell) showed the following fold differences within the 

group: no change (48 hours), 6.6 fold (72 hours), and 12.6 fold (120 hours), again as a 

function of the 24-hour read-outs. In additional experiments with AAV9, we tested to see if 

BMVEC transduction efficiency was increased when monolayers were established on cell 

culture inserts. Results of these studies showed no significant change in luciferase activity 

fold differences at 72 hours (6.6 fold) and 120 hours (10.7 fold) when compared to BMVEC 

monolayers grown at the bottom of cell culture wells (Supplemental Figure 2). Notably, 
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marked differences were observed across the groups (i.e. AAV9 versus AAV2). For example, 

within the lower concentration (1×104 gc/cell) at 48, 72 and 120 hours, BMVEC cultures 

incubated with AAV2-Fluc showed greater luciferase activity compared to cultures 

incubated with AAV9-Fluc, in the order of: 1501.7, 266.1 and 405.4 fold, respectively. 

Together, our luciferase assay and fluorescent microscopy analyses clearly show that in as 

many as three donors, AAV9 is much less efficient in the transduction of primary human 

BMVEC cultures when compared to AAV2. This is in contrast to AAV9’s performance in 
vivo, in which robust transduction of brain vasculature occurs after systemic delivery (Foust 

et al. 2009, Nature Biotech), while AAV2 transduction is minimal (Chen et al. 2009, 

Geoghegan et al. 2014). Supporting these earlier findings, we also observed transduction of 

brain endothelial cells after systemic injection of adult mice with AAV9-GFP (Supplemental 

Figure 1).

AAV9 transendothelial trafficking dynamics in an in vitro model of the human BBB

Using our in vitro model of the human BBB, we optimized an assay to study the properties 

of AAV9 trafficking across brain endothelial cells. Primary human BMVECs from two 

different donors (both female) were seeded on cell culture inserts featuring transparent 

polyethylene terephthalate (PET) membranes with pores, 0.3 microns in diameter. The two-

compartment configuration allows for an upper and lower chamber to be separated by 

polarized BMVECs. Similar to endothelial polarity in vivo, BMVECs on cell culture inserts 

define an apical or “luminal” surface (exposed to the upper chamber) from a basolateral 

aspect of the cell (exposed to the lower chamber), which is attached to a collagen-coated 

membrane (acting as basal lamina), thus completing the construct validity of our in vitro 
model of the human BBB endothelium.

Vectors were diluted in media and added to the upper chamber of cell culture inserts, 

exposing the “luminal” surface of BMVECs in our BBB model to either AAV2 or AAV9. At 

the indicated time points, media was collected from the lower chambers and analyzed by 

qPCR for the presence of vector genomes, enabling the monitoring of AAV particles that 

traffic across the BMVEC monolayer (Figure 2A). Two hours after the addition of viral 

vectors, we observed a trend with AAV9 outperforming AAV2 in the number of particles 

trafficking into the bottom chamber. AAV9 achieved statistical significance compared to 

AAV2 at 3, 8, and 24 hours (Figure 2A). Therefore, similar to results produced in animal 

models, these analyses show that AAV9 has the ability to cross an in vitro model of the 

human BBB composed of primary human brain endothelial cells more efficiently than 

AAV2. Moreover, we performed proof-of-concept experiments with primary human 

astrocytes grown in the lower chamber of our in vitro BBB model in order to confirm that 

AAV9 vectors are able to transduce parenchymal brain cells after crossing human BMVEC 

monolayers. Primary human astrocytes treated with AAV9-Fluc vectors directly (no cell 

culture inserts containing BMVECs) were used as a positive control and show strong 

luciferase transgene activity, indicating efficient AAV9-mediated transduction of primary 

human astrocyte cultures (Figure 2B). Similarly, Figure 2B depicts luciferase activity 

measures recorded from primary human astrocytes 24, 72, and 120 hours after the addition 

of AAV9-Fluc vectors to the upper chamber of the BBB model, confirming that AAV9 
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vectors are intact and able to transduce parenchymal brain cells after trafficking across 

human BMVEC monolayers.

Given the results of our transendothelial trafficking assays, additional experiments were 

performed to examine the various possibilities that may explain the greater movement of 

AAV9 vectors into the lower compartment of our in vitro BBB model. For instance, AAV9 

could simply negotiate the barrier more efficiently by moving via a paracellular route (i.e. 

around or between endothelial cells). BMVECs were maintained under reduced metabolic 

conditions by placing the cultures at 4°C to slow cell-mediated transport mechanisms across 

the BBB model. Figure 2C demonstrates the results of transcytosis assays that were 

performed with AAV2 and AAV9 incubated with BMVECs from a single donor (female) at 

normal, physiological conditions (37°C) or at lower temperatures (4°C), to reduce cell-

mediated transportation. These results show the amount of virus retrieved from the lower 

chamber after 3 hours of incubation. As can be seen in Figure 2C, paracellular movement of 

AAV2 is significantly affected by the decrease in temperature, showing a slight increase in 

the amount of AAV2 detected in the lower chamber at 4°C compared to 37°C. Conversely, 

AAV9 was drastically affected by the temperature change in the opposite direction compared 

to AAV2, exhibiting a steep reduction in the number of viral particles trafficking into the 

lower chamber from 37°C to 4°C. Further analysis of this data revealed a reduction of 

89.7 % in the number of AAV9 particles recovered from the bottom chamber at 4°C. 

Together, these results suggest that AAV9 greatly depends on active, energetic cellular 

systems to transport the virus across BMVECs, while endothelial crossing by AAV2 appears 

to be independent of active cell-mediated transport and is most likely a function of 

paracellular diffusion.

Effects of AAV9 on BMVEC barrier integrity

As a front-runner gene therapy delivery vehicle for the treatment of CNS disorders in 

humans, it is important to determine whether AAV9 exposure may compromise BBB 

integrity by destabilizing cellular adhesion throughout the endothelium. Furthermore, in 

continuing to address the different possibilities that may explain the greater movement of 

AAV9 across our in vitro BBB model, experiments were prepared to assess an alternative 

mechanism of paracellular trafficking. The results from Figure 2A show a steady increase in 

AAV9 accumulation in the lower chamber over time, raising the possibility that the virus 

may induce a breach in barrier integrity, allowing viral particles to pass into the lower 

chamber through a compromised paracellular route. To this end, studies were performed to 

evaluate the status of endothelial barrier integrity by acquiring measurements of 

transendothelial electrical resistance (TEER) in BMVEC cultures. Once BMVECs form a 

monolayer, mature TJ complexes develop, which bestow upon the endothelial monolayer 

characteristics typical of the BBB, such as TEER. This measure of electrical resistance 

provides an analytical method for directly evaluating experimental conditions that may 

induce barrier “tightness”/higher resistance or “leakiness”/lower resistance. TEER 

measurements were acquired as described in Materials and Methods. BMVEC cultures from 

a single donor (female) were allowed to reach confluence and steady state TEER for one-

week (last 10 hours are shown) prior to the addition of increasing concentrations of either 

AAV2 or AAV9 (arrow, Figure 3A). As can be seen, both AAV2 and AAV9 had no 
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significant effect on BMVEC barrier integrity when compared to control cultures never 

exposed to virus (blue line). Furthermore, the presence of AAV particles (at concentrations 

ranging from 1×104 to 1×106 gc/cell) in BMVEC cultures did not appear to affect BMVEC 

barrier integrity either acutely or in a chronic manner, as TEER measurements do not 

fluctuate significantly during the time course tested. As expected, EDTA treatment caused an 

immediate drop in TEER, as EDTA chelates calcium needed to maintain TJ complex 

assembly and cellular adhesion thus inducing barrier “leakiness”.

A second set of experiments was performed to test whether BMVEC barrier integrity is 

compromised by the presence of AAV; and furthermore, to establish that AAV9 does not 

cross our in vitro model of the human BBB more efficiently due to increased paracellular 

trafficking. BMVECs were seeded on cell culture inserts featuring PET membranes with 

pores, 0.1 micron in diameter. Cultures were prepared as previously described and exposed 

to AAV9 vectors for 2, 4, 6, 24, and 48 hours. At the indicated time points, permeability 

measures were obtained using two different molecular weight tetramethylrhodamine (TMR)-

labeled dextrans (3,000 and 40,000 daltons) as described in Material and Methods. BMVEC 

monolayers exposed to AAV9 vectors at 0 hours were used as controls. As anticipated, the 3 

kDa dextran penetrated our endothelial barriers to a slightly greater extent than the 40 kDa 

dextran. Importantly, the detection of fluorescent signal from each tracer appeared constant 

in the presence of AAV9 when compared to controls (Figure 3B). Furthermore, statistical 

analyses revealed no significant difference in fluorescence between control cultures or time 

zero when compared to those exposed to AAV9 (Figure 3B), thus corroborating the TEER 

data.

Additional studies were performed to determine whether AAV9 affects the cellular 

localization and relative expression of ZO-1, claudin-5 (CLD-5), and occludin (Occ), three 

principle components of TJ complexes. Figure 3C indicates that the cellular distribution or 

pattern of Occ at intercellular borders is unaffected by AAV9 exposure (2.5×105 gc/cell for 

24 hours). Quantitation via intensity line profiles of images taken form the immunolabeling 

of Occ revealed no significant difference from controls in the presence of AAV9 (Figure 3D 

and E). Likewise, western blot analyses of whole cell lysates collected from BMVEC 

cultures incubated with AAV9 for 24 hours (2.5×105 gc/cell) show no change in the relative 

expression of ZO-1 (195 kDa), CLD-5 (20 kDa), and Occ (65 kDa) when compared to 

controls (Figure 3F). Together, results of from the TEER, permeability, immunostaining, and 

western blot supports the notion that transendothelial trafficking of AAV9 unlikely occurs by 

an increase in paracellular flux or TJ remodeling. Moreover, these results suggest that 

exposure to AAV9 does not compromise BMVEC barrier integrity in multiple human 

donors.

Activation status of BMVECs after AAV9 exposure

Viral infection and exposure to viral proteins may initiate an inflammatory response that can 

have deleterious effects on the BBB endothelium. Notably, few studies have investigated the 

effect of AAV exposure on endothelial activation, or more specifically, the pro-inflammatory 

activation status of human BMVECs. Although a variety of tests can be performed to assess 

pro-inflammatory status, up-regulation of cellular adhesion molecules such as intercellular 
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adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) is a clear 

and universal sign of endothelial activation. Notably, these adhesion molecules facilitate 

leukocyte-endothelial interactions at the BBB. Endothelial cells respond to warning signals 

such as viral DNA by quickly enhancing surface expression of ICAM-1 and VCAM-1 in 

order to recruit immune cells to sites where pathogens or damage have been detected. To test 

the possibility that exposure to AAV9 could activate a pro-inflammatory response in 

endothelial cells of the human BBB, surface expression of ICAM-1 and VCAM-1 were 

analyzed in primary human BMVEC cultures. As before, BMVECs from a single donor 

(male) were incubated with AAV9 for either 8 or 24 hours. Figure 4A-D show representative 

histograms acquired from cytometric analysis of cells immunostained with antibodies 

against ICAM-1 (Figure 4A, B) and VCAM-1 (Figure 4C, D). Detection of ICAM-1 and 

VCAM-1 in cultures exposed to AAV9 nearly overlap with untreated BMVEC controls, 

indicating that primary human brain endothelial cells are not activated by incubation with 

AAV9 for either of the two time points tested. In comparison, BMVEC cultures exposed to 

IL-1β for 18 hours were used as positive controls for the induction of endothelial adhesion 

molecules. Figure 4A–D show a distinct shift in the detection of both adhesion molecules in 

BMVECs after the addition of IL-1β. Bar graphs demonstrating the average mean 

fluorescence Intensity (MFI) of ICAM-1 and VCAM-1 from multiple experiments can be 

seen in Figure 4E and Figure 4F, respectively. Furthermore, statistical analyses reveal no 

significant difference in the MFI of either ICAM-1 or VCAM-1 in BMVEC cultures 

exposed to AAV9 compared to untreated controls. Therefore, results of these experiments 

support the hypothesis that AAV9 exposure does not promote a pro-inflammatory response 

in brain endothelial cells.

AAV localization and the effect of endothelial trafficking on transduction and transcytosis

To better understand how AAV9 traffics across the BBB, live cell imaging with multiphoton 

microscopy was employed with BMVEC monolayers exposed to either AAV2 or AAV9 for 

a comparative analysis. BMVEC cultures from a single donor (female) were prepared as 

previously described and exposed to AAV particles conjugated to a fluorescent dye. Cultures 

were incubated with the fluorescently labeled AAV particles for either 4 or 24 hours. 

Unbound virus was removed prior to imaging as described in the Materials and Methods. 

Also, prior to imaging, the BMVEC cytoplasm was labeled with a viability tracker dye for 

observation under the red channel, while labeled AAV particles were visualized under the 

green channel. Figure 5A, C, I, and K all show volumetric images from a field of view from 

BMVEC cultures exposed to either AAV2 (A and C) or AAV9 (I and K). The white circle 

and arrow were inserted to identify areas under close observation in Figure 5B, D, J and L. 

In these figures, the volumetric rendered Z-stacks are subdivided into XY, YZ and XZ 

planes. X and Y are the top coordinates, and the Z plane segments through both the X and Y 

planes (color coded). Once segmented, the volume can be flipped and visualized on its side, 

generating YZ and XZ planes.

As can be seen in Figure 5B and J, conjugated AAV2 and AAV9 particles both localize to 

the apical surface of BMVECs at 4 hours (particles identified by arrows in the YZ and XZ 

planes). Notably, in this example, and others that were investigated (data not shown), labeled 

virus was not found at areas where two cells meet (i.e. intercellular junctions). Interestingly, 
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upon closer inspection, funnel-like structures appeared to form at the contact points where 

labeled AAV particle clusters interact with the apical surface of BMVECs. Another 

observation, particularly for AAV2 (Figure 5B, XZ), is the presence of oval shaped cellular 

inclusions that are likely vesicular accumulations of AAV2 undergoing endocytosis. 

Furthermore, diffuse nuclear localization of the AAV capsid could be observed at 24 hours 

in additional BMVEC cultures exposed to fluorescently labeled AAV2 (Movie 1). 

Alternatively, internalized AAV9 capsids were clearly visible inside of the cytoplasmic 

compartment of BMVECs (arrows at XZ and YZ). As depicted in the XZ aspect of Figure 

5L, vesicular accumulations of AAV9 appear smaller and more tubular than the AAV2 

conditions shown in Figure 5. In some instances, these tubular structures appear to span the 

entire cell from apical to basolateral surfaces. Interestingly, in contrast to AAV2, there was 

no accumulation of fluorescently labeled AAV9 capsid clusters either surrounding or within 

BMVEC nuclei (Movie 2).

Outside of the cell, AAV capsid clusters are readily apparent at high magnification. Figure 

5E, G, M and O all show the basolateral aspect of BMVEC cultures (XY of the XZ plane) 

taken from images under close observation (Figure 5B, J, D, and L; follow the green arrow). 

These images represent what is immediately below the BMVEC monolayer. Image analysis 

performed by particle counting corroborates the results of our transcytosis assays, which 

revealed an increase in the number of AAV genomes in the bottom chamber over time, and 

more importantly, greater penetration of the endothelial monolayer by AAV9 compared to 

AAV2. Figure 5F and H show a low level of AAV2 in the basolateral aspect of BMVEC 

cultures at 4 hours, which increases 6 fold by 24 hours. Likewise, analysis of AAV9 revealed 

an 11-fold increase in the number of particles present at the basolateral surface of BMVEC 

cultures from 4 to 24 hours. More importantly, quantification of the number of labeled viral 

capsid clusters passing through the BMVEC culture to the basolateral surface indicates a 

substantial increase in the amount of AAV9 compared to AAV2 at both time points: 9 fold at 

4 hours, and 16 fold at 24 hours. Moreover, image analyses at 24 hours clearly show a large 

portion of fluorescently labeled AAV2 capsid clusters remaining inside of BMVECs; 

whereas, almost all of the AAV9 capsid cluster signal can clearly be seen in the extracellular 

plane below the endothelial monolayer (Supplementary Movie 1 and 2).

The results of our multiphoton imaging strongly suggest that AAV9 does not use a 

paracellular but rather a transcellular route for negotiating passage across primary human 

BMVEC cultures. Furthermore, differences between the intracellular, tubular-shaped 

transport vesicles observed between AAV2 and AAV9 may explain 1) how AAV2 may be 

more efficient in the transduction of BMVECs in vitro by endosomal trafficking to the 

nucleus, while 2) AAV9 is more efficient in moving across endothelial cells and entering the 

basolateral compartment.

DISCUSSION

In summary, we have validated and characterized an in vitro model of the human BBB as a 

means to study AAV transduction and transcytosis. With regards to the transduction of 

primary human BMVECs, our data have shown that AAV2 outcompetes AAV9. On the 

contrary, the results of our transendothelial trafficking assays suggest that AAV9 achieves 
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greater penetration across BMVEC monolayers when compared to AAV2, supporting 

observations in vivo (Foust et al. 2009, Gray et al. 2011, Samaranch et al. 2012, Bevan et al. 

2011, Duque et al. 2009, Yang et al. 2014). Furthermore, our data are the first to indicate that 

AAV9 passage across human BMVECs is an energetic process. Most reports have focused 

on the ability of AAV9 to transduce parenchymal brain cells in animal models after 

intravascular delivery and rarely address the mechanism regulating AAV9 passage into the 

CNS. In addition, this report uniquely addresses the importance of BBB integrity 

specifically in primary human BMVEC cultures. The safety profile of AAV9 toward BBB 

integrity appears very favorable, as our data indicate that human BMVECs maintain TEER, 

permeability measures, relative expression and cellular localization of TJ proteins, and 

baseline expression of adhesion molecules. Notably, these data also rule against paracellular 

trafficking of AAV9 across a compromised BBB, and instead support a hypothesis of 

transcellular extravasation of systemically injected AAV9 across an intact barrier. Finally, 

using multiphoton microscopy, we have observed three-dimensional localization of AAV2 

and AAV9 in primary human BMVECs. These images reveal an almost complete basolateral 

distribution of AAV9 below BMVEC monolayers, while AAV2 maintains greater 

intracellular distribution with some perinuclear/nuclear accumulation.

The difference between AAV2 gene transfer and that of AAV9 is most likely related to how 

the wild type capsid of these serotypes interacts with BMVEC surface receptors to promote 

cellular transduction. Studies have shown that during viral transduction, AAV2 binds to 

heparin sulfate proteoglycans (HSPGs), is packaged inside of endosomal-like structures that 

traffic to the nucleus along microtubule bundles, followed by migration into the nucleus 

through nuclear pore complexes (Xiao & Samulski 2012, Xiao et al. 2012, Nicolson & 

Samulski 2014). Collectively, our data with AAV2 reflect these processes as we observed 

greater intracellular accumulation with nuclear/perinuclear distribution of fluorescently 

labeled AAV2 capsids, followed by more efficient transduction compared to AAV9, and 

fewer AAV2 genomes in the bottom chamber during our transendothelial trafficking assays.

Interestingly, using confocal microscopy, recent studies have shown that HSPGs are 

primarily expressed at the basolateral aspect of endothelial cells (Stoler-Barak et al. 2014). 

Therefore, the observation that more BMVECs were transduced by AAV2 at the monolayer 

edge (Figure 1A-v) may be a function of increased HSPG availability or the absence of 

mature TJ complexes. Conversely, within confluent regions, AAV2 transduction may be 

limited by lower HSPG expression at the apical surface of the BMVEC monolayer or the 

presence of fully formed TJ complexes refracting viral transduction. Although AAV2 

transduction requires cell-mediated activity, Figure 2B indicates that AAV2 transcytosis may 

occur due to passive diffusion. Again, the unique distribution pattern of HSPGs on the 

endothelial surface may explain the significant increase in AAV2 passage across BMVECs 

incubated at 4°C compared to 37°C. Apical HSPGs are enriched at paracellular endothelial 

junctions where TJ complexes are expressed (Stoler-Barak et al. 2014). At normal 

physiological temperatures, BMVEC TJ complexes retain functional integrity of the 

endothelial monolayer, potentially limiting the penetration of AAV2 particles that localize 

near paracellular junctions by binding to HSPGs expressed in this region. However, under 

reduced metabolic conditions at 4°C, BMVEC TJ complexes may be destabilized, allowing 

AAV2 particles to pass between endothelial cells. Importantly, our results reveal the opposite 
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effect for AAV9, whereby the transcytosis of virus is significantly elevated at 37°C 

compared to 4°C (Figure 2B). This finding suggests that unlike AAV2, cell-mediated 

activity likely accounts for the movement of AAV9 across our in vitro model of the human 

BBB.

Unlike AAV2, the AAV9 capsid does not appear to use HSPGs for cellular transduction. 

Current reports have provided evidence that AAV9 possesses a galactose binding domain 

required for cellular transduction (Bell et al. 2012, Shen et al. 2011, Bell et al. 2011). 

Although the galactose binding domain of AAV9 has been identified as a functional site for 

cellular binding/transduction, perhaps galactose binding also facilitates transendothelial 

trafficking at the BBB (Bell et al. 2011). Considering the results of our transduction and 

transcytosis assays along with our multiphoton imaging of fluorescently labeled AAV, it is 

likely that AAV9 accesses a pathway that allows vectors to pass through endothelial cells 

without leading to nuclear translocation. This conclusion is supported by a previous study 

that characterized the transport of multiple AAV serotypes across a variety of endothelial 

cells, finding that transduction efficiencies could be enhanced by blocking AAV transcytosis 

with tannic acid (Di Pasquale & Chiorini 2006). Results of this study suggest that some 

AAV serotypes, such as AAV4 and bovine AAV, may exhibit poor transduction efficiency 

due to an enhanced capacity for cellular transcytosis (Di Pasquale & Chiorini 2006). 

Furthermore, by inhibiting transcytosis without altering capsid structure, and in turn 

enhancing the transduction efficiency of select serotypes, these data indicate AAV 

transduction and transcytosis may be regulated by binding to the same residue (i.e. HSPGs 

or galactose, depending on serotype), while subtleties in intracellular trafficking ultimately 

determine the distribution and subsequent effect of AAV vectors.

Notably, one of the first reports to demonstrate that AAV9 requires galactose binding for 

viral transduction also showed that ricin agglutinin (RCA), a β-galactose binding protein, 

co-localizes with CD31, a marker for endothelial cells, in tissue sections obtain from the 

mouse brain (Bell et al. 2011, Raub & Audus 1990). These results suggest that AAV9 may 

utilize galactose residues expressed on BMVECs to penetrate the CNS. This possibility is 

not unfounded as studies in microbiology have shown that Balamuthia mandrillaris, a 

protozoan that crosses the BBB leading to life-threatening infections (namely Balamuthia 
amoebic encephalitis), expresses a galactose binding protein that interacts with primary 

human BMVECs and facilitates entry into the brain (Matin et al. 2007). Furthermore, prior 

studies have shown that the surface of bovine BMVECs is dominated by galactosylated 

glycoconjugates that are rapidly internalized upon RCA binding through a process known as 

adsorptive endocytosis (Raub & Audus 1990). Notably, these investigations have also shown 

that endosomes produced during this process are recycled back to the endothelial surface 

within minutes, where RCA is released into the extracellular media (Raub & Audus 1990). 

Thus, AAV9 may traffic across the BBB and be released into the CNS through a similar 

process. Furthermore, just as we report with AAV9, studies have shown that both the 

endocytosis and efflux of RCA are energy-dependent processes (Raub & Audus 1990). 

Intriguingly, adsorptive endocytosis is a mechanism that blood-borne human 

immunodeficiency virus may use to cross the BBB and infect susceptible cell types in the 

CNS (Banks et al. 1998, Banks et al. 2001). Therefore, the possibility that AAV9 uses 
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similar mechanisms such as galactose binding and adsorptive endocytosis to cross the BBB 

endothelium and access parenchymal cell types in the CNS deserves further investigation.

We foresee many applications for our primary human BBB model relevant to current gene 

therapy research. First, identifying receptors specifically utilized by AAV9 or AAV capsid 

mutants with enhanced transduction efficiency may help to target apical BMVEC surface 

receptors that access desirable pathways, such as those leading to transcytosis versus those 

leading to cellular transduction. Second, we have previously found that CNS transduction 

with systemically administered AAV9 is significantly higher in female mice than male mice, 

subsequently observed in in rats (Maguire et al. 2013, Jackson et al. 2015). Therefore, it will 

be interesting to compare the ability of AAV9 to cross human BMVECs derived from male 

versus female patients. Furthermore, BMVECs from male and female donors may be tested 

in the presence or absence of sex hormones, as estrogen is a known stimulator of 

transcytosis (Burgess & Stanley 1997, Diebel et al. 2011). Such a study would have direct 

relevance to potential dose efficacy in putative female versus male patients receiving 

intravenous AAV9 gene therapy. Third, our in vitro BBB model should be useful for 

screening novel AAV’s and AAV capsid libraries for serotypes with more efficient 

transendothelial trafficking. This approach may help to identify novel proteins and cellular 

pathways involved in BBB transcytosis.

In conclusion, we have shown that AAV2 mediates gene transfer to primary human brain 

endothelial cells more efficiently than AAV9, while AAV9 engages in more permissive 

transendothelial trafficking across BMVEC monolayers compared to AAV2. Our data also 

indicate that AAV9 trafficking across an in vitro BBB model does not occur due to passive 

paracellular diffusion, but instead occurs because of active cell-mediated transport 

mechanisms. Furthermore, we found that AAV9 does not appreciably alter barrier integrity 

or the activation status of BMVECs that form the human BBB. Future work aimed at 

uncovering the different mechanisms that regulate AAV9 transcytosis from AAV2 

transduction in human BMVEC cultures may provide valuable information for gene therapy 

researchers developing neurotherapeutics for the treatment of CNS disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AAV2 outperforms AAV9 at transgene expression in primary human BMVEC cultures
(A) Confluent BMVEC monolayers from two donors were incubated with sc-AAV2-eGFP 

or sc-AAV9-eGFP vectors for 4 hours at 1×104 gc/cell. Cells were then washed to remove 

unbound virus and incubated for 5 days to allow for eGFP expression. Fluorescent images 

were acquired using equal capture parameters between serotypes. Representative images 

acquired from one of the BMVEC donors evaluated are presented. (i–iv) Bright field and 

GFP images obtained from confluent BMVEC monolayers incubated with either AAV2 or 

AAV9; 20X objective magnification. (v–vi) GFP filter images from under-confluent 

BMVEC cultures incubated with either AAV2 or AAV9 with bright field inserts; 40X 
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objective magnification. Arrows indicate expression of eGFP in BMVEC cultures. (B) 
Additional experiments with a firefly luciferase reporter. BMVEC cultures from a third 

donor were incubated with either AAV2 or AAV9 expressing firefly luciferase (Fluc) at two 

different concentrations (1×104 gc/cell and 1×105 gc/cell) for 24, 48, 72, and 120 hours. At 

the indicated time points, viral-mediated transgene expression was assessed using a 

luciferase assay system. Data were normalized to the 0-hour treatments for each group and 

are presented as mean luciferase activity in relative light units (RLU) for treatments 

performed in quadruplicate + SEM. Statistical significance was analyzed as a function of the 

24-hour read-outs for each group. Asterisks denote p < 0.05.
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Figure 2. Trafficking of AAV9 across an in vitro BBB model composed of primary human 
BMVECs is more efficient when compared to AAV2
(A) BMVEC cultures from two different donors exhibiting monolayer formation indicative 

of barrier properties were prepared on collagen-coated cell culture inserts, creating a two-

compartment design to model the BBB. Cultures were incubated with either AAV2 or AAV9 

vectors (2×105 gc/cell) for 2, 3, 6, 8, or 24 hours. At the indicated time points, media was 

collected from the bottom chamber (below the cell culture insert) and analyzed for the 

presence of vector DNA by qPCR. All treatments were performed in quadruplicate for both 

donors. Data from a single donor are presented as the mean of total AAV genomes retrieved 

from the bottom chamber ± SEM. Asterisks denote p < 0.05. (B) Proof-of-concept 

experiments were performed to show that AAV9 vectors are able to transduce parenchymal 
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brain cells after trafficking across human BMVECs. Primary human astrocytes were seeded 

in the lower compartment of our BBB model, and AAV9-Fluc vectors (2×105 gc/cell) were 

applied to the upper compartment and incubated for 24, 72, and 120 hours. Primary 

astrocyte cultures incubated directly with AAV9-Fluc (no BMVECs) for 120 hours served as 

a positive control. At the indicated time points, AAV9-mediated transgene expression in 

primary human astrocytes was evaluated using a luciferase assay. Data were normalized to 

0-hour controls and are presented as mean luciferase activity in relative light units (RLU) for 

treatments performed in quadruplicate + SEM. Statistical significance was analyzed as a 

function of the 24-hour read-outs. Asterisks denote p < 0.05. (C) Additional experiments 

were performed as described above in (A); however, BMVEC cultures from one of the 

donors were incubated with AAV vectors at either 37°C (physiological temperature) or 4°C, 

to reduce active, cell-mediated transport of AAV particles. After 3 hours, media was 

collected from the bottom chamber and analyzed for the presence of vector DNA by qPCR. 

All treatments were performed in quadruplicate. Data are presented as the mean of total 

AAV genomes retrieved from the bottom chamber + SEM. Asterisks denote p < 0.05.
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Figure 3. AAV9 does not affect in vitro indicators of BMVEC barrier integrity
(A) BMVEC cultures from a single donor were prepared on collagen-coated electrode arrays 

designed for use with an Electric Cell-substrate Impedance System. Transendothelial 

electrical resistance (TEER) readings were acquired continuously in 30-minute intervals for 

one week. After BMVEC cultures established stable TEER readings, cells were exposed to 

either AAV2 or AAV9 at three different concentrations (1×104 gc/cell, 1×105 gc/cell, and 

1×106 gc/cell) for 48 hours. All treatments were performed in triplicate. Cultures never 

exposed to virus were used as stable baseline controls. EDTA was used as a control for the 

reduction of baseline TEER values. Data are presented as the normalized change in 

resistance from baseline TEER + SEM over a 45-hour period. Right-hand y-axis shows 

absolute TEER values (Ohms • cm2). Arrow indicates addition of AAV vectors to BMVEC 

cultures with stable TEER readings (last 10 hours shown). Statistical analysis revealed no 
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significant changes in TEER between AAV treated cultures and controls. (B) BMVECs 

exhibiting monolayer formation indicative of barrier properties were prepared on collagen-

coated cell culture inserts and incubated with AAV9 vectors (2×105 gc/cell) for 0, 2, 4, 6, 24 

and 48 hours. At the indicated times, permeability measures were determined using two 

tetramethylrhodamine (TMR)-labeled dextrans (3 kDa and 40 kDa) applied to the upper 

compartment for 20 minutes. Media from the lower compartment was then analyzed for the 

presence of dextran-TMR tracers. Data are presented as mean fluorescence (RU) + SEM for 

treatments performed in quadruplicate. Statistical analyses revealed no significant difference 

between cultures incubated with AAV9 and 0-hour controls. NS denotes p > 0.05. (C-E) 
Additional BMVEC cultures were incubated with AAV9 (2.5×105 gc/cell) for 24 hours in 

order to determine the cellular localization and relative expression of key tight junction (TJ) 

proteins that help to stabilize BBB integrity. BMVEC cultures not exposed to AAV were 

used as controls. (C) Immunocytochemistry reveals cellular localization of occludin (Occ) at 

intercellular borders consistent with TJ formation both in control cultures and in the 

presence of AAV9. (D) The histogram represent inserts values from intensity/pixel from 

intensity line profile drawn across the images. (E) On the basis of the intensity line profiles 

from sets of N=5, the graph of the average ± SEM shows no statistical significance observed 

between no virus and AAV9 exposed cultures. (F) Western blots depict similar expression 

levels of ZO-1, Occ, and claudin-5 (CLD-5) in BMVEC control cultures and those incubated 

with AAV9. β-actin is presented as a loading control for equal protein.
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Figure 4. BMVECs maintain baseline activation status after AAV9 exposure
BMVEC cultures from a single donor were incubated with AAV9 (2.5×105 gc/cell) for 

either 8 or 24 hours. At the indicated time points, BMVECs were harvested to measure the 

surface expression of cellular adhesion molecules (ICAM-1 and VCAM-1) by flow 

cytometry. All treatments were run in triplicate. Cultures never exposed to virus were used 

as controls for the baseline expression of ICAM-1 and VCAM-1. BMVECs treated with 

recombinant IL-1β for 18 hours were used as positive controls. (A–D) Representative 

histograms depicting the shift in ICAM-1 and VCAM-1 expression in BMVEC cultures 

treated with AAV9 compared to controls after 8 or 24 hours as indicated. (E–F) Data are 

presented as the average mean fluorescence intensity (MFI) + SEM of ICAM-1 and 
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VCAM-1 in BMVEC cultures exposed to AAV9 for either 8 or 24 hours compared to 

controls. NS denotes p > 0.05. Hashtags denote p < 0.05.
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Figure 5. Cellular localization of AAV9 and AAV2 in primary human BMVEC cultures
BMVECs from a single donor were seeded in MatTek dishes outfitted with a 14 mm glass-

bottomed microwell. Next, cultures were expanded and maintained for one week as 

previously described to remove heparin. BMVEC cultures were then incubated with 

DyLight™-488 (green signal) conjugated AAV2 or AAV9 particles (2.5×106 gc/cell) for 

either 4 or 24 hours. Following incubation, cells were washed to remove unbound virus, 

stained with a viability tracker dye, CMTPX (red signal), and imaged using multiphoton live 

cell microscopy. (A, C, I, K) Representative fields of view acquired from BMVEC cultures 

exposed to fluorescently labeled AAV2 or AAV9 for 4 or 24 hours as indicated. White 

circles with arrows identify areas under close observation. (B, D, J, L) High-resolution 

images of fluorescently labeled AAV capsid clusters visualized in XZ and YZ planes. White 

arrowheads point to intracellular accumulations of either AAV2 or AAV9 as indicated. 

Green circles with arrows identify fluorescently labeled AAV capsid clusters at the 

basolateral aspect of the XZ plane (below BMVEC monolayers). (E, G, M, O) Extracellular, 

DyLight™-488 conjugated AAV capsid clusters at the basolateral side of BMVEC cultures 

incubated with either AAV2 or AAV9 for 4 or 24 hours as indicated. Using NIH Image J 

software, AAV capsid clusters were quantified by converting the fluorescent images to 

binary and performing particle counting based on area and circularity. (F, H, N, P) Inverted 

images derived from binary conversion of the fluorescent AAV capsid signal used for 

particle counting in NIH Image J software.
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