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Abstract: The blood-brain barrier (BBB) is the specialised microvasculature system that shields the 19 

central nervous system (CNS) from potentially toxic agents. Attempts to develop therapeutic agents 20 

targeting the CNS have been hindered by the lack of predictive models of BBB crossing. In vitro 21 

models mimicking the human BBB are of great interest, and advances in induced pluripotent stem 22 

cell (iPSC) technologies and availability of reproducible differentiation protocols have facilitated 23 

progress. In this study we present the efficient differentiation of three different wild-type iPSC lines 24 

into brain microvascular endothelial cells (BMECs). Once differentiated, cells displayed several fea- 25 

tures of BMECs and exhibited significant barrier tightness as measured by trans-endothelial electri- 26 

cal resistance (TEER), ranging from 1500 to >6000 Ωcm2. To assess the functionality of our BBB mod- 27 

els, we analysed the crossing efficiency of adeno-associated virus (AAV) vectors and peptide-conju- 28 

gated antisense oligonucleotides, both currently used in genetic approaches for the treatment of rare 29 

diseases. We demonstrated superior barrier crossing by AAV serotype 9 compared to serotype 8, 30 

and no crossing by a cell penetrating peptide-conjugated antisense oligonucleotide. In conclusion, 31 

our study shows that iPSC-based models of the human BBB display robust phenotypes and could 32 

be used to screen drugs for CNS penetration in culture.  33 

Keywords: human blood-brain barrier; brain microvascular endothelial cells; induced pluripotent 34 

stem cells; trans-endothelial electrical resistance; gene therapy; spinal muscular atrophy; antisense 35 

oligonucleotides; phosphorodiamidate morpholino oligomers; adeno-associated virus vectors 36 

 37 

Introduction  38 

The blood-brain barrier (BBB) is primarily composed of highly specialised brain mi- 39 

crovascular endothelial cells (BMECs) sharing the basal lamina with pericytes and end- 40 

processes of astrocytes [1]. Although the BBB successfully controls the exchange of mole- 41 

cules and cells between the brain and the blood, it also prevents the crossing of therapeu- 42 

tics that would be beneficial for the treatment of diseases affecting the central nervous 43 

system (CNS). Indeed, drug development for the majority of CNS disorders has failed due 44 
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to lack of penetration of therapeutic candidates across the BBB [2]. Efforts to develop in 45 

vitro BBB models that mimic the complex in vivo properties have been ongoing for many 46 

decades. Early in vitro models were mainly produced using primary BMECs from animal 47 

brain tissue of different origins [3]. The next generation of BBB models included co-cul- 48 

tures of primary BMECs from animal brain tissue with different combinations of other 49 

BBB cells, such as pericytes and astrocytes [4]. BBB models derived from animal tissues 50 

have been very useful to characterise generic BBB properties, but high interspecies varia- 51 

bility and ethical issues are promoting the research into alternative and sustainable mod- 52 

els. Human models of BBB have been prepared using brain tissue biopsies [5] or immor- 53 

talised endothelial cell lines [5,6]. However, the most commonly used model, based on the 54 

immortalised human cerebral microvascular endothelial cell line hCMEC/D3 has several 55 

limitations, including low trans-endothelial electrical resistance (TEER), reflecting low 56 

barrier tightness [7]. Transcriptional profiling has shown reduced expression of tight junc- 57 

tion proteins and glucose transporter 1 (GLUT-1) in hCMEC/D3 cells, in contrast to human 58 

primary BMECs [8]. 59 

Recent advances in iPSC technologies have made it possible to reliably produce cell 60 

lineages of interest in culture. Development of a reproducible protocol for differentiation 61 

of iPSCs into BMECs by Shusta’s group [9] has enabled the successful production of hu- 62 

man models of the BBB [10]. The tight junction between BMECs is the most recognised 63 

phenotype of the BBB and is defined by high trans-endothelial electrical resistance (TEER) 64 

and low permeability to para-cellular markers [11]. Water soluble molecules can only 65 

cross the BBB by the para-cellular route and tight junctions play an important function in 66 

restricting para-cellular permeability to even small ions such as Na+ and Cl- [1]. Permea- 67 

bility to para-cellular markers is widely used to characterise iPSC-derived models of the 68 

BBB [12,13]. The most commonly used para-cellular fluorescent tracers are lucifer yellow, 69 

LY, and sodium fluorescein, Na-F [14]. Further characterisation of in vitro BBB models can 70 

be done using doxycycline, one of the few molecules known to cross the human BBB.  71 

Gene therapy approaches for treating human disease have recently accomplished sig- 72 

nificant successes. In particular, the development and marketing approval of antisense 73 

therapeutics (Spinraza) and adeno-associated virus (AAV) gene therapy (Zolgensma) for 74 

the treatment of spinal muscular atrophy (SMA) have represented an important milestone 75 

[15]. Spinraza exemplifies the difficulty of delivering drugs to the CNS as it is an antisense 76 

oligonucleotide based on the 2′-MOE chemistry that does not cross the BBB and requires 77 

repeated administration by intrathecal injection [16]. Antisense oligonucleotides made 78 

with other chemistries have similar issues, and modifications to improve CNS delivery, 79 

for instance peptide conjugation, have been designed for several diseases including SMA 80 

[17,18]. Phosphorodiamidate morpholino oligomers (PMOs) are a type of antisense oligo- 81 

nucleotides which can be suitably modified by peptide conjugation. Systemically admin- 82 

istered PMO internalising peptide 6a (Pip6a)-conjugated PMOs have been shown to have 83 

activity in the CNS of a mouse model of SMA [19]. Similarly, viral vectors able to cross the 84 

BBB are of significant interest. Attention recently has focused on AAV vectors, with many 85 

serotypes that have been tested for suitability to cross the BBB in animal models in vivo. 86 

AAV serotype 9 (AAV9) is particularly proficient in this respect [20,21] and has been used 87 

for transgene delivery in the context of SMA [22] (now on the market as Zolgensma) and 88 

is in clinical trials for other diseases [23].  89 

In vitro models to screen and investigate BBB crossing by such potential therapeutics 90 

would significantly aid development and contribute to reducing reliance on animal ex- 91 

periments in the pre-clinical settings. Patient-specific iPSC-derived BBB models have been 92 

very useful to understand mechanisms of disease and screening therapeutics [24]. Alt- 93 

hough co-culture and microfluidic systems can increase barrier tightness, they are com- 94 

plex, not easy to reproduce, labour intensive and time-consuming. Here, we have investi- 95 

gated monoculture models of human BBB and explored the reproducibility of BBB models 96 

produced from three different fibroblast-derived iPSC clones, using hCMEC/D3 cells as 97 

benchmark for comparison. We validated the BBB models using immunocytochemistry, 98 
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flow cytometry, TEER and permeability to fluorescent tracers, and doxycycline, and then 99 

used them to test the crossing of AAV8 and AAV9 as well as peptide-conjugated oligonu- 100 

cleotides. We show that the tightness of the iPSC-derived BMEC models depends on the 101 

iPSC clone and that a tight BBB can be achieved with BMECs alone. We furthermore show 102 

cell line- and time-dependent BBB penetration by AAV9. Our results overall present a sim- 103 

ple, scalable, robust and reproducible iPSC-derived BBB model that has features superior 104 

to the commonly used human hCMEC/D3 system to test therapeutics for CNS penetra- 105 

tion. 106 

Materials and Methods  107 

Cell culture and iPSC differentiation to BMECs  108 

hCMEC/D3 cells were maintained on 0.1 mg/ml rat tail collagen I (Life Technologies)- 109 

coated tissue culture flasks in endothelial cell growth medium (EGM-2 MV Bullet kit, 110 

Lonza). Coverslips, culture plates and Transwell® permeable polyester inserts (Corning) 111 

were coated with collagen I before seeding hCMEC/D3 cells. Human fibroblast-derived 112 

iPSC clone 4603 (reprogrammed in house using retroviral vectors) and clones 19-9-7T and 113 

AD3-CL1 (reprogrammed using episomal vectors) were maintained on Matrigel (VWR) 114 

in mTeSR1 medium (STEMCELL Technologies). iPSCs were differentiated to brain BMECs 115 

using the protocol by Lippmann et al. [25]. In order to differentiate the iPSCs, cells were 116 

seeded on Matrigel in mTeSR1 medium and expanded for 3 days before switching to un- 117 

conditioned medium (UM) without basic fibroblast growth factor (bFGF) for 5 days. Cells 118 

were cultured in human endothelial serum-free medium (hESFM; Life Technologies) sup- 119 

plemented with 20 ng/ml bFGF (R&D Systems), 1% platelet-poor plasma derived bovine 120 

serum (PDS, Alfa Aesar) and 10 μM all-trans retinoic acid (Sigma) for an additional 2 days. 121 

Culture plates, inserts and coverslips were incubated with a mixture of collagen IV (1 122 

mg/ml; Sigma), fibronectin (0.5 mg/ml; Sigma) and water in a ratio of 4:1:5 for a minimum 123 

of 4 h at 37°C. Cells were then dissociated with accutase (Life Technologies) and seeded 124 

onto coverslips and inserts coated with collagen IV and fibronectin. Cells were grown on 125 

the plates, coverslips or inserts in the same medium for 24 h before changing it with 1% 126 

PDS for a further 24 h.  127 

Immunocytochemical analysis of tight-junction protein  128 

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and 129 

washed twice with ice-cold PBS, then permeabilised with 0.25% Triton X-100 for 10 min 130 

at room temperature and washed with PBS three times for 5 min. This was followed by 131 

blocking in 1% BSA in PBS-Tween for 30 min at room temperature, and incubation with 132 

Alexa Fluor 488 conjugated occludin or claudin-5 monoclonal antibody (Life technologies 133 

cat#:331588 and 352588, respectively) diluted 1:100 with 1% BSA in PBS-Tween for 1 h at 134 

room temperature in the dark. Cells were washed three times with PBS for 5 min and 135 

nuclei were stained with 1 μg/ml DAPI (Sigma) for 1 min at room temperature. Finally, 136 

cells were washed with PBS before mounting the slides. Images were captured with a 137 

Zeiss Axio Observer D1 fluorescence microscope using Zen software (Zeiss). 138 

Flow cytometry 139 

Cells were dissociated with accutase, spun down and washed with PBS. FACS buffer 140 

(PBS containing 1% BSA and 0.1% sodium azide) was used to resuspend the cell pellet. 141 

Around 500,000 cells were incubated with 1:10 diluted GLUT-1 antibody conjugated to 142 

fluorescein (R&D Systems, catalogue number FAB1418F) and PECAM-1 antibody conju- 143 

gated to PE (BD Biosciences, catalogue number: 340297) for 30 minutes at room tempera- 144 

ture. Cells were washed twice with FACS buffer, resuspended in 200 μl FACS buffer and 145 

analysed on a BD FACS Canto II flow cytometer. GLUT-1+ and PECAM-1+ cells were ana- 146 

lysed with reference to unstained cells.  147 
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TEER measurements  148 

Transwell® permeable polyester inserts (Corning) with 1.12 cm2 area and 0.4 μm pore 149 

size were coated with either collagen I (hCMEC/D3) or collagen IV and fibronectin (iPSC- 150 

derived BMECs). Cells were seeded at a density of 900,000 cells/cm2 for 48 h. The TEER of 151 

the cell monolayer and the inserts coated with collagen IV and fibronectin or collagen I 152 

was measured using an EVOM voltohmmeter with STX2 electrodes (World Precision In- 153 

struments). The resistance of the coated inserts was subtracted from the resistance of the 154 

cell monolayer and then multiplied by the surface area of the insert (1.12 cm2) to calculate 155 

the TEER in Ωcm2. Cells were equilibrated to room temperature for 20 min before the 156 

TEER measurements and allowed to recover for at least 30 min before further experimen- 157 

tation. 158 

Permeability of fluorescent tracers  159 

Permeability assays were performed using cells in Transwell® inserts 30 min after 160 

TEER measurements. Stocks were prepared by dissolving LY and Na-F to a concentration 161 

of 0.1 mg/ml in Ringer HEPES buffer (150 mM sodium chloride, 2.2 mM calcium chloride, 162 

0.2 mM magnesium chloride, 5.2 mM potassium chloride, 2.8 mM glucose, 6 mM sodium 163 

bicarbonate and 5 mM 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4). Me- 164 

dium was aspirated from both apical and basal chambers. Ringer HEPES buffer was pre- 165 

warmed to 37°C, 1 ml of Ringer HEPES buffer was added to the basal chamber and 0.5 ml 166 

of stock (0.1 mg/ml) of LY or Na-F in Ringer HEPES buffer was added to the apical cham- 167 

ber. Cells were incubated at 37°C for 60 min. 150 μl from each basal chamber were trans- 168 

ferred to a 96 well plate, along with 0.1 mg/ml stock solutions of LY and Na-F and a blank 169 

solution of Ringer HEPES buffer. Fluorescence intensity was measured immediately using 170 

a SpectraMax Gemini XS microplate reader (Molecular Devices). The percentage of per- 171 

meability was calculated from the relative fluorescence units using the following formula: 172 

 173 

𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐵𝑙𝑎𝑛𝑘 174 

% 𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  × 100  175 

𝑆𝑡𝑜𝑐𝑘 − 𝐵𝑙𝑎𝑛𝑘 176 

The values obtained were doubled to compensate for the 2-fold increase in volume 177 

in the basal chamber compared to the apical chamber. 178 

Evaluation of Doxycycline crossing  179 

iPSC-derived BMECs were seeded at a density of 900,000 cells/cm2 on Transwell® 180 

inserts coated with collagen IV and fibronectin. After 48 h, 500 μl of 20 μM doxycycline 181 

diluted in hESFM with 1% PDS was added to the apical chamber and 1.5 ml hESFM with 182 

1% PDS was added to the basal chamber. 100 μl samples were taken from the basal cham- 183 

ber at 4 h and 24 h and absorbance was measured at 345 nm using a plate reader (BioTek); 184 

the absorbance of hESFM with 1% PDS was subtracted from the absorbance measured in 185 

test samples, and a correction for the dilution effect was also applied. A standard curve 186 

was constructed for a range of concentrations of doxycycline up to 50 μM.  187 

AAV8 and AAV9 preparation and crossing of the BBB 188 

ssAAV9-CBA-eGFP was custom-produced by Atlantic Gene Therapies. ssAAV8- 189 

Spc512-eGFP and scAAV9-CMV-eGFP vectors were produced in-house by transfection of 190 

adherent HEK293T/c17 cells in Corning roller bottles with a two-plasmid system using 191 

polyethylenimine (PEI). Cells and supernatant were harvested 3 days post-transfection 192 

and centrifuged at 3,000 × g for 10 minutes. The AAV vector in the supernatant was con- 193 

centrated by overnight precipitation at 4°C with a final concentration of 8% (w/v) 194 

Poly(ethylene glycol) 8000 (PEG 8000, Sigma 2139)/0.5 M NaCl solution. The precipitated 195 
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vector was then centrifuged at 2,500 × g, 4°C for 30 minutes. The vector-containing cell 196 

pellet and the precipitated vector pellet were resuspended in lysis buffer (50 mM Tris-HCl 197 

pH8.5, 150 mM NaCl, and 2 mM MgCl2), combined and subjected to three freeze/thaw 198 

cycles to lyse the cells. The virus particles were purified on an iodixanol gradient of lay- 199 

ered 60%, 40%, 25%, and 15% iodixanol (OptiPrep, Sigma D1556) and centrifuged at 200 

350,000 × g, at 18°C for 2 h. The AAV vector-enriched, 40% iodixanol layer was desalted 201 

and concentrated using 1X PBS-MK (Phosphate Buffered Saline, 1mM MgCl2, 2.5 mM KCl 202 

and 0.001% Pluronic F-68 (Gibco 24040-032) and Amicon Ultra-15 100,000K (PL100) (Mil- 203 

lipore, UFC910024). Several centrifugation steps were carried out at 4,500 × g, 4°C for 20 204 

minutes per step until the volume was reduced to 250 μl. The AAV vector genome con- 205 

centration, expressed in vector genomes (vg)/ml, was determined by real-time quantita- 206 

tive PCR (qPCR).  207 

To assess the crossing of AAV vectors through the iPSC-derived BBB model, differ- 208 

entiated cells were seeded on Transwell® inserts at a density of 900,000 cells/cm2 and cul- 209 

tured for 48 h, after which 7.7x1010 vector genome (vg) units of ssAAV9-CBA-eGFP were 210 

added to the apical chamber of the Transwell®. 20 μl samples were taken from the basal 211 

chamber at 4, 24, 48 and 72 h post-vector treatment. To compare the crossing of AAV8 and 212 

AAV9 vectors, 7.7x1010 vg units of ssAAV8-Spc512-eGFP or scAAV9-CMV-eGFP were 213 

added to the apical chamber of the Transwell® using only 4603-derived BMECs. 20 μl 214 

samples were taken from the basal chamber at 72 h post-vector treatment. DNA was ex- 215 

tracted using DNeasy kit (Qiagen) following DNase I and proteinase K treatment. qPCR 216 

was performed using 500 nM primers for CBA promoter in ssAAV9-CBA-eGFP (FWD 217 

CBA primer: AACGCCAATAGGGACTTTCC, REV CBA primer: GTCAATAGGGGGCG- 218 

TACTTG) or primers for the inverted terminal repeat (ITR) in ssAAV8-Spc512-eGFP and 219 

scAAV9-CMV-eGFP (FWD ITR primer: GGAACCCCTAGTGATGGAGTT, REV ITR pri- 220 

mer: CGGCCTCAGTGAGCGA) and SensiMix™ SYBR® No-ROX Kit (Bioline Cat no: 221 

QT650-05). DNA from viral stock was serially diluted and 5 μl of each dilution were used 222 

in qPCR to prepare the standard curve.  223 

Assay of BBB permeability to PMOs 224 

For the PMO permeability studies, 4603-derived BMECs were seeded on Transwell® 225 

inserts at a density of 900,000 cells/cm2 and SMA type I fibroblasts were cultured in the 226 

basal chamber of the Transwell® at a density of 26,000 cells/cm2 for 48 h. PMOs enhancing 227 

SMN2 pre-mRNA exon 7 inclusion [19] were incubated for 30 min at 37°C and diluted in 228 

hESFM+1%PDS. 10 μM PMO were added to the apical chamber of the Transwell® insert 229 

with BMECs. As a control, 2.5 μM PMO was added directly to the SMA type I fibroblast 230 

cells. 24 h later, the SMA type I fibroblasts were harvested and RNA was extracted using 231 

the RNeasy mini kit (Qiagen, Cat no: 74104). cDNA was synthesised using ABI High Ca- 232 

pacity cDNA Reverse Transcription Kit (Invitrogen cat. 4368814) with 1 μg of RNA. qPCR 233 

was performed using SensiMix™ SYBR® No-ROX Kit (Bioline Cat no: QT650-05) with 20 234 

ng of cDNA per reaction in a total volume of 20 μl. Primers for GAPDH, ∆7 SMN2 and 235 

full-length SMN2 were used at a concentration of 500 nM (GAPDH FWD: 236 

AAAGGGTCATCATCTCCGCC, GAPDH REV: ACTGTGGTCATGAGCCCTTC, ∆7 237 

SMN2 FWD: TGGACCACCAATAATTCCCC, ∆7 SMN2 REV: ATGCCAG- 238 

CATTTCCATATAATAGCC, FL SMN2 FWD: GCTTTGGGAAGTATGTTAATTTCA, FL 239 

SMN2 REV: CTATGCCAGCATTTCTCCTTAATT). Data were normalised to the house- 240 

keeping gene GAPDH, standardised to levels in mock fibroblasts and analysed using the 241 

2-∆∆CT method. Data were expressed as full-length to ∆7 SMN2 mRNA ratio. 242 

Statistics 243 

Experiments were performed in triplicate as a minimum. Data are presented as mean 244 

± standard error of the mean (SEM). Graphpad Prism 6 was used to analyse data. Statisti- 245 

cal significance was analysed by using one-way or two-way analysis of variance (ANOVA) 246 
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followed by Tukey post-hoc analysis. p values of less than 0.05 were considered statisti- 247 

cally significant. 248 

Results  249 

Characterisation of BMECs by immunocytochemistry and flow cytometry  250 

The BBB phenotype is characterised by very tight junction between BMECs. Several 251 

proteins are involved in forming the tight junctions and presence of two of them, occludin 252 

and claudin-5, was assessed by immunocytochemistry (Figure 1A). Three different iPSC 253 

clones (4603, 19-9-7T and AD3-CL1) were differentiated into BMECs, seeded onto collagen 254 

IV and fibronectin-coated coverslips at an optimal density of 900,000 cells/cm2 and cul- 255 

tured for 48 h. hCMEC/D3 cells were similarly seeded on collagen I-coated coverslips and 256 

kept for 48 h. BMECs derived from iPSC clones 4603 and 19-9-7T exhibited uniform ex- 257 

pression of both claudin-5 and occludin. Although BMECs derived from AD3-CL1 258 

showed less widespread expression of both claudin-5 and occludin, this was still in con- 259 

trast with hCMEC/D3, where these proteins were undetectable.  260 

GLUT-1 is responsible for glucose transport to the brain and is considered a key 261 

marker of BMECs. Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1) is involved 262 

in angiogenesis, leukocyte migration and integrin activation. Analysis of both proteins can 263 

easily be performed by flow cytometry and we used this technique to further characterise 264 

the iPSC-derived BMECs (Figure 1B). Cells were dissociated with accutase and incubated 265 

with PECAM-1 or GLUT-1 primary antibodies. Unstained cells were used to gate the neg- 266 

ative population. For all iPSC-derived BMECs, more than 20% of cells were positive for 267 

GLUT-1, whereas around 2% of hCMEC/D3 were positive for this protein. Furthermore, 268 

around 66% of hCMEC/D3 cells produce PECAM-1, while in iPSC-derived BMECs pro- 269 

duction varies between 0.35% and 3% of cells depending on the clone. These data contrast 270 

with other pluripotent cell-based studies, where presence of PECAM-1 and elevated levels 271 

of GLUT-1 were used as characteristic of BBB models.  272 

 273 
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 274 

Figure 1. Immunocytochemical and flow cytometry detection of BBB proteins occludin, claudin-5, 275 
PECAM-1 and GLUT-1. (A) Presence of occludin (green, left column) and claudin-5 (green, right 276 
column) in iPSC-derived BMECs contrasts with lack of these proteins in hCMEC/D3. DAPI nuclear 277 
stain is overlaid in blue. Scale bar 20 μm. (B) Flow cytometry dot-plots of fluorescein-conjugated 278 
GLUT-1 and PE-conjugated PECAM-1 in iPSC-derived BMEC and hCMEC/D3. Cells were stained 279 
with anti-PECAM-1 and anti-GLUT-1 and analysed by flow cytometry. Unstained cells were used 280 
to gate the negative population (left column). GLUT-1 is present in a considerable fraction of iPSC 281 
BMECs, but only 0.3-3% of them display PECAM-1. In contrast, two thirds of hCMEC/D3 produce 282 
PECAM-1 but less than 2% are positive for GLUT-1. 283 

 284 

TEER-based evaluation of the BBB models  285 

TEER values of hCMEC/D3 have been reported to be between 30-50 Ωcm2 for mono- 286 

layers under static conditions and around 1,000 Ωcm2 under dynamic flow, but the TEER 287 

can rapidly decrease when flow is discontinued [6]. hCMEC/D3 cells were seeded at var- 288 

ious densities on collagen I-coated cell culture inserts to investigate the optimum seeding 289 

density giving the highest TEER value at 24 h (Figure 2A) and 48 h (Figure 2B) post-seed- 290 

ing. TEER positively correlated with seeding density 24 h post-seeding, reaching 60 Ωcm2. 291 

At 48 h TEER values positively correlated with cell density up to 800,000 cells/cm2, reach- 292 

ing a maximum of around 80 Ωcm2 (Figure 2B). For either time-point, there was no 293 
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significant difference between TEER values obtained for densities of 800,000 and 900,000 294 

cells/cm2, therefore the latter density was used thereafter. TEER of iPSC-derived BMECs 295 

and undifferentiated iPSCs was compared with that of hCMEC/D3 cells 24 h and 48 h 296 

post-seeding on Transwell® inserts. TEER of 4603-derived BMECs was significantly 297 

higher than those of all the other cell types at 24 h, reaching around 2000 Ωcm2 (Figure 298 

2C). At 48 h, TEER values had increased considerably for all iPSC-derived BMECs. TEER 299 

of 4603-derived BMECs was again highest at over 6000 Ωcm2, while that of 19-9-7T-de- 300 

rived BMECs was over 5000 Ωcm2 (Figure 2D). AD3-CL1 derived BMECs had lower TEER 301 

at around 1500 Ωcm2, but this was still about 20-fold higher than in hCMEC/D3. TEER 302 

values of hCMEC/D3 cells were not significantly different to those of undifferentiated iP- 303 

SCs. TEER values reduced at 72 h (not shown). These results suggest that all three iPSC- 304 

derived BMECs form significantly tighter barriers than hCMEC/D3 and that the tightness 305 

of the barrier depends on the iPSC clone and time post-seeding. 306 

 307 

Figure 2. Optimisation of cell seeding density for TEER, and TEER measurement at 24 h and 48 h. 308 
hCMEC/D3 cells were seeded at the indicated densities on collagen coated polyester Transwell® 309 
inserts with 0.4 μm pore size. TEER measurements were performed at 24 h (A) and 48 h (B) post- 310 
seeding. TEER values of collagen I coated inserts were subtracted from TEER measurements of 311 
hCMEC/D3. The maximum TEER value obtained was 80 Ωcm2, with 800,000 cells/cm2 at 48 h post- 312 
seeding. (C-D) TEER measurements in iPSC-derived BMECs and control cells. TEER of three 313 
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different iPSC-derived BMECs, hCMEC/D3 cells and undifferentiated iPSCs (4603) was determined 314 
24 h (C) and 48 h (D) post-seeding on Transwell® inserts. TEER of coated inserts was subtracted 315 
from values obtained from all cell models. 4603 iPSC-derived BMECs produced the tightest BBB 316 
model at both time-points. For all experiments, triplicate inserts were used to calculate mean ± SEM 317 
and statistical significance was calculated using one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001. 318 

 319 

Evaluation of permeability of the BBB models to fluorescent tracers and doxycycline 320 

Permeability to para-cellular tracers is another way of assessing the tightness of the 321 

BMEC barrier, and lucifer yellow (LY) and sodium fluorescein (Na-F) are widely used 322 

fluorescent tracers with molecular weights of 550 Da and 376 Da, respectively. iPSC-de- 323 

rived BMECs and undifferentiated iPSCs were seeded on collagen IV and fibronectin- 324 

coated Transwell® inserts at a density of 900,000 cells/cm2 and cultured for 48 h. 325 

hCMEC/D3 were seeded on collagen I-coated Transwell® inserts at the same density and 326 

maintained for 48 h. LY or Na-F was then added to the apical chamber and buffer was 327 

added to the basal chamber. Cells were incubated at 37°C for 1 h and samples from the 328 

basal chamber were withdrawn and analysed on a fluorescent plate reader. Less than 2% 329 

of LY passed through iPSC-derived BMECs, whereas permeability through hCMEC/D3 330 

and undifferentiated iPSCs was similar at around 16% (Figure 3A). A similar pattern was 331 

seen for the permeability to Na-F through iPSC-derived BMECs, but at higher levels of 332 

about 5% (Figure 3B). Permeability to Na-F through hCMEC/D3 was significantly higher 333 

than in iPSC-derived BMECs but significantly lower than that of control iPSCs. As ex- 334 

pected, permeability to Na-F was higher than to LY because the latter has higher molecular 335 

weight. These results, taken together, again suggest that the BBB models formed by iPSC- 336 

derived BMECs are significantly tighter than the hCMEC/D3 system. 337 

To further examine the permeability of the iPSC-derived BMECs we used doxycy- 338 

cline, a lipophilic drug known to cross the BBB and used as an antibiotic to treat infections 339 

of the CNS (Figure 3C). As before, doxycycline was added to the apical chamber. Samples 340 

were taken from the basal chamber at 4 and 24 h, and absorbance was measured at 345 341 

nm to determine the percentage of drug crossing. Permeability across 4603 and 19-9-7T- 342 

derived BMECs was similar, around 12% at 4 h and around 30% at 24 h. Permeability 343 

through AD3-CL1-derived BMECs was highest, at 26% and 38% at 4 and 24 h, respectively. 344 

These results demonstrate that doxycycline effectively crosses the iPSC-derived BMEC 345 

models of the human BBB. 346 

Commented [SJ5]: We have removed Figure 3C 

and associated information according to 

comments from Reviewer 2. 

Commented [SJ6]: We have removed Figure 3C 

and associated information according to 

comments from Reviewer 2. 



Biomedicines 2022, 10, x FOR PEER REVIEW 10 of 18 
 

 347 



Biomedicines 2022, 10, x FOR PEER REVIEW 11 of 18 
 

 348 

Figure 3. Permeability of iPSC-derived BBB models to para-cellular tracers and doxycycline. Three 349 
iPSC-derived BMECs, hCMEC/D3 and undifferentiated iPSCs (4603) were seeded on Transwell® 350 
inserts, and 24 h later LY (A) or Na-F (B) was added to the apical chamber. Permeability has been 351 
expressed as the percentage of tracer present in the basal chamber 1 h after administration. (C) 352 
Crossing of doxycycline across iPSC-derived BBB models was assessed 4 and 24 h after exposure. 353 
Permeability was expressed as the percentage of drug crossing to the basal chamber at the indicated 354 
time-point. Permeability in 4603 and 19-9-7T was similar, while AD3-CL1 BMECs showed higher 355 
levels. For all experiments, triplicate filters were used to calculate mean ± SEM. Statistical signifi- 356 
cance was calculated using one-way ANOVA, for A and B and two-way ANOVA for C. *p<0.05; 357 
***p<0.001. 358 

  359 

Analysis of BBB model crossing by AAV8 and AAV9 vectors and cell penetrating peptide- 360 

conjugated PMO  361 

As AAV9 vectors have been shown to cross the BBB in several in vivo studies involv- 362 

ing different animal models and humans following intravascular delivery [20,21,26,27], 363 

we have investigated AAV9 vector crossing through our three iPSC-derived BMEC mod- 364 

els of the human BBB (Figure 4A). To test the system, BMECs differentiated from iPSCs 365 

were seeded as stated before and 7.7x1010 vg particles of ssAAV9-CBA-eGFP were added 366 

to the apical chamber of the Transwell®. Medium samples were harvested from the basal 367 

chamber at 4, 24, 48 and 72 h. Vector genomes were quantitated by qPCR in the basal 368 

chamber samples. We observed crossing of AAV9 vector in a BMEC clone- and time-de- 369 

pendent manner. AAV9 showed crossing capability in all three models, with a maximum 370 

of around 5.8x109 vg at 72 h in AD3-CL1-derived BMECs (Figure 4A). The lowest level of 371 

AAV9 crossing at 72 h was around 1.3x109 vg, observed in the tightest model, 4603-derived 372 

BMECs. 373 

As 4603-derived BMECs showed to be the most challenging model for AAV9, we fur- 374 

ther compared AAV8 and AAV9 vector crossing in this model (Figure 4B). These vectors 375 

were produced and purified in house by the same method for this study. 7.7x1010 vg units 376 

of ssAAV8-Spc512-eGFP or scAAV9-CMV-eGFP vectors were added to the apical chamber 377 

of the Transwell®. Comparison of AAV8 and AAV9 crossing at 72 h revealed that 5.3x106 378 
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vg AAV9 crossed the 4603-derived BBB while only 1.1x106 vg of AAV8 crossed. AAV9 379 

showed higher crossing capability in the first experiment (Figure 4A) compared to the 380 

second (Figure 4B), possibly reflecting differences between commercial and in-house pro- 381 

duced vector, and the different qPCR detection methods used in the two experiments. 382 

We further investigated the BBB crossing of another type of genetic treatment for 383 

SMA, a cell penetrating peptide-conjugated morpholino. High concentration of systemi- 384 

cally administered Pip6a-PMO able to promote inclusion of SMN2 exon 7 (hereby named 385 

Pip6a-PMO) has shown positive effects in a severe SMA mouse model [19]. Therefore, we 386 

investigated the BBB crossing ability of Pip6a-PMO in the tightest iPSC-derived BBB 387 

model (4603). The model was set up as for the previous experiments with AAV, but indi- 388 

cator SMA type I fibroblasts were seeded on the basal chamber. PMOs (either Pip6a-PMO 389 

or a control Pip6a-scrambled PMO) were added to the apical side or directly to the target 390 

type I SMA fibroblasts. When PMO was added directly to type I SMA fibroblasts, the con- 391 

centration was 4-fold lower to compensate for the dilution that PMOs crossing the BBB 392 

would undergo when added to the apical chamber. The SMA type I fibroblasts from the 393 

basal chamber were harvested 24 h after PMO treatment, RNA was extracted, cDNA was 394 

synthesised and used in qPCR to analyse the ratio of full-length to ∆7 SMN2 mRNA (Fig- 395 

ure 4C). Addition of the Pip6a-scrambled PMO had no effect on the mRNA ratio. Direct 396 

treatment of fibroblasts with Pip6a-PMO led to a 14-fold increase in the ratio, as expected 397 

from this positive control. However, although addition of the Pip6a-PMO to the apical 398 

chamber of the BBB model led to a slight increase in the full-length to ∆7 mRNA ratio 399 

when compared to mock or Pip6a-scrambled PMO-treated fibroblasts, the increase was 400 

not statistically significant. These results suggest that AAV9 vector can efficiently cross 401 

our tightest model of the human BBB, while AAV8 and Pip6a-PMOs cannot. 402 
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 403 

Figure 4. Crossing of AAV vectors and cell penetrating PMO through iPSC-derived BMEC BBB 404 
models. (A) Three iPSC-derived BMEC models were seeded on Transwell® inserts and 7.7x1010 vg 405 
units of ssAAV9-CBA-eGFP were added to the apical chamber. Sampling was done in the basal 406 
chamber at the indicated time-points. Triplicate experiments were used to calculate mean ± SEM, 407 
and statistical significance was calculated using two-way ANOVA, **p<0.01, ***p<0.001. (B) A com- 408 
parison of AAV8 and AAV9 vector crossing of BBB formed by 4603-derived BMECs. 7.7x1010 vg units 409 
of ssAAV8-Spc512-eGFP or scAAV9-CMV-eGFP were added to the apical chamber. Sampling was 410 
done in the basal chamber at 72 h. All experiments were done at least in triplicate to calculate mean 411 
± SEM, and statistical significance was calculated using t testone-way ANOVA, ***p<0.0015. (C) 412 
Crossing of Pip6a-PMO across BBB formed by 4603-derived BMECs. In this system, effective treat- 413 
ment with Pip6a-PMO would alter the full-length to ∆7 SMN2 mRNA ratio in the target type I SMA 414 
fibroblasts in the basal chamber. As a positive control (labelled “Direct”), PMO was added directly 415 
to the SMA type I fibroblast cells in the basal chamber at 4-fold lower concentration. To test the PMO 416 
penetration through the BBB, PMO was added to the apical chamber of the Transwell® inserts 417 
seeded with BMECs (labelled “BBB”). Pip6a-scrambled PMO was used as a negative control. qRT- 418 
PCR quantification of SMN2 mRNA transcripts in SMA type I fibroblasts was performed. Data were 419 
normalised to the housekeeping gene GAPDH, standardised to levels in mock fibroblasts and ex- 420 
pressed as full-length to ∆7 SMN2 mRNA ratios. For all experiments, triplicate samples were used 421 
to calculate mean ± SEM, and statistical significance was calculated using one-way ANOVA, 422 
****p<0.0001. 423 
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 424 

Discussion  425 

Efforts to model the BBB in vitro have included the use of primary animal BMECs, 426 

primary human BMECs from biopsies, co-cultures of BMECs with different combinations 427 

of other BBB cells, and commonly the immortalised human cerebral microvascular endo- 428 

thelial cell line hCMEC/D3. Animal cell-derived systems are not ideal to model the human 429 

BBB and the use of primary human cells is not sustainable. The use of hCMEC/D3 cells 430 

was a significant advance, but this cell line has several limitations, such as low TEER and 431 

reduced expression of tight junction proteins [7]. The development of iPSC technology has 432 

allowed the generation of numerous human cell lineages in culture, both wild-type and 433 

disease-specific. This is of particular importance for cell types that cannot be easily 434 

sourced, like BMECs and motor neurons. The availability of a reliable protocol for differ- 435 

entiation of iPSCs into BMECs has enabled the successful production of human models of 436 

the BBB. We have used three different wild-type iPSC clones (4603, 19-9-7T and AD3-CL1) 437 

and included hCMEC/D3 as a benchmark control. The iPSC-derived BMEC lines have 438 

been characterised using immunocytochemistry for expression of tight junction proteins 439 

occludin and claudin-5, flow cytometry for GLUT-1 and PECAM-1, TEER, permeability 440 

to para-cellular tracers LY and Na-F. as well as barrier crossing by doxycycline. Then these 441 

BBB models have been used to test BBB crossing by AAV8 and AAV9 vectors, and peptide- 442 

conjugated PMOs. 443 

The maximum in vitro TEER value reported to date is around 8,000Ωcm2, using iPSC- 444 

derived BMECs in serum-free medium including B27 supplement [28]. The average TEER 445 

of microvascular vessels in the frog brain was calculated to be around 2,000 Ωcm2 [29] 446 

whereas the TEER of arterial vessels of young rats was reported to be around 1,500 Ωcm2 447 

and venous vessels around 900 Ωcm2 [30]. The highest in vivo TEER was calculated to be 448 

around 8,000 Ωcm2 for rat [31]. TEER of 6,600 Ωcm2, has previously been reported for a 449 

co-culture system involving iPSC-derived BMECs, pericytes and astrocytes [32]. The max- 450 

imum TEER reported to date for an in vitro microfluidic co-culture system is around 4,500 451 

Ωcm2 [10]. A recent 4-cell in-vitro blood-brain barrier model reported to have a maximum 452 

TEER of 230 Ωcm2 [33]. In our experiments, TEER of 4603-derived BMECs was above 6,000 453 

Ωcm2, over 70-fold higher than in hCMEC/D3 cells, while for 19-9-7T-derived BMECs it 454 

was over 5,000 Ωcm2. TEER values of AD3-CL1 BMECs were lower, at around 1,500 Ωcm2. 455 

4603 and 19-9-7T BMECs were also consistently more proficient than AD3-CL1 456 

BMECs at other features of the BBB, including expression of occludin and claudin-5, and 457 

low permeability to para-cellular markers. hCMEC/D3 was less efficient in all these tests, 458 

suggesting that the TEER of all these iPSC-derived BBB models correlates well with other 459 

BBB features and depends on the iPSC clone they were differentiated from. Inter-individ- 460 

ual variation in cell maturation and functionality of iPSC-derived BMECs has been previ- 461 

ously reported [34]. In our experience, further differences between iPSC-derived BMECs 462 

and hCMEC/D3 include the very low percentage of cells expressing GLUT-1 in the latter, 463 

while about 20% of iPSC-derived BMECs were positive for it. The opposite is true for the 464 

production of PECAM-1, positive in around 66% of hCMEC/D3 cells, whereas only 0.3- 465 

3% of iPSC-derived BMECs display it. The available literature is inconsistent regarding 466 

GLUT-1 levels in hCMEC/D3, and both presence [35] and absence [8] have been reported. 467 

It has also been reported that the expression of PECAM-1 is low in human brain tissue 468 

[36]. We postulate that the shear stress caused by the flow and exposure to platelets and 469 

other cells in blood is important for the expression of PECAM-1. The hCMEC/D3 is a pri- 470 

mary human cell line that has been exposed to blood flow and that could be the reason for 471 

the relatively high expression of PECAM-1 in hCMEC/D3 compared to iPSC-derived 472 

BMECs that have never been exposed to fluid flow. 473 

Many serotypes of AAVs have been tested for proficiency to cross the BBB [37]. Facial 474 

vein injection of AAV9-GFP into neonatal mice has resulted in extensive transduction of 475 
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spinal cord and brain neurons [20]. It has also been reported that AAV9 penetrates a pri- 476 

mary human BMEC BBB model more effectively than AAV2 [38]. We investigated BBB 477 

crossing by AAV8, and also by two different AAV9 stocks produced in different settings, 478 

over a time period between 4 and 72 h. The crossing of commercially produced AAV9 479 

increased in a time-dependent manner to a maximum of around 5.8x109 vg at 72 h. Cross- 480 

ing was greatest through AD3-CL1-derived BMECs and lowest through 4603-derived 481 

BMECs. This suggests an inverse correlation between tightness of the barrier and AAV9 482 

crossing, indicating involvement of paracellular transport of AAV as well as other mech- 483 

anisms such as transcytosis [39,40]. Direct comparison of AAV8 and AAV9 produced in- 484 

house revealed 5-fold more AAV9 crossing after 72 h compared to AAV8, but less crossing 485 

compared to commercially produced AAV9.  486 

Cell internalising peptide-conjugated PMOs have been designed to improve cell up- 487 

take of PMOs in several diseases including spinal muscular atrophy [17,18]. Systemically 488 

administered Pip6a-PMO has been shown to have positive effects in severe SMA mice 489 

[19], but the BBB is reported to be much tighter in human compared to rodents [30,31]. We 490 

investigated the crossing of Pip6a-PMO through 4603 BMECs, our tightest BBB model. 491 

Although direct treatment of SMA type I fibroblasts with Pip6a-conjugated PMO elevated 492 

their full-length/∆7 SMN2 mRNA ratio, Pip6a-PMO added to the BBB model did not have 493 

any significant effect on full-length/∆7 SMN2 mRNA ratio in SMA type I fibroblasts in the 494 

basal chamber, indicating no BBB crossing. It should be noted that when assessing BBB 495 

crossing of gene therapies such as AAV vectors and antisense oligonucleotides, the effect 496 

of these therapeutics on the BMECs should be considered. These drugs could affect the 497 

phenotype of BMECs, for example by altering the expression of BBB junction and trans- 498 

porter proteins, thus reducing the TEER values and modifying the permeability of the 499 

BBB. 500 

The purpose of this study was to assess several iPSC-derived BMEC lines for the gen- 501 

eration of simple and reproducible models of the BBB, and to compare them to the most 502 

widely used and characterised human in vitro model, hCMEC/D3, with the ultimate goal 503 

of testing therapeutics. All three iPSC-derived BBB models were superior to hCMEC/D3, 504 

and the quality of the barrier was dependent on the iPSC clone used. Our study demon- 505 

strates that hCMEC/D3 have reduced expression of tight junction proteins and GLUT-1, 506 

which is in line with the findings reported after transcriptional profiling [8]. hCMEC/D3 507 

retains some properties of endothelial cells, including the expression of PECAM-1, but 508 

display significant reduction in some properties of brain endothelial cells such as the abil- 509 

ity to form tight junctions, as detected by TEER and immunocytochemistry. We have 510 

demonstrated that BBB models using iPSC-derived BMECs alone can exhibit very tight 511 

junctions, comparable to BBB in vivo without the need for complicated co-culture systems. 512 

In particular, 4603-derived BMECs produced TEER values comparable to those obtained 513 

in co-culture systems [12], making this a simple, tight, scalable and reproducible model of 514 

the human BBB, with many potential uses including high-throughput testing of potential 515 

therapeutic agents. 516 
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