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Abstract

Gene vectors targeting CNS endothelial cells allow to manipulate the blood-brain barrier and to correct genetic defects

in the CNS. Because vectors based on the adeno-associated virus (AAV) have a limited capacity, it is essential that the

DNA sequence controlling gene expression is short. In addition, it must be specific for endothelial cells to avoid off-

target effects. To develop improved regulatory sequences with selectivity for brain endothelial cells, we tested the

transcriptional activity of truncated promoters of eleven (brain) endothelial-specific genes in combination with short

regulatory elements, i.e., the woodchuck post-transcriptional regulatory element (W), the CMV enhancer element (C),

and a fragment of the first intron of the Tie2 gene (S), by transfecting brain endothelial cells of three species. Four

combinations of regulatory elements and short promoters (Cdh5, Ocln, Slc2a1, and Slco1c1) progressed through this

in-vitro pipeline displaying suitable activity. When tested in mice, the regulatory sequences C-Ocln-W and C-Slc2a1-S-W

enabled a stronger and more specific gene expression in brain endothelial cells than the frequently used CAG promoter.

In summary, the new regulatory elements efficiently control gene expression in brain endothelial cells and may help to

specifically target the blood-brain barrier with gene therapy vectors.
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Introduction

Currently, many basic, preclinical and clinical research

projects use adeno-associated viral (AAV) vectors for

treating neurological diseases or for investigating cere-

bral physiology and pathophysiology.1,2 AAV vectors

enable the long-term expression of genes in
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proliferating and post-mitotic cells. For a tailored
intervention, AAV vectors have been modified to
target specific cell types in the brain.3–9 Endothelial
cells are of special interest because of their eminent
role in common cerebrovascular, neuroinflammatory
and neurodegenerative diseases.10,11 Their function is
disrupted in some monogenetic disorders.12–14

Moreover, as a gateway to the CNS endothelial cells
may enable cross-correction of lysosomal disor-
ders.9,15,16 By expressing and secreting missing
enzymes, vector-transduced brain endothelial cells
rescue enzyme-deficient brain cells.

Despite an overall favorable safety profile, AAV-
based gene therapy can lead to side effects that result
from gene expression in off-target cells and tissues.17

A warning observation is the association of AAV
infections with hepatocellular carcinoma. The risk
may further increase with strong and ubiquitously
active promoters inserting close to oncogenes.18,19

Therefore, it is important to limit expression in off-
target cells and tissues. Restricting gene expression to
a specific cell population can be achieved by transduc-
tional targeting, using a cell type-specific capsid,20 and
by transcriptional targeting, using a cell type-specific
promoter. Combining these strategies has further
enhanced specificity for other cell populations.21,22 In
the case of brain endothelial cells, transductional
targeting has already been successful. Screening of a
peptide display library led to the discovery of the
AAV2-derived mutant capsid AAV-BR1 that has an
unprecedented selectivity for transducing brain endo-
thelial cells when injected intravenously in mice. This
vector has considerable potential for gene therapy.8,9,20

However, despite its specificity, AAV-BR1 transduces
some off-target cells in the liver and in other organs as
well as in the brain.20 How AAV vectors penetrate the
blood-brain barrier is still a matter of debate.23

For transcriptional targeting endothelial cells of all
organs, several 50-flanking promoter sequences with
pan-endothelial specificity were used in genetically
modified mice.24 In the CNS, endothelial cells show a
highly characteristic pattern of gene expression.25 In
accordance with the notion that transcriptional control
may enable specificity for this cell population, regula-
tory genomic sequences direct gene expression selec-
tively to CNS endothelial cells of genetically modified
mice.26 To use this strategy for AAV vectors, the length
of regulatory sequences is one of the key aspects to
consider, because the packaging capacity of AAV is
limited to approximately 4,700 bp. Until now, only
few pan-endothelial promoter sequences fitting into
the confinement of an AAV vector have been identi-
fied.27–29 The regulatory sequences Ple34 and Ple261
afford specificity for brain endothelial cells although
their lengths of 3,854 or 2,963 bp, respectively, leave

little additional space for the target gene within the
packaging capacity of AAV vectors.30

Therefore, the aim of the present study was to devel-
op short regulatory sequences that enable selective
expression of target genes in brain endothelial cells.
Based on the comparison of the transcriptome of endo-
thelial cells in brain, liver and lung by Daneman and
colleagues,25 we investigated the promoters of 8 brain
endothelial-specific genes and 3 pan-endothelial genes
in vitro. To enhance gene expression, we tested addi-
tional regulatory elements, i.e. a sequence from exon 1
and intron 1 of the Tek receptor tyrosine kinase (Tie2)
gene, the CMV enhancer, and the Woodchuck hepatitis
virus posttranscriptional regulatory element (WPRE),
leading to short synthetic regulatory sequence that
enable expression in brain endothelial cells with
improved specificity.

Material and methods

Animals

We used C57BL/6NCrl mice which were obtained from
Charles River (Strain Code: 027). All mice were housed
in individually ventilated cages (IVCs) with 12-h light/
dark cycles with food and water ad libitum. Vectors were
injected in male mice at the age of 30 days and organs
were extracted for analysis 14-15 days later. Primary
endothelial cells were prepared from brains of male
and female mice older than 42 days. Primary cortical
astrocytes were prepared from brains of male and
female mice at day P0/1. Investigators were blinded
for treatment of mice in all experiments. All animal
experiments were performed in accordance with the
EU Directive 2010/63/EU, the German Animal
Welfare Act, and the ARRIVE guidelines. All efforts
were made to minimize pain and discomfort of animals.
Animal experiments were approved by the responsible
local authorities and ethics review boards (Ministerium
für Energiewende, Landwirtschaft, Umwelt, Natur und
Digitalisierung, Kiel, Schleswig-Holstein, Germany).

Selection of promoter sequences with putative
blood-brain barrier specificity

We based the selection of putatively brain endothelial-
specific genes on a transcriptome analysis by Daneman
et al.25 These authors investigated the transcriptome of
endothelial cells from brain, liver, and lung in compar-
ison to other cell types of the brain. Out of the genes
that were among the 50 most enriched in (1) brain
endothelial cells compared to brain parenchyma
(Table 1 in Daneman et al.),25 (2) blood-brain barrier
compared to liver endothelial cells (Table 2A in
Daneman et al.),25 or (3) blood-brain barrier compared
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to lung endothelial cells (Table 2B in Daneman et al.),25

we selected those genes that were characterized by a
ratio of vascular expression in brain to liver >150, a
ratio of expression in brain endothelial to brain paren-
chymal cells >5, and a ratio of vascular expression in
brain and lung >1. For the resulting 38 genes
(Supplementary Table 1), we consulted the database
DropViz displaying Single Cell expression profiles ana-
lyzed by Drop-seq-analysis of adult mouse brain.31

Based on this database, we excluded genes that did
not reveal a mainly endothelial expression pattern
(>10/100,000 transcripts in endothelial cluster).
Moreover, genes were screened for pan-endothelial
expression and whether they belong to the most
enriched pericyte transcripts (Table 1B in Daneman
et al.).25 Based on this analysis, we identified 26 genes
that qualified as brain endothelial-specific
(Supplementary Table 1). These genes were analyzed
for binding sites of the transcription factors Erg,
SoxF, Foxq1, Mecom, Foxf2, Sox18, Bcl6b, Sox7,
Meox1, and Zic3 that are known to enhance gene
expression in endothelial cells.32 This analysis was per-
formed on the sequence 1,000 bp upstream and 100 bp
downstream of the transcription start site using the
transcription factor database JASPAR CORE 2018
vertebrates and a p-value of 0.001. Finally, we focused
on 24 genes containing the largest number of
endothelial-specific transcription factor binding sites
and picked the following 8 genes for further reporter
gene assays in this study: Foxq1, Ocln, Itih5, Tbx3,
Slc2a1, Slco1c1, Pglyrp1, and Sgpp2. Moreover, the
promoter regions of the Tie2 (Tek) as well as the
Cdh5 gene, which are known as pan-endothelial
sequences were included in the analysis. In addition,
we examined gene expression under the regulation of
the promoter of Plvap, which is typically not expressed
in endothelial cells of the blood-brain barrier.33

Using the Eucaryotic Promoter Database, we
retrieved 50-flanking promoter sequences of genes,
including about þ100 bp downstream and �600 to
�1,000 bp upstream of the transcription start site.34

Within these boundaries, the selection of individual
50-flanking sequences was guided by the attempt to
optimize the number of endothelial-specific transcrip-
tion factor binding sites. Deviating from this proce-
dure, 2,099 bp of the mouse Tie2 promoter and �289/
þ24 bp of the mouse Cdh5 gene were used for reporter
gene assays in vitro and in vivo.

Plasmids containing short regulatory elements
and promoters

To analyze the effect of short regulatory elements and
promoter sequences on gene expression, we generated
61 plasmids. The plasmids encoded either eGFP, firefly

luciferase, Renilla luciferase or mCherry as reporters.
Expression of the reporter genes was controlled by 49
different combinations of promoter sequences with or
without the following short regulatory enhancer ele-
ments: a long (L) or short (S) fragment of the first
exon and the first intron of the Tie2 gene, the CMV
enhancer (C), and the Woodchuck posttranscriptional
regulatory element (WPRE; W). Whereas the long and
short Tie2 intron were amplified by PCR using mouse
genomic DNA as a template, the CMV enhancer was
amplified from the plasmid pUF-C-MLC1500-eGFP.21

The promoters Tie2, Foxq1, Ocln, Itih5, Slc2a1,
Slco1c1, Pglyrp1, Sgpp2, Tbx3, and Plvap were ampli-
fied from mouse genomic DNA. The Cdh5 promoter
was isolated from the plasmid pDS-Cdh5-eGFP and
corresponded to �289/þ24 bp of the mouse gene.35

The CAG promoter and the T81 promoter were used
as control promoters. The T81 promoter contains the
thymidine kinase promoter of herpes simplex virus 1
(-81 to þ52 upstream of the transcription start, distal
GCþCCAAT deleted).36

p-6p1 (hSYN-eGFP-W) was used for the generation
of the new plasmids.37 Briefly, we replaced the hSYN
promoter by the (brain) endothelial-specific promoters
and regulatory elements as described in Supplementary
Table 2. The coding sequence of eGFP or the firefly
luciferase was placed downstream of the corresponding
promoter sequence with or without WPRE. The
sequence lengths of the promoters as well as the down-
stream and upstream sequences are presented in
Supplementary Table 3. Information about the investi-
gated short regulatory elements are provided in
Supplementary Table 4. We confirmed all DNA con-
structs by sequencing (Lightrun).

Vector production, injection, and quantification

To investigate the effect of regulatory sequences on
eGFP gene expression in vivo, we packaged the con-
structs in AAV-BR1 that has a higher tropism for neu-
rovascular endothelial cells than AAV2 or other
serotypes.20 AAV-BR1 vectors were produced by trans-
fecting HEK293T cells as previously described.20 We
used p179 as adenoviral helper plasmid,38 pXX187-
NRGTEWD encoding the AAV-BR1 capsid and
the plasmids p-CAG-eGFP, p-S-C-Cdh5-eGFP-W,
p-C-Ocln-eGFP-W, p-C-Slc2a1-S-eGFP-W, p-C-
Slco1c1-eGFP-W, p-Tie2S-eGFP-W, p-Tie2-eGFP-W
(containing inverted terminal repeats of AAV2) to be
packaged.20 HEK293T cells were transfected by the
calcium-phosphate method.39 Three days after trans-
fection, cells were harvested and lysed in TNT extrac-
tion buffer (20mM Tris-HCl, pH 7.5, 150mM NaCl,
10mM MgCl2, 1% Triton X-100). The vectors were
purified via affinity column purification (Hi TrapTM
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AVB sepharoseTM, GE Healthcare). Genomic titers
were determined by quantitative real-time PCR using
eGFP- and WPRE-specific primers (eGFP-qPCR-F,
50-TGA CCC TGA AGT TCA TCT GC-30, eGFP-
qPCR-R, 50-AAG TCG TGC TGC TTC ATG TG-
30, WPRE-F, 5‘-ACT GTG TTT GCT GAC GCA
AC-3‘and WPRE-R, 5‘-CAA-CAC CAC GGA ATT
GTC AG-3‘), the SYBR Green I-based FastStart
Essential DNA Green Master (Roche), and the Light
Cycler Nano system (Roche). An initial denaturation
of the probes (95 �C, 10min) was followed by 45 cycles
of amplification (95 �C/67 �C/72 �C; 30 s each; rampage
5 �C/s) and a final melting curve analysis (60 �C to
97 �C with 0.1 �C/s). AAV vectors were injected into
the tail vein of C57BL/6NCrl mice at a dose of
1.8� 1011 genomic particles (gp)/mouse under anesthe-
sia with 2.5% isoflurane. Fourteen days after AAV
injection, mice were sacrificed, and organs were collect-
ed (see “Organ extraction and immunostaining”).

Isolation and transfection of endothelial cells

Primary brain endothelial cells of mice were isolated
and cultured in 24-well plates as described previously.40

On day 6 after isolation, cells were transfected using the
Lipofectamine 3000 Reagent (Thermo Fisher
Scientific). For lipofection, medium free of antibiotics,
antimycotics, heparin, and puromycin was used.

Porcine brain endothelial cells were prepared from
brains of slaughtered pigs as described previously.41

After isolation, the cells were cultured in 24-well-
plates in DMEM high glucose medium (Invitrogen)
supplemented with bovine plasma-derived serum
(20%), penicillin-streptomycin (100 mg/ml), heparin
(125 mg/ml), and puromycin (8mg/ml). The lipofection
was performed 4 days after cell isolation at 80% con-
fluence after removal of penicillin-streptomycin, hepa-
rin, and puromycin from the medium.

Human brain endothelial cells of the cell line
hCMEC/D3 (Merck #SCC066)42 were cultured in 24-
well-plates coated with rat tail collagen type I (1:20 in
1x PBS) in EndoGRO-MV medium (Merck
#SCME004). The lipofection was performed at 60%
confluence. Ten hours before the lipofection, the
EndoGRO-MV medium was exchanged with medium
supplemented with bovine plasma-derived serum (2%),
L-glutamine (10mM), rh EGF (5 ng/mL) and
EndoGro-LS supplement (0.2%).

For one well of a 24-well plate, 800 ng plasmid DNA
containing eGFP or firefly luciferase as reporter genes
were used. To control for transfection efficiency, we
added 40 ng of the plasmid p-CAG-RLuc. Analysis of
plasmid encoded gene expression via immunostaining
and Dual Luciferase Assay was performed 4 to 5 days
after lipofection.

Human umbilical endothelial cells (HUVECs) were
isolated from umbilical cords (approved by Local
Ethics Committee, 18-325) by washing with PBS,
degrading the extracellular matrix with dispase (1mg/
ml), and suspending the endothelial cells in medium as
described before.43 The cells were cultured on 48-well
plates that were coated with gelatin in Gibco Medium
199 supplemented with fetal calf serum (FCS, 10%),
penicillin-streptomycin (100U/ml, 100 mg/ml), large
vessel endothelia supplement (1%, Thermo Fisher
Scientific), and heparin (5,000U/ml).

We transfected HUVECs with eGFP encoding plas-
mids (500 ng per well of a 48-well plate) and a control
plasmid (500 ng per well) expressing mCherry under
regulation of the CAG promoter by using the
Lipofectamin 3000 reagent. eGFP and mCherry
expression was measured as fluorescence intensity of
living single cells 24 hours after lipofection by fluores-
cence microscopy in 6 independent experiments.

Isolation and transfection of primary cortical
astrocytes

Primary cortical astrocytes were prepared from brains
of C57BL/6NCrl mice at the age P0/1. Mice were sac-
rificed and brain cortices were isolated under a binoc-
ular. Meninges were removed and the cortex was
homogenized by pressing the tissue through 20-G, 21-
G, and 25-G needles with 4ml DMEM (Thermo Fisher
Scientific, #41960-029), supplemented with 10% FCS
and antibiotics/antimycotics (100 mg/ml). Finally,
medium (46ml) was added. Cortical astrocytes were
cultured in 24-well-plates. Medium was changed every
3 days. Twenty-four hours before the lipofection, at
day 21 after cell isolation, the medium was exchanged
with medium free of antibiotics and antimycotics.
Analysis of plasmid encoded gene expression via immu-
nostaining was performed 4 days after lipofection.

Measurement of reporter gene expression

To measure firefly and Renilla luciferase activity we
used the Dual-LuciferaseVR Reporter Assay System
(Promega) according to the manufacturer’s instruc-
tions. Luciferase activity was determined with the
microplate reader CLARIOstar for 48 sec (measure-
ments every 0.5 sec). eGFP reporter gene expression
was determined by immunostaining of transfected
cells as described below.

Organ extraction and immunostaining

Brain, liver, lung, heart, kidney, and spleen were
dissected for analysis 14 days after intravenous
vector administration. Animals were intracardially
perfused with Ringer solution under anesthesia.
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For immunostaining, organs were fixed in paraformal-

dehyde (4%) for 24 hours and subsequently stored

in PBS.
For the immunohistochemical analysis organs were

embedded in 3% low melting agarose (Merck, dis-

solved in PBS). Sections (50 mm) were prepared using
a vibratome and were stored in PBS, supplemented

with sodium azide (0.02%), at 4 �C. For immunostain-

ing, tissues were incubated in blocking buffer (5% BSA

in TBS-buffer supplemented with 0.3% Triton-X-100

(TBS-Tx)) and then overnight at 4 �C in the following

primary antibody solutions: chicken anti-GFP (1:2,000;

Abcam #ab13970), rat anti-CD31 (1:400; BD

Pharmingen #557355), mouse anti-NeuN, clone A60

(1:1000; Merck #MAB377), rabbit anti-GFAP

(1:2000; Dako #ZO334), rabbit anti-Olig2 (1:1000;

Millipore #AB6910), and rabbit anti-Iba1 (Wako

Chemicals #019-19741). All primary antibodies were

diluted in blocking buffer. After washing with TBS-

Tx twice, the following secondary antibodies were

added for 2 hours at room temperature in the dark:
goat anti-chicken IgG Alexa Fluor 488 (1:2,000,

abcam #ab150169), donkey anti-rat Cy3 (1:400,

Jackson ImmunoResearch #712-165-150), donkey

anti-mouse Cy3 (1:400, Jackson ImmunoResearch

#715-165-140), and donkey anti-rabbit Cy3 (1:400,

Jackson ImmunoResearch #711-165-152). All second-

ary antibodies were prepared in blocking buffer. Nuclei

were stained with DAPI (1mg/ml). After removing the

antibody and washing, the sections were mounted with

Mowiol 4-88 containing 1,4-diazabicyclo-(2,2,2)octane.
Organ sections were analyzed using a confocal

microscope (SP5, Leica; objective, HCX PLAPO CS

20x070 IMM UV corrected; aperture, 0.7; microscopic

zoom, 1; scanning frequency, 400Hz; average: 3 times

and pinhole, 0.5AU with a z-stack over� 50 mm with a

step size of �1 mm). Images were analyzed with ImageJ

software. Images were not manipulated in any way

except to make brightness and contrast adjustments.

The final figures showing immunofluorescence images

were assembled using the Illustrator (Adobe) software.
For immunostaining of isolated cells, we used the

following primary antibodies: chicken anti-GFAP
(1:500, Millipore #AB5541), mouse anti-NeuN, clone

A 60 (1:2000, Millipore #MAB377), and rabbit

anti-Iba1 (1:400, Wako Chemicals #019-19741) to

determine cell composition of astrocyte culture. The

following secondary antibodies were used: goat anti-

chicken Cy3 (1:400, abcam #ab97147), goat anti-

mouse Alexa 488 (1:400, Invitrogen #A-31619), and

donkey anti-rabbit Alexa 488 (1:400, Invitrogen #A-

21206). Fluorescence images were taken at room tem-

perature with the fluorescent microscope DMI 6000 B

(Leica), the objective HCXPL FLUOTAR 10.0�

(aperture 0.3, immersion; dry), the Leica DFC360FX

camera, and the acquisition software LAS AF.

Quantitative RT-PCR

RNA was isolated from liver samples using the Nucleo

Spin RNA Kit (Macherey-Nagel) according to the

manufacturer’s instructions. RNA was transcribed

with Moloney Murine Leukemia Virus Reverse

Transcriptase and random hexamer primers

(Promega). Quantitative real-time PCR was performed

using Ppia- and eGFP-specific primers (Ppia-qPCR-F,

50-AGG TCC TGG CAT CTT GTC CAT-30, Ppia-

qPCR-R, 50-GAA CCG TTT GTG TTT GGT CCA-

30; eGFP-qPCR-F, 50-TGA CCC TGA AGT TCA

TCT GC-30 and eGFP-qPCR-R, 50-AAG TCG TGC

TGC TTC ATG TG-30), the SYBR Green I-based

FastStart Essential DNA Green Master (Roche), and

the Light Cycler Nano system (Roche). An initial dena-

turation of the probes (95 �C, 10min) was followed by

40 cycles of amplification (95 �C/67 �C/72 �C; 30 s each;
rampage 5 �C/s) and a final melting curve analysis

(60 �C to 97 �C with 0.1 �C/s). Quantified results were

normalized to Ppia using the DDCt method.

Statistical analysis

Statistical analysis was performed using the software

GraphPad Prism 7 (GraphPad Software, San Diego,

CA, USA). All data were analyzed for normality

using Shapiro-Wilk-test for n� 7 and D’Agostino

and Pearson omnibus normality test for n� 8.

Moreover, we tested for outliers using Grubbs‘outlier

test before applying parametric statistical tests. Outliers

were omitted from further analysis. Datasets were ana-

lyzed either by one-way ANOVA or two-way ANOVA,

followed by Tukey’s multiple comparison test.

Correlations were calculated by determining the

Pearson correlation coefficient. P-values< 0.05 were con-

sidered significant. P-values for all experiments with indi-

cated statistical significance are reported in the figure

legends. Data are represented as means�SD.

Results

Short regulatory elements enhance gene expression

in cultured brain endothelial cells

With the AAV-BR1 capsid, vectors are able to trans-

duce brain endothelial cells in vivo with a certain selec-

tivity over other cell populations.20 To enhance

endothelial specificity of gene expression, we used the

pan-endothelial Tie2 promoter to control the expres-

sion of the reporter eGFP in AAV-BR1 vectors.

When we compared a short 485-bp (Tie2S) and a
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long 2,099-bp fragment of the Tie2 promoter (Tie2)44

in conjunction with the WPRE, only the long sequence
resulted in eGFP expression in mouse brain vessels
demonstrating that the additional 1,614 bp of the
long promoter fragment are required to drive gene
expression. However, the expression was lower than
with the ubiquitously active CAG promoter (Figure 1).

To search for stronger regulatory sequences, we
went back to cultured brain endothelial cells. We trans-
fected primary mouse and pig brain endothelial cells
and the human brain endothelial cell line hCMEC/D3
with eGFP or luciferase reporter plasmids containing
various regulatory elements. Again, the pan-
endothelial long Tie2 promoter and a previously
described Cdh5 promoter35 in conjunction with the
WPRE (Tie2-W or Cdh5-W) had a weaker effect on
eGFP expression than the CAG promoter in endothe-
lial cells of the three species (Supplementary Figure 1).
The short T81 promoter served as a negative control.

To achieve a stronger induction, we evaluated
whether the following regulatory sequences would

enhance gene expression: a 0.3-kbp (short Tie2
intron, S) or a 1.7-kbp (long Tie2 intron, L) fragment
of exon 1/intron 1 of the Tie2 gene and the CMV
enhancer sequence (C), corresponding to the enhancer
and promoter region of the major immediate-early
enhancer gene of human cytomegalovirus (-598/-68;
Figure 2(a)). In addition, we investigated the effect of
the WPRE (W).

When transfecting human brain endothelial
hCMEC/D3 cells, the long and the short Tie2 intron
had a similar effect on gene expression driven by the
long Tie2 promoter (compare L-Tie2-eGFP with
S-Tie2-eGFP and L-Tie2-eGFP-W with S-Tie2-eGFP-
W in Figure 2(b)). In combination with the Tie2 pro-
moter and one of the Tie2 introns, the WPRE further
enhanced gene expression (compare S-Tie2-eGFP-W
with S-Tie2-eGFP, L-Tie2-eGFP-W with L-Tie2-
eGFP, and S-C-Tie2-eGFP-W with S-C-Tie2-eGFP in
Figure 2(b)). Finally, we investigated the effect of the
CMV enhancer on gene expression. In the context of
the Tie2 promoter with or without short Tie2 intron or

Figure 1. The short promoter sequence of the Tie2 promoter (Tie2S) resulted in a lower gene expression in vivo than the long
promoter sequence (Tie2). (a) The vectors AAV-BR1-Tie2S-eGFP-W (Tie2S-W) and AAV-BR1-Tie2-eGFP-W (Tie2-W) express eGFP
under the control of the short or the long sequence of the Tie2 promoter, respectively; the vector AAV-BR1-CAG-eGFP (CAG)
expresses eGFP under control of the ubiquitous CAG promoter. (b) Fifteen days after the intravenous injection of vectors, brain
sections were immunostained for eGFP (green) and CD31 (red). Representative images of the cortex of the three mice per sequence
are presented. Scale bar, 150mm.
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WPRE, the CMV enhancer increased gene expression,

even in combination with the minimal T81 promoter

(Figure 2(b)). Due to the comparable effect on the gene

expression of the short and long Tie2 intron, we decid-

ed to use the short Tie2 intron for further experiments.

To confirm the synergistic effects of the regulatory ele-

ments we additionally tested the combinations with the

Cdh5 promoter. In presence of the WPRE, the short

Tie2 intron, the CMV enhancer and their combination

enhanced the gene expression driven by the Cdh5 pro-

moter (Figure 2(b)). These data suggest that in the con-

text of the pan-endothelial Tie2 and Cdh5 promoters

the short Tie2 intron, CMV enhancer, and WPRE

increase gene expression with the CMV enhancer

having the strongest effect.
Testing the transcriptional activity of regulatory ele-

ments in primary mouse and pig brain endothelial cells

led to similar results as in human hCMEC/D3 cells, as

shown by the close correlation between eGFP-positive

cells in the three species (Figure 2(c)). We repeated the

experiments with firefly luciferase as reporter gene

(Supplementary Figure 2(a)). The data confirmed that

the combination of short Tie2 intron, CMV enhancer,

and WPRE had the strongest effect on gene expression.

Importantly, the transcriptional activity of regulatory

elements closely correlated between experiments in

which we used eGFP or firefly luciferase as reporter

plasmids, supporting the validity of the assay

(Supplementary Figure 2(b)).
In the previous experiments, the short Tie2 intron

was positioned 50 to the regulatory elements because we

had detected a significantly higher expression of eGFP

when inserting the short Tie2 intron on the 50-side of

the CMV enhancer instead of on the 30-side of the

Figure 2. The long (L) and short Tie2 intron (S), the CMV enhancer (C), and the WPRE (W) enhance gene expression in endothelial
cells. (a) Schematic representation of the investigated DNA constructs. (b) eGFP expression driven by various combinations of short
regulatory elements. The relative number of eGFP-positive cells of the human brain endothelial hCMEC/D3 cell line are shown. After
transfecting cells with the indicated plasmids, immunostainings were performed. Data are presented as mean� SD analyzed by one-
way ANOVA (plasmid, F(15/79)¼162, p< 0.0001), **p< 0.0021, ****p< 0.0001 (Tukey’s multiple comparison test, n¼ 5-6 trans-
fected wells per plasmid). (c) The short regulatory elements have a similar transcriptional effect in human, pig, and mouse brain
endothelial cells, as shown by the close correlation between eGFP-positive cells in the three species. The results of Pearson
correlation are given in the graphs.

110 Journal of Cerebral Blood Flow & Metabolism 42(1)



pan-endothelial Cdh5 promoter (Supplementary Figure
3(a-c)). However, the ideal position of the Tie2 intron
depends on the specific promoter. When we re-
analyzed the position effect of the short Tie2 intron
in the context of the brain endothelial-specific Foxq1
promoter, we obtained the opposite result
(Supplementary Figure 3(c)). Due to this finding and
since the usual order of elements is enhancer, promoter,
intron, and coding sequence in 50-to-30 direction,17,45

we positioned the short Tie2 intron between promoter
and coding sequence in subsequent experiments using
brain endothelial-specific promoters.

Transcriptional activity of brain endothelial-specific
promoters

Having found that the CMV enhancer and, to a lesser
extent, the short Tie2 intron and WPRE increased gene
expression driven by pan-endothelial promoters, we
asked whether the short Tie2 intron and WPRE
would increase expression driven by promoters that
are presumably brain endothelial-specific in compari-
son to the pan-endothelial Cdh5 promoter. For this
purpose, we selected 8 genes that scored highly for
brain endothelial-specific expression in a transcrip-
tomic analysis of the blood-brain barrier: Foxq1,
Ocln, Itih5, Slc2a1, Slco1c1, Pglyrp1, Sgpp2, and
Tbx3 (for details of the selection, see Methods and
Supplementary Table 1).25 The postulated short pro-
motor fragments of these genes were combined with
the CMV enhancer, the short Tie2 intron, and the
WPRE in reporter genes (Figure 3(a)).

The reporter fusion genes were tested in hCMEC/D3
cells (Figure 3(b) to (d)). Two-way ANOVA showed
that the promoters of Cdh5, Ocln and Slco1c1 had
the strongest effect on gene expression (Figure 3(c)).
An intermediate effect was observed for the Slc2a1 pro-
moter, while the promoters of Foxq1, Itih5, Pglyrp1,
and Sgpp2 had a small effect on gene expression
(Figure 3(c)). The Tbx3 promoter was not different
from the promoter of Plvap, a marker gene of vessels
lacking the blood-brain barrier that served as negative
control (Supplementary Figure 3(d) to (f)).

The statistical analysis also revealed that the short
Tie2 intron, the WPRE and the combination of short
Tie2 intron plus WPRE increased gene expression fur-
ther in the presence of the CMV enhancer (Figure 3(c)).
A posthoc analysis showed that the WPRE increased
expression in the context of the C-Ocln and the C-
Slco1c1 enhancer-promoter combination, the short
Tie2 intron in the context of the C-Ocln and C-
Slc2a1 enhancer-promoter, and the short Tie2 intron
plus WPRE only in the context of the C-Slc2a1
enhancer-promoter (Figure 3(b)). Thus, C-Ocln-W, C-
Slco1c1-W, and C-Slc2a1-S-W emerged as regulatory

sequences with a high activity in hCMEC/D3 brain
endothelial cells. Interestingly, the new regulatory

sequences were much less active in peripheral endothelial
cells. After transfecting HUVECs, the plasmids p-S-C-
Cdh5-eGFP-W, p-C-Ocln-eGFP-W, p-C-Slc2a1-S-eGFP-
W, and p-C-Slco1c1-eGFP-W displayed a lower transcrip-
tional activity than CAG-eGFP (Supplementary Figure 4).

Assessing cell specificity in vitro

AAV-BR1 and other AAV vectors targeting the
brain have the tendency to transduce also astrocytes

(Figure 1).20 To investigate cell specificity of the short
regulatory sequences, reporter gene assays were per-
formed in primary mouse astrocytes. About 96% of
the cells were astrocytes, as confirmed by immunostain-

ings for the astrocytic marker GFAP, the endothelial
marker CD31, the neuronal marker NeuN, and the
microglial marker Iba1 (Figure 4(a)). We focused on
the Ocln, Slc2a1 and the Slco1c1 promoters with the
highest transcriptional activity in endothelial cells

(Figure 3) as well as on the pan-endothelial Cdh5 pro-
moter in combinations with regulatory elements
(Figure 4(b)). CAG and T81 promoters were used as
positive and negative controls, respectively. While the

WPRE enhanced eGFP expression in astrocytes,
adding the short Tie2 intron to the regulatory sequence
significantly reduced eGFP expression in primary
astrocytes (Figures 4(b) and (c) and Figure 5). Thus,

the short Tie2 intron promotes transcriptional activity
specifically in endothelial cells. In addition to the
WPRE and the short Tie2 intron, the promoter had a
significant effect on astrocytic expression. In astro-
cytes, the transcriptional activity of promoters

decreased in the order Ocln, Slc2a1, and Slco1c1
(Figure 5).

Assessing cell specificity of short regulatory
sequences in vivo

Based on the transcriptional activity in endothelial cells
in vitro, we selected four of the strongest synthetic reg-

ulatory sequences (Figure 3(d)) for investigation in
vivo: S-C-Cdh5-eGFP-W, C-Ocln-eGFP-W, C-Slc2a1-
S-eGFP-W, and C-Slco1c1-eGFP-W (Figure 6(a)).
Because the short Tie2 intron did not reproducibly
enhance gene expression in the context of the Ocln

and Slco1c1 promoters (Figure 3(b) and (c)) but
increases the overall length of the constructs, we select-
ed synthetic regulatory sequences containing the Ocln
and Slco1c1 promoter but without the short Tie2

intron. CAG-eGFP served as a control (Figure 6(a)).
For investigation in vivo, AAV-BR1 vectors were

produced for intravenous administration. Fourteen

days after mice received a dose of 1.8� 1011 gp/mouse
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(i.v.), organs were extracted and analyzed for eGFP

expression by immunostaining. To quantify the trans-

duction rate in brain endothelial cells, we determined

the ratio of eGFP-expressing vessel length to total

vessel length in the cortex. The ratio of transduced

vessels was significantly increased after injecting vec-

tors containing S-C-Cdh5-eGFP-W, C-Ocln-eGFP-W,

or C-Slc2a1-S-eGFP-W in comparison to CAG-eGFP.

The vector C-Slco1c1-eGFP-W afforded a higher endo-

thelial selectivity than the CAG-eGFP control, but the

transduced vessel length was similar (Figure 6(b) to (f)).

In comparison to the CAG-eGFP control, C-Slco1c1-

eGFP-W and C-Ocln-eGFP-W were associated with a

lower eGFP expression in neurons or astrocytes

(Figure 6(e) and (f)). C-Slc2a1-S-eGFP-W led to a

reduced number of eGFP-positive neurons, while the

S-C-Cdh5-eGFP-W vector did not differ from CAG-

eGFP with respect to directing eGFP expression to

neurons and astrocytes. With all short regulatory ele-

ments tested, no eGFP expression could be found in

microglia or oligodendrocytes (Figure 6(d)).
In order to evaluate the effect of the synthetic regu-

latory sequences on tissue tropism, other organs were

examined for off-target gene expression. After injecting

CAG-eGFP, considerable expression of eGFP was

observed in the lung (Figure 7(a)). In contrast, when

S-C-Ocln-eGFP-W or C-Slco1c1-eGFP-W drove eGFP

expression from AAV-BR1 vectors, off-target

Figure 3. Transcriptional activity of short regulatory elements and promoters (P) in transfected human endothelial hCMEC/D3 cells.
(a) Schematic representation of the investigated DNA constructs. For short regulatory elements, we used the CMVenhancer (C) in all
constructs as well as the short Tie2 intron (S) and the WPRE (W) as indicated. (b and c) Rate of eGFP-positive hCMEC/D3 cells
transfected with plasmids containing different regulatory sequences. Five days after transfection, cells were immunostained for eGFP.
Data are presented as mean� SD and were analyzed by two-way ANOVA (short regulatory element F(3/160)¼171, p< 0.0001;
promoter F(7/160)¼151.9, p< 0.0001; interaction F(21/160)¼34.34, p< 0.0001), ns not significant, *p< 0.0332, **p< 0.0021,
****p< 0.0001 (Tukey’s multiple comparison test, n¼ 6 transfected wells per plasmid). (d) Representative images of hCMEC/D3 cells
transfected with plasmids expressing eGFP under the regulation of the synthetic promoter sequences CAG, S-C-Cdh5-W, C-Ocln-W,
C-Slc2a1-S-W and C-Slco1c1-W. The images were stained for eGFP (green) and DNA (blue). Scale bar, 100mm.
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Figure 4. Reporter gene expression in transfected primary astrocytes depends on short regulatory elements. (a) Representative
microscopic images to determine the purity of the cortical astrocyte culture. Cortical astrocytes were isolated from brains of mice of
age P0/1. The purity of the cortical astrocyte culture was determined 21 days after isolation of the cells by immunostaining for GFAP,
NeuN, CD31 and Iba1 as well as DNA. The purity of the culture was determined to be 96%. Neurons and endothelial cells were not
detected. However, approximately 4% of the cultured cells were stained positive for Iba1 as a marker for microglia. Scale bar, 100 mm.
(b) Schematic representation of the investigated constructs indicating the position of the short Tie2 intron (S), the CMVenhancer (C),
and the WPRE (W) relative to the promoter sequence. (c) Representative images of cortical astrocytes transfected with plasmids
expressing eGFP under the regulation of the indicated regulatory sequences 21 days after isolation of the cells. Analysis of plasmid
encoded gene expression via immunostaining was performed four days after lipofection. The images were stained for eGFP (green)
and DNA (blue). Scale bar, 100mm.
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expression in the lung was clearly reduced (Figure 7(a)

and (b)). In cardiomyocytes, eGFP expression was

detected when mice were treated with CAG-eGFP

but significantly lower when S-C-Cdh5-eGFP-W, C-

Ocln-eGFP-W, C-Slc2a1-S-eGFP-W or C-Slco1c1-

eGFP-W were administered (Figure 7(a) and (c)). As

we detected rare eGFP-positive cells in the liver after

injecting CAG-eGFP, it seemed more reliable to com-

pare expression at the mRNA level. eGFP mRNA

levels in the liver were lower in animals that received

S-C-Cdh5-eGFP-W, C-Ocln-eGFP-W, or C-Slc2a1-S-

eGFP-W than in mice treated with CAG-eGFP

(Figure 7(d)). In summary, the regulatory sequences

C-Ocln-eGFP-W and C-Slc2a1-S-eGFP-W resulted in

a strong expression of the reporter gene in brain

endothelial cells and reduced vector-encoded gene

expression in non-targeted cells and tissues in vivo, par-

ticularly in neurons, astrocytes, and cells of the lung,

liver, and heart. When using the regulatory sequence S-

C-Cdh5-eGFP-W, strong expression of the reporter

gene was likewise obtained in brain endothelial cells,

but with lower cell specificity.

Discussion

In this study we have identified a series of short regu-

latory sequences that help target brain endothelial cells

and have the potential to improve gene therapy of cere-

brovascular diseases and lysosomal disorders. Three of

the short regulatory sequences, S-C-Cdh5-[coding

Figure 5. Quantification of eGFP expression in primary astrocytes shown in Figure 4. (a) Determination of the rate of eGFP-positive
astrocytes revealed that adding the WPRE to the synthetic promoter sequence significantly enhanced eGFP-expression in astrocytes.
Moreover, adding the short Tie2 intron significantly reduced eGFP-expression in primary astrocytes. Data are presented as mean �
SD analyzed by two-way ANOVA (short regulatory elements, F(3/84)¼83.29, p < 0.0001; promoter F(2/84)¼116.8, p < 0.0001;
interaction F(6/84)¼39.06, p < 0.0001; n ¼ 8 analyzed microscopic images per plasmid). *p < 0.0332, **p < 0.0021, ****p < 0.0001
(Tukey’s multiple comparison test). (b) The table presents the results of the two-way ANOVA for the impact of the short regulatory
elements in astrocytes.
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Figure 6. Synthetic regulatory sequences enhance blood-brain barrier endothelial cell specificity in vivo. (a) Schematic representation
of the investigated AAV-BR1 constructs indicating the inverted terminal repeats at both ends as well as the position of the short Tie2
intron and the CMV enhancer relative to the promoter sequence (CAG, Cdh5, Ocln, Slc2a1, Slco1c1, blue) controlling the expression
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sequence]-W, C-Slc2a1-S-[coding sequence]-W, and C-

Ocln-[coding sequence]-W had a stronger effect

on brain endothelial gene expression in vivo

than the universal promoter CAG. Additionally,

C-Slc2a1-S-[coding sequence]-W and C-Ocln-[coding

sequence]-W revealed a higher specificity for this cell

population of the brain and peripheral organs.
Building on a previous transcriptomic study,25 we

tested the efficacy of 49 combinations of regulatory

elements with 2 different reporters in vitro. The various

combinations were based on the promoters of 3 genes

expressed in all endothelial cells (Tie2, Cdh5) or in fen-

estrated endothelium (Plvap), and of 8 genes with a

brain endothelial-specific expression (Foxq1, Ocln,

Itih5, Slc2a1, Slco1c1, Pglyrp1, Sgpp2, Tbx3).

Transcriptional activity varied from promoter to pro-

moter but, as expected, cell specificity was higher with

most of the endothelial promoters than with the ubiq-

uitously active CAG promoter. Both activity and spe-

cificity of gene expression were enhanced, at least in the

context of some promoters, by the Tie2 intron. This

element had been identified in transgenic mice and

has been utilized in lentiviral but not in AAV vec-

tors.44,46,47 The likely reason is that the original

report by Schl€ager et al. mainly focused on a 1,667-

bp sequence that would exceed the capacity of AAV

vectors.44 However, these authors also noted that a 0.3-

kbp fragment of the intron is sufficient to afford endo-

thelial expression in transgenic mice. Our data confirm

the finding that a short 0.3-kbp fragment of the Tie2

intron has a similar activity as the full length and sug-

gest the short Tie2 intron as a suitable element for

AAV targeting of endothelial cells. Introns may

enhance mRNA stability, promote mRNA transport,17

or function as intronic enhancers. The latter seems to

apply to the Tie2 intron that contains binding sites for

members of the ETS family and other transcription

factors and enhances gene expression when positioned

upstream of the core Cdh5 promoter (Supplementary

Figure 3).44,48 To enhance expression further, we tested

the WPRE. As noted by others,49 the effect of the

WPRE depended on the promoter context. Finally,

transcriptionally activity was strongly increased by

the CMV enhancer that also promoted AAV-

mediated gene expression in the heart.21

The regulatory sequences in S-C-Cdh5-[coding

sequence]-W add up to an overall length of about 1.9

kbp and in C-Slc2a1-S-[coding sequence]-W to about

2.8 kbp, including the WPRE (Supplementary Table 4).

Thus, they are only slightly longer than the frequently

used unspecific CAG promoter with 1.6 kbp, but con-

siderably shorter than Ple34 with 4.4 kbp or Ple261

with 3.6 kbp, including WPRE.30 The relative shortness

of the regulatory sequences increases the length of

coding DNA that can be expressed in brain endothelial

cells. Under the control of S-C-Cdh5-[coding

sequence]-W, the target proteins that are directed into

brain endothelial cells can be up to about 930 amino

acids long. This includes a large segment of expressed

genes. Depending on the target gene, a low expression

level may be better. With the four short regulatory

sequences that provide a high brain endothelial specif-

icity, it will be possible to adjust gene expression to the

required level. C-Slco1c1-[coding sequence]-W results

in low expression, C-Ocln-[coding sequence]-W in an

intermediate, and S-C-Cdh5-[coding sequence]-W or

C-Slc2a1-S-[coding sequence]-W in a high expression.
Interestingly, optimal combinations of regulatory

elements did not quite achieve the transcriptional activ-

ity of the CAG promoter in vitro but were better in vivo.

This observation is probably explained by the down-

regulation of brain endothelial-specific genes when pri-

mary cells are cultured in vitro.50 In the latter study,

genes of which we used the promoter markedly

decreased in vitro, illustrating the need to perform in

vivo experiments for a realistic picture.
The main advantage of transcriptional over trans-

ductional targeting is that the cell specificity of

Figure 6. Continued
of the reporter gene eGFP. The CAG promoter served as control. (b) Representative immunostainings of the vector-expressed eGFP
(green) and CD31 (red) in the cortex, hippocampus, and cerebellum, 14 to 15 days after injecting the indicated vectors. Nuclei were
stained with DAPI (blue). Scale bar, 100 mm. (c) The ratio of the length of the vessels expressing eGFP to the total vessel length was
determined. Each vector was administered to 2 to 5 animals (AAV-BR1-CAG-eGFP (n¼ 3), AAV-BR1-S-C-Cdh5-eGFP-W (n¼ 2),
AAV-BR1-C-Ocln-eGFP-W (n¼ 2), AAV-BR1-C-Slc2a1-S-eGFP-W (n¼ 5), AAV-BR1-C-Slco1c1-eGFP-W (n¼ 3)). Data are presented
as mean � SD analyzed by one-way ANOVA (vector, F(4/20)¼ 29.86, p< 0.0001), *p< 0.0332, ****p< 0.0001 (Tukey’s multiple
comparison test, n¼ 5 images per vector). (d to f) The vector-encoded expression of the reporter gene eGFP in non-targeted cell
types of the brain was reduced by short regulatory sequences. Representative immunostainings (d) of the expressed eGFP (green) and
NeuN, GFAP, Iba1, Olig2 (red) in the cortex 14 to 15 days after injecting the vector AAV-BR1-CAG-eGFP. Arrows indicate neurons or
astrocytes expressing eGFP. Nuclei were stained with DAPI (blue). Scale bar, 20mm. Quantification of eGFP-expressing neurons (e)
and astrocytes (f) per mm3 in the cortex 14 to 15 days after injecting the vectors from (a). Data are presented as mean � SD analyzed
by one-way ANOVA. For neurons (e), F(4/15)¼ 29.22, p< 0.0001; for astrocytes (f), F(4/15)¼ 14.22, p< 0.0001. **p< 0.01,
***p< 0.001, ****p< 0.0001 (Tukey’s multiple comparison test, n¼ 3-5 animals per vector).
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Figure 7. The vector-encoded expression of the reporter gene eGFP in non-targeted cell types of extracerebral tissues is reduced
by short regulatory sequences. (a) Representative images from lung, heart, liver, kidney and spleen 14 to 15 days after vector injection.
AAV-transduced cells expressing eGFP under the control of the regulatory promoter sequences (green) were reduced compared to
the results obtained with the control vector CAG-eGFP. CD31 was stained as a marker of endothelial cells (red). Scale bar, 100mm. (b
and c) The number of eGFP-positive cells in the lung (b) or heart (c) 14 to 15 days after vector injection are shown. Data are
presented as means � SD and were analyzed by one-way ANOVA (lung, F(4/11)¼ 6.645, p¼ 0.0057; heart, F(4/13)¼ 7.919,
p¼ 0.0018), *p< 0.05, **p< 0.01 (Tukey’s multiple comparison test, n¼ 2–5 mice per vector). (d) Relative eGFP mRNA in liver 14 to
15 days after vector injection. Data are presented as means � SD and were analyzed by one-way ANOVA (F(4/15)¼ 5.353,
p¼ 0.007), *p< 0.0354 (Tukey’s multiple comparison test, n¼ 2-5 mice per vector).
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promoters is often independent of species.51–53 Our

data confirm that the activity of short regulatory

sequences was similar in endothelial cells of three spe-

cies in vitro. Therefore, we expect that the sequences

will also confer brain endothelial specificity in

humans. Cell type-specific regulatory sequences have

been developed for many other cell types, including

hepatocytes, muscle cells, or astrocytes, and have

improved gene therapy.17,54 The regulatory sequences

developed here may provide the means to target brain

endothelial cells as key players in cerebrovascular dis-

eases or as a gateway to the brain.
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37. Kügler S, Lingor P, Sch€oll U, et al. Differential transgene

expression in brain cells in vivo and in vitro from AAV-2
vectors with small transcriptional control units. Virology

2003; 311: 89–95.
38. Xiao X, Li J and Samulski RJ. Production of high-titer

recombinant adeno-associated virus vectors in the
absence of helper adenovirus. J Virol 1998; 72:

2224–2232.
39. Grimm D, Kay MA and Kleinschmidt JA. Helper virus-

free, optically controllable, and two-plasmid-based pro-
duction of adeno-associated virus vectors of serotypes 1

to 6. Mol Ther 2003; 7: 839–850.
40. Assmann JC, Müller K, Wenzel J, et al. Isolation and

cultivation of primary brain endothelial cells from adult
mice. Bio Protoc 2017; 7: e2294.

41. Patabendige A, Skinner RA, Morgan L, et al. A detailed

method for preparation of a functional and flexible

blood-brain barrier model using porcine brain endotheli-
al cells. Brain Res 2013; 1521: 16–30.

42. Weksler BB, Subileau EA, Perri�ere N, et al. Blood-brain

barrier-specific properties of a human adult brain endo-

thelial cell line. Faseb J 2005; 19: 1872–1874.
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