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abluminally, and despite lower levels of EPO reaching the 
abluminal chamber, the amount of recombinant EPO was 
sufficient to evolve a biological effect on astrocytes cul-
tured at the abluminal side in terms of upregulated gene 
expression of brain-derived neurotropic factor (BDNF). In 
conclusion, non-viral gene therapy to RBECs leads to pro-
tein secretion and signifies a method for therapeutic pro-
teins to target cells inside the CNS otherwise omitted due 
to the BBB.

Keywords  Blood–brain barrier (BBB) · In vitro BBB 
model · Gene therapy · Erythropoietin (EPO) · Brain-
derived neurotrophic factor (BDNF)

Abbreviations
BBB	� Blood–brain barrier
BCECs	� Brain capillary endothelial cells
BDNF	� Brain-derived neurotrophic factor
BSA	� Bovine serum albumin
CSF	� Cerebrospinal fluid
CNS	� Central nervous system
DAPI	� 4′,6-diamidino-2-phenylindole dihydrochloride
DMEM	� Dulbecco’s Modified Eagle Medium
DMSO	� Dimethyl sulfoxide
EPO	� Erythropoietin
EPO-R	� EPO-receptor
GDNF	� Glial cell-derived neurotrophic factor
GFAP	� Glial fibrillary acidic protein
GFP	� Green fluorescent protein
GH1	� Growth hormone 1
HBMEC	� Human brain microvascular endothelial cells
MBEC4	� Mouse brain endothelial cell line
PEI	� Polyethylenimine
PBS	� Phosphate-buffered saline
RBECs	� Rat brain endothelial cells

Abstract  Treatment of chronic disorders affecting the 
central nervous system (CNS) is complicated by the inabil-
ity of drugs to cross the blood–brain barrier (BBB). Non-
viral gene therapy applied to brain capillary endothelial 
cells (BCECs) denotes a novel approach to overcome the 
restraints in this passage, as turning BCECs into recombi-
nant protein factories by transfection could result in protein 
secretion further into the brain. The present study aims to 
investigate the possibility of transfecting primary rat brain 
endothelial cells (RBECs) for recombinant protein synthe-
sis and secretion of the neuroprotective protein erythropoi-
etin (EPO). We previously showed that 4% of RBECs with 
BBB properties can be transfected without disrupting the 
BBB integrity in  vitro, but it can be questioned whether 
this is sufficient to enable protein secretion at therapeutic 
levels. The present study examined various transfection 
vectors, with regard to increasing the transfection efficiency 
without disrupting the BBB integrity. Lipofectamine 
3000™ was the most potent vector compared to polyethyl-
enimine (PEI) and Turbofect. When co-cultured with astro-
cytes, the genetically modified RBECs secreted recombi-
nant EPO into the cell culture medium both luminally and 
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TEER	� Trans-endothelial electrical resistance
ZO1	� Zonula occludens

Introduction

Disorders affecting the central nervous system (CNS) like 
neurodegenerative disorders, tumors and infections are 
becoming more prevalent with great demands for devel-
opment of new pharmaceutics. The treatment is, however, 
complicated by the inability of potential drugs to cross 
the blood–brain barrier (BBB) [1], which explains why 
more than 98% of drug candidates for treatment of CNS 
disorders never make it to the clinic [2–5]. The BBB is a 
dynamic physical and biological barrier located between 
the bloodstream and the CNS, more specifically at the 
capillary level. The BBB is formed by brain capillary 
endothelial cells (BCECs) lining the cerebral microvascu-
lature. These cells are in close contact with pericytes and 
astrocytic endfeet, which are important for the formation 
and maintenance of the BBB properties [6–8]. The BBB 
is important in controlling the passage of endogenous and 
exogenous substances in and out of the CNS [9].

Neurotrophins and growth factors are implicated in 
a variety of neurological disorders [10]. A general fea-
ture of many neurological disorders is the loss of specific 
populations of neurons. Several studies have reported 
on the potential of neurotrophins and growth factors like 
growth hormone 1 (GH1), glia-derived neurotrophic fac-
tor (GDNF), brain-derived neurotropic factor (BDNF), and 
erythropoietin (EPO), to protect diseased or injured neu-
rons from dying, induce neuronal sprouting, and increase 
neuronal metabolism and function [11–14]. Therefore, they 
are believed to be useful as therapeutic agents in a variety 
of neurologic disorders. These neuroprotective peptides 
are however not able to enter the CNS due to the BBB, and 
must therefore be transported across the BBB by use of 
different drug delivery strategies, e.g., gene therapy. Over 
the past decade, many therapeutic agents have moved from 
tissue culture studies and animal models into clinical trials 
using the gene therapy delivery approach to treat neurode-
generative diseases like Parkinson’s and Alzheimer’s dis-
ease [15–19]. One of these therapeutic agents is EPO [20].

EPO is a 165-aminoacid glycoprotein and member of 
the type I cytokine superfamily, known to increase red cell 
mass, and thereby increase tissue oxygenation [21, 22]. 
Its main site of production is in the kidneys in response 
to hypoxia. However, EPO and its receptor (EPO-R) are 
also weakly expressed in other tissues including the CNS 
[23]. Brain EPO is of lower molecular weight (30.3 vs. 
30.5 kD) than systemic EPO, and the effects of brain EPO 
in vitro is higher in lower concentrations compared to the 
effects of systemic EPO [24]. Its main production within 

the brain is in neurons, neuronal progenitor cells, glial, and 
cerebrovascular endothelial cells, but is particularly highly 
expressed in brain regions containing neurons vulnerable 
to ischemic insult, such as the hippocampus and cerebral 
cortex [25–27]. EPO-R is expressed in BCECs, neurons, 
astrocytes, and microglial cells [22, 27–29]. The main neu-
roprotective function of EPO is believed to be inhibition of 
apoptosis in cells, which express the EPO-R [30]. Several 
in vitro [31–35] and in vivo [22, 36–39] studies have shown 
that EPO is able to protect neurons during hypoxia, indi-
cating that EPO has beneficial effects in the treatment of 
stroke patients, which has also been confirmed in a clini-
cal trial [40]. Additionally, these neuroprotective effects 
have also been seen in an animal model of Parkinson dis-
ease, by decreasing the loss of dopaminergic neurons, and 
consequently significantly increase the locomotor activ-
ity. Furthermore, the protective effects of EPO have been 
observed in animal models of schizophrenia, epilepsy, 
multiple sclerosis, and amyotrophic lateral sclerosis [22, 
41–44]. In addition to its direct neuroprotective effect, EPO 
has also been shown to have a protective effect on the BBB 
by decreasing its permeability, and might thereby also con-
tribute indirectly to neuroprotection [23, 28].

The use of gene therapy as a drug delivery strategy is 
dependent on the use of a vector that can protect the genetic 
material against degradation and enable efficient gene 
delivery to the target cells. Both viral and non-viral vectors 
have been widely explored. The viral vectors are the most 
efficient in delivering the genetic material, but the non-viral 
gene carriers exhibit lower immunogenicity, and are, there-
fore, considered safer to use [45, 46]. Non-viral vectors 
include cationic lipids, polymers, and peptides [47, 48]. 
Efficient gene therapy is very dependent on the selection of 
an appropriate transfection vector, which should have the 
following properties. The vector should be able to bind and 
condensate the genetic material, e.g., plasmid DNA. This 
can be achieved by an excess positive charge, which both 
will condensate the negatively charged DNA, but also inter-
act with the negatively charged cell membrane. Secondly, 
it should be able to protect the DNA against degradation 
from blood components, like enzymes and endonucleases 
on its way to the target site. Upon arrival, it must endorse 
internalization of the genetic material into the target cell by 
endocytosis or another biological process. Within the endo-
some, the DNA:vector complex should bypass degrada-
tion by the endosomal/lysosomal system and release from 
the endosome into the cytoplasm, a process referred to as 
endosomal escape [47, 49]. The final task of the vector is 
to facilitate transport of the genetic material into the cell 
nucleus. This process is believed to either involve trans-
port of DNA through pores in the nuclear membrane or by 
cell division, during which the nuclear envelope is tempo-
rally disassembled, allowing the genetic material to enter 
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the nucleus [50, 51]. The major limitation of the non-viral 
gene vector in regards to the viral vectors is, despite a lot of 
advantage in the area, still low transfection efficiency. Their 
advantages over the viral vectors are, however, numerous 
and include larger loading size of genetic material, lower 
immunogenicity, ease of production and upscaling, repro-
ducibility, low cytotoxicity, and a general safer use. They, 
therefore, still holds the potential to supplant viral vectors 
in the future [47, 49].

Delivery of genetic material to the brain is complicated 
by the BBB, and is dependent on the ability of the vector to 
bypass the BBB [1]. Other strategies for gene delivery to 
the CNS involves risky and invasive procedures like tempo-
rary opening of the BBB and intraparenchymal injections 
[47, 49]. Therefore, it is highly relevant to develop meth-
odologies that allow for noninvasive routes for delivering 
genetic material into the brain. In this study, we explore the 
strategy of using the BCECs as a target for gene therapy. 
Gene therapy to the BCECs involves a two-step delivery 
strategy, which includes the uptake and process of genetic 
material by the cells, and subsequently secretion of the 
recombinant protein into the brain by the genetically modi-
fied BCECs [52, 53]. Several obstacles must be overcome 
for this strategy to be successful. First of all, BCECs in vivo 
are not in a mitotic state (referred to as non-dividing), 
so the non-viral carrier must be able to deliver the DNA 
through pores in the nuclear envelope. Secondly, the trans-
fection should not cause an opening of the BBB, thereby 
allowing the entrance of unwanted substances into the brain 
parenchyma. Thirdly, genetically modified BCECs will 
need to secrete the recombinant protein towards the brain 
parenchyma, not only towards the blood stream. Finally, 
this drug delivery strategy should result in a high percent-
age of genetically modified BCECs secreting the recombi-
nant protein, in order to ensure a high bioavailability of the 
therapeutic product in the diseased tissue. We have recently 
shown that non-viral gene therapy to non-diving primary 
rat brain capillary endothelial cells (RBECs) cultured in 
an in  vitro BBB model together with astrocytes could be 
transfected without the disruption of the cells barrier prop-
erties [54]. We now report on higher transfection efficiency 
using a different vector and secretion of the neuroprotec-
tive protein EPO towards the brain tissue, with a measur-
able biological effect on the gene expression of BDNF in 
astrocytes.

Materials and methods

The following reagents were purchased from Sigma-
Aldrich (Brondby, Denmark, DK): Heparin (Cat. No. 
H3149), Insulin transferrin sodium selenite (Cat. No. 
11074547001), puromycin (Cat. No. P8833), collagen 

type IV (Cat. No. C5533), fibronectin (Cat. No. F1141), 
poly-L-lysine (Cat. No. P6282), hydrocortisone (Cat. 
No. H4001), Dimethyl Sulfoxide (DMSO) (Cat. No. 
D2650), CTP-cAMP (Cat. No. C3912), 4-(3-Butoxy-
4-methoxybenzyl)imidazolidin-2-one (RO-201724) 
(Cat. No. B8279), Competent CG5 Escherichia coli 
strain (Cat. No. G3169), Paraformaldehyde (Cat.
No. 441244), Triton™-X-100 (Cat. No. X100), and 
4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) 
(Cat. No. D9542). The following reagents were pur-
chased from Life Technology (Naerum, Denmark, DK): 
Fetal calf serum (Cat. No. 10270), Dulbecco’s Modi-
fied Eagle Medium consisting of nutrient Mixture F-12 
(DMEM/F-12) (Cat. No. 31331), DMEM (Cat. No. 
21885), Trypsin (Cat. No 15090-46), Turbofect™ (Cat. 
No. R0531), Lipofectamine 3000™ (Cat. No. L3000), 
phosphate-buffered saline (PBS) (Cat. No SH3025802), 
GeneJet plasmid Midiprep kit (Cat. No. K0481), Rab-
bit Anti-Zonula Occludens (ZO1) (Cat. No. 61-7300), 
Alexa Fluor 594-conjugated goat anti-rabbit IgG (Cat. 
No. A11037), GeneJet RNA purification kit (Cat. No. 
K0731), DNaseI enzyme (Cat. NO. EN0523), Thermo 
Scientific Maxima H Minus first strand cDNA synthesis 
kit (Cat. NO. K1651), Maxima SYBR Green Master mix 
(Cat.No. K0252), TAG Copenhagen (Frederiksberg, Den-
mark, DK) synthesized primers. Basic fibroblast growth 
factor (Cat. No. 100-18B) was purchased from Pepro-
Tech Nordic (Stockholm, Sweden, SE). Plasma-derived 
bovine serum (Cat. No. 60-00-810) was purchased from 
First Link (Wolverhampton, United Kingdom, UK). Gen-
tamicin Sulfate (Cat.No. 17-518Z) was purchased from 
Lonza Copenhagen (Vallensbaek Strand, Denmark, DK). 
Greiner bio-one Thincert cell culture insert for 12-well 
plates, with a transparent polyethylene terephthalate 
(PET) membrane and a pore diameter of 1 µm (Cat No. 
665610), was purchased from In  Vitro (Fredensborg, 
Denmark, DK). CytoFLEX Daily QC Fluorospheres 
(Cat. No. B53230) were purchased from Beckman Coul-
ter (Copenhagen, Denmark, DK). Bovine serum albumin 
(BSA) (Cat. No. EQBAH62) was purchased from Europa 
Bioproducts (Cambridge, United Kingdom, UK). Rabbit 
anti-EPO antibody (Cat. No sc-7956) was purchased from 
Santa Cruz (Heidelberg, Germany). Promokine Cell pro-
liferation kit I (CFDA SE) (PK-CA707-30050) was from 
BioNordika Denmark A/S (Herlev, Denmark, DK) and 
Fluorescence mounting media (Cat. No S3023) were pur-
chased from DAKO (Glostrup, Denmark, DK). Rat EPO 
Gene ORF cDNA expression pCMV3-C-green fluores-
cent protein (GFP) Spark plasmid, from Sino Biological 
Inc. (Cat.No. RG80055-ACG) and LEGEND MAX™ Rat 
EPO ELISA Kit with pre-coated plates from BioLegend 
(Cat.No 442807) were purchased from Nordic BioSite 
(Copenhagen, Denmark, DK).
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Isolation of primary rat brain capillary endothelial cells 
(RBECs) and astrocytes

Primary cultures of RBECs were prepared from two-to-
three-week-old Sprague Dawley rats as described previ-
ously [54]. RBECs were maintained in DMEM/F12 supple-
mented with 10% plasma-derived bovine serum, heparin, 
insulin, transferrin, sodium, selenite, 10 µg/mL gentamicin 
sulfate, and 1 ng/µl basic fibroblast growth factor (referred 
to as RBEC media). Puromycin (4  µg/mL) was addition-
ally added to the culturing medium for the first three days 
of culturing. All surface areas for culturing RBECs were 
coated twice with collagen IV/fibronectin. RBECs were 
isolated three days prior to the experiment and either fro-
zen (RBEC media supplemented with 30% plasma-derived 
bovine serum and 7.5% DMSO) for later use or used 
directly in the transfection experiments.

Primary astrocytes were prepared from two-day old 
Sprague Dawley rats as described previously [54, 55]. 
Astrocytes were maintained in DMEM supplemented with 
10% fetal calf serum and 10  µg/mL gentamicin sulfate. 
All surface areas for astrocytes were coated with poly-L-
Lysine. Astrocytes were isolated and cultured for three 
weeks, after which they were either frozen (DMEM sup-
plemented with 30% Fetal calf serum and 7.5% DMSO) or 
seeded directly into 12-well plates at a density of approxi-
mately 30,000 cells/cm2, and maintained for a minimum of 
two weeks prior to co-culture experiments. The cell culture 
medium was changed every fourth day. All cells were cul-
tured in an incubator with humidified 5% CO2/95% air at 
37 °C.

Cell cultures

For monocultures, RBECs were seeded in 24-well plates at 
a density of 100.000 cells/cm2, and left to adhere for 24 h 
resulting in a confluent monolayer. The RBECs were main-
tained in RBEC media and cultured for additionally 24  h 
to ensure the cells were 100% confluent and non-dividing. 
Monocultures of the cervix cancer cell line HeLa were like-
wise prepared in 24-well plates and maintained in DMEM 
supplemented with 10% fetal calf serum and 10  µg/mL 
gentamicin sulfate. HeLa cells were seeded at a density of 
15.000 cells/cm2, left to adhere for 24  h, and maintained 
for an additionally 24 h to ensure a confluency of 80–90%. 
The media of both monocultures were changed prior to the 
addition of the transfection complexes.

RBECs in co-culture were seeded on hanging culture 
inserts at a cell density of 100.000 cells and left to adhere 
for 24 h, after which the cells were confluent. Induction of 
the RBECs barrier integrity was stimulated by culturing 
the RBECs together with astrocytes (non-contact co-cul-
ture), and by adding hydrocortisone (550nM), CTP-cAMP 

(250  µM), and RO (17.5  µM) to the upper chamber, and 
hydrocortisone to the lower chamber. The media compo-
sition of the lower chamber was a combination of RBEC 
media and astrocyte-conditioned media, while only RBEC 
medium was used in the upper chamber. Barrier integrity 
of RBECs in co-culture with astrocyte was present after 
24  h measured as trans-endothelial electrical resistance 
(TEER). TEER was measured using a Millicell ERS-2 epi-
thelial Volt-Ohm meter and a STX01 chopstick electrode 
(Millipore, Hellerup Denmark, DK) as described previ-
ously [54]. TEER values of coated but cell-free inserts 
were subtracted the measured TEER values, and the differ-
ence was multiplied the size of the insert (1.12 cm2). TEER 
values are given as Ω*cm2 or as percentage TEER, where 
the difference in TEER between 0 and 24 h was calculated 
for each culture insert and multiplied with 100. Data were 
analyzed in GraphPad Prism 6.0 (GraphPad Software, Inc., 
CA, USA) using one-way ANOVA with Dunnett’s post hoc 
test. Only RBECs co-cultures with TEER values above 150 
Ω*cm2 were used for the transfection studies [54, 56].

In vitro transfection

Transfection was analyzed both in monocultures, in co-cul-
tures of RBECs, and in monocultures of HeLa cells. The 
cells were transfected using Turbofect™, PEI, and Lipo-
fectamine 3000™. The transfection efficacies were ana-
lyzed using monocultures of RBECs and HeLa. In addition, 
different combinations of DNA vs transfection agents were 
analyzed in the monocultures out of which the two most 
potent combinations of each transfection agent were used 
for further studies. Co-cultures of RBECs were used to 
assess the toxicity of the transfection agents with regards to 
the barrier integrity of the RBECs. The most potent trans-
fection agents with respect to high transfection efficacy and 
minimum disruption of the barrier integrity were used for 
the remaining part of the study, which were all carried out 
in the co-culture setup.

Rat EPO Gene ORF cDNA expression pCMV3-C-GFP-
Spark plasmid was propagated in a competent CG5 Escher-
ichia coli (E-coli) strain by heat shock and purified with 
ion exchange chromatography with the plasmid DNA puri-
fication kit prepared according to the manufacture’s proto-
col. DNA was complexed with three different transfection 
agents as described in the following section. The concentra-
tions all applies to a single well in a 24-well plate (1.9 cm2) 
or a single 12-well hanging culture insert (1.12 cm2). Tur-
bofect™: 0.5 or 1  µg plasmid DNA was mixed in 100  µl 
DMEM-F12. 2 µl Turbofect™ were added and immediately 
mixed by vortexing. Turbofect™:DNA complexes were left 
to form for 20 min at room temperature. A low molecular 
weight Polyethylenimine (PEI F25-LMW) was generated 
as described previously [57]. One or 2  µg plasmid DNA 
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was diluted in 25 µl HN buffer (10 mM HEPES, 150mM 
NaCl in DEPC-treated water, pH 7.4). In another tube, PEI 
was diluted to a concentration corresponding to five times 
the mass ratio of DNA in 25 µl HN buffer. The two tubes 
were incubated separately for five min before being mixed 
together by vortexing. PEI:DNA complexes were left to 
form for 30 min at room temperature. 0.5 µg plasmid DNA 
was diluted in DMEM-F12 together with a P3000 rea-
gent (2  µl/µg DNA). Either 0.75 or 1.5  µl Lipofectamine 
3000™ was diluted in DMEM-F12, and both solutions 
were mixed well separately before DNA was added to the 
tubes containing Lipofectamine 3000™ in a 1:1 ratio. The 
DNA:Lipofectamine 3000™ complexes were left to form 
for 15 min at room temperature. The cells were incubated 
with the complexes for 24 h.

Flow cytometry

The transfection efficiency was analyzed using flow cytom-
etry. The cells were transfected for 24 h, then washed twice 
in 0.1 M PBS, pH 7.4, detached from the culture support 
by trypsin, and washed twice in PBS by spinning the sam-
ple at 300xG for 5 min. Cells from three wells in a 24-well 
plate or three hanging culture insert were pooled together. 
Transfection efficiency was analyzed using CytoFLEX S 
(Beckman Coulter Copenhagen, Denmark, DK)), which 
prior to the flow cytometic analysis was calibrated using 
CytoFLEX Daily QC Fluorospheres. The cells were gated 
using forward and side scatters to eliminate cell debris and 
doublets. Approximately, 50.000 cells were analyzed in 
each sample. Non-transfected cells were used as a control 
for auto fluorescence. EPO-GFP-positive cells were gated 
based on auto fluorescence from the non-transfected cells 
to ensure less than 0.5% false positive events occurred. The 
results were analyzed using the CytExpert software (Beck-
man Coulter, Copenhagen, DK), and GraphPad Prism 6.0 
software using a one-way ANOVA with Dunnett’s multiple 
comparisons post hoc test.

CFSE‑DA assay

The cell division activity of RBECs in monoculture was 
analyzed using a CFDA SE assay [54], which is a dye that 
binds to intracellular proteins. The dye becomes fluores-
cent (495/519), when hydrolyzed by intracellular ester-
ases, causing a long-term labeling of the cells. The label 
is inherited each time the cell divides, resulting in each 
daughter cell receiving half the label [58]. In brief, the 
cells were seeded in 24-well plates, and left to adhere for 
24 h. The cells were labeled with 1 µM CFSA SE in PBS 
for 10  min. The CFDA SE solution was then removed, 
and the cells incubated in RBEC media for additionally 
30  min to ensure hydrolysis of the CFDA SE label. The 

cells were subsequently cultured for 0–72 h to analyze their 
cell division activity. Every 24 h, a sample was terminated 
by detaching the cells of three wells in the 24-well plate 
by trypsin and washed in PBS by spinning the sample for 
5 min at 300xG. The cells were subsequently fixed in 4% 
paraformaldehyde for 5  min, followed by two PBS wash-
ing steps. The cells were analyzed using the flow cytom-
eter Cytoflex S. The cells were then gated using forward 
and side scatters to eliminate cell debris, and approximately 
40.000 cells were analyzed in each sample. Non-labeled 
cells served as control for auto fluorescence. The results 
were analyzed using the CytExpert software.

Immunocytochemistry

Cells were washed in 0.1  M PBS, pH 7.4 and fixed for 
10 min in 4% paraformaldehyde at room temperature. The 
cells were permeabilized and blocked for unspecific bind-
ing of primary antibody in PBS supplemented with 3% 
BSA and 0.2% Triton-X-100 for 30  min. All incubations 
were performed at room temperature with mild agita-
tion. The RBECs were stained for ZO1 (1:500) and EPO 
(1:250). The cells were incubated with primary antibodies 
diluted in PBS supplemented with 3% BSA and 0.2% Tri-
ton-X-100 for one hour at room temperature. Alexa Fluor 
594-conjugated goat anti-rabbit IgG antibodies was used in 
a dilution of 1:250 in PBS supplemented with 3% BSA and 
0.2% Triton-X-100 and incubated for 30  min. Non-trans-
fected cells were used as control for non-specific binding of 
primary antibodies. Nuclei were counterstained with DAPI. 
All cells were mounted on glass slides with fluorescent 
mounting media and examined in a fluorescence Observer 
Z1 microscope with ApoTome 2 under a Plan-Apochromat 
40x/1.3 Oil DIC objective (Carl Zeiss, Germany). Captured 
images were corrected for brightness and contrast with 
ImageJ.

Gene expression analysis

RBECs cultured in co-culture and astrocytes with and 
without the exposure to recombinant EPO were used for 
RT-qPCR analysis. RNA was extracted using the GeneJet 
RNA purification kit according to the manufacture’s pro-
tocol. Four to seven RNA samples were obtained for each 
situation. Each RNA sample corresponded to three hanging 
culture inserts (RBECs) or three wells in a 12-well culture 
plate (astrocytes). RNA samples were treated with DNaseI 
enzyme to remove genomic DNA contamination. 100 ng of 
each DNA-free RNA sample was used as template for RT-
qPCR. cDNA synthesis was carried out using the Thermo 
Scientific Maxima H Minus First Strand cDNA Synthe-
sis Kit. To assess the expression profile of the transfected 
cells, qPCR was performed using primers specific for rat 
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EPO, rat EPO-R, rat glial fibrillary acidic protein (GFAP), 
and rat BDNF (for additional information on primers see 
Table  1). The primers specifically designed to amplify 
rat EPO did not distinguish between the endogenous and 
recombinant forms of EPO. Rat β-Actin and rat hypox-
anthine phosphoribosyltransferase 1 (HPRT1) were used 
as a housekeeping control genes for normalization pur-
pose. 2.4 ng cDNA and 10 pmol of each primer were used 
together with Maxima™ SYBR Green qPCR Master Mix. 
Non-transfected cells, non-reverse transcribed RNA, and 
water served as negative controls. RT-qPCR was performed 
using the Stratagene Mx3000P™ QPCR system (Agilent 
Technologies, Horsholm, Denmark, DK). PCR conditions 
were 95 °C for 10 min, 40 cycles of 95 °C for 30 s, 60 °C for 
30 s, and 72 °C for 30 s. The relative expression of mRNA 
was calculated according to Pfaffl [59] and analyzed in the 
GraphPad Prism 6.0 software using a one-way ANOVA 
with Dunnett’s or Tukey’s multiple comparisons post hoc 
test, or an unpaired t-test.

Protein secretion analysis

The amount of recombinant EPO secreted from the trans-
fected RBECs was analyzed using ELISA specific for rat 
EPO. The direction of recombinant EPO secretion from 
the RBECs was determined in the co-culture setup by sam-
pling the cell culture media from both the upper and lower 
chambers 24 h after transfection. Additionally, the transport 
of rat EPO across the BBB was studied in the co-culture 
setup by adding 250 pg/mL rat EPO standard (provided in 
the ELISA kit) to either the upper or the lower chamber of 
the hanging culture insert. After incubation for 24 h, media 
from the upper and lower chamber was sampled and ana-
lyzed with ELISA. Media samples were stored at −80 °C, 
prior to the ELISA analysis. A twofold standard curve 
ranging from 1 ng/mL to 16 pg/mL rat EPO standard were 
prepared for each assay, according to the manufacture’s 
instruction. In brief, the plates were pre-coated with a rat 
monoclonal anti-EPO antibody, and incubated with the cell 
culture samples for two hours, after which the plate was 
washed several times before being incubated with anti-rat 
EPO antibody for one hour. The wells were again washed 

and incubated with avidin-HRP solution for 30  min, fol-
lowed by a thorough washing step prior to the addition of 
the substrate solution, which were incubated in the dark 
for 10 min. The reaction was terminated, and the absorb-
ance measured at 450  nm and subtracted the background 
absorbance at 570  nm using Tecan Sunrise Microplate 
Reader (Tecan, Switzerland). All samples were analyzed in 
duplicates and all incubation steps were performed at room 
temperature during shaking. Data were analyzed with a 
computer-based curve-fitting software using a 5-parameter 
logistics curve-fitting algorithm (Elisaanalysis.com). The 
mean absorbance for each set of duplicate was calculated, 
and in diluted samples concentrations were multiplied the 
by the appropriate dilution factor. The data were analyzed 
using the GraphPad Prism 6.0 software using a two-way 
ANOVA with Sidak´s multiple comparisons post hoc test.

Results

Transfection of BCECs to secrete proteins into the brain has 
been recognized as a novel drug delivery strategy [52, 53]. 
We have recently shown that non-diving RBECs cultured 
in co-culture with astrocytes are able to take up genetic 
material and process it into proteins without disrupting the 
barrier integrity [54]. The percentage of transfectable cells 
was 4%, which might raise questions to whether the amount 
of protein getting into the brain might be enough to have 
an effect. We have therefore in the present study compared 
three different transfection agents with the aim of increas-
ing the transfection efficiency.

Screening of transfection agents using monocultures

The three different transfection agents studied were Tur-
bofect™, PEI, and Lipofectamine 3000™. Turbofect™ 
and Lipofectamine 3000™ are both commercially avail-
able transfection agents, both claimed to have high trans-
fection potential and low cytotoxicity. The RBECs were 
cultured in monoculture and transfected with a plas-
mid encoding rat EPO, which is coupled to a GFP tag, 
making EPO-GFP positive cells easily detectable in a 

Table 1   Primer sequences used for RT-qPCR analysis

Primer Reference sequence Forward primer Reverse primer

Rat EPO NM_017001.1 AGA​AGG​TCC​CAG​ACT​GAG​TGA​GAA​T GAT​GGC​TTC​TGA​GAG​CAG​AGA​CAG​
Rat EPO-R NM_017002.2 CTT​GAC​GCT​GTC​TCT​CAT​TCT​CGT​C CAG​CCA​TAG​CTG​GAA​GTT​ACC​CTT​G
Rat GFAP NM_017009.2 ACA​TCG​AGA​TCG​CCA​CCT​ACA​GGA​A AGG​TGG​CCT​TCT​GAC​ACA​GAT​TTG​G
Rat BDNF NM_012513.3 AGT​CCC​GGT​ATC​AAA​AGG​CCA​ACT​GAA AGG​GCC​CGA​ACA​TAC​GAT​TGG​GTA​GT
Rat HPRT1 NM_012583.2 TGC​AGA​CTT​TGC​TTT​CCT​TGG​TCA​ TGG​CCT​GTA​TCC​AAC​ACT​TCGAG
β-actin NM_031144.3 CCT​CTG​AAC​CCT​AAG​GCC​AAC​CGT​GAA AGT​GGT​ACG​ACC​AGA​GGC​ATA​CAG​GG
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fluorescent microscope, as they appear green. A series of 
DNA:transfection agents ratios were investigated in order 
to find the most potent combination, and based on fluo-
rescent microscopic analyses, the two most potent com-
binations were subsequently analyzed in flow cytometric 
analyses (Fig. 1). Turbofect™ was complexed with either 
0.5 or 1 µg DNA, while PEI was complexed with either 
1 or 2  µg DNA. PEI is known to be somewhat toxic to 
the cells [47], albeit lower molecular weight PEIs, like 
the PEI F25-LMW used here, have been found to be more 
biocompatible in vitro and in vivo [57, 60, 61]. Still, to 
address possible adverse effects on in  vitro BBB integ-
rity, different exposure times (24  h and three hours) of 
the cells to the DNA:PEI complexes were additionally 
analyzed. Either 0.75 or 1.5 µl Lipofectamine 3000™ was 
complexed to 0.5 µg DNA. The transfection efficacies of 
the RBECs were compared to that of the easily transfect-
able cervix cancer cell line HeLa (Fig. 1).

Transfection with Turbofect™ resulted in 2.76 ± 0.51% 
(light green) to 5.3 ± 0.33% (dark green) EPO-GFP-posi-
tive RBECs (Fig. 1a). Lipofectamine 3000™ was the most 
promising transfection agent ranging from 21.78 ± 2.9% 
(light purple) to 27.74 ± 1.0% (dark purple) positive EPO-
GFP RBECs. RBECs transfected with PEI showed trans-
fection efficacies of 6.28 ± 2.97% (red), while decreasing 
the cells’ exposure to PEI to only three hours was found 
insufficient for transfection (1.70 ± 0.62% (dark red)) 
(Fig.  1a). When transfecting HeLa cells with the same 
combinations of DNA:transfection agents ratios, more 
than three times as many cells were transfected. Turbo-
fect (0.5  µg) and Lipofectamine 3000™ (1.5  µl) were 
the most potent transfection agents, resulting in approxi-
mately 65% EPO-GFP expressing HeLa cells (green and 
purple). When transfecting the HeLa cells with PEI, an 
~40% transfection rate was observed upon 24 h exposure, 
with again a decrease in percentage of EPO-GFP express-
ing cells, when reducing the exposure time of PEI to 
three hours (blue and red) (Fig. 1b).

EPO-GFP-positive RBECs were seen as green fluores-
cent cells, when examined under the fluorescent micro-
scope, and when immunolabeled with ZO1 (red), which 
is a tight junction protein highly expressed by BCECs, 
the EPO-GFP-positive cells were recognized as BCECs 
(Fig.  1d). RBECs were cultured in monoculture with-
out the induction of any barrier properties, which is also 
observed by the rifled lines in the ZO1 protein expres-
sions at the cell–cell borders. When immunolabeling the 
RBECs using anti-EPO, co-localization between EPO-
GFP and EPO (red) was obvious. More EPO-GFP-posi-
tive cells were observed, when the cells were transfected 
with Lipofectamine 3000™ (0.75  µl) compared to cells 
transfected with Turbofect™ and PEI (Fig. 1d).

The transfected RBECs show low mitotic activity

Dividing cells were reported to be more prone to non-viral 
transfection than non-dividing cells, due to the easy acces-
sibility of the plasmid to the nucleus during cell division 
[62, 63]. RBECs in monoculture were seeded at a high cell 
density two days prior to the transfection studies to ensure, 
the cells had reached a confluent monolayer. However, to 
ensure that the relative high transfection efficacy of RBECs 
in monoculture was not caused by a high mitotic activity, 
cells were incubated with CFDA SE, which is a fluorescent 
tracer that binds and labels intracellular proteins (Fig. 1c). 
When cells divide, the two daughter cells inherit approxi-
mately half the label. RBECs were seeded in 24-well plates 
and left to adhere for 24 h, before being incubated with the 
CFDA SE tracer for 0–72 h. Non-labeled cells were used 
to assess the cells auto fluorescence (black). The lowest 
cell division activity was seen between 24 and 48  h (red 
and purple, respectively) after labeling, which corresponds 
to the timeframe, where the transfection experiments were 
carried out. Between 48 and 72 h (purple and blue, respec-
tively), some of the cells probably started to die (Fig. 1c), 
which caused an increased cell proliferation to ensure the 
monolayer remained confluent, which was also confirmed, 
when the cells were examined under a light microscope 
(data not shown). However, increasing the time of the 
transfection experiments from 24 to 72 h did not increase 
the number of transfected cells (data not shown).

Effect of transfection on the barrier integrity of RBECs 
using a non‑contact co‑culture setup

To investigate the transfection agent’s effect on the RBECs 
barrier properties, RBECs were cultured in a non-contact 
co-culture setup together with astrocytes. RBECs were 
seeded at high cell density on hanging culture inserts and 
left to adhere for 24 h, after which they formed a confluent 
cell layer. The RBECs were then stimulated to exhibit BBB 
properties by co-culturing them with astrocytes and by the 
addition of BBB inducing factors (Hydrocortisone, cAMP, 
and RO). After another 24 h, the RBECs exhibited TEER 
values above 150 Ω*cm2, at which time point the trans-
fection complexes were added. RBECs cultured on hang-
ing culture inserts were previously shown to be non-diving 
[54]. The cells were incubated with the complexes for 24 h, 
and TEER was measured before and after the experiment. 
In all situations, TEER decreased during the 24 h of trans-
fection. However, the most noticeable decrease was seen in 
cells transfected with PEI for 24  h (Fig.  2a). By decreas-
ing the cells’ exposure to PEI to only three hours, a less 
dramatic decrease was observed. RBECs exhibit a tight 
monolayer to small tracers like mannitol and sodium fluo-
rescein as long as TEER remains above 131–150 Ω*cm2 
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Fig. 1   Transfection efficacies in monocultures of RBECs and HeLa 
cells. a Transfection efficacies were analyzed using three different 
transfection agents and different DNA:transfection agents ratios. The 
cells were transfected with a plasmid encoding rat EPO coupled to 
the green fluorescent tag (EPO-GFP). Positively transfected cells are 
therefore recognized as green fluorescent cells. Flow cytometric anal-
ysis was used to count the percentage of transfected cells, and thereby 
determine the most potent transfection agent. Lipofectamine 3000™ 
was the most potent transfection agent resulting in 27.74 ± 1.0% 
EPO-GFP expressing RBECs (dark purple). b HeLa cells were 
used as positive controls and compared to the RBECs transfection 
resulted in more than twice as many positive cells. The percentage 
of positive cells was statistically compared to the non-transfected 
cells using one-way ANOVA with a Dunnett´s multiple comparison 
post hoc test. Data are presented as mean ± SEM (n = 4–8). *P < 0.05, 

**P < 0.01, ***P < 0.001. c To evaluate if this high transfection effi-
ciency was due to high cell division activity of the endothelial cells, 
their cell proliferation activity was analyzed using a CFDA SE assay. 
Here no or very little mitotic activity was observed between 24 and 
48 h (red and purple respectively) after seeding, which corresponded 
to the timeframe during which the transfection studies were per-
formed. d Immunocytochemical staining of RBECs transfected with 
Turbofect™ (1 µg), PEI (2 µg) and Lipofectamine 3000™ (0.75 µl). 
EPO-GFP-positive cells are seen in green, while ZO1 is stained red. 
Double-labeling EPO-GFP-positive cells (green) with an anti-EPO 
antibody (red), co-localization is observed, indicating recombinant 
protein expression is EPO. More EPO expressing cells are observed, 
when the cells are transfected with Lipofectamine. Nuclei are stained 
with DAPI (blue). Scale bar 20 µm
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Fig. 2   Effect on barrier integrity and transfection efficacies in 
RBECs in co-culture with astrocytes. a RBECs, cultured on hang-
ing culture inserts and induced to exhibit BBB properties, were 
transfected with three different transfection agents and different 
DNA:transfection agent ratios for 24 h. The barrier integrity (TEER) 
was monitored and compared to that of non-transfected cells. In all 
setups TEER decreased. The most dramatic drop in TEER occurred, 
when the cells were exposed to PEI for 24 h. However, by decreasing 
the exposure for PEI to three hours, the decrease in TEER was less 
dramatic. TEER values above 150 Ω*cm2 (stifled line) indicate a tight 
endothelial cell layer. Only Turbofect™ and Lipofectamine 3000™ 
remained above this limit. b The difference in %TEER was calculated 
to evaluate the decrease of each situation compared to the control. 
All transfection setups were significantly lower than non-transfected 

cells. Statistical significances compared to non-transfected cells were 
analyzed using one-way ANOVA with a Dunnett´s multiple compari-
son post hoc test. Data are presented as mean ± SEM (n = 12–51). c 
The transfection efficiency using Lipofectamine 3000™ (0.75 µl) on 
RBECs in co-culture were additionally analyzed using flow cytomet-
ric analysis and found to be 8.41 ± 1.21% for Lipofectamine 3000™, 
which is lower than that observed, when the RBECs were in mono-
culture. The percentage of positive cells was statistically compared to 
the non-transfected cells using an unpaired t-test. Data are presented 
as mean ± SEM (n = 5–8). d The expression of EPO was furthermore 
validated using gene expression analysis. It was significantly higher 
in RBECs transfected with Lipofectamine 3000™. The gene expres-
sion was statistically analyzed using an unpaired t-test. Data are pre-
sented as mean ± SEM (n = 4). ***P < 0.001
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(stifled line) [54, 56]. Only RBECs transfected with Turbo-
fect™ (0.5 and 1 µg) and Lipofectamine 3000™ (0.75 µl) 
remained above this point. To evaluate the decrease com-
pared to the decrease also observed in the non-transfected 
cells, the decrease in percentage was calculated for each 
culture insert (Fig. 2b). Non-transfected cells decreased to 
87.87 ± 2.48% after 24  h, while the decrease was signifi-
cantly lower in all the transfected cells. Turbofect™ (1 µg) 
caused the lowest decrease (to 70.36 ± 1.95%), while Lipo-
fectamine 3000™ decreased to 57.57 ± 2.8% after 24 h.

Transfection of RBECs in co‑cultures

Lipofectamine 3000™ (0.75 µl) showed a high transfection 
potential and even though it caused a decrease of 42%, it 
did not cause a total disruption of the BBB properties, we 
decided to move forward using only this transfection agent. 
To ensure that the transfection efficacy was comparable 
between the RBECs in monoculture and RBECs in co-cul-
ture with astrocytes, the transfection efficiency was likewise 
investigated in co-cultures (Fig.  2c). Unfortunately, the 
transfection efficacies of Lipofectamine 3000™ decreased 
to 8.41 ± 1.21%. The expression of EPO was additionally 
investigated at the gene level, and here the relative gene 
expression level of EPO was significantly higher in trans-
fected cells compared to non-transfected cells (Fig. 2d).

Immunolabeling of RBECs in co-culture revealed a 
more continuous expression of ZO1 at the cell–cell bor-
ders of RBECs in both the transfected and non-transfected 
cells (Fig.  3) compared to those cultured in monoculture 
(Fig. 1d). The expression of the ZO1 was, however, more 
continuous in non-transfected cells compared to the trans-
fected cells. Also in the co-culture setup, the EPO-GFP-
positive cells expressed ZO1, and co-localization was seen 
between EPO-GFP and immunolabeled EPO. The co-
localization was especially evident in close proximity to the 
cell nucleus possibly corresponding to the site of the rough 
endoplasmic reticulum and the Golgi apparatus, i.e., the 
site where translation and packing of proteins for secretion 
are located. No EPO-GFP-positive cells or unspecific bind-
ing of the anti-EPO antibody were seen in the non-trans-
fected cells (Fig. 3).

Directional secretion of EPO from genetically modified 
RBECs

Using the in  vitro BBB model, it is possible to define a 
blood and a brain side of the endothelial cells, since they 
become polarized, when cultured on hanging culture inserts 
[54]. EPO is a naturally occurring protein that exhibits 
specific physiological functions following secretion from 
kidney cells to promote proliferation of red blood cells 
[23]. EPO-positive cells would, therefore, theoretically 

secrete this recombinant protein into their surroundings, 
in this case the cell culture medium. Using the in  vitro 
BBB model, it should therefore be possible to assess in 
which direction transfected RBECs will secrete recombi-
nant EPO. Whether EPO is able to cross the BBB is site of 
conflict [22, 26, 64–66]. If EPO can cross the BBB, it will 
not be possible to determine the direction of EPO secre-
tion using the in vitro BBB model. It was therefore inves-
tigated, whether EPO was able to cross the BBB using our 
in  vitro BBB setup. RBECs in co-culture with astrocytes 

Fig. 3   Immunocytochemical staining of RBECs in co-culture with 
astrocytes. The tight junction protein ZO1 (red) was determined in 
cells transfected with Lipofectamine 3000™ and compared to that of 
non-transfected cells. The latter exhibited higher TEER values than 
the transfected cells, which is seen as a continued expression of ZO1 
at the cell borders, while this expression pattern was a little less evi-
dent in the transfected cells. EPO-GFP-positive cells are observed as 
green fluorescent cells, and immunocytochemical staining for EPO 
reveals co-localization between EPO and the GFP tag in the cell cyto-
plasm, especially close to the nucleus, probably corresponding to 
the site of the Golgi apparatus and the rough endoplasmic reticulum. 
Nuclei are stained with DAPI (blue). Scale bar 20 µm
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were incubated with rat EPO (250 pg/mL) added to either 
the upper compartment (blood) or lower compartment 
(brain). Media from both chambers were collected after 
24  h and analyzed using ELISA specifically detecting rat 
EPO. The ELISA analysis revealed no significant transport 
of EPO across the BBB, irrespective to which side of the 
RBEC layer EPO was added (Fig. 4a). Approximately the 
same concentration as added was recovered in the media 
after 24 h (EPO added to upper chamber: 236.9 ± 32.9 pg/
mL; EPO added to lower chamber: 265.9 ± 37.01 pg/mL). 
The sensitivity of the ELISA has some limitations, which 
is also why approximately 6 pg/mL EPO was found in the 
chambers in where no EPO was added. This corresponds 
almost to the same amount as that observed in the opposite 
chambers to where EPO was added (EPO added to upper 
chamber, lower chamber: 9.9 ± 9.38  pg/mL; EPO added 
to lower chamber, upper chamber: 4.7 ± 3.32  pg/mL). 
TEER remained at approximately the same level during 
the study, indicating that the exposure of RBECs to EPO 
did not have any effect on the RBECs barrier properties 
(Fig. 4b). BCECs in vitro express EPO-R [28, 29, 66], but 
since we did not see any transport of EPO, it was investi-
gated whether the RBECs expressed EPO-R. Gene expres-
sion analysis revealed that RBECs express EPO-R, and this 
expression pattern was not significantly different, when the 
cells were transfected with EPO-GFP (Fig. 4c).

Since EPO was unable to cross the barrier of this in vitro 
BBB, the setup was useful in determining the amount and 
direction of recombinant EPO secretion. RBECs co-cul-
tured with astrocytes were transfected with Lipofectamine 
3000™. After 24 h, the media was collected and analyzed 
for the presence of recombinant EPO using ELISA specific 
against rat EPO. Media from non-transfected cells were col-
lected and used in the analysis as negative controls (Fig. 5). 
The primary direction of EPO secretion by the RBEC was 
towards the upper chamber, corresponding to the blood 
side. Transfection with Lipofectamine 3000™ resulted in 
1067.6 ± 108 pg recombinant EPO being secreted towards 
the blood side (upper chamber), while 198.74 ± 47.7  pg 
recombinant EPO was secreted towards the brain side 
(lower chamber) (Fig. 5a). Again, to evaluate the tightness 
of the endothelial cell layer during the experiment to ensure 
EPO was unable to pass though due to a leaky cell layer, 
TEER was monitored during the experiment. A decrease 
in TEER was observed, however not below 150 Ω*cm2 
(Fig. 5b).

Recombinant EPO secreted towards the abluminal 
chamber regulates BDNF expression in the astrocytes

Cells transfected with Lipofectamine 3000™ resulted in 
both secretion of recombinant EPO towards the blood 
and the brain side. Therefore, we examined whether the 

exposure to EPO had any effect on the astrocytes, cultured 
at the brain side in the in vitro BBB setup (Fig. 6). First, 
the presence of GFAP expressing astrocytes was confirmed 
in both situations. We additionally analyzed whether astro-
cytes expressed EPO-R at gene level, which would be an 
indication that astrocytes are able to take up EPO. We 
found expression of EPO-R, and the expression of EPO-R 
was not affected, when the astrocytes were exposed to 
recombinant EPO. EPO has previously been shown to regu-
late the expression of BDNF in neurons [21, 67, 68]. We 
therefore examined whether the exposure to recombinant 
EPO would have any biological effect on the expression of 
BDNF in the astrocytes, and here BDNF was significantly 
upregulated in astrocytes exposed to recombinant EPO, 
compared to astrocytes that had been co-cultured with non-
transfected RBECs (Fig. 6).

Discussion

Screening of different transfection agents to increase 
transfection efficiency of RBECs without disrupting 
BBB properties of the RBECs

We have for the first time successfully genetically modified 
primary isolated RBECs in vitro into protein factories that 
express the recombinant protein EPO, which is a glycopro-
tein showing great neuroprotective potential in a variety of 
neurodegenerative diseases. We have previously reported 
a transfection efficiency of RBECs expressing a red fluo-
rescent protein to be 4% using the transfection agent Tur-
bofect™ [54]. We questioned if this transfection efficiency 
was high enough to observe a significant biological effect 
within the diseased brain. We therefore set out to find a 
more potent non-viral transfection agent, which was able 
to increase this transfection efficiency without disrupting 
the barrier integrity of the RBECs. When using mono-
cultures of RBECs, Lipofectamine 3000™ seemed to be 
a very promising vector with transfection efficacies over 
20%. Lipofectamine 3000™ was also able to increase the 
transfection efficiency of RBECs in co-culture with astro-
cytes to approximately 8% compared to the 4% seen with 
the use of Turbofect™. Compared to Turbofect™, Lipo-
fectamine 3000™ was somehow more compromising to the 
BBB properties of the RBECs, although not to an extent 
that allowed the cells to become leaky. We have previously 
reported on low cytotoxicity, when transfecting RBECs 
with Turbofect™ [54], which is confirmed in the present 
study.

PEI is one of the most widely used cationic polymers 
for transfection both in  vitro and in  vivo and is therefore 
also believed to be the golden standard among the non-viral 
vectors [61]. Previously, different PEI modifications have 
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Fig. 4   Transport of EPO across 
the in vitro BBB model. (a + b) 
Possible transport of EPO from 
the simulated blood side to the 
simulated brain side and reverse 
was examined using RBECs 
in co-culture with astrocytes. 
Rat EPO was added to either 
the upper chamber (blood 
side) or lower chamber (brain 
side) for 24 h, during which 
timeframe the barrier integrity 
was monitored using TEER 
measurements. a Cell culture 
media from upper and lower 
chambers was collected, and the 
concentration of EPO deter-
mined using ELISA specifically 
detecting rat EPO. No transport 
of EPO was seen after 24 h indi-
cating that EPO is not able to 
cross the BBB from either side 
of the barrier. Significant dif-
ferences were analyzed using a 
two-way ANOVA with Sidak’s 
multiple comparisons post hoc 
test. Significant differences 
were not found between the 
lower chamber with EPO added 
to upper chamber and the lower 
chamber with no EPO added, 
or between upper chamber with 
EPO added to lower chamber 
and upper chamber of no EPO 
added, indicating non-signifi-
cant transport of EPO across the 
BBB (n = 6–9). b TEER values 
remained high, and no differ-
ence was seen between the cells 
not exposed to EPO and cells 
exposed to EPO at the brain- or 
blood site (n = 6). c The gene 
expression of EPO-receptors 
(EPO-R) by endothelial cells 
were additionally examined by 
gene expression analysis and 
found to be relative low (n = 4). 
All data are represented as 
mean ± SEM, and statistically 
significant differences compared 
to non-transfected cells were 
analyzed using a one-way 
ANOVA with Dunnett’s multi-
ple post hoc test. ***P < 0.001
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been investigated in order to decrease the cytotoxicity with-
out decreasing the transfection potential and PEI with lin-
ear structures and low molecular weight are believed to be 
less cytotoxic than the branched PEI with higher molecular 
weights [61]. The PEI F25-LMW, used in this study has 
previously been widely examined in vivo in several organs 
and is generally found to be well tolerated [60, 61], pos-
sibly because of an excessive buffering by plasma proteins, 
when present in the circulation. The cytotoxicity observed 
in this in vitro study using PEI-F25 (LMW) has therefore 
not been confirmed, when used in vivo.

BCECs in vivo are characterized as having low endocy-
totic activity compared to endothelial cells of other organs 
[69]. This indicates that RBECs cultured under in vivo-like 
conditions, like in the in vitro BBB model, are less likely to 
take up material by endocytosis than RBECs monoculture 

without BBB properties. The presence of astrocytes might 
also cause a decreased rate of endocytosis in the RBECs 
[70, 71], which might explain the lower transfection effi-
ciency of RBECs in co-culture compared to RBECs in 
monoculture. The highest transfection potential was not 
surprisingly found in HeLa cells. These cells have been 
extensively used for gene transfection experiments [72–75], 
since they have high endocytic activity, are easy to transfect 
and highly susceptible for expressing the newly introduced 
genes, which were also confirmed in this study. HeLa cells 
were primarily included in this study as a positive control 
for the assay, but also as a comparison, in order to better 
analyze the transfection potential of the primary isolated 
endothelial cells.

Directional secretion of recombinant EPO 
from genetically modified RBECs

Gene therapy to BCECs with the purpose of turning the 
BCECs into protein factories for protein secretion into 
the brain parenchyma was previously only studied using 
immortalized brain endothelial cell lines [14, 52]. Thom-
sen et al. [52] studied protein secretion of human GH1 from 
monocultures of immortalized human brain microvascular 
endothelial cell line (HBMEC) and the rat brain endothe-
lial cell line (RBE4) using a similar strategy as reported 
in the present study. They used two different transfection 
agents for nuclear delivery of the plasmid, namely Pullu-
lan–Spermine and Turbofect™. They did not report on the 
transfection efficiency, but they were able to obtain a trans-
fection efficiency high enough to detect the presence of the 
recombinant GH1 secreted into the cell culture medium 
[52]. Jiang et al. [14] were also able to detect secretion of a 
neuroprotective protein after gene transfection. They trans-
fected a mouse brain endothelial cell line (MBEC4) with a 
plasmid encoding the mouse GDNF using the commercially 
available transfection agent Lipofectamine 2000™ [14]. By 
culturing the MBEC4 cells on hanging culture inserts, they 
observed a significantly higher secretion of the recombi-
nant GDNF protein towards the abluminal side (brain) as 
opposed to the luminal (blood) side. This observation was 
important; since it emphasizes that distribution of proteins 
to the brain after luminal transfection might not be an unre-
alistic drug delivery approach. In our study, however, we 
were not able to report on similar findings. We observed a 
secretion pattern, which was mainly luminal, with a signifi-
cantly lower amount reaching the abluminal compartment. 
One might, however, question the integrity of the mon-
olayer used in the study by Jiang and colleagues, since the 
use of immortalized cell lines are, generally, not considered 
the best cell type for obtaining a sufficiently tight in vitro 
BBB model [76, 77]. Additionally, the use of astrocytes, 
astrocyte-conditioned medium, or other tight junction 

Fig. 5   Secretion of recombinant EPO from transfected RBECs in 
co-culture with astrocytes. a RBECs were transfected using Lipo-
fectamine 3000™ (0.75 µl) for 24 h, after which the media from the 
upper and lower chambers were collected, and the concentration of 
recombinant EPO analyzed using an ELISA specifically detecting rat 
EPO. RBECs secreted significantly higher amounts of recombinant 
EPO both towards the luminal and abluminal chambers, compared to 
non-transfected cells. The highest amount of recombinant EPO was 
secreted towards the luminal chamber (blood side). b TEER values 
were monitored during transfection and did not decrease below 150 
Ω*cm2, meaning the RBEC cell layer remained intact. Significant dif-
ferences were calculated using a one-way ANOVA with Sidaks multi-
ple comparison post hoc test. All data are represented as mean ± SEM 
(n = 10–19) **P < 0.001, ***P < 0.001
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inducing agents is often necessary to stimulate the integrity 
of the endothelial cell layer [76], of which they used nei-
ther [14]. We observed a high amount of recombinant EPO 
in the abluminal compartment, when the RBECs barrier 
integrity had dropped below approximately 130 Ω*cm2, 
indicating that RBEC layer was leaky even to larger pro-
teins like EPO of 30.4 kDa [GFP tag (27 kDa)], when the 
barrier integrity was compromised (data not shown). Jiang 
and colleagues [14] evaluated the tightness of the polarized 
MBEC4 cell layer prior to their transfection experiments by 
Evans blue dye-binding bovine serum albumin, but they did 
not evaluate the impact of the transfection on this tightness. 
It might therefore had become leaky because of transfec-
tion. For their transfection studies, they used Lipofectamine 
2000™, which according to the manufacture’s are more 
toxic than the newer version, Lipofectamine 3000™, 
which we observed had a significant impact on the barrier 
integrity. Jiang and colleagues also attempted the strategy 
in vivo in rats by intra carotid artery injection of Hemag-
glutination virus of Japan (HVJ)-mGDNF-liposomes, and 
observed a marked increase in brain levels of GDNF for up 
to 12 days. When they attempted the same in rats with a 
retrograde 6-hydroxydopamine (6-OHDA) lesion, GDNF 
showed protective effects on neurons [14], indicating that 
in  vivo BCECs secrete therapeutic levels of the recombi-
nant proteins into the brain tissue.

We speculated whether the lower concentration of EPO 
in the abluminal compartments could be caused by the 
presence of astrocytes in the abluminal compartments. 

Astrocytes express EPO-R [27] and could therefore take 
up the secreted recombinant EPO and clear it from the 
abluminal compartments. We therefore repeated the study 
using astrocyte-conditioned media to induce BBB proper-
ties instead of astrocytes. We did, however, not detect any 
change in the amount of recombinant EPO present in the 
abluminal compartment, indicating that the astrocytes did 
not clear EPO from the media. This was additionally con-
firmed by the fact that it was possible to recover the added 
concentration of EPO, which was added to the abluminal 
chamber in the EPO transport study (Fig.  4a). We then 
wondered whether EPO was trapped in the filter support of 
the hanging culture inserts. However, when the BBB prop-
erties of the cell layers were compromised (TEER >130 
Ω*cm2), EPO could readily pass through the culture 
inserts, indicating that this was not the case.

Gene therapy as a drug delivery strategy for transport 
through the BBB

An important aspect to discuss is the possible side effects 
of this strategy. Transfection of BCECs in  vivo will also 
result in a higher amount of the recombinant protein circu-
lating in the blood. Unfortunately, in the previously men-
tioned study by Jiang et al., they did not analyze the impact 
of increasing circulatory levels of GDNF on other organs 
of the body than the brain [14]. However, a more recent 
study attempted to deliver GDNF across the BBB of Par-
kinson’s monkey by means of a Trojan horse technology, 

Fig. 6   Effect of recombinant EPO expression by RBECs on astro-
cytes. GFAP-positive astrocytes were cultured at the brain side 
(lower chamber) in the in vitro BBB model and therefore exposed to 
the recombinant EPO secreted by the RBECs transfected with Lipo-
fectamine 3000™. Astrocytes were able to take up secreted recom-
binant EPO due to their expression of EPO-receptors (EPO-R). The 

astrocytes exposed to recombinant EPO had a higher gene expression 
level of BDNF compared to astrocytes, which were cultured together 
with non-transfected RBECs and not exposed to EPO. Significant dif-
ferences were calculated using an unpaired t-test. All data are repre-
sented as mean ± SEM (n = 6–8). **P < 0.001
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to which GDNF where coupled to a monoclonal antibody 
against the insulin receptor [78]. They did not observe any 
measurable improvements in the animals, but when assess-
ing other organs than the brain, they found that the animals 
had developed pancreatic cancer. This study clearly empha-
sizes the risk of increased systemic amount of recombinant 
proteins of therapeutic potential within the brain on other 
organs of the body. The strategy of turning BCECs into pro-
tein factories might therefore not be a feasible strategy for 
all proteins. In our study, we have attempted to increase the 
availability of EPO within the brain tissue. EPO is a natu-
ral blood circulating protein; however, prolonged increased 
amounts of circulating EPO might cause side effects like 
seizures, hypertension, stroke, myocardial infarction, con-
gestive heart failure, and tumor progression [79]. Studies 
have, however, shown that high levels of recombinant EPO 
are well tolerated [65, 80–82]. Other diseases, in which this 
strategy for delivery of genes into the BCECs for protein 
secretion to the brain might be useful, could be in the treat-
ment of lysosomal storage diseases. More than 50 differ-
ent lysosomal storage diseases exist with the majority of 
them characterized by the accumulation of storage material 
in somatic and nervous system cells, due to lack of certain 
enzymes involved in metabolic degradation of waste prod-
ucts in the lysosomes [83, 84]. Normally, cells of the brain 
will release lysosomal enzymes, which will be taken up 
by adjacent cells [45]. Therefore, by genetically modify-
ing the BCECs to express and secrete the missing enzyme 
into the brain tissue, the missing enzyme becomes avail-
able for degradation of metabolic waste products in the dis-
eased cells, a process known as cross-correction. The fact 
that the BCECs also secretes the recombinant protein into 
the circulation might in this case only be beneficial, as the 
enzyme is missing in all organs and tissues.

The large neuroprotective potential of EPO within the 
brain has resulted in several attempts to increase the pres-
ence of blood circulating recombinant EPO within the 
brain. Several study’s claim that EPO is able to cross the 
BBB [22, 64, 65], while other studies were not able to 
obtain transport across the BBB [66], unless the BBB was 
compromised [85]. Several in vivo studies have shown that 
less than 1% of injected dose are able to cross the BBB, 
and in order to measure this transport of EPO, very high 
levels of recombinant EPO must be systemically admin-
istered [79, 86]. It is a consensus that brain capillaries 
express EPO-R [22, 28, 29], which was also confirmed in 
this study. Despite this, several studies fail to show that 
EPO enters the brain via a receptor mediated transport 
system [23, 64, 65], but instead points to an extracellular 
pathway similar to that of albumin [64], which might also 
explain why high systemic injection doses are necessary 
for BBB transport. In accordance with many of the stud-
ies on EPO transport across the BBB, we did not observe 

any significant transport of EPO across the in  vitro BBB 
model, despite the presence of EPO-R on the RBECs. In 
another in  vitro BBB study using bovine BCECs co-cul-
tured with rat astrocytes, it was shown that EPO was trans-
ported across the BCEC layer and that this transport could 
be decreased in the presence of an anti-EPO-R antibody, 
indicating that the transport of EPO was EPO-R dependent 
[28]. The transport of EPO was additionally observed both 
in the luminal to abluminal and abluminal to luminal direc-
tion, with the highest transport being luminal to abluminal 
[28]. We did not observe any significant transport of EPO 
in any direction; however, it cannot be excluded that this is 
due to lower concentrations of EPO added to the cell cul-
ture medium. The concentrations used in our assay were 
determined by the sensitivity of the ELISA used. The study 
using bovine BCECs in co-culture with astrocytes addition-
ally showed that EPO was able to protect the BBB model 
against vascular endothelial growth factor-induced perme-
ability. EPO added alone were likewise able to significantly 
decrease the BBB permeability [28]. In contrast, we did not 
observe any difference in TEER measurement between cul-
tures incubated with EPO either at the luminal or abluminal 
side, compared to RBECs not incubated with EPO. TEER 
and permeability measures are not directly comparable, and 
it can therefore not be excluded that EPO might have an 
effect on the RBECs permeability.

Recombinant EPO secreted towards the abluminal 
chamber exert a biologic effect in the astrocytes

EPO has been postulated to be a potential target in the 
treatment of depression and has been shown to exert neu-
rotrophic and neuroprotective properties by binding to 
EPO-R in the brain, and it is also believed to have antide-
pressants effects [21]. Depression is often associated with 
a lower level of BDNF within the brain [87, 88] and stud-
ies have shown that EPO is capable of altering the expres-
sion of BDNF [21, 67, 68]. With EPO being a cytokine 
expressed by several brain cells, including astrocytes, 
which express the EPO-R receptor, EPO might have a par-
acrine and autocrine effect on cells-like astrocytes [21]. 
Even though we observed lower levels of recombinant EPO 
secreted to the abluminal chamber than the luminal cham-
ber, we wondered whether it was enough to measure any 
biological function on the astrocytes located in the ablu-
minal compartment. We therefore confirmed the expres-
sion of EPO-R in astrocytes and subsequently examined 
the gene expression level of BDNF in astrocytes exposed 
to the secreted recombinant EPO, and compared it to the 
level in astrocytes, which had not been exposed to recombi-
nant EPO. BDNF was significantly increased in astrocytes 
exposed to secreted amounts of recombinant EPO, indicat-
ing that the levels of secreted recombinant EPO exerted a 
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biological change in the cultured astrocytes. This observa-
tion is in consensus with other studies showing that EPO 
is able to increase or restore the gene expression levels of 
BDNF in hippocampus [21, 67] and in primary cultured 
hippocampal neurons [68].

Translation from in vitro to in vivo

In the present study, we have explored the possibility of 
using gene therapy to the BBB in  vitro, since there are 
less variables to consider than when examining the BBB 
in  vivo. For the purpose, we have used an in  vitro BBB 
model that mimics the in vivo situation as closely as pos-
sible. The results presented in this paper does therefore 
not directly translate to the in vivo situation in its current 
state. When BCECs are cultured on hanging culture inserts, 
they become polarized and have a defined apical, lateral, 
and basal membrane. This made it possible to evaluate the 
direction of secretion of the recombinant proteins. Whether 
the secretion of recombinant proteins will be different 
when studied in vivo is unknown, and of course, it needs 
to be evaluated. Additionally, it could be highly relevant to 
examine the mechanisms that directs secretion of recombi-
nant proteins towards either the brain or the blood side, and 
to investigate whether this could be manipulated to increase 
the degree of recombinant proteins reaching the CNS. Fur-
thermore, in vivo the BBB carries a dense negative charged 
glycocalyx on its luminal surface [89] that might negatively 
influence the uptake of the DNA:vector complex into the 
BCECs. We did not examine whether the glycocalyx is pre-
sent, when the RBECs are cultured in vitro; however, the 
presence of a glycocalyx layer has previously been con-
firmed in an in vitro BBB model using immortalized mouse 
brain endothelial cells (bEnd3) [90]. For future in vivo stud-
ies, the choice of transfection agent and BBB targeting also 
need consideration. Intravenous injection of Lipofectamine 
3000™ will not result in BBB specific transfection; how-
ever, intracarotid injection might enhance the bioavailabil-
ity of the vector complex to the BBB endothelium. Several 
modifications to this protein delivery strategy need to be 
modified in order to examine the strategy in vivo. First of 
all, the vector should be designed to specifically target the 
BBB endothelium, e.g., by the use of a nanocarrier that has 
BBB specific targeting moieties on its surface, and the vec-
tor should be protected from blood-borne molecules. An 
alternative approach to specifically target the CNS could 
be through direct intraparenchymal injection, directly into 
the ventricles, or into the cerebrospinal fluid (CSF) to target 
the blood–CSF barrier. Even though this is a highly inva-
sive route for administration, several studies have exploited 
these pathways with success primarily using viral vectors 
[91, 92].

Conclusions

We have established a method to deliver secretory neu-
roprotective proteins across the BBB and into the brain 
parenchyma by transferring genetic material into BCECs. 
Using primary isolated RBECs in co-culture with primary 
rat astrocytes, we show that BCECs take up and process the 
genetic material into recombinant proteins, which they sub-
sequently secrete in the direction of both blood and brain. 
Turning BCECs into protein factories could be done with-
out compromising the barrier properties of the BCECs, and 
the BCECs could be transfected with a sufficiently high 
transfection efficacy to yield recombinant protein reaching 
the brain side to exert a biological function in astrocytes. 
We therefore show that gene therapy to the BBB is a fea-
sible drug delivery strategy, which result in protein expres-
sion and secretion of recombinant protein towards the brain 
tissue.
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