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monophosphate sodium salt; CLDS5, Claudin 5; CNS, central nervous system; DAPI, 4',6-diamidino-2-
phenylindole dihydrochloride; DMEM, Dulbecco's Modified Eagle Medium; DMSO, dimethyl sulfoxide;
ELISA, Enzyme-Linked Immunosorbent Assay; FCS, Fetal Calf serum; HC, Hydrocortisone; LSD,
Lysosomal storage disease; MPR300, Mannose-6-phosphate receptor (Cation independent); MG6P,
Mannose-6-phosphate; NPC2, Niemann Picks disease type C2 protein; OCLN, Occludin; OFP, Orange
fluorescent protein; Papp, apparent permeability; PBS, phosphate-buffered saline; PDS, Plasma-derived
bovine serum; rBCECs, rat brain capillary endothelial cells; RO, 4-(3-Butoxy-4-methoxybenzyl)-2-
imidazolidinone; TEER, trans-endothelial electrical resistance; TMB, Tetramethylbenzidine; WT, Wild
type; ZO1 and ZQO2, zonula occludens 1 and 2.
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ABSTRACT

Treatment of many diseases affecting the central nervous system (CNS) is complicated by the inability of
several therapeutics to cross the blood-brain barrier (BBB). Genetically modifying brain capillary
endothelial cells (BCECs) denotes an approach to overcome the limitations of the BBB by turning BCECs
into recombinant protein factories. This will result in protein secretion towards both the brain and
peripheral circulation, which is particularly relevant in genetic diseases, like lysosomal storage diseases
(LSD), where cells are ubiquitously affected both in the CNS and the periphery. Here we investigated
transfection of primary rat brain capillary endothelial cells (rBCECs) for synthesis and secretion of
recombinant NPC2, the protein deficient in the lysosomal cholesterol storage disease Niemann-Pick type
C2. We demonstrate prominent NPC2 gene induction and protein secretion in 21 % of BCECs in non-
mitotic monocultures with a biological effect on NPC2 deficient fibroblasts as verified from changes in
filipin III staining of cholesterol deposits. By comparison the transfection efficiency was 75 % in HeLa-
cells, known to persist in a mitotic state. When co-cultured with primary rat astrocytes in conditions with
maintained BBB properties 7 % BCECs were transfected, clearly suggesting that induction of BBB
properties with polarized conditions of the non-mitotic BCECs influences the transfection efficacy and
secretion directionality. In conclusion, non-viral gene therapy to rBCECs leads to protein secretion and
signifies a method for NPC2 to target cells inside the CNS otherwise inaccessible due to the presence of
the BBB. However, obtaining high transfection efficiencies is crucial in order to achieve sufficient

therapeutic effects.
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INTRODUCTION

The restrictive functions of the blood-brain-barrier (BBB) constitute a major hurdle in the development of
new therapies for diseases affecting the central nervous (CNS) such as neurodegenerative disorders,
neurovascular diseases, neurological infections, and CNS tumors (Pardridge 2005). In close contact with
pericytes and astrocytic end-feet, the BBB is composed of brain capillary endothelial cells (BCECs), which
comprise a physical and biological barrier, separating the CNS from the circulation. The BBB is crucial for
the maintenance of a stable microenvironment within the CNS including protection from entry of
potentially harmful substances, which is essential for ideal neuronal function (Daneman et al. 2010; Abbott
et al. 2009; Alvarez et al. 2011; Misje Mathiisen et al. 2010; Armulik et al. 2010). Numerous different
approaches have been investigated with the aim of overcoming this hurdle, including direct infusion into
the BBB, temporarily opening of the BBB, and exploiting existing BBB transport mechanisms. However,
these are often associated with a risk of severe adverse events, lack of specificity or poor distribution within

the CNS (Assmann et al. 2016; Tajes ef al. 2014; Johnsen et al. 2017; Johnsen and Moos 2016).

Instead of trying to overcome the limitations of BBB, another strategy uses the BBB as a target for drug
delivery by genetically modifying the BCECs to produce and secrete therapeutic molecules to the brain
(Burkhart et al. 2017; Jiang et al. 2003; Thomsen et al. 2011; Chen et al. 2009). As the neurons within the
CNS are rarely located more than 8-20 um from the capillaries, molecules secreted by the BCECs will be
available throughout the entire brain with a minimum need for passive diffusion through the extracellular
space (Abbott et al. 2006). Genetically modifying the BCECs thus represents a novel and promising
strategy for drug delivery to the CNS (Déglon and Hantraye 2005). However, this strategy is very
dependent on the use of an ideal vector for gene delivery. Both viral and non-viral vectors have been
studied comprehensively throughout the years and while viral vectors are still generally considered to
induce the highest level of gene modification, non-viral vectors are generally considered safer to use, due to
a lower risk of immunological and pathogenic reactions (Choong et al. 2016; Simonato et al. 2013). We
have previously shown that non-viral gene therapy can induce secretion of growth hormone and
erythropoietin from BCECs in the direction of both the blood and the brain (Thomsen ef al. 2011; Burkhart
et al. 2017). While secretion towards the blood side of the BBB could involve a serious risk of adverse
events in diseases solely affecting the CNS, it has the potential for delivery of protein to all cells in the
body, including the CNS, which is especially relevant in diseases involving a global protein deficiency.
This is the case in a number of rare genetic metabolic diseases like the lysosomal storage diseases (LSD),
which are characterized by lysosomal dysfunctions due to either enzymatic or non-enzymatic protein

deficiencies (Ashtari ef al. 2016).
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Niemann-Pick type C (NPC) disease denotes a specific LSD in which the lysosomal dysfunction is caused
by a deficiency in either of two lysosomal cholesterol transporters, NPC1 or NPC2 (Ashtari et al. 2016;
Vanier and Millat 2004; Storch and Xu 2009). It is a rare autosomal recessive disease with a clinical
incidence of approximately 1:100,000 of which mutations in the NPC2 gene comprises 5% of the cases,
while 95 % of the cases are caused by mutations in the NPC1 gene (Vanier 2010). However, the disease is
believed to be significantly underdiagnosed due to a lack of clinical awareness (Vanier 2010). It is a severe
disease with a broad variety of both systemic and CNS symptoms, which results in premature death in
almost all cases (Vanier 2010). About 10 % of the patients die before six months of age, while others live
for years, but rarely survive beyond 30 years of age (Vanier and Millat 2003; Wraith et al. 2009).
Currently, the treatment options for these patients are mainly symptomatic (Vanier 2010). The only specific
treatment, approved for this disease, is the glucosylceramide synthase inhibitor, Miglustat, which is able to
delay the onset of symptoms and thereby increase survival but still without curing the disease (Vanier
2010; Patterson and Walkley 2017). While the NPC1 gene results in a large protein situated in the
membranes of the lysosomes, the NPC2 gene encodes a small soluble protein, which can be both secreted
and taken up by adjacent cells via the mannose-6-phosphate receptor (MPR300) (Fig. 7) (Storch and Xu
2009; Sands and Davidson 2006), making Niemann Picks type C2 disease an interesting candidate for gene
therapy at the BBB. In other lysosomal storage disorders, this ability of cells to take up extracellular
lysosomal enzymes and subsequently transport these to the lysosomes has been used for enzyme
replacement therapies with varying outcomes (Beck 2009; Lim-Melia and Kronn 2009; Rohrbach and
Clarke 2007; Fratantoni et al. 1968). Nevertheless, this approach has also been tested in a mouse model of
Niemann-Picks disease type C2, where systemic injection of bovine NPC2 (bNPC2) protein, induced
several visceral improvements (Nielsen ef al. 2011). However, no significant improvements in neurological
symptoms were observed following the systemic protein injections, indicating an inability for NPC2 to

cross the BBB (Nielsen ef al. 2011).

In this study, we aim at evaluating the potential of our previously proposed strategy of using gene therapy
at the BBB to induce protein secretion to the CNS (Burkhart et al. 2017) by genetically modifying the
BCEC:s to produce and secrete NPC2. Furthermore, we investigate the effect of recombinant NPC2 secreted
from genetically modified cells on NPC2 deficient fibroblasts from a heterozygous NPC2 patient.
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MATERIALS AND METHODS

The following reagents were purchased from Merck KGaA (Darmstadt, Germany, DE): 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 (HC) (Cat. No. H4001),
Dimethyl Sulfoxide (DMSO) (Cat. No. D2650), 8-(4-Chlorophenylthio)adenosine 3’,5'-cyclic
monophosphate sodium salt (CTP-cAMP) (Cat. No. C3912), 4-(3-Butoxy-4-methoxybenzyl)imidazolidin-
2-one (RO) (Cat. No. B8279), 3,3’,5,5’-Tetramethylbenzidine (TMB) (Cat. No. 860336), Hydrogen
peroxide solution (Cat. No. 88597), Paraformaldehyde (Cat.No. 441244), Triton™-X-100 (Cat. No. X100),
4',6-Diamidino-2-phenylindole dihydrochloride (DAPI) (Cat. No. D9542), Filipin III from Streptomyces
filipinensis (Cat. No. F4767), TWEEN® 20 (Cat. No. P1379), and Poly(ethylene glycol) (Cat. No. 81260).
The following reagents were purchased from Life Technology (Naerum, Denmark, DK): Fetal calf serum
(FCS) (Cat. No. 10270), Dulbecco's Modified Eagle Medium consisting of nutrient Mixture F-12
(DMEM/F-12) (Cat. No. 31331), DMEM (low glucose) (Cat. No. 21885), DMEM (high glucose) (Cat. No.
31966), Trypsin (Cat. No 15090-46), and phosphate-buffered saline (PBS) (Cat. No SH3025802). Greiner
bio-one Thincert cell culture insert for 12 well plates, with a transparent polyethylene terephthalate (PET)
membrane and a pore diameter of 1 pm (Cat No. 665610) were purchased from In Vitro (Fredensborg,
Denmark, DK). Basic fibroblast growth factor (Cat. No. 100-18B) was purchased from PeproTech Nordic
(Stockholm, Sweden, SE). Gentamicin Sulfate (Cat.No. 17-518Z) was purchased from Lonza Copenhagen
(Vallensbaek Strand, Denmark, DK). Plasma-derived bovine serum (PDS) (Cat. No. 60-00-810) was
purchased from First Link (Wolverhampton, United Kingdom, UK). Bovine serum albumin (BSA) (Cat.
No. EQBAH62) was purchased from Europa Bioproducts (Cambridge, United Kingdom, UK).
Fluorescence mounting media (Cat. No S3023) was purchased from DAKO (Glostrup, Denmark, DK).
GelRed™ Nucleic Acid Gel Stain (Cat. No. 41008) was purchased from VWR (Sgborg, Denmark, DK).
CytoFLEX Daily QC Fluorospheres (Cat. No. B53230) was purchased from Beckman Coulter
(Copenhagen, Denmark, DK).

The following antibodies were purchased from Merck KGaA (Darmstadt, Germany, DE): Rabbit anti-
Claudin 5 (CLDS5) antibody (Cat no SAB4502981), mouse anti-vimentin antibody, clone V9 (Cat. No.
MAB3400), rabbit anti-occludin (OCLN) antibody (Cat. No. ABT 146). The following antibodies were
purchased from Life Technology (Naerum, Denmark, DK): Rabbit anti-zonula occludens 1 (ZO1) (Cat. No.
61-7300), rabbit anti-zonula occludens 2 (ZO2) (Cat. No.71-1400), Alexa Fluor 488-conjugated goat anti-
rabbit IgG (Cat. No. A11034), Alexa Fluor 594-conjugated goat anti-rabbit IgG (Cat. No. A11037), and
Alexa Fluor 488-conjugated donkey anti-mouse IgG (Cat. No. A21202). Mouse anti-NPC2 (D3) antibody
(Cat No. sc166449, Santa Cruz Biotechnology) was purchased from AH Diagnostics (Aarhus, Denmark,
DK). Rabbit anti-NPC2 antibody (Cat. No. TA332678) was purchased from Origene. Rabbit anti-MPR300
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(Cation independent) antibody (Cat. No. AB32815) was purchased from Abcam. Human NPC2 ELISA pair
set (Cat. No. SEK13341) from Sino Biological Inc. was purchased from Nordic BioSite (Copenhagen,
Denmark, DK).

Human NPC2 Gene ORF cDNA clone expressing plasmid, C-OFPSpark tag (Cat. No. HG13341ACR)
from Sino Biological Inc. was purchased from Nordic BioSite (Copenhagen, Denmark, DK).
Lipofectamine 3000™ (Cat. No. L3000) and Genelet plasmid Midiprep kit (Cat. No. K0481) were
purchased from Life Technology (Naerum, Denmark, DK). Macherey—Nagel NucleoBond Xtra Midi EF
plasmid DNA purification kit (#740420.50) was purchased from AH Diagnostics (Aarhus, Denmark, DK).
Competent CG5 Escherichia coli strain (Cat. No. G3169) were purchased from Merck KGaA (Darmstadt,
Germany, DE). 3H D-Mannitol (Cat. No NET101250UC) and Ultima Gold™ liquid scintillation cocktail
(Cat. No. 6013326) were from PerkinElmer (Skovlunde, Denmark, DK).

Cell cultures

Primary cultures of rat brain capillary endothelial cells (rBCECs) were obtained from two to three week old
Sprague Dawley rats (a mixture of female and male) as described previously (Burkhart er al. 2015b;
Burkhart et al. 2015a). All procedures and handling of rats were approved by the Danish National Council
for Animal Welfare (License no. 2013-15-2934-00893). Rats used in the experiment were obtained from in-
house breeding while adult rats used for breeding were purchased from Javier labs. The pups were caged
together with their mother until used in the experiment and all animals had unrestricted access to food and
water and were housed under temperate conditions on a 12-hour light/dark cycle. All animals were
sacrificed by decapitation between 8-9 am. Before decapitation of the rats, they were deeply anesthetized
using isoflurane to avoid unnecessary interventions, and a total number of 18 rats were used for these
experiments corresponding to two isolations of primary rBCECs. Isolated rBCECs were either cultured
directly after isolation or frozen as capillaries for later use (FCS supplemented with 10% DMSO). All
surface areas for culturing rBCECs were coated twice with collagen IV and fibronectin. rBCECs were
maintained in rBCECs media consisting of DMEM-F12 supplemented with 10% PDS, 10 pg/ml Insulin
transferrin sodium selenite, Ing/pul basic fibroblast growth factor and 10pg/ml gentamicin sulfate.
Puromycin (4pg/ml) was added to the rBCECs media for the first three days of culturing to remove
potential contamination by pericytes (Perriére et al. 2005; Calabria et al. 2006), and rBCECs were not used
for co-culture experiments with primary astrocytes until three days after isolation.

Primary astrocytes were obtained from two to three days old Sprague Dawley rats as described previously
(Burkhart et al. 2015b). Astrocytes were maintained in astrocyte media consisting of DMEM (low Glucose)

supplemented with 10% FCS and 10ug/ml gentamicin sulfate and all surface areas for astrocytes were
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coated with poly-L-lysine. Astrocytes were cultured for a minimum of two weeks in T75 flasks before
being frozen (astrocyte media supplemented with 20% FCS (30 % in total) and 7.5 % DMSO) for later use
or seeded directly in 12 well plates at a density of 30,000 cells/cm? for co-culture experiments. Prior to co-
culturing with rBCECs, the astrocytes were cultured for additionally two weeks without passaging to
ensure a completely confluent monolayer of astrocytes.

To co-culture tBCECs with astrocytes, TBCECs were seeded at a density of approximately 100,000
cells/cm? on hanging culture inserts and left to adhere to the filter to obtain a confluent monolayer the
following day. Induction of tight junctions and barrier integrity in the -BCECs was stimulated by moving
the hanging filter insert containing rBCECs to the 12-well plate containing astrocytes and by the addition of
CTP-cAMP (250uM), RO (17.5uM) and HC (550nM) to the media in the upper chamber and HC (550nM)
to the media of the lower chamber. The media composition in the upper chamber were rBCECs media,

while the lower chamber was a combination of rBCECs media and astrocyte conditioned media (1:1).

rBCEC were additionally seeded in collagen/fibronectin-coated 24 well plates at a cell density of
approximately 100,000 cells/cm? to ensure a 100% confluent monolayer, and hereafter referred to as

monocultures. All primary cells were used at passage P#1

The cervix cancer cell line HeLa (maximum passage number used P#15 after purchase from ATCC) was
used as a positive control for transfection and protein secretion, as this cell line is easily transfected
(Burkhart et al. 2017). HeLa cells were cultured in uncoated 24 wells plates and maintained in astrocyte
media. HeLa cells were seeded at a cell density of 15,000 cells/cm? two days prior to experiments to ensure

an 80-90% confluent monolayer.

Wild type (WT) human skin fibroblasts (GM08680) (maximum passage number used P#6) and NPC2
deficient human skin fibroblasts cell line (GM18455) (maximum passage number used P#10) (Nielsen et
al. 2011) were maintained in DMEM (high glucose) supplemented with 10% FCS and 10pg/ml gentamicin
sulfate. The NPC2 deficient human skin fibroblast cell line (GM18455) contains a missense mutation on
one allele changing residue Cys-28 to Phe resulting in a disrupted di-sulfate bridge causing NPC2 to
misfold. The other allele contains a nonsense mutation changing the residue Glu-1 to a stop codon,
resulting in a truncated protein. Both fibroblast cell lines were seeded in uncoated 24 well plates at a

density of 6,000 cells/cm?.

None of the cell lines used are listed as a commonly misidentified cell line by the International Cell Line
Authentication Committee and no further authentication, besides immunolabeling for cell-specific markers,

was performed in the laboratory.

Transfection assay
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Transfection was performed on rBCECs in co-culture with astrocytes, rBCECs in monoculture,
monocultures of HeLa cells, and monocultures of NPC2 deficient fibroblasts. The cells were transfected to
express the human version of the NPC2 gene using a pCMV3-C-OFPSpark plasmid. The plasmid was
propagated in competent CG5 Escherichia E-Coli strain by heat shock transformation and the plasmid
DNA was purified using the NucleoBond Xtra Midi EF plasmid DNA purification kit following
manufactures instruction.
All cells were transfected using Lipofectamine 3000™. Prior to transfection, all cells received fresh media.
The media used for rBCECs (both mono and co-culture) was changed to contain FCS instead of PDS. The
following transfection protocol applies to a single 12 well-hanging filter insert or a single well in a 24 well
plate both containing 750ul media. In one tube 0.5pg plasmid DNA was diluted in 25u1 DMEM-F12
(rBCECs), DMEM low glucose (HeLa) or DMEM high glucose (Fibroblasts) together with the P3000
reagent (2ul/ug DNA). In another tube, 0.75ul Lipofectamine 3000™ was diluted in 25u]l DMEM-F12
(rBCECs), DMEM low glucose (HeLa) or DMEM high glucose (Fibroblasts). Both solutions were mixed
well and left to incubate at room temperature for 5 min before the Lipofectamine 3000™ solution was
added to the diluted DNA. The combined mixture was mixed well and incubated at room temperature for
15 min for DNA:Lipofectamine 3000™ complexes to form. The DNA: Lipofectamine 3000™ complexes
were added to the cells for 24 hours (rBCECs and HelLa) or 48 hours (Fibroblasts). At the end of the
transfection period, the media was collected and stored at -80°C for later use (ELISA and NPC2

replacement assay) and the transfected cells were used either for flow cytometry or immunocytochemistry.

Evaluation of barrier integrity

To evaluate whether transfection of the rBCECs in co-culture had any effect on the barrier integrity of the
rBCECs cell layer, both the trans-endothelial electrical resistance (TEER) and the passive permeability of
Mannitol (182 Da) were determined. TEER was measured, using a MiliCell ERS-2 epithelial volt-ohm
Meter and a STXO01 chopstick electrode (Millipore, Hellerup, Denmark, DK). TEER was calculated by
subtracting TEER values of double-coated but cell-free hanging filter inserts from the measured TEER
values of co-cultures. The difference was multiplied with the filter area (1.12cm?) and given as Q*cm?.
TEER was measured for rBCECs in co-culture prior to transfection and again at the end of transfection.

The passive permeability was measured by the addition of 1uCi/ml 3H-D-Mannitol (Specific activity 15.9

Ci/mol) (Burkhart et al. 2015b; Thomsen ef al. 2015) to the upper chamber of the filter insert at the end of
the 24-hour transfection period. TEER was measured prior to the addition of Mannitol, and the cells were
incubated for 2 hours at 37°C under mild agitation. During the incubation period donor samples (100pul)
were taken from the upper chamber at 0 and 2 hours, while receiver samples (100ul) were taken from the

lower chamber at 0, 15, 30, 60 and 120 min and replaced with equal amounts of fresh media. Samples were
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added with Ultima Gold™ liquid scintillation cocktail and counted in a Hidex 300SL liquid scintillation
counter (Kem-En-Rec Nordic, Taastrup, Denmark). The total amount of millimoles transported in each well
was plotted against time and the flux at steady state calculated as the slope of the straight line divided by
the area of the filter insert (1.12 cm?). The apparent permeability (Papp) was then calculated by dividing the
flux at steady state with the initial concentration in the donor upper compartment. The calculated Paap data
were plotted against TEER values for each individual filter insert or collectively plotted regardless of

TEER.

Transport of NPC2 across the BBB

NPC2 has been shown not to be able to cross the BBB in vivo (Nielsen et al. 2011), however, this might
not be the case when studied in vitro. Therefore, the potential transport of NPC2 across the BBB was
determined using the co-culture model. To study both the luminal to abluminal and abluminal to luminal
transport (leakage) of NPC2, 5ng/ml human NPC2 standard (provided in the ELISA kit) were added to
either the upper or the lower chamber at the point of high TEER. 24 hours later, media from the upper and

lower chambers were collected and stored at -80°C for later analysis with ELISA.

Enzyme-Linked Immunosorbent Assay (ELISA)

The concentration of NPC2 in the media after transfection, the direction of secretion (upper or lower
chamber), and the possible transport of NPC2 across the BBB was evaluated using an NPC2 ELISA pair
kit based on a solid phase sandwich ELISA. All incubations were performed at room temperature, except
when stated otherwise, under mild agitation. ELISA plates were incubated with 2pg/ml capture antibody
in PBS (136.9 mM NaCl, 10.1 mM Na,HPO,, 2.7 mM KCI, 1.8 mM KH,PO,, pH 7.4) overnight at 4°C.
The capture antibody was aspirated, and the plate washed three times in a wash buffer consisting of 0.05%
Tween20 in TBS (20 mM Tris, 150 mM NaCl, pH 7.4) before being incubated with blocking buffer (2%
BSA in wash buffer) for at least one hour. Prior to the addition of media samples, the blocking buffer was
aspirated, and the plate washed three times. A seven-point standard curve using two-fold serial dilutions
ranging from 10ng/ml to 0.156ng/ml was prepared as well. Standards were diluted in sample dilution
buffer (0.1% BSA in wash buffer, pH 7.2 - 7.4). The plate was then incubated with media samples or
standard for two hours. Samples and standards were aspirated, and the plate washed three times.
0.15png/ml detection antibody diluted in antibody dilution buffer (0.5% BSA in wash buffer) was added
and the plate incubated for another hour. The aspiration and washing steps were repeated before the
addition of a substrate solution consisting of 10mg/ml TMB in DMSO and 3 % H,0, diluted 1:100 and
1:1250, respectively, in substrate dilution buffer (0.05M Na,HPO,, 0.025M citric acid, pH 5.5). The
reaction was stopped after 20 min incubation by the addition of 2 N H,SO, and the optical density for each
well determined using an EnSpire® Multimode Plate Reader (Perkin Elmer, Waltham MA, USA) set to
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450nm. All samples and standards were measured in duplicates. Media served as blank to subtract the
background. Data were analyzed with a computer-based curve-fitting software using a 4-parameter
logistics curve-fitting algorithm, and the mean absorbance for each set of duplicates calculated

(Elisaanalysis.com).

NPC2 protein replacement assay

NPC2 deficient fibroblasts are unable to transport cholesterol from the late-endosomal lysosomal system,
due to the mutated NPC2 protein, which results in a major buildup of cholesterol inside the lysosomes in
these cells. NPC2 deficient fibroblasts were therefore incubated with media from transfected cells
(rBCECs in mono and co-culture or HeLa cells) for 48 hours to evaluate whether the transfection resulted
in secretion of recombinant NPC2 to the media and if this secretion was able to correct the cholesterol
buildup seen in these cells. Media from non-transfected cells were used as a control for endogenous
secretion of NPC2, while 10pg/mL NPC2 purified from bovine milk (as described previously (Nielsen et
al. 2011)) were used as a positive control. Wild-type fibroblasts served as a control for normal cholesterol
amount inside cells and untreated NPC2 deficient fibroblast served as a control for non-treatment. Treated

fibroblasts were subsequently used for immunocytochemistry.

Flow cytometry

Flow cytometry was used to assess the number of transfected rBCECs and HeLa cells in percentage and
thereby the efficiency of the transfection assay. After the transfection period, the cells were washed twice
in 0.1M PBS, pH 7.4 and detached from the culture support by trypsin and washed twice in PBS by
spinning the sample at 300xG for 5 min. Cells from three wells in a 24 well plate or three hanging culture
insert were pooled together to ensure enough cells for the analysis. The transfection efficiency was
analyzed using CytoFLEX S (Beckman Coulter Copenhagen, DK)), which prior to the flow cytometric
analysis was calibrated using CytoFLEX Daily QC Fluorospheres. Single-cell events 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 autofluorescence. NPC2-OFPSpark
positive cells were gated based on autofluorescence from the non-transfected cells to ensure less than 0.5
% false-positive events occurred. The results were analyzed using the CytExpert software (Beckman

Coulter, Copenhagen, DK).

Immunocytochemistry and filipin III staining.

Immunocytochemistry was performed on rBCECs (mono and co-cultures), HeLa cells, and NPC2 deficient
fibroblasts. All cells used for immunocytochemistry were either seeded on hanging filter inserts (rBCECs
co-culture) or coverslips (r BCECs monoculture, HeLa Cells, and NPC2 deficient fibroblasts). The cells

were washed twice in 0.1M PBS, fixed for 10 minutes in 4 % paraformaldehyde at room temperature and
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washed twice in 0.1M PBS. The cells were blocked for unspecific binding in blocking buffer (3% BSA,
0.3% Triton-X-100 in 0.1M PBS) for 30 min. All incubations were performed at room temperature under
mild agitation. rBCECs were incubated with primary antibodies against ZO1, ZO2, CLD5, OCLN, and
NPC2, while HeLa cells were incubated with an anti-NPC2 antibody. Fibroblasts were incubated with
primary antibodies against vimentin, MPR300, and NPC2. All antibodies were diluted (1:500 for vimentin
and 1:250 for remaining antibodies) in blocking buffer for 1 hour. The cells were washed twice in washing
buffer (blocking buffer diluted 1:50 in PBS, 0.1M pH 7) to remove unbound primary antibodies. Secondary
Alexa flour 488 donkey anti-rabbit IgG, Alexa flour 594 goat anti-rabbit, and Alexa flour 488 goat anti-
mouse IgG antibodies were diluted of 1:250 in blocking buffer and added to the cells for 1 hour. Secondary
antibodies were aspirated, and the cells were washed twice in PBS. The nuclei were counterstained with
DAPI (1:500 in PBS) in rBCECs and HeLa cells, while GelRed™ (1:10,000 in PBS) was used to
counterstain the nuclei of fibroblasts. The fibroblasts were additionally incubated for one hour with 10
pg/mL filipin III diluted in PBS, added from a stock solution of 0.5mg/ml filipin III diluted in DMSO,
followed by three washing steps in 0.1M PBS, pH 7. Filipin III binds specifically to free cholesterol and
can, therefore, be used to assess cholesterol depositions in the cells. All cells were mounted on object slides
using Dako Fluorescent mounting media. Antibody and filipin III staining, as well as OFP-Spark
expression in genetically modified cells, was subsequently examined on an AxioObserver Z1 fluorescence
microscope equipped with ApoTome and Axiocam MR camera under a Plan-Apochromat 40x/1.3 Oil DIC
objective (rBCECs and HeLa cells) or a Plan-Apochromat 20x/0.8 DIC objective (fibroblasts). Acquired
Images were corrected for brightness and contrast using the Imagel] software. The nuclei stain with
GelRed™ was changed to blue to contrast the fluorescence of filipin III and fluorophores emitting at 488

nm.

Quantification of filipin 111

Filipin III intensities were quantified to evaluate changes in the cholesterol load of NPC2 deficient
fibroblasts and compared to WT fibroblasts. All fibroblasts used for quantification were stained with filipin
III, GeldRed™ and antibodies against vimentin. For each situation in the NPC2 replacement assay, 8-11
different images were acquired for quantification. For image acquisition, only the vimentin staining was
used to localize the cells to ensure blinded selection of areas. Filipin III exposure time was set based on
untreated NPC2 deficient fibroblasts stained on the same day and kept constant for all situations. As it was
not possible to stain all fibroblasts within a single run, untreated NPC2 deficient fibroblasts were included
as an internal control in all filipin stainings. Filipin III intensities were measured using the ImagelJ software
as the sum of gray values in pixels above a defined pixel intensity threshold. The threshold was defined
based on the pixel intensity histogram right after the first major peak, to exclude low filipin III intensities,

caused by cholesterol in the cell membranes. Average filipin III intensities per cell were calculated for each
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image to account for varying cell densities, based on automatic counting of nuclei using the particle
analysis tool in ImageJ. Measured intensities for the different situations were subsequently normalized to
the filipin III intensities of untreated NPC2 deficient fibroblasts stained on the same day, by calculating the
filipin III intensity for different situations as percentage of the intensity of untreated NPC2 deficient
fibroblasts. This was done in order to enable a comparison between intensities quantified from filipin 111

stainings carried out at different time points.

Statistics

Results are shown as mean with standard error of the mean (SEM). n values generally refer to number of
filter inserts (co-culture model) or wells, as are further specified in the figure legends, except for data
referring to Filipin III intensities, where n values refer to the number of images analyzed. All experiments
were performed at least twice using cells from two different isolations of primary cells. No blinding was
used, except for capturing images of fibroblasts used for quantification of filipin III, as described in the
previous section. All statistical analysis was done using GraphPad Prism (version 6.0c) with a 0.05
significance level. No test for outliers was performed and no data points were excluded. All datasets
containing a sample size above nine were analyzed for normality using a D’ Agostino & Pearson omnibus
normality test. Datasets that were normally distributed and had equal variances between the groups
(analyzed using a F-test for datasets containing two groups and a Brown-Forsythe test for datasets
containing more than two groups) were analyzed using a parametric unpaired t-test (Fig. 4d and 6e (RBEC
mono)) or a parametric one-way ANOVA with Tukey’s multiple comparisons post hoc test (Fig. 5d).
Datasets that were not normally distributed (or not analyzed for normality) and found to have significantly
different variances were all analyzed using a non-parametric Mann-Whitney test (Fig. 3b, 4b, 6b, 6¢ and 6e
(HeLa)) or a non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons post hoc test (Fig. 1c).
Datasets depicted in Fig. 5b were analyzed using a Brown-Forsythe test and found to have significantly
different variances. However, for Fig. 5b significant differences in NPC2 secretions were only analyzed
between the two groups' respective chambers (upper vs upper, and lower vs lower) using a non-parametric

Mann-Whitney test. No statistical analysis was performed for data shown in Fig. Sa.
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RESULTS

We have previously shown that non-dividing rBCECs cultured under in vivo like BBB conditions can
become genetically modified to secrete recombinant proteins in the direction of both the blood and the
brain using non-viral gene therapy (Burkhart et al. 2017; Burkhart et al. 2015b). We now wished to
evaluate this strategy’s potential in the treatment of the LSD Niemann-Picks disease type C2 caused by the
small defective soluble enzyme, NPC2, normally involved in the transport of cholesterol within the late
endosomal/lysosomal network (Vanier and Millat 2004). NPC2 deficient skin fibroblasts and WT

fibroblasts were utilized to model the disease in vitro.

NPC2 deficient fibroblasts obtained from the skin of a patient suffering from Niemann Picks type C2
disease, carrying two different mutations and skin fibroblasts from a healthy person (WT) were
characterized based on their expression of vimentin and the amount of cholesterol load inside the
lysosomes (Fig. 1). Both NPC2 deficient fibroblasts and WT fibroblasts expressed the fibroblast marker,
vimentin. When staining for cholesterol using filipin III, which binds specifically to cholesterol, a huge
cholesterol build-up was seen around the nucleus of the NPC2 deficient fibroblasts, corresponding to the
site of the lysosomes. This build-up was not observed in the WT fibroblasts, which have a functional NPC2
enzyme and, therefore, have a normal transport of cholesterol out of the late endosomal/lysosomal network
(Fig. 1a). Both NPC2 deficient fibroblasts and WT fibroblasts expressed the MPR300 receptor involved in
the transport of extracellular NPC2 into the endosomes (Storch and Xu 2009) (Fig. 1b). Accordingly, a
previous study has shown that NPC2 isolated from bovine milk is able to correct the cholesterol load inside
the NPC2 deficient fibroblasts (Nielsen ez al. 2011). We, therefore, added 10pg/ml bNPC2 to the media of
the NPC2 mutated fibroblasts, which resulted in a correction of cholesterol transport from the lysosomes to
the same extent as that seen in the WT fibroblasts (Fig. 1a). When quantifying the cholesterol load inside
the fibroblasts based on the fluorescent intensity of the filipin III stainings per cell, a significant difference
was observed between the WT fibroblasts and the NPC2 deficient fibroblasts. The addition of 10pg/ml
bNPC?2 likewise resulted in a significant decrease in the cholesterol load compared to the NPC2 deficient
fibroblasts. No significant difference was observed between WT fibroblasts and NPC2 deficient fibroblasts
treated with 10pg/ml bNPC2 (Fig. 1c).

rBCECs were genetically modified to express human NPC2 coupled to an orange fluorescent tag (OFP).
Before transfecting the rBCECs, we wanted to investigate the functionality of recombinant NPC2-OFP, due
to the fact that the OFP tag is nearly twice the size of NPC2, and might, therefore, influence the synthesis
of NPC2, the NPC2 receptor-mediated transport to the late endosomes, the binding of cholesterol to NPC2,
or even the interplay between NPC1 and NPC2 inside the late endosomes (Fig. 7). We, therefore,

transfected the NPC2 deficient fibroblasts to ensure an environment where no endogenous NPC2 was
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present, and evaluated the cholesterol load in the transfected and neighboring cells 48 hours later, using
filipin III stainings (Fig. 2). The fibroblasts were identified using vimentin staining, and positively
transfected cells were recognized based on NPC2 immunocytochemistry. The non-transfected NPC2
deficient fibroblasts revealed high lysosomal cholesterol build-up and no expression of NPC2. Opposed to
this, fibroblasts expressing NPC2-OFP exposed a clear reduction in cholesterol, suggesting that NPC2-OFP
is functional (Fig. 2). Moreover, transfected NPC2 deficient fibroblasts seemed to have a slightly different
morphology than the non-transfected NPC2 deficient fibroblasts. They were generally smaller and their
spreading morphology in some cases seemed slightly retracted, which could indicate a negative response to
the transfection or the recombinant protein in these cells, or simply that they are beginning to look more
similar to the Wt cells. Due to low transfection efficiency, it was not possible to conclude that genetically
modifying NPC2 deficient fibroblasts would secrete recombinant NPC2-OFP sufficiently to correct the

cholesterol load in neighboring non-transfected cells (Fig. 2).

rBCECs in co-culture with astrocytes were then genetically modified to express the recombinant NPC2-
OFP, and the transfection efficiency was evaluated based on a flow cytometric analysis (Fig. 3). Positively
transfected rBCECs expressing NPC2-OFP could be recognized in a fluorescent microscope due to the
OFP tag. NPC2-OFP expressing cells were only observed in the transfected cells. Double labeling using an
NPC2 specific antibody revealed a clear co-localization between the OFP tag and recombinant NPC2 (Fig.
3a). The percentage of transfected rBCECs was counted to be 7.154 = 0.24 % (Fig. 3b), corresponding well
with that previously shown using a similar setup (Burkhart et al. 2017). To ensure the transfection did not
affect the rBCECs ability to form and express tight junction proteins, we compared the protein expression
of four important tight junction proteins, ZO1, ZO2, OCLN, and CLD5 between the two groups (Fig. 3c).
Again, no NPC2-OFP expressing cells were observed in the non-transfected cells, but these cells showed
robust expression of all four markers at the cell-cell junctions between neighboring cells. When the
rBCECs were transfected the same robust expression was observed, both in the positively transfected cells
and neighboring non-transfected cells, indicating that transfection did not affect the cells’ ability to

maintain their expression of the tight junction proteins ZO1, ZO2, OCLN, and CLDS5 (Fig. 3c).

To further ensure that transfection did not affect the barrier integrity of the co-cultured rBCECs, we
monitored TEER during transfection and calculated the Papp of the small molecule mannitol at the end of
transfection (Fig. 4). rtBCECs were co-cultured with astrocytes and exposed to several tight junctions
inducing factors for 24 hours causing a dramatic increase in the TEER to values above 300 Q*cm?
(333+12.7 Q*cm? for non-transfected rBCECs and 319.8+10.5 Q*cm? for transfected rBCECs). At this
point in high TEER, transfection was initiated for 24 hours, and measures of TEER repeated. A slight
decrease was observed in the transfected cells (298.3+7.5 Q*cm?) and a slight increase observed in the non-

transfected cells (337.7+8.4 Q*cm?) (Fig. 4a). To evaluate if the difference were statistically significant, we
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calculated the percentage decrease in both settings and found an 8.9% increase in TEER in the non-
transfected cells and a 3.3% decrease in TEER in the transfected cells. Even though the transfected cells
decreased, no significant difference was observed between the two groups, indicating that the decrease in
TEER is not due to transfection (Fig. 4b). Likewise, the effect of transfection on the passive permeability of
mannitol was investigated at the end of transfection. TEER was measured prior to the addition of mannitol.
Both the transfected and non-transfected rBCECs showed high TEER values at the end of transfection
(between 270 and 443 Q*cm?) and the Papp for mannitol was in the range of 1.0*¥10¢ to 4.0%*10° cmy/s,
suggesting a very low permeability (Gaillard and de Boer 2000; Burkhart et al. 2015b) (Fig. 4c). When
looking at the individual filter inserts, no clear correlation indicates that higher TEER equals lower
permeability, suggesting that within this TEER range, the permeability is generally low. Likewise,
transfection did not seem to affect the permeability. When collectively comparing the permeability of
mannitol between transfected (2.55*10°+2.1*107 cm/s) and non-transfected cells (2.32*10-6£3.4*1077

cm/s) no significant difference was observed (Fig. 4d).

Next, we wanted to evaluate if genetically modifying rBCECs resulted in secretion of recombinant NPC2
to the cell media and in which direction (upper chamber (blood) or lower chamber (brain)) the recombinant
protein would be secreted (Fig. 5). In the literature NPC2 is not found to be able to cross the BBB in vivo
(Nielsen et al. 2011), however, to ensure NPC2 is not transported across the BBB, or leaks between the two
chambers in the in vitro BBB model, we analyzed the luminal to abluminal transport and vice versa of
NPC2 (Fig. 5a). Sng/ml (corresponding to 100%) was added to either the upper or the lower chamber and
the concentration of NPC2 in all chambers was determined using an ELISA specific for NPC2. Only
approximately 30% of the added concentration of NPC2 was recovered after 24 hours of incubation in the
respective donor chambers (NPC2 added to the upper chamber: 31.4+0.8 %; NPC2 added to the lower
chamber: 26.7+0.4 %) (Fig. 5a), suggesting a high uptake of NPC2 by the rBCECs and astrocytes. Despite
the high uptake by the cells, no transport from Iuminal to abluminal or the reverse direction was observed,
confirming the vivo data. Therefore, since NPC2 can not cross the in vitro BBB model, the amount of
NPC2 secreted from the transfected rBCECs will be indicative of secretion and not due to leakage or
transport between the two chambers. The secretion of NPC2 from the transfected rBCECs in co-culture
with astrocytes could, therefore, be determined. Non-transfected rBCECs did not secrete NPC2 in either
direction, however, 0.40+£0.09ng/mL NPC2 was secreted in the direction of the upper chamber and
0.09+0.02ng/mL was measured in the lower chamber from transfected cells (Fig. 5b). The sampled media
from both the upper and lower chamber was additionally added to the NPC2 deficient fibroblasts for 48
hours, after which their cholesterol content was evaluated using filipin III staining’s (Fig. 5c¢). No visual
difference was observed in the cholesterol load between untreated NPC2 deficient fibroblasts (Fig. 1a),

NPC2 deficient fibroblasts treated with media from non-transfected cells, and NPC2 deficient fibroblasts
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treated with media from transfected cells. Likewise, no difference was observed between NPC2 deficient
fibroblasts treated with media from the upper or lower chambers. A high degree of cholesterol load was still
observed inside the cells in all settings (Fig. 5b). Since it was difficult to evaluate the cholesterol load in the
cells when the cholesterol is not completely removed, we further analyzed the cholesterol load in each
condition based on the fluorescent intensity of the filipin III staining per cell, normalized to the intensity in
untreated NPC2 deficient fibroblasts (Fig. 5d). Treating the NPC2 deficient fibroblasts with media from
non-transfected cells (both upper and lower) did not result in any significant reduction in cholesterol load,
which was also the case when treating the NPC2 deficient fibroblasts with media from transfected cells
(both upper and lower chamber) (Fig. 5d). Hence, in spite transfected rBCECs indeed secreted NPC2 in
both directions, its concentration in the current assay was not sufficiently high to signify an effect on the

cholesterol load inside the NPC2 deficient fibroblasts.

With 7% of co-cultured rBCECs secreting NPC2 into the media, we hypothesized that increasing the
transfection efficiency would accordingly increase the concentration of recombinant NPC2 being secreted
into the media to a concentration where the cholesterol load inside the NPC2 deficient fibroblasts would be
corrected. tBCECs in co-culture secreted recombinant NPC2 in the range of pg/ml, while a complete
correction of cholesterol using bNPC2 was obtained in the range of ng/ml. We have previously shown that
rBCECs not cultured under in vivo BBB like settings, i.e. a simple monoculture on the bottom of a well
without the influence of BBB inducing factors and astrocytes, shows higher transfection efficiency using
the transfection agent Lipofectamine 3000™ than rBCECs in co-culture, in spite of their post-mitotic status
(Burkhart et al. 2017). Moreover, HeLa cells can very effectively be transfected using this transfection
agent (Burkhart et al. 2017). We, therefore, transfected both rBCECs in monoculture (rBCECs (mono)) and
HelLa cells, analyzed the transfection efficiency and sampled the media for ELISA and treatment of NPC2
deficient fibroblasts (Fig. 6). Only NPC2-OFP expressing cells were observed in the transfected rBCECs
(mono) and transfected HeLa cells. BCECs (mono) was, additionally, recognized by their expression of
701, which were found in both transfected and non-transfected rBCECs (Fig. 6a). However, the expression
of ZO1 was not as organized as that observed in the co-cultured rBCECs (Fig. 4c). The transfection
efficiency was 21.1£3.8 % for rBCECs (mono) and 74.6+2.4 % for HeLa cells (Fig. 6b), which resulted in
secretion of recombinant NPC2 from the transfected cells into the media in a concentration of 3.3+0.7%
ng/ml and 16+1.7ng/ml respectively (Fig. 6¢). Non-transfected cells did not secrete NPC2 into the media.
The addition of media from the transfected and non-transfected rBCECs (mono) to the NPC2 deficient
fibroblasts for 48 hours resulted in partly correction of the cholesterol load for the fibroblasts treated with
media from the transfected rBCECs (mono), while no correction was seen in the cells treated with media
from the non-transfected rBCECs (mono) (Fig. 6d). When quantifying the cholesterol load based on the

fluorescent intensity of the filipin III staining per cell a significant decrease is observed when media from
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transfected rBCECs (mono) were added compared to fibroblasts treated with media from non-transfected
rBCECs (Fig. 6e). When adding media from transfected HeLa cells to the NPC2 deficient fibroblast a
complete correction in the cholesterol load was observed, which is not the case when adding media from
the non-transfected HeLa cells (Fig. 6d). This complete correction of cholesterol load was confirmed when
quantifying the cholesterol load based on the fluorescent intensity of the filipin III staining per cell. The
addition of media from transfected HeLa cells resulted in complete correction of the cholesterol load to the
same extent as that seen in the WT fibroblasts (Fig. 1c) compared to NPC2 deficient fibroblasts treated
with media som non-transfected HeLa cells (Fig. 6e). Therefore, increasing the transfection efficiency was
crucial for ensuring sufficient amount of NPC2 in order to correct the cholesterol load in NPC2 deficient

fibroblasts.
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DISCUSSION
Secretion of recombinant NPC2 protein from transfected rBCECs

In this study, we demonstrate that primary rBCECs can be genetically modified using the non-viral vector
Lipofectamine 3000™ in an in vitro BBB model with a transfection efficiency of 7 % without
compromising the barrier integrity with regards to the expression of the tight junction proteins ZO1, ZO2,
OCLN, and CLDS5, TEER, and passive permeability to mannitol. It might be questionable whether 7 % of
transfected cells would be enough to exert an effect on the tightness of the rBCECs cell layer. However, the
expression of the examined tight junction proteins does not seem altered in transfected cells compared to
non-transfected cells and neither does the overall passive permeability to a small molecule like mannitol,
which would presumably pass through the cell layer in case of leakage around transfected cells. Even
though transfection did not affect the barrier integrity, it can not be excluded that other aspects of the cells’
BBB characteristics (eg. expression or trafficking of receptors) could be affected. The secretion of
recombinant NPC2 from transfected rBCECs in co-cultures with astrocytes was too low to induce a
biological effect on NPC2 deficient fibroblasts. However, an increased transfection efficiency could be
achieved on monocultures, which in turn increased the recombinant NPC2 secretion to a level significant to
demonstrate biological effects. This observation confirms the findings of a previous study by Burkhart et
al., where we were able to induce secretion of recombinant erythropoietin from primary rBCECs in a
similar in vitro BBB model, with an efficiency of 8 %, without compromising the barrier integrity,
following transfection with Lipofectamine 3000™ (Burkhart et al. 2017). The secretion from transfected
rBCECs resulted in NPC2 concentrations of 0.4 ng/mL+0.09 in the upper chamber and 0.09ng/mL+0.02 in
the lower chamber, while our previous study resulted in erythropoietin secretions leading to 1.47 ng/mL
and 0.13 ng/mL in the upper and lower chambers, respectively (Burkhart et al. 2017). The secretion of
NPC2 from transfected primary rBCECs thus appears slightly reduced compared to the secretion of
erythropoietin. However, converting these concentrations to molar concentrations reveals higher secretion
to the lower chamber of 5.29 nM NPC2 (MW 17kD) compared to 3.83 nM erythropoietin (MW 34kD),
while the molar concentrations of erythropoietin (43.2nM) in the upper chamber still remains higher than of

NPC2 (23.5nM).

Mannose-6-phosphate (M6P) is a distinctive post-translational modification critical for the trafficking of
NPC2. Under normal conditions, the majority of newly synthesized NPC2 is transported from the Golgi to
the lysosomes, while only a smaller amount is secreted from the cell (Sands and Davidson 2006) (Fig. 7). A
similar distribution of recombinant NPC2 produced following transfection could explain why a transfection
efficiency similar to that previously observed for erythropoietin using a similar setup would result in less

recombinant protein secreted to the cell media in the case of NPC2. Moreover, as the endothelial cells
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present the M6P receptor MPR300 on the plasma membrane, for which NPC2 is a natural ligand, there
might be a re-uptake of secreted recombinant NPC2, which would decrease the extracellular even more
(Siupka et al. 2017; Nielsen et al. 2001). The results of the NPC2 transport study strongly supports this, as
only around 30% of added NPC2 protein could be retrieved from the media after 24 hours of incubation.
Secretions of recombinant NPC2 from transfected cells may, therefore, be even higher than what we were

able to measure in the media 24 hours post-transfection.

Due to the low secretion of recombinant NPC2, we were unable to detect a biologic effect of the
recombinant NPC2 secreted from transfection of 7% of the primary rBCECs in co-cultures contrary to our
previous findings with secreted recombinant erythropoietin following transfection of 8% of the primary
rBCECs (Burkhart et al. 2017). The results from the transfection of rBCECs in co-cultures thus
demonstrate that higher transfection efficiency is needed to induce a biological effect of secreted
recombinant NPC2, which was further supported by the findings from transfection of primary rBCECs in
monocultures and HeLa cells. Corresponding to previous findings, transfection of primary rBCECs in
monocultures and HeLa cells leads to markedly increased transfection efficiencies (Burkhart et al. 2017),
which results in increased secretion of recombinant NPC2 inducing a partly and complete reversal of the
cholesterol accumulations in NPC2 deficient fibroblasts following incubation with conditioned medium
from transfected rBCECs in monocultures and HeLa cells, respectively (Fig. 6d and 6e). However, this
leads to the question about, which levels of NPC2 are needed to correct the pathological cholesterol load in
deficient cells lacking functional NPC2 expression. Nielsen et al. previously demonstrated a complete
reversal of cholesterol accumulations in deficient NPC2 fibroblasts following incubation with 10 pg/mL
bNPC2 purified from milk, which was also confirmed in the current study (Nielsen ef al. 2011). Moreover,
in the study by Nielsen et al. they report that a similar effect was observed when reducing the concentration
of bNPC2 10-fold (Nielsen et al. 2011). However, our results demonstrate a complete reversal of
cholesterol accumulations in deficient NPC2 fibroblasts following treatment with medium from transfected
HeLa cells containing only 16 ng/mL of recombinant NPC2. A possible explanation for this could be the
species differences between human and bNPC2. However, NPC2 has previously been shown to be a highly
conserved protein between species with an almost complete similarity between all functionally essential
regions (Friedland er al. 2003; Nielsen et al. 2011). In addition to that, we initially discovered a
surprisingly high concentration of NPC2 in the bovine PDS normally used in the culture medium for
primary BCECs (Burkhart et al. 2015b; Thomsen et al. 2017; Thomsen et al. 2015). Initial control
experiments revealed a markedly reduced cholesterol load in NPC2 deficient fibroblasts following addition
of unconditioned rBCEC medium supplemented with 10% PDS, corresponding to NPC2 concentrations of
approximately 1 ng/mL when measured with ELISA (data not shown), which led to a substitution of PDS
with FCS in the rBCEC culture medium used for transfection. Nevertheless, these findings indicate that a
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beneficial biological effect can possibly be induced by even lower extracellular concentrations of NPC2

than those observed from rBCEC monocultures and HeLa cells in the present study.

It has previously been argued that a therapeutic effect can be induced in lysosomal storage diseases by the
addition of less than 10 % of the normal level of lysosomal protein (Sands and Davidson 2006). Moullier et
al. demonstrated that lysosomal storage could be reversed in the liver of a mouse model of
Mucopolysaccharidosis VII by induction of only 0.8-2.4 % of normal enzyme activity (Moullier et al.
1993). However, it is uncertain whether this would be the case in all lysosomal storage diseases. Moreover,
in the case of NPC2, which is a very rare disease (Vanier 2010), only very few studies have examined what
the NPC2 protein concentrations in healthy individuals are, and most of these only report whether the
protein is present or not. One study examined the NPC2 protein expression in multiple cancers, compared
to healthy adults (Liao et al. 2013). Even though their study mainly focuses on relative NPC2 protein
concentrations, they demonstrated a NPC2 human serum concentration of 3.29 ng/mL in healthy controls
(Liao et al. 2013). This concentration correlates well with the recombinant protein secretions observed in
the present study following transfection of rBCECs in monocultures with a 20 % efficiency. However, it is
difficult to make any conclusions regarding the concentrations needed to exert a biological effect in
deficient cells based on serum concentrations from healthy controls. Thus, it remains uncertain exactly
which NPC2 concentration and hence what gene modification efficiencies are needed to induce a beneficial
biological effect of the NPC2 gene therapy. Nevertheless, the idea of using genetically modified cells to
rescue NPC2 deficient cells remains promising, as we were able to reverse the cholesterol accumulations in
NPC2 deficient fibroblasts partly by addition of recombinant NPC2 secreted from genetically modified
BCECs and completely by addition of recombinant NPC2 secreted from genetically modified HeLa cells.

To further evaluate the potential of using BCECs to secrete NPC2 to the blood and CNS it would be
interesting to investigate the effect of secretions from the genetically modified BCECs on NPC2 deficient
neurovascular cells like neurons, astrocytes, BCECs, microglia rather than fibroblasts, as it is uncertain
whether these cells might be more or less receptive to the addition of recombinant extracellular NPC2. A
number of studies have previously described the potential of developing induced pluripotent stem cells
from fibroblasts with the aim of developing improved disease models, especially in the case of monogenic
diseases (Takahashi and Yamanaka 2006; Vatine et al. 2017; Appelt-Menzel et al. 2017; Mattis et al. 2014;
Yu et al. 2007). Future studies focusing on developing induced pluripotent stem cells from the NPC2
deficient fibroblasts used in the present study, would thus provide an opportunity to study both the potential
effects of recombinant NPC2 secreted from genetically modified cells on relevant CNS cells as well as the

effects of the gene modification itself on an NPC2 deficient in vitro BBB model.

Gene therapy as a drug delivery strategy for transport through the BBB
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In this study, we have investigated the potential of genetically modifying BCECs to secrete NPC2, as a
strategy for CNS delivery using a non-viral vector, as illustrated in Fig. 7. However, the non-viral gene
modification of BCECs in an in vitro BBB model with defined BBB properties resulted in insufficient
secretion of NPC2. Therefore, further evaluation of this strategy requires increased gene modification
efficiency. Non-viral gene therapy requires a carrier that ensures stability within the bloodstream to induce
efficient delivery of the genetic material. In addition to that, the gene therapy vector should be able to
induce cellular uptake of the genetic material in the target cell, followed by the release of the genetic
material within the cell (Rezaee et al. 2016; Jayant et al. 2016), a process often referred to as endosomal
escape. Finally, the genetic material needs to be transported to the cell nucleus to ensure transcription of the
genetic material (Jayant et al. 2016; Rezaee et al. 2016), which is believed to take place either through
nuclear membrane pores or during cell division when the nuclear envelope is temporarily disassembled
(Lechardeur et al. 2005; Lechardeur and Lukacs 2002). On the contrary, some viral vectors are naturally
capable of efficiently by-passing cellular membranes in order to transport their genetic material to the cell
nucleus, making such vectors less dependent on cell division (Choudhury et al. 2017). Furthermore, some
viral vectors are capable of inducing long-term gene expression, while non-viral transfections only lead to

transient transgene expression (Gan et al. 2013; Choudhury et al. 2017).

Though non-viral gene therapy vectors possess attractive safety properties (Choong et al. 2016; Simonato
et al. 2013), the results of this study strongly underline the need for efficient gene modification in order to
ensure sufficient production of recombinant protein to induce therapeutic effects. In addition to that, an
increased transfection efficiency would be essential when moving to in vivo studies to ensure BCEC
secretion throughout the entire CNS as well as sufficient secretion to the bloodstream to ensure distribution
to all other organs in the case of Niemann Picks type C2 disease. An increasing number of studies have
demonstrated successful treatment of animal models of other neurologic diseases with systemic
involvements following intracisternal administration of gene therapies (Gray et al. 2013; Roca et al. 2017;
Bey et al. 2017; Haurigot et al. 2013; Markmann ez al. 2018). Notably, all of the gene therapy approaches
used in these studies are based on the non-pathogenic AAVs, which express very low immunogenicity
(Bessis et al. 2004). Today, these vectors represent the most commonly used vectors for CNS clinical trials
(Choudhury et al. 2017; Gan et al. 2013). In addition to very low immunogenicity, results from several
studies have revealed promising long-term episomal transgene expressions, particularly in slowly or non-
dividing cells, following AAV mediated gene transfer (Korbelin et al. 2016; Hadaczek et al. 2010; Leone et
al. 2012). Leone et al. demonstrated transgene expression for more than 10 years in the human brain

following administration of an AAV serotype 2 vector (Leone et al. 2012).

When moving to in vivo studies it would additionally be very important to consider the biodistribution of

the vector following systemic injections as well as the duration of transgene expression. Specific targeting
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of the BCECs would be crucial to ensure especially protein secretion to the CNS. Synthesis of a non-viral
carrier, which specifically targets the BCECs, has been proven to be very difficult (Johnsen et al. 2017;
Johnsen and Moos 2016), whereas some viral vectors have the advantage of containing different natural
tissue tropisms, which can be exploited in the development of a targeted gene therapy vector (Choudhury et
al. 2017; Gan et al. 2013). This is especially true for the AAV vectors, which includes a large number of
different serotypes with different tissue tropism (Saraiva et al. 2016). However, accumulation in especially
liver tissue with the potential induction of hepatocellular carcinomas has been observed following systemic
injections of AAV vectors (Gray et al. 2010; Chen et al. 2009; Korbelin et al. 2016; Donsante et al. 2001).
Hence, efforts have been made to modify the natural tropism of these vectors to increase the specificity
even more, including in vivo screening of random virus display peptide libraries or the insertion of phage
selected peptides or ligands (Chen et al. 2009; Miinch et al. 2013; Michelfelder et al. 2009). In a recent
study by Korbelin et al. the targeting specificity of an AAV?2 vector, developed from in vivo screening of a
random AAV?2 peptide library, has been demonstrated to induce efficient and brain endothelial cell-specific
transgene expression following intravenous administration in mice (Korbelin et al. 2016). They presented a
1,000-fold higher transgene expression in brain tissue following intravenous administration compared to
liver tissue, with the recombinant protein expression being practically invisible in the liver with in vivo
luminescence imaging, while the expression in the brain was clearly visible, indicating a very brain-specific
vector. Moreover, they were able to demonstrate a 650-fold higher transgene expression in the brain
compared to a wild type AAV2 vector, which remained at the same level during a study period of more
than 660 days (Korbelin er al. 2016). Combining these results with the generally attractive safety features
of AAV vectors, this BCEC specific AAV2 vector studied by Korbelin et al. hence could represent a
favorable vector candidate for the future development of the NPC2 gene therapy strategy investigated in the

current study.

Furthermore, it will be interesting to further evaluate the secretion direction from genetically modified
BCEC:s, as this is considered particularly relevant for the strategy proposed in this study. Although in vitro
studies of the direction of secretion might not represent the in vivo situation completely, it enables precise
quantification of the secretion of the transgene to the blood and brain side of the BBB. Former studies have
revealed some controversy concerning the main secretory direction (Burkhart et al. 2017; Jiang et al. 2003).
In the study by Jiang et al., glial-derived neurotrophic factor secretion was detected following transfection
of a mouse brain endothelial cell line (MBEC4). They used MBEC4s monocultures seeded on Transwell ®
filters as an in vitro BBB model in which they observed secretion primarily to the brain side (Jiang et al.
2003). On the contrary, the previously mentioned study by Burkhart et al. showed secretion of recombinant
erythropoietin mainly to the blood side following transfection of primary rBCECs co-cultured with primary
astrocytes in an in vitro BBB model (Burkhart ef al. 2017) consistent with our findings. The in vitro BBB
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model used by Burkhart et al. most closely mimics the in vivo situation as it includes both primary
endothelial cells and astrocytes (Burkhart ez al. 2017). However, it is unsure whether this would still be the

case when moving to in vivo studies.

Although additional studies are still needed to completely assess the possibility of using gene therapy on
BCECs to induce protein secretion to the CNS, the possible applications of this strategy are not limited to
the treatment of Niemann Picks type C2 disease. Even though Niemann Picks type C2 disease is a very rare
disease, it belongs to a large group of lysosomal storage diseases with a total incidence of 1:6700 (Sands
and Haskins 2008). 75% of these, involve CNS symptoms, emphasizing a crucial need for delivery of drugs
to the CNS (Sands and Haskins 2008). Many of these diseases are caused by a deficiency of a soluble
protein similar to the situation in Niemann Picks type C2 disease. Examples of these are Gaucher's disease,
Mucopolysaccharidosis types I, II and VI, and Pompe disease, (Sands and Davidson 2006; Beck 2009).
Thus the genetic modification of BCECs to induce production and secretion of proteins to the CNS could
denote an effective treatment strategy in several lysosomal storage diseases with a slight modification to fit
the different diseases (Sands and Davidson 2006). Moreover, the strategy could potentially be relevant in
other major CNS diseases; however, in diseases solely affecting the CNS secretions to the blood side of the
BBB could lead to potential side effects depend on the therapeutic protein, which would need to be
carefully considered. Nevertheless, based on the findings of the present study, using gene therapy on
BCECs as a strategy for delivery of therapeutic proteins to the brain still seems promising but would
require a higher transfection efficiency, which could probably be achieved by using a viral vector

specifically targeting the BBB for future in vivo studies.

In conclusion, we have demonstrated that primary BCECs can be transfected to induce secretion of
recombinant NPC2 across the BBB. Gene modification of primary BCECs in co-culture with primary
astrocytes did not seem to compromise the barrier integrity of the BCECs. Moreover, we were able to
demonstrate a biological effect of recombinant NPC2 secreted from transfected BCECs on NPC2 deficient
fibroblasts, resulting in a partial reversal of the cholesterol accumulation in these cells. The effect was
increased even further to a complete reversal of cholesterol accumulations in NPC2 deficient cells by
increasing the transfection efficiency in HeLa cells. Thus, using gene therapy on BCECs as a strategy to
induce secretion of NPC2 across the BBB seems very promising, but obtaining high transfection

efficiencies is crucial in order to achieve sufficient biological effects.
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FIGURE LEGENDS

Figure 1. Characterization of human skin fibroblasts. a) Human skin fibroblasts from healthy (WT) and
a Niemann Picks type C2 disease patient (NPC2 deficient) were characterized based on their expression of
the fibroblast marker vimentin and filipin III. Filipin III binds specifically to cholesterol and is, therefore, a
direct measure of the amount of cholesterol inside the lysosomes. Wildtype (WT) fibroblasts are smaller
than the NPC2 deficient fibroblasts, and only NPC2 deficient fibroblasts show high cholesterol
accumulation around the nucleus, probably corresponding to the site of the lysosomes. The cholesterol load
in the NPC2 deficient fibroblasts is corrected by the addition of 10ug/ml bovine NPC2 protein (bNPC2),
which is taken up by the cells via the mannose-6-phosphate receptor (MPR300), expressed in both cell
types. b) Nuclei are counterstained with Gelred (blue). Scale bar 20um. ¢) Quantification of the cholesterol
load based on the fluorescent intensity of filipin per cell reveals that WT fibroblasts have significantly
lower cholesterol than the NPC2 deficient fibroblasts (P<0.0001). The addition of bNPC2 results in a
significantly lower cholesterol load compared to untreated NPC2 deficient fibroblasts (P=0.031). No
significant difference is observed between WT and bNPC2 treated fibroblasts (P=0.0715). Data are
presented as mean + SEM (n=8-10 images) and analyzed using a non-parametric Kruskal-Wallis t-test with
Dunn’s multiple comparison post hoc test. ***P< 0.001, *P<0.05, significantly different from untreated

NPC2 deficient fibroblasts

Figure 2. Transfection of NPC2 deficient fibroblasts. NPC2 deficient fibroblasts were genetically
modified to express NPC2 coupled to an orange fluorescent protein (OFP) to evaluate the functionally of
the recombinant NPC2-OFP protein. The transfected NPC2 deficient fibroblasts were stained for vimentin
(green), NPC2-OFP (red) and cholesterol (filipin III) (white). Only NPC2-OFP expressing fibroblasts are
observed in the genetically modified fibroblasts. NPC2-OFP expressing fibroblasts reveal a decreased
cholesterol load around the nucleus compared to that of the non-transfected NPC2 deficient fibroblasts,
suggesting that recombinant NPC2-OFP is functional and able to reverse the accumulated cholesterol load

in the NPC2 deficient fibroblasts. Scale bar 20um

Figure 3. Transfection of primary rat brain capillary endothelial cells (rBCECs) in co-cultures with
primary rat astrocytes. a) rBCECs were genetically modified to express recombinant NPC2 coupled to an
orange fluorescent protein (OFP). NPC2-OFP expressing cells are only observed in the transfected rBCECs
(red) and double labeling with an anti-NPC2 antibody (green) reveals co-localization between OFP and

recombinant NPC2 (merged). b) The percentage of genetically modified cells expressing NPC2 is 7, which
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were counted based on the fluorescent signal of the OFP using flow cytometry analysis, and found to be
significantly higher than non-transfected cells (P=0.0025). Data are presented as mean + SEM (n=5-7
samples (each pooled from 3 filters)) and analyzed using a non-parametric Mann-Whitney test. **P<0.01.
¢) Immunocytochemistry was performed to evaluate the protein expression of four important tight junction
proteins (ZO1, 202, CLDS5, and OCLN) (green). NPC2-OFP (red) expressing cells are observed only
among the transfected cells. To evaluate a possible effect of transfection on the expression of the tight
junction proteins, framed areas are shown in higher magnification. However, despite being genetically
modified, they maintained a robust expression of tight junctions proteins, like those found in non-

transfected cells. Nuclei are counterstained with DAPI (blue). Scale bar 20pum

Figure 4. Transfection influence on barrier integrity and permeability. a) The effect of transfection on
co-cultured rat brain capillary endothelial cells’ (rBCECs) ability to maintain barrier integrity was
monitored using measurements of trans-endothelial electrical resistance (TEER) and compared to that of
non-transfected cells. The rBCECs are initially induced to increase their expression of BBB characteristics
(like increased tight junction expression) by the addition of CTP-cAMP, RO, HC, and astrocytes. 24 hours
later the rBCECs display TEER values above 150 Q*cm?, indicative of high barrier integrity, at which
point transfection could be initiated for 24 hours. Data are presented as mean + SEM (n=37-49 filters). b)
The percentage difference in TEER values before and after transfection was calculated. The transfection
did not affect the barrier integrity (P=0.2537). Data are presented as mean + SEM (n=37-49 filters) and
analyzed using a non-parametric Mann-Whitney test. ¢+d) The apparent permeability (Papp) to mannitol
was used to assess the effect of transfection on the rBCECs permeability. The rBCECs were transfected for
24 hours, after which the Papp for mannitol was calculated. ¢) Papp for both non-transfected and
transfected rBCECs were in the range of 4.0%¥10¢ and 1.0*10 cm/s with TEER values ranging from 270 to
477 Q*cm? (n=10 filters). d) No significant differences were found in the permeability to mannitol between
non-transfected rBCECs and transfected BCECs (n=10 filters) (P=0.5579, df=20), indicating that
transfection did not have any effect on the permeability. Data are presented as mean £ SEM (n=37-49

filters) and analyzed using a parametric unpaired t-test.

Figure 5. Secretion of NPC2 from rat brain endothelial cells (rBCECs) in co-cultures with primary
astrocytes. a) Transport of NPC2 across the in vitro blood-brain barrier model was investigated by the
addition of 5Sng/ml NPC2 to either the upper or lower chamber and the media analyzed 24 hours later by
ELISA. No transport of NPC2 was observed in either direction, but only approximately 30% of the added
NPC2 was recovered, indicating a high uptake of NPC2 into the cells (rBCECs and astrocytes). Data are
presented as mean = SEM (n=8 filters). b) rBCECs were genetically modified for 24h, and the
concentration of NPC2 in the media from both the upper and lower chamber was determined using ELISA.

Transfected rBCECs secrete low amounts of NPC2 into the media, and mainly towards the upper chamber
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(0.4 ng/ml in the upper chamber and 0.09ng/ml in the lower chamber). NPC2 secretion from transfected
rBCECs was significantly increased compared to NPC2 secretion from non-transfected cells (P=0.0001
(upper), P=0.0011 (lower)) (statistical analysis was only performed between each corresponding chamber
(upper vs upper, lower vs lower). Data are presented as mean + SEM (n= 6-10 filters) and analyzed using a
non-parametric Mann-Whitney test. ***P< 0.001, **P<0.01 ¢) The media from the upper and lower
chambers were added to NPC2 deficient fibroblasts for 48 hours. Fibroblasts were identified based on
vimentin staining (green). The amount of cholesterol was evaluated based on filipin III staining (white),
and nuclei are counterstained with Gelred™. No clear differences are observed between the cholesterol
load in fibroblasts treated with media from the upper and lower chambers of transfected and non-
transfected cells. Scale bar 20um. d) Quantification of the cholesterol load in fibroblasts after treatment
was evaluated based on the cytochemical stainings. In spite, the significant secretion of NPC2 from
rBCECs (b), the amount of NPC2 secreted from the transfected rBCECs is too low to correct the
cholesterol load in the deficient fibroblast (P>0.88, df=37). Data are presented as mean = SEM (n=9-11
images) and analyzed using a parametric one-way ANOVA with Tukey’s multiple comparisons post hoc

test.

Figure 6. Secretion of NPC2 from rat brain endothelial cells (rBCECs) in monocultures and HeLa
cells. a) Mono-cultured rBCECs and HelLa cells were genetically modified to express and secrete
recombinant NPC2, and stained using an anti-NPC2 antibody (red). rBCECs (mono) were additionally
stained with the tight junction marker ZO1 (Green). Only NPC2 expressing cells is observed when the cells
are transfected. Nuclei are counterstained with DAPI and reveal no mitotic cells among the rBCECs. Scale
bar 20um. b) The percentage of transfected rBCECs and HeLa cells in monocultures is 21 and 75,
respectively (P=0.0028 (RBEC), and P=0.0011 (HeLa)). Data are presented as mean + SEM (n=4-9
samples (each pooled from 3 filters)) and analyzed using a non-parametric Mann-Whitney test. **P<0.01.
¢) Opposed to the non-significant effects observed when cultured in co-cultures, the higher percentage of
transfected rBCECs in monocultures resulted in a higher concentration of secreted NPC2 (3.3ng/ml)
(P<0.0001) compared with Fig. 5. The concentration of NPC2 secreted from HeLa cells was even higher
(16 ng/ml) (P<0.0001). Non-transfected cells do not secrete NPC2. Data are presented as mean = SEM
(n=8-11 filters) and analyzed using a non-parametric Mann-Whitney test, ***P<0.001. d) Fibroblasts were
identified with an anti-vimentin antibody (green) and the nuclei counterstained with Gelred™ (blue). The
cholesterol load was identified using filipin III (white). Treatment of NPC2 deficient fibroblasts with media
from transfected rBCECs (mono) and HeLa cells results in partial and widespread correction of the
cholesterol load, respectively, compared to NPC2 deficient fibroblasts treated with media from non-
transfected cells. Scale bar 20um. e) Quantification of the cholesterol load in the treated fibroblasts reveals

a significant correction of cholesterol load in the fibroblasts treated with media from transfected rBCECs
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compared to fibroblasts treated with non-transfected media (P=0.0344, df=19). Examination of fibroblasts
treated with media from transfected HeLa cells reveals a complete correction to the same extent as that seen
in Wild type (WT) fibroblasts (Fig. 1¢) (P<0.0001). Data are presented as mean = SEM (n=10-11 images)
and analyzed using a parametric unpaired t-test (RBEC) and a non-parametric Mann-Whitney test (HeLa).

*#*%p<(0.001, *P<0.05

Figure 7. A hypothetical model for genetically modifying the brain capillary endothelial cells
(BCEC:sS) to secrete recombinant NPC2 as a strategy to treat Niemann Picks type C2 Disease. A vector
coupled to genetic material (e.g. a plasmid) encoding Niemann Picks type C2 protein (NPC2) will be taken
up by the BCECs and undergo endocytosis and endosomal escape to avoid degradation in the lysosomal
system. The genetic material will enter the cell nucleus where it will be transcribed to mRNA, transported
out of the nucleus and translated to proteins. NPC2 will either be carried to the genetically modified cells’
endosomal system or be packaged in vesicles for secretion. This secretion can be bi-directional meaning the
protein will be released either in the direction of the blood or into the brain parenchyma. NPC2 deficient
cells do not have a functional NPC2 protein and therefore do not have a functional clearance of cholesterol
from their late-endosomal lysosomal system. Normally cholesterol is taken up by the cells via the low-
density lipoprotein (LDL) receptor in the form of LDL. Inside the endosomes, LDL becomes hydrolyzed to
cholesterol. NPC2 present in the endosomes will bind cholesterol, and, via an interplay with NPCI,
facilitate the transport of cholesterol out of the endosomes to the Golgi apparatus, the cell membrane or via
the release as high-density lipoprotein (HDL). When NPC2 expression is non-functional, cholesterol will
build up inside the lysosomes. NPC2 secreted from the genetically modified BCECs can be taken up by
NPC2 deficient cells via the mannose-6-phosphate receptor (MPR300), which will carry NPC2 to the
endosomes where it will bind to cholesterol and restore cholesterol transport. Since the secretion of NPC2
from genetically modified BCECs is bi-directional the strategy will theoretically supply NPC2 to NPC2
deficient cells both within and outside of the central nervous system. Abbreviations: A, Astrocytes; E,
Endothelial cells; EE, Early endosomes; ER, Endoplasmatic reticulum; LE, Late endosome; N, Neuron; P,

Pericyte
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