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ABSTRACT

Purpose Targeting of specific cells and tissues is of great interest
for clinical relevant gene- and cell-based therapies. We use
magnetic nanoparticles (MNPs) with a ferrimagnetic core
(Fe3O4) with different coatings to optimize MNP-assisted lenti-
viral gene transfer with focus on different endothelial cell lines.
Methods Lentiviral vector (LV)/MNP binding was characterized
for various MNPs by different methods (e.g. magnetic respon-
siveness measurement). Transduced cells were analyzed by flow
cytometry, fluorescence microscopy and iron recovery. Cell trans-
duction and cell positioning under physiological flow conditions
were performed using different in vitro and ex vivo systems.
Results Analysis of diverse MNPs with different coatings
resulted in identification of nanoparticles with improved LV
association and enhanced transduction properties of complexes
in several endothelial cell lines. The magnetic moments of LV/
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MNP complexes are high enough to achieve local gene target-
ing of perfused endothelial cells. Perfusion of a mouse aorta with
LV/MNP transduced cells under clinically relevant flow condi-
tions led to local cell attachment at the intima of the vessel.
Conclusion MNP-guided lentiviral transduction of endothelial
cells can be significantly enhanced and localized by using opti-
mized MNPs.
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DMF dimethylformamide

DMSO dimethy! sulfoxide

eGFP enhanced green fluorescent protein

EPC endothelial progenitor cell

FCS fetal calf serum

FSA lithium 3-[2-(perfluoroalkyl)ethylthio]
propionate

HBSS Hank's balanced salt solution

HBSS+ + Hank's balanced salt solution +
MgCl, and CaCly

hIEPC human late endothelial
progenitor cell

HUVEC human umbilical vein
endothelial cell

IP infectious particles

LDH lactate dehydrogenase

LV lentiviral vector

meEPC murine embryonal endothelial
progenitor cell

MNP magnetic nanoparticle

MOl multiplicity of infection

MTT 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyl-tetrazoliumbromid

PALD palmitoyldextrane

PB polybrene

PBS phosphate buffered saline

PEI polyethylenimine

PFA paraformaldehyde

RT reverse transcriptase

SDS sodium dodecy! sulfate

SO silicon oxide

SiOx/Phosphonate  silicon oxide layer with surface
phosphonate groups

V'30 LV transduction without MNPs
for 30 min

V'ON LV transduction without MNPs
overnight

VP viral particles

VSV.G glycoprotein of vesicular
stomatitis virus

INTRODUCTION

Targeting of specific cells and tissues are of great impor-
tance for successful gene- and cell-based therapies. Much
effort has been put in the development of strategies for
guiding viral or nonviral vectors to defined body areas to
efficiently introduce therapeutic genes to the target tissue.
Lentiviral vectors (LVs) are powerful vehicles for gene de-
livery as they are able to transduce dividing and non-
dividing cells (1-3). Lentiviruses belong to the large family
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of Retroviridae and can stably integrate their genetic informa-
tion into the host genome (4—6), which is necessary for
persisting gene expression. Importantly, LVs have already
been used in first clinical gene therapy trials (e. g. (7,8)). In
order to achieve local lentiviral gene transfer different
approaches have been developed, including various pseudo-
typization of the viral vectors as well as application of cell- or
tissue specific promoters to drive the transgene expression
(9). However, use of cell-specific promoters does not provide
local specificity of gene transfer. Targeted regional virus
infection can be achieved by binding of viral vectors to
magnetic nanoparticles (MNPs) and local application of a
magnetic gradient field (10,11).

MNPs can also form complexes with nucleic acids or
chemotherapeutic agents (10,12). A century ago, Paul Ehr-
lich already postulated the creation of “magic bullets” for
use in targeting of drugs to specific locations in the human
body (13). MNP-based drug delivery can increase the effi-
ciency and specificity of drugs. Therefore, a much smaller
dose would be administered systemically and unwanted side
effects could be reduced, which is especially important for
chemotherapeutic drugs and their high toxicity. In combi-
nation with magnetizable stents drug coupled MNPs were
already successfully applied for local drug delivery (14) as
well as MNP loaded endothelial cells for local cell positioning
(15).

Here, we optimized the association of VSV.G pseudo-
typed LVs to MNPs that have a ferrimagnetic magnetite
core (Fe3O,) and differ in their coating layer, composition,
hydrodynamic diameter and surface charge. We screened
various MINPs to achieve magnetically guided high trans-
duction efliciency in different endothelial cells. Using an
optimal combination of LV/MNP complexes under physi-
ological flow conditions leads to highly efficient local gene
targeting of endothelial cells at the site of magnetic gradient
field application. Additionally, cells transduced with LV/
MNP complexes are magnetically labeled and can thus be
trapped in a magnetic gradient field.

MATERIALS AND METHODS
Cell Culture Conditions

HUVECs (Human Umbilical Vein Endothelial Cells) and
bPAECs (bovine Pulmonary Arterial Endothelial Cells)
(both Provitro, Berlin, Germany) were cultured in Endothe-
lial Cell Growth Medium (C-22010; Promocell, Heidelberg,
Germany) at 5% COy and 37°C. Cells were frozen at early
passages.

hIEPCs (human late Endothelial Progenitor Cells (EPCis))
were isolated by Ulrich Becher (University of Bonn, Germany)
from human blood as described below according to
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regulations by the Institutional Review Board at the Univer-
sity Hospital of Bonn. In detail, mononuclear cells from blood
of healthy volunteers were obtained by density gradient cen-
trifugation with Ficoll-Paque Plus (Amersham Biosciences,
GE Healthscare, Uppsala, Sweden). Isolated mononuclear
cells were plated at a density of 2E+07 cells per well on 6well
plates coated with human fibronectin (R&D Systems, Minne-
apolis, MN, US) in endothelial cell basal medium-2 (EBM-2)
with 5% fetal calf serum (FCS) and growth factors (Lonza,
Basel, Switzerland). Early colonies appeared at around two to
three weeks. At 4 weeks, subconfluent cell colonies were
passaged and master stocks were established (=late EPCis).
Cells were cultivated in supplemented EBM-2 at 5% COy at
37°C.

Murine embryonal EPCs (meEPCs) were a kind gift of
Christian Kupatt (LMU Munich, Germany) and originally
isolated by Hatzopoulos et al. (16). Cultivation of meEPCs
was performed in Dulbecco’s Modified Eagle’s Medium
(DMEM, Invitrogen, Darmstadt, Germany) supplemented
with 20% FCS, 5% Pen/Strep (both Biochrom, Berlin,
Germany) and 5% non essential amino acids (Invitrogen,
Darmstadt, Germany) and cultured at 5% COg at 37°C.

Production of LVs

A self-inactivating lentivector (rrl-CMV-eGFP) containing a
CMV-driven eGFP expression cassette (17) was used. Prep-
aration and purification of LVs was accomplished as already
described (18). Briefly, the producer cells (human embryonal
kidney cells, HEK293T) were transfected with the lentivector
and packaging plasmids (19). Medium was changed on the
next day and the cell culture supernatant was harvested 24 h
and 48 h after the addition of fresh medium. Cell debris was
removed by using a bottle-top filter (SFCA, 0.45 pm, Nal-
gene, Thermo Fisher Scientific, Waltham, MA, USA). Purifi-
cation was performed by ultracentrifugation and the LV
pellets were finally resuspended in HBSS (Hank’s balanced
salt solution, Invitrogen, Darmstadt, Germany).

Titration of LVs

To determine the biological titer (in infectious particles (IP)/
ml) of the LV preparation, HEK293T cells were seeded in a
24well plate (Sarstedt, Nuembrecht, Germany), transduced
with virus of serial dilutions and analyzed using flow cytom-
etry as already described (18). The physical titer was mea-
sured by use of a colorimetric reverse transcriptase assay
(Roche Diagnostics, Indianapolis, IN, USA) quantifying ac-
tive reverse transcriptase (RT). Considering average amount
of molecules per viral particle, molecular weight and Avo-
gadro constant, the following term was used for calculating
the viral particles per ml (VP/ml): VP/ml =ng RT/ul x 1E-
09/3.88E-19.

Synthesis and Characterization of MNPs

Core-shell type iron oxide MNPs were synthesized by precip-
itation of Fe(Il)/Fe(Ill) hydroxide from aqueous solution of a
mixture of Fe(Il) and Fe(Ill) salts, followed by transformation
into magnetite in an oxygen-free atmosphere with spontaneous
adsorption or condensation of shell components as described
elsewhere (20-22). To modify the surface of the MNPs PEI-
Mag? and PEI-Mag3, the fluorinated surfactant ZONYL FSA
(lithium 3-[2-(perfluoroalkyl)ethylthio]|propionate) was com-
bined with 25-kDa branched polyethylenimine (PEI) in ratios
of 68 and 32% (w/w) for PEI-Mag2 or 6 and 94% (w/w) for
PEI-Mag3 (23). For SO-Magl and SO-Mag5 nanoparticles,
the surface coating was formed by condensation of tetraethyl
orthosilicate and 3-(trihydroxysilyl)propylmethylphosphonate
resulting in a silicon oxide layer with surface phosphonate
groups (SiOx/Phosphonate). Decoration of the surface of
SO-Mag!l particles with PEI at a PEI-to-iron ratio of
5% (w/w) resulted in SO-Mag2 particles with SiOx/
Phosphonate-PEI coating (21). The particles synthesized in
the presence of the fluorinated surfactant ZONYL FSE with
cationic polymer hexadimethrine bromide (polybrene; PB)
are referred to as PB-Magl nanoparticles and those synthe-
sized using a combination of the ZONYL FSA with PB are
denoted as PB-Mag2 MNPs. To modify the surface of the
magnetite nanoparticles PALD1-Mag4 and PALD2-Magl
the fluorinated surfactant ZONYL FSE was combined with
palmitoyl dextran PALD1 and PALD2, respectively. Palmi-
toyl dextran PALD1 and PALD2 with 11 and 32 palmitoyl
groups per 100 dextran units were synthesized by means of
esterification of Dextran-10 (Amersham Biosciences, GE
Healthscare, Uppsala, Sweden) with palmitoyl chloride (Sig-
ma Aldrich, Munich, Germany) as described previously (24).

The resulting coated MNPs suspensions were dialyzed
against double distilled water to remove unbound coating
components and then sterilized using *°Co gamma-
irradiation with a dosage of 25 kGy (25). The particle stock
concentrations in terms of dry weight and iron content were
determined as described previously (20). Average crystallite
size (d) of the core was calculated from the X-ray diffraction
data using the Scherer formula (26). Mean hydrodynamic
diameter (Dy,) and electrokinetic (€) potential of the MNPs
suspended in double distilled water were measured by pho-
ton correlation spectroscopy using a Malvern 3000 HS
Zetasizer (Malvern, Herrenberg, Germany). The saturation
magnetization per unit of iron weight (M;) was measured at
298 K using a vibrating sample magnetometer (Oxford
Instruments, Oxfordshire, UK.).

LV/MNP Assembling

LVs and MNPs were incubated in 300 pl HBSS supplied
with MgCl, and CaCly (HBSS++; Invitrogen, Darmstadt,
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Germany) at room temperature for 20 min. Beside HBSS+
+ also other solutions were tested for the assembling of
nanoparticles with LVs: 0.9% (w/v) NaCl, 0.01 M NaCl,
HyO or FCS. Furthermore, LV/MNP complexes were
formed in HBSS++ as described above and subsequently
the same volume serum (50% (w/v)) was added to the
preformed complexes. The suspensions were then trans-
ferred to a 24well plate (without cells). After incubation for
30 min at 4°C on a magnetic plate (chemicell, Berlin,
Germany), the supernatant (= not magnetically sedimented,
uncomplexed LVs) was used for an ELISA detecting the
lentiviral capsid protein p24 according to the manufac-
turer’s instructions (RETRO-TEK HIV-1 p24 Antigen
ELISA, Zeptrometrix Corporation Buffalo, NY, USA). As
reference LV suspension without MNPs was used.

Different LV/MNP ratios between 1 and 1,000 fg Fe/VP
were analyzed with increasing MNP concentration (mg Fe/ml)
and a fixed concentration of VPs (ca. 4E+06 VP/ml). VP
concentrations were calculated by measuring the physical titer
of the LV preparation (as described above), because complex-
ation of MNPs also occurs with biologically inactive particles
that are not measured with the biological titer.

LV/MNP Cell Transduction

Cells were seeded on 24-, 6well (BD Falcon, Franklin
Lakes, NJ, USA) or 12well (Greiner Bio one, Frickenhausen,
Germany) cell culture plates. The volume of LV preparation
needed for transduction (calculated from the biological LV
titer) was adjusted to the desired MOI (multiplicity of infec-
tion, MOI 5). The viral particles (physical titer) in the volume
applied were determined and according to desired LV/MNP
ratio (fg Fe/VP) and the MNP iron concentration the volume
of the MNP suspension was calculated. LVs and MNPs were
incubated in 300 pl to 800 ul HBSS++ for 20 min.

For transduction the cells were incubated with the LV/
MNP suspension for 30 min at 4°C on a magnetic plate
(chemicell, Berlin, Germany). Afterwards the LV/MNP so-
lution was replaced with cell culture medium. Buffer with-
out LVs and MNPs or with LV but without MNPs was used
as control as well as transduction with L.V without MNPs,
but overnight at 37°C at 5% COy (in medium). Cells were
incubated for 48 h.

Magnetic Responsiveness Measurements

Magnetic responsiveness of LV/MNP complexes or LV/
MNP transduced and magnetically labeled cells was deter-
mined as described previously (24,27). The method is based
on measuring the turbidity of the LV/MNP complexes/cell
suspensions upon application of a magnetic gradient field.
Briefly, 500 pl aliquots of the cells/complexes suspension
were put into an optical cuvette positioned in the holder,
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transferred to a spectrophotometer (Beckman DU 640,
Beckman Coulter Incorporated, Brea, CA, USA) and ex-
posed to a defined magnetic gradient field. The time course
of turbidity at 300 nm was then recorded as a function of
time. The magnetic gradient field was generated by posi-
tioning two mutually attracting packs of four quadrangular
neodymium-iron-boron (Nd-Fe-B) permanent magnets
(17x17 x4 mm) in symmetric fashion on each side of the
cuvette holder and parallel to the light beam. The resulting
magnetic gradient field was measured in a 1-mm grid in
planes at different distances from the surface of the Nd-Fe-B
magnet packs using a Hall probe. The z-component of the
field gradient perpendicular to the surface of the magnets
was calculated. In the measuring window, the magnetic
gradient field was rather uniform in the X-Y plane parallel
to both the surface of the magnets and the light beam with
an average magnetic induction < B > and a field gradient
<VB>, both perpendicular to the light beam, of 213 mT
and 4 Tm™, respectively. The recorded optical densities
were normalized to the data at t=0. The experimental
clearance curves were well fitted to a single exponential
decay curve (y = Ajexp(-x/t;)), using OriginPro8 Data
Analysis Software, and the time required for the 10 fold
decrease of the optical density was calculated as ty; = t;ln
(10). The magnetophoretic mobility was calculated as
v,=(L)/ty. Here, {L)=1 mm is the average path of the
complexes’ movement perpendicular to the measuring light
beam symmetrically in both directions to the magnets ar-
ranged at both sides of the optical cuvette (4 mm wide). The
average magnetic moment (M) of the complexes can then be
calculated with account for the average hydrodynamic diam-
eter and characteristics of the magnetic core of the MNPs as
previously described (24). LV/MNP suspensions contained
7.2 pg Fe and 2.4E + 07 VPs in 240 pl HBSS++ (assembling
for 20 min) and were diluted 10 fold before measurements.
Approximately 1E + 05 LV/MNP transduced cells were PFA
fixed (48 h after transduction) and resuspended in 550 pl
HBSS++ for analysis.

Hydrodynamic Diameter and Electrokinetic Potential
of LV/MNP Complexes

The hydrodynamic diameter (Dy,) and electrokinetic potential
(€) of LV/MNP complexes were measured in HBSS++ at a
final virus concentration of 1E+07 VP/ml by photon corre-
lation spectroscopy using the Zetasizer Nano ZS (Malvern,
Herrenberg, Germany).

Analysis of Transgene Expression
Images of cells were taken 48 h after LV (+/- MNP) trans-

duction with an inverted microscope DMIL 4000 (Leica
Microsystems, Wetzlar, Germany) equipped with a GFP
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fluorescence filter. LV transduced cells (with or without
MNPs) were also analyzed by flow cytometry. These cells
were fixed 48 h after transduction with 4% (w/v) PFA
(15 min, 4°C) and resuspended in PBS. FACS analysis of
the cells was performed using the Coulter epics XL-MCL
flow cytometer (Beckman Coulter Incorporated, Brea, CA,
USA) and evaluated using WinMDI2.8 software.

Toxicity Assays of Transduced Cells

Potential toxicity was evaluated either by using LDH (lactate
dehydrogenase) or MTT assay: Briefly, 20,000 cells were
seeded in a 24well plate and transduced with LV/MNP com-
plexes (or LV alone) as described above. After approximately
18 h the cell culture supernatant was centrifuged to pellet cell
debris and supernatant was analyzed using the LDH assay
according to the manufacturer’s instruction (Cytotoxicity De-
tection kit plus, Roche Diagnostics, Indianapolis, IN, USA).
For the MTT assay, 10 pl of a 0.5% (w/v) 3(4,5-Dimethylth-
1azol-2-yl)-2,5-diphenyl-tetrazoliumbromid (MTT) solution
was added to the transduced cells (ca. 18 h after transduction).
Cells were incubated for 2 h at 37°C. Cell culture supernatant
was then removed and cells were lysed by addition of an acidic
SDS/DMTF solution. After shaking for 15 min in the dark they
were subsequently incubated at 37°C for 30 min. The suspen-
sion was transferred to a 96well plate and optical density was
measured at 540 nm (reference wavelength: 620 nm).

Non-Heme-Iron Assay of Transduced Cells

Cells were transduced with LV/MNP complexes as de-
scribed above. 48 h after transduction cells were centrifuged
(289%g, 5 min) and cell pellet was frozen at -80°C. Cells
were lysed by adding an acid mixture containing 3 M HCI
and 0.6 M trichloracetic acid overnight at 65°C and ana-
lyzed for non-heme iron content using 1,10-phenantroline
method as previously described (28). For preparing a cali-
bration curve ammoniumferrum(Il)sulfate monohydrate
was used as standard and procedure was performed accord-
ingly but without addition of the acid mix.

LV/MNP Cell Transduction Under Flow Conditions

3E+05 HUVECs were seeded in a p-Slide I 0.4 Luer ibi-
Treat flow chamber (ibidi, Martinsried, Germany) accord-
ing to the manufacturer’s instructions. 48 h later LV/MNP
complexes were formed in HBSS++ as described above.
The flow system without the culture slide attached was
equilibrated with 11.2 ml culture medium for 5 min and
the virus complex solution was added and mixed by circu-
lation for 5 min. Subsequently the flow chamber, seeded
with HUVECs was attached and circulation proceeded for
15 min at 5 ml/min with an ibidi pump system (ibidi,

Martinsried, Germany; shear stress 6.58 dyn/ cm®, shear
rate 658 s') with or without positioning of three permanent
Nd-Fe-B magnets (Nd-Fe-B Neodelta with 1080—-1150 mT;
d=6 mm, h=5 mm (IBS Magnet, Berlin, Germany)), placed
in a row in a holder for 96 well magnets in strictly alternat-
ing polarization. After perfusion, cells were washed 5 times
with medium without application of a magnetic gradient
field and fluorescence images were taken using an AxioVert
135 microscope (Zeiss, Jena, Germany). 48 h later cells were
detached and seeded on cell culture dishes for cell expan-
sion. Quantitative analysis of transgene expression was per-
formed by flow cytometry.

Ex Vivo Flow Loop Perfusion of Murine Aorta

100,000 LV/MNP transduced HUVECs were collected in
800 ul medium 48 h after transduction. For additional loading
of cells with MNPs, 100 pg Fe SO-Mag) per seeded cell (in
HBSS++) was applied to the cells for 30 min on a magnetic
plate prior (around 12 h) to LV/MNP transduction.

An explanted murine aorta was connected to two cannulas
and perfused ex vivo with 12 ml DMEM medium (Invitrogen,
Darmstadt, Germany) (11). Two cylindrical (5 mm diameter,
14 mm height) Nd-Fe-B magnets were placed as close as
possible to the aorta. Cells were added to the medium and
the aorta was perfused for 30 min with a peristaltic pump at a
flow rate of 4 ml/min. The vessel was PFA fixed and embed-
ded in Tissue-Tek O.C.T. (Sakura, Zoeterwoude, NL). Cry-
osections were made and analyzed by fluorescence imaging.

Statistics

For statistical analysis the program GraphPad Prismb was
used. Statistical significance was determined by one-way
analysis of variance (ANOVA) and Dunnett post-hoc test.
We considered p<0.05 as statistically significant.

One-way ANOVA (and related nonparametric tests)
compare three or more groups when the data are catego-
rized in one way. For comparing three or more groups, it is
possible to pick a post test to compare pairs of group means.
The Dunnett test compares all columns vs. control column.

RESULTS
Assembling of MNPs and LVs

In initial experiments we screened a broad spectrum of
MNPs of the core-shell type that differ concerning their
coating, size and surface charge (Supplementary Table
S1). The MNPs were bound to LVs in a physiological salt
buffer supplied with MgCl, and CaCl, (HBSS++) and
transduction efficiency at MOI of 5 was analyzed in
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HUVECs (Human Umbilical Vein Endothelial Cells) (Sup-
plementary Fig. S1). For further experiments, we focused on
two positively charged, polyethylenimine (PEI)-coated
MNPs (PEI-Mag? and PEI-Mag3) that showed the highest
transduction efficacy in HUVECs (Supplementary Fig. S1).

From the negatively charged particles, we chose two with
different coatings: one with palmitoyldextran coating
(PALD2-Magl) and one carrying a silicon oxide coating
with surface phosphonate groups (SO-Mag)) (Supplemen-
tary Table S1).

To identify the optimal MNP-to-LLV ratio for complex
formation, we assembled MNPs with LVs at increasing
ratios of 1 to 1,000 fg Fe/VP and a fixed lentivirus particle
concentration (Fig. 1a). Virus particle-MNP association was
assessed by using an ELISA for the lentiviral capsid protein
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MNP-virus complexes. The resulting dose—response curves
(Fig. 1a) show increasing binding of LVs with ascending
MNP concentrations for both negatively and positively
charged MNPs. The plateau of the binding curve — repre-
senting the maximal assembling of LV/MNP complexes -
was reached between 100 and 300 fg Fe (MNP) per VP for
all particles. The amount of MNPs required for half maxi-
mal binding of LVs (Fig. 1b), was clearly higher for the
negatively (PALD2-Magl and SO-Mag5) charged MNPs.
We used HBSS++ as buffer (containing MgCl, and
CaCly), because it was previously shown that divalent cati-
ons are necessary for the complex formation of negatively
charged MNPs that have the same charge as the LVs (29).
Additionally, we tested the influence of different solutions on
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Fig. I Analysis of LV/MNP complexes. (a) Dose—response curve for cell-free LV/MNP assembly. LVs and different concentrations of MNPs (1 to |,000 fg
Fe per VP) were incubated for 20 min, transferred to 24well plate in a magnetic gradient field and supernatant (=uncomplexed virus) was analyzed using p24
ELISA. As positive control LV without MNPs was used and the percentage of complexed virus was calculated. n2=3, mean=SEM. (b) Analysis of half maximal
LV/MNP assembling. The MNP concentration per VP is displayed for different MNPs where the half of the VPs are complexed to the MNP (data is based on
Fig. 1a) (=3, +SEM, Statistical significance compared to SO-Mag5 (calculated one-way ANOVA and post test) marked by asterisk *, p<0.05). (c) Size
distribution of LV/MNP complexes. LV/MNP complexes (300 fg Fe per VP) were formed in HBSS+ + and the hydrodynamic diameter was measured. Of
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MNP binding to LVs for one positively (PEI-Mag2) and one
negatively (PALD-2Magl) charged MNP (Supplementary
Fig. S2a and b). Complex formation after incubation for
20 min and subsequent positioning in a magnetic gradient
field for 30 min in 0.15 M (0.9% (w/v)) NaCl and HBSS++
was most efficient, whereas no assembly was detectable in
Hy0O or 0.01 M NaCl (apparently due to the low osmotic
pressure; data not shown). Direct incubation of LVs and
MNPs in FCS (serum) resulted in no detectable complex
formation (Supplementary Fig. S2). However, initial LV
binding to MNPs in HBSS++ followed by dilution with
FCS resulted in the formation of LV/MNP complexes. At
ratios above 300 fg Fe/VP, no significant difference be-
tween control (HBSS++) and HBSS++/serum condition
was observed. The stability in serum is an important pre-
requisite for i vivo applications.

Another critical aspect for in viwo applications is the size of
the LV/MNP aggregates. Therefore, we analyzed the hy-
drodynamic diameter of LV/MNP complexes (Fig. 1c). For
all selected complexes formed in HBSS++ at a ratio of
300 fg Fe/VP two major size components were detected:
the vast majority of complexes (94-99%) had a hydrody-
namic diameter of around 200-600 nm (Fig. lc) and ap-
proximately 4% of the complexes showed a larger diameter
of 2.5+0.1 um (data not shown). For the LV particles
suspended in HBSS++ without MNPs, we measured an
average hydrodynamic diameter of 158+18 nm (97.6%
0.6%). Thus, regarding their size, the LV/MNP complexes
should be suitable for applications in small vessels that have
typically a diameter of 7 pm (30). For LV/MNP assembling
the final LV concentration in the suspension has no influ-
ence on the diameter of the aggregates (measured in the
range of 5E+06 to 1E+09 VP/ml; data not shown).

MNP-Guided Cell Transduction

We tested magnetically guided lentiviral transduction effi-
ciency of the LV/MNP complexes with four different MNPs
(PEI-Mag?2, PEI-Mag3, PALD2-Magl, SO-Mag5) in a
broad spectrum of endothelial (HUVECs and bPAECs (bo-
vine Pulmonary Arterial Endothelial Cells)) and endothelial
precursor cells (meEPCs and hIEPCs; murine embryonal
Endothelial Progenitor Cells (EPCs), human late EPCs) from
different species.

Lentiviral transduction requires adsorption of the viral
particles to the cells before viral entry (31). Therefore, a
close contact between the virus and the cells is necessary and
this occurs via the Brownian motion. Brownian motion in
turn is sensitive to low temperature and short incubation
time and therefore the adsorption is reduced under these
conditions (11,32). Association of LVs with MNPs and ap-
plication of magnetic forces accelerates virus adsorption. To
identify the most favorable LV/MNP transduction times,

HUVECs were incubated with LV/MNP complexes for up
to 60 min under application of a magnetic gradient field
(Supplementary Fig. S3). The maximal transduction effi-
ciency was achieved at approximately 20 min incubation.

First, we tested the optimal MNP-to-virus ratio in
HUVECGs, based on the cell-free, physical binding assays
(see also Fig. la). We applied MNP-to-virus ratios of 3—
3,000 fg Fe per VP (Fig. 2a and b). All the MNPs tested
showed maximal transduction efficiency at a LV/MNP ratio
of 300 fg Fe per VP as demonstrated by fluorescence mi-
croscopy (Fig. 2a) and flow cytometry analysis (Fig. 2b). This
ratio corresponds nicely with the LV/MNP physical binding
and magnetic sedimentation assays (see also Fig. la). In
further experiments, we have analyzed the provirus integra-
tion 48 h after transduction using quantitative Realtime
PCR according to a published protocol (11) (data not
shown). We have detected increasing numbers of provirus
per genome with increasing LV/MNP ratios with an aver-
age provirus integration of 1 copy per genome at the ratio of
300 fg Fe/VP; this corresponds to an approximate 10 fold
increase compared to virus alone (data not shown).

Next, we compared transduction efficiencies of the four
MNPs in the different endothelial cell lines (Fig. 3a-d). In
HUVEGS, classical overnight infection (V’ON) resulted in
high transgene expression and MNP-assisted LV transduc-
tion did not further improve the levels of GFP-positive cells
(Fig. 3a). In the other cell lines (bPAECs, meEPCs, hIEPCis),
we observed low transgene expression after overnight infec-
tion (Fig. 3b-d). Importantly, a 1.8-2.4 fold increase in
transduction efficiency was achieved by binding of LVs to
MNPs (Fig. 3b-d). Overall, LV/PEI-Mag combinations
resulted in the highest transduction efficiency. For the two
negatively charged MNPs (PALD2-Magl and SO-Mag5),
we observed different efficiencies in the different cell types:
PALD2-Magl was better for bPAECs and meEPCs, SO-
Mag5 achieved higher transduction rates in hIEPCs. Thus,
MNP-guided lentiviral transduction resulted in equal or
even higher transduction efficiency compared to classical
overnight transduction with PEI-Mag MNPs being the most
efficient. Clear differences were observed for the same MNP
in different endothelial cell types.

Additionally, we investigated the iron uptake by non-heme-
iron assay in HUVECs. By comparing the iron concentration
applied to the cells by LV/MNP transduction and the cellular
iron measured with the assay a recovery rate can be calculated
that provides information concerning the ability of the cells for
the uptake of MINPs (Fig. 3e). All four MINPs exhibited a high
cellular iron uptake ranging from approximately 63% to
around 82% of the MINPs applied with SO-Mag) resulting
in the highest iron recovery of 81.6£2.7% of the applied
iron dose reflecting an efficient MNP uptake.

A crucial aspect for the use of MNPs is their potential
toxicity. This was analyzed in HUVEC:s using two different

@ Springer




1262

Trueck et al.

Fig. 2 Analysis of cellular
transduction efficiency of LV/MNP
complexes. HUVECs were
transduced with LV/MNP (3 to
3,000 fg Fe per VP MOI5) and
fluorescence images were taken
48 h after transduction (a) or
percentage of eGFP positive cells
was determined via flow
cytometry (b). Controls: buffer
without LVs and MNPs

(HBSS+ +), buffer with LV and
without MNPs (V'30), LV without
MNP but transduction overnight
at 37°C in medium (V'ON).
Representative images of n23 are
shown (a); n23, mean=SEM (b).
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toxicity assays that measure either cell viability (MTT assay)
or cell lysis (LDH assay). Applying LV/MNP complexes at
the optimal concentration of 300 fg Fe per VP at a MOI of
5, no toxicity was detectable neither with the MTT (Fig. 3f)
nor the LDH assay (Fig. 3g). Dose escalation experiments
using up to 100 fold higher MNP concentrations at the
same MOI revealed no toxicity for the four MNPs as
measured by LDH release (Fig. 3h). Furthermore, only
a slight increase of LDH was detectable at a more than
300 fold increase of the MNP concentration to
100,000 fg Fe per VP. Analysis of cell toxicity was
preferentially performed at 18 h after transduction, be-
cause the MNPs are rapidly taken up by endothelial
cells. We explored potential toxic effects also at a later
time point (48 h) after the transduction (data not shown)
and also these experiments did not reveal adverse side
effects of MNP loading.
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Taken together, no toxicity of the LV/MNP complexes
was detectable at a moderate virus dose per cell (i.e. MOI 5) in
the range of the maximal binding capacity (i.e. 300 fg Fe/VP)
for the four MNPs studied.

LV/MNP Transduction Under Flow Conditions

A potential application of MNP guided local LV transduc-
tion m vwo requires LV/MNP complexes with a magnetic
moment that is high enough to be magnetically attracted
even under physiological flow stress. To analyze the mag-
netic responsiveness and thus, the magnetic moment of LV/
MNP complexes, we measured their time-dependent optical
density during application of a permanent gradient magnet-
ic field (27) (Fig. 4a and Table I). The two PEI-Mag MNPs
showed an identical low magnetophoretic mobility (ca.
0.9 um/s) and low magnetic moment (1.0£0.1 to 1.5£0.2
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Fig. 3 Transduction efficiency and cell viability using LV/MNP complexes. (a-d) Transduction efficiency of different cell lines. Cells (HUVECs (a), bPAECs
(b), meEPCs () and hIEPCs (d)) were transduced with LV/MNP (300 fg Fe per VB MOI 5) and percentage of eGFP positive cells was determined via flow
cytometry 48 h after transduction. n23, mean+SEM. Statistical significance compared to V'ON (calculated one-way ANOVA and post test) marked by asterisk
* p<0.05. (e) Cellular iron uptake of LV/MNP complexes. HUVECs were transduced with LV/MNP (300 fg Fe per VP MOI 5). 48 h after transduction iron
concentration was measured using a non-heme-iron assay and recovery was determined compared to iron (MNP) applied. n=3, mean+SEM. (f, g) Toxicity
analysis of LV/MNP transduced cells. HUVECs were transduced with LV/MNP (300 fg Fe per VB MOI 5). 18 h after transduction cells were analyzed using
MTT-assay (f) or LDH-assay (g). Controls: buffer without LVs and MNPs (HBSS+ +), buffer with LV and without MNPs (V'30), LV without MNP but
transduction overnight at 37°C in medium (V'ON), control without dye MTT (w/o MTT), control with complete lysed cells (DMSO, lysis). (h) Toxicity
analysis of LV/MNP transduced cells with different MNP concentrations. HUVECs were transduced with LV/MNP (300 to 100,000 fg Fe per VR MOI 5).
I8 h after transduction cells were analyzed using LDH assay. n23, mean+SEM.
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E-15 Am?), whereas the LV/SO-Magd complexes
exhibited the fastest magnetic sedimentation (1.94+0.4 pm/s)
and thus, the highest magnetic moment (3.31£0.7 E-15 Am?).
PALD2-Mag! showed an intermediate magnetophoretic
mobility (1.1+£0.1 pm/s) and magnetic moment (2.2%
0.2 E-15 Am?), respectively.

Next, we examined whether the magnetic moment of the
different LV/MNP combinations is high enough to over-
come hydrodynamic flow stress and to achieve local cell
transduction in a magnetic gradient field. HUVECs were
seeded 1n a perfusion system (Fig. 4b, t0p) and perfused with
medium containing LV/MNP under physiological circula-
tion conditions with or without a magnetic gradient field. All
LV/MNP complexes exhibited a very high transduction
rate in the presence of a magnetic gradient field (Fig. 4b
and ¢) with 77.0£10.4% (LV/PEI-Mag3), 84.5£9.2%
(LV/SO-Mag)), 93.3£5.2% (LV/PEI-Mag?2) and 96.2+
1.2% (LV/PALD2-Magl) eGFP positive cells. This clearly
demonstrates a high LV/MNP transduction efficiency under
physiological flow conditions, because almost no transduc-
tion was observed in absence of the magnetic gradient field
(1.3+£0.6 to 2.4+0.9% eGFP positive cells). Correspond-
ingly, almost no LV transduction was achieved without
MNPs independently of the magnetic gradient field (2.7+
0.7% without and 3.0%£0.8% eGFP transgenic with magnets)
(Fig. 4¢).

Ex vivo Engraftment of LV/MNP Transduced Cells

Cell replacement is the basis for regenerative medicine and
re-endothelialization of damaged vessels could be an inter-
esting concept for the local treatment of cardiovascular
diseases. Therefore, we tested whether LV/MNP transduced
HUVECs can be trapped within the tunica intima of an
explanted murine aorta by using an ex viwo flow loop system
(11) upon perfusion for 30 min at a flow rate of 4 ml/min. We
examined cells treated with LV/MNP complexes with one
positively (PEI-Mag?) and one negatively (PALD2-Magl)
charged MNP. First, magnetic responsiveness of LV/MNP
transduced cells was analyzed (Fig. 5a). Although the optimal
LV/MNP ratio for transduction (300 fg Fe/VP) was used, the
PEI-Mag?2 and PALD2-Mag transduced cells showed only a
rather low magnetic moment of 80.1+12.9 and 65.9+
7.4 E-15 Am? per cell, respectively (Table II). Next, the LV/
MNP transduced cells were applied in the ex vivo flow loop
system (Fig. 5b). Neither LV/PEI-Mag2 nor LV/PALD2-
Mag] infected cells were localized at the intima of the murine
vessel indicating that the magnetic moment of the cells was too
low for magnetically guided local cell positioning.

To increase the magnetic moment of the transduced cells,
we additionally applied SO-Mag) to the cells before trans-
duction resulting in 4.5-4.7 pg Fe per magnetically
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sedimented cell for PEI-Mag?2 and PALD2-Magl, respec-
tively (Table I).

This MNP was chosen, because it exhibited the highest
cellular iron uptake (see also Fig. 3¢) and the highest mag-
netic moment during LV/MNP complexation (see also
Fig. 4a and Table I). In comparison to LV/MNP trans-
duced cells without addition of SO-Mag) (see also Fig. 5a
and Table II), a much faster magnetic sedimentation and
thus a higher magnetic moment of the SO-Magb loaded
cells was registered (Fig. 5c, Table II). We next tested if the
magnetic moment of these labeled cells of 365.5 and 387.9
E-15 Am?/cell (Table II) is high enough to overcome shear
forces in the ex vivo loop system (Fig. 5d). Both combinations
(SO-Mag5+LV/PEI-Mag? and SO-Mag5+LV/PALD2-
Magl) clearly showed a localized deposit of HUVECs at
the intima of the murine vessel. Analysis of LV/MNP trans-
duced and MNP loaded cells did not reveal toxicity in the
LDH- and MTT assays (data not shown).

Taken together, optimization of LV/MNP assembly
results in improved transduction efficiencies. However, this
does not per se result in cellular magnetic moments that are
high enough for positioning of transduced cells. Neverthe-
less, a high enough cellular magnetic moment can be
achieved by loading transduced cells with additional MNPs
that have a high magnetic moment.

DISCUSSION

Local gene targeting of endothelial cells would be an attrac-
tive tool for gene therapy. In addition, local cell positioning
1s an important concept of cell based therapies.

For achieving this goal of regional gene and cell targeting,
we applied magnetically guided LVs that were associated with
MNPs.

Due to their capability of being attracted in a magnetic
gradient field, MINPs can be used for the localized delivery of
drugs and biomolecules including DNA, RNA and proteins
(33,34). In a recent publication, magnetic iron oxide particles
were even employed for magnetically guided 2 vitro delivery of
a malaria DNA vaccine (35). In this work PEI-coated nano-
particles resulted in efficient DNA binding and much higher
transfection rates upon gradient magnetic field application
were reported compared to lipofectamine mediated transfec-
tion (35). This study is another example for the broad range of
potential applications of magnetic nanoparticles. Several oth-
er publications have shown that MNPs can also be used for the
magnetically assisted delivery of viral vectors (36-38).

In the study presented here, we set out to improve MINP-
based lentiviral gene transfer. A broad spectrum of differ-
ently charged and coated MNPs of the core shell type with a
hydrodynamic diameter ranging from 20 to 500 nm was
investigated. We focused on two positively charged MNPs
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Fig. 4 Magnetic behaviour of LV/MNP complexes and transduction during perfusion. (a) Magnetic behavior of LV/MNP complexes. LV/MNP complexes
(300 fg Fe per VP) were analyzed using magnetic responsiveness measurement (normalized; D/DO0). n=3, mean=SEM. (b, c) Flow loop perfusion of cells
with LV/MNP complexes. HUVECs were seeded in a flow chamber (b, top) and adhered cells were perfused with LV/MNP complexes in HBSS+ + (300 fg
Fe/VP, MOI50) for 15 min in presence (with magnetic field) or absence (w/o magnetic field) of three permanent magnets. As controls LV without MNP (LV)
or buffer without LVs and MNPs (HBSS+ +) were used. Fluorescence images are shown after perfusion (with magnetic gradient field) (b, below). Cells were
detached, expanded and analyzed using flow cytometry. n=3, mean+SEM. (c).
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Table | Characteristics of the LV/MNP Complexes®

LV/PEI-Mag2 LV/PEI-Mag3 LV/PALD2-Magl| LV/SO-Mag5
elektrokinetic potential § (mean=SD, mV) +11.4=0.1 +9.2+0.2 —9.9+0.05 —128=1.7
magnetophoretic mobility v, (mean+SD, um/s)°* 0.9+0.1 0.9+0.0l [.1=0.1 1.9+04
magnetic moment M (mean=SD, |E-15 Am?)° [.0+0.1 1.5+0.2 22+02 33+07

# assembling in HBSS++ (300 fg Fe/VR, final LV concentration: |E-+08 VP/ml)

® measured at an average magnetic field (8) of 0.213 + 0.017 T

¢ measured at an average magnetic field gradient (VB) of 4 = 2 T/m

(PEI-Mag?2, PEI-Mag3) and two differently coated, nega-
tively charged particles (PALD2-Magl and SO-Mag5).
Cell-free, physical binding assays showed maximal assem-
bling of LV/MNP complexes at ratios between 100 to
300 fg Fe/VP for all particles analyzed. We observed lower

a
1 E
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o
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0 T T 1
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LV/MNP ratio for half maximal binding for the positively
charged MNPs indicating better binding of LVs to these
MNPs as compared to the negatively charged MNPs due to
direct electrostatic interaction between positively charged
MNPs and negatively charged LVs. Furthermore, various

LV/PEI-Mag2

Fig. 5 Magnetic behaviour of LV/MNP transduced cells and ex vivo aorta perfusion. (a, €) Magnetic behavior of LV/MNP transduced cells. HUVECs were
either not additionally loaded (a) or labeled with SO-Mag5 (c) and thereafter transduced with LV/MNP (300 fg Fe per VB MOI 5) and analyzed using
magnetic responsiveness measurement (normalized; D/D0). n=3, mean=SEM. (b, d) Ex vivo aorta perfusion with LV/MNP transduced cells. An explanted
murine aorta was perfused for 30 min with 100,000 LV/MNP transduced HUVECs (300 fg Fe per VP MOI 5) 48 h after transduction, that were prior to
infection either not SO-Mag5 loaded (b) or additionally labeled with SO-Mag5 (d). Cryosections of the aorta are shown in brightfield (left) and as

fluorescence image (right).
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Table Il Characteristics of LV/MNP Transduced Cells®

LV/PEI-Mag2 LV/PALD2-Magl| LV/PEI-Mag2 LV/PALD2-Mag|
addition of SO-Mag5 (100 pg applied Fe SO-Mag5/seeded cell) - - + +
magnetophoretic mobility v, (mean+SD, um/s)> © 25+04 2.0x0.2 122+0.4 [1.9+0.1
magnetic moment M/cell (mean+SD, 1E-15 Am?)° 80.1 £12.9 65.9+74 365.5+£59.9 387.9x4.2
cell associated iron (pg Fe per magnetically sedimented cell) [.3+0.2 [.1=0.1 4.5+0.7 4.7+0.1

* LV/MNP transduction of HUVECs with 300 fg Fe/VP at MOI 5
® measured at an average magnetic field (8) of 0.213 + 0.017T

¢ measured at an average magnetic field gradient (VB) of 4 = 2 T/m

publications have shown that PEI supports the complexa-
tion of silica iron oxide based MINPs to lenti- and adenoviral
vectors leading to high transduction rates (39-41). The
positively charged MNPs used in this study are both PEI
coated and displayed overall the highest transduction effi-
ciencies. In contrast, the negatively charged MNPs can
assemble with LVs in the presence of divalent cations (29).
In addition, HIV-derived lentiviral particles contain hydro-
phobic residues (42) that could mediate hydrophobic inter-
actions with MNPs (e.g. PALD2-Mag1).

Another important parameter for LV/MNP complex
formation is the solvent used for assembling the complexes.
Interestingly, the LV/MNP interaction was stable even in
the presence of serum, but only after complex formation in
serum-free buffer.

Transduction efficiency of the LV/MNP complexes was
studied in different endothelial cells of human, bovine and
murine origin. We used two primary endothelial cells
(HUVEGs, bPAECs) as well as endothelial precursor cells
that can develop to mature endothelial cells. Although
transduction efficiencies for the four MNPs was lower than
overnight transduction in HUVEGs, 1.8 to 2.4 fold higher
transduction efficacies were achieved for MNP transduc-
tion at non permissive conditions (4°C, 30 min) in bPAECs
and meEPCs as well as hIEPCs as compared to the clas-
sical overnight infection at 37°C. The use of positively
charged (PEI-coated) MNPs always resulted in high trans-
gene expression. However, we observed different transduc-
tion levels for individual MNPs in the different cell lines.
Thus, based on the analysis of one specific cell line, one
cannot predict which LV/MNP combination is optimal for
another cell line.

A basic requirement for MNP-guided LV gene transfer is a
sufficient magnetic moment of the LV/MNP complexes with-
in the magnetic gradient field. Although the MINPs studied
exhibited a 3 fold difference in the magnetic moments of their
LV complexes (1 to 3 E-15 Am?), the cell transduction experi-
ments suggest that these magnetic moments are high enough
for efficient concentration of the complexes at the cell mem-
brane and for internalization of the exogenic iron in the cells.
Importantly, the magnetic moments of the LV/MNP

complexes were even high enough to overcome physiological
flow conditions, and more than 70% of the cells subjected to
magnetic gradient field under flow were transduced. In con-
trast, without magnetic gradient field or without association to
MNPs almost no lentiviral transduction was observed (~2 to
3% transgenic cells).

Finally, we studied local cell positioning of magnetically
labeled cells. We used the optimal LV/MNP ratio of 300 fg
Fe/VP to transduce endothelial cells and applied the labeled
cells for an ex vivo perfusion of a murine aorta. However, the
cellular magnetic moment achieved with this low amount of
Fe (ca. 1 pg Fe/cell) was too low to trap the cells within the
tunica intima of the vessel. Therefore, we additionally trea-
ted the cells with a MNP that has a high magnetic moment
to increase the magnetic moment of the transduced cells to
up to almost 400 E-15 Am? per cell (nearly 5 pg Fe per cell)
and achieved local cell positioning. Interestingly, bovine
aortic endothelial cells loaded with polymeric MNPs and a
magnetic moment of about 200 E-15 Am? per cell were
already successfully targeted to steel stent wires by applica-
tion of a magnetic gradient field i vivo (15).

Apart from MNP-assisted LV guiding also other
approaches have been published for localized lentiviral me-
diated gene expression. Collagen hydrogels have been used
to promote subcutancous LV gene delivery i vivo (43). In
addition, LVs can be complexed with hydroxylapatite nano-
particles to achieve increased LV retention and efficient LV
delivery (43). An important aspect of MNP-based gene
transfer is targeting of MNP-containing cells to tissues as
well as the direct targeting of LV/MNP complexes to tissues
by use of a gradient magnetic field; these approaches would
also enable local gene delivery i vivo. Other applications
employing similar techniques comprise the use of magnetic
stents (44). It 1s also worthwhile to mention that local cell
transduction under flow conditions reveals high efficiency
when using LV/MNP complexes in combination with a
gradient magnetic field. Thus, in the long term we envision
the combination of systemic intravascular application and
site specific enrichment of LV/MNP complexes for gene-
and cell therapy purposes. In this study we have established
important basics for such applications.
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CONCLUSION

Taken together, by analyzing different parameters including
binding capacity, magnetic responsiveness, transduction ef-
ficiency and cellular iron uptake, we were able to optimize
LV/MNP assembly. None of the MNPs tested showed
cytotoxicity as analyzed by two assays that are either based
on cell metabolic activity or cell lysis. Different endothelial
cell lines were tested regarding the most efficient LV/MNP
combination. Importantly, in three different endothelial cell
types, 1.8 to 2.4 fold higher transduction efficiencies as
compared to classical overnight transduction were achieved
even under non-permissive conditions (4°C, 30 min). Fur-
thermore, high efficient local LV gene transfer in endothe-
lial cells was possible under physiological shear stress.
Additionally, magnetically labeled lentiviral transduced cells
were trapped ex vivo under flow conditions.
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