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ABSTRACT

Purpose The combination of magnetic nanoparticles (MNPs)
with a magnetic field is a powerful approach to enable cell
positioning and/or local gene therapy. Because physical require-
ments for MNPs differ between these two applications we have
explored whether the use of different MNPs can provide site-
specific positioning combined with efficient viral transduction of
endothelial cells (ECs).

Methods A variety of MNPs was screened for magnetic cell
labeling and lentivirus binding. Then two different MNPs were
chosen and their combined application was evaluated regarding
EC magnetization and transduction efficiency.

Results The combined use of PEI-Mag2 and NDT-Magl|
particles provided both efficient lentiviral transduction and
high magnetic responsiveness of ECs that could be even
retained within the vascular wall under flow conditions.
The use of these MNPs did not affect biological character-
istics of ECs like surface marker expression and vascular
network formation. Importantly, with this method we could
achieve an efficient functional overexpression of endothelial
nitric oxide synthase in ECs.

Conclusions The application of two different MNPs provides
optimal results for magnetic labeling of ECs in combination with
viral transduction. This novel approach could be very useful for
targeted gene therapy ex vivo and site-specific cell replacement
in the vascular system.

Electronic supplementary material The online version of this article
(doi: 10.1007/s11095-01 1-0657-5) contains supplementary material,
which is available to authorized users.

KEY WORDS endothelial cell replacement - gene transfer -
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ABBREVIATIONS

bPAECs bovine pulmonary endothelial cells
CcMV cytomegalovirus

ECs endothelial cells

eGFP enhanced green fluorescent protein
eNOS endothelial nitric oxide synthase
Fe iron

LV lentivirus

MNPs magnetic nanoparticles

MOl multiplicity of infection

MPS magnetic particle spectroscopy

NDT/PEI (0.04)
NDT/PEI (25)

NDT-Mag! /PEI-Mag? at a ratio of 0.04 pg Fe/VP
NDT-Mag! /PEI-Mag? at a ratio of 25 pg Fe/cell

PECAM platelet endothelial cell adhesion molecule
VP virus particle
INTRODUCTION

Magnetic nanoparticles (MNPs) are currently utilized for a
variety of applications in biomedicine. They are used as
contrast agents to obtain a high spatial resolution in mag-
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netic resonance imaging (MRI) and can accumulate in
tumors or atherosclerotic plaques enabling site-specific dis-
ease detection (1,2). Besides diagnostic applications, MNPs
can be also employed for therapeutic purposes. For exam-
ple, tumor tissue has been loaded with MNPs and thereafter
been exposed to high frequency magnetic fields resulting in
local hyperthermia and tumor regression (3). Moreover, also
site-specific drug delivery can be accomplished with MNPs
by applying external magnetic field gradients to enrich
drug/MNP complexes at the target site (4). In addition,
MNPs are efficiently used for DNA, protein or cell labeling
and their subsequent purification in a magnetic field (5-8).
Cell labeling with MNPs has also been exploited for ex vivo
tissue engineering strategies: MNPs have been shown to
support the construction of keratinocyte sheets (9) and the
coating of synthetic vascular grafts with endothelial cells
(ECs) (10,11). Moreover, gene delivery in cells and tissues
could be improved by non-viral or viral vectors associated
with MNPs, so-called magnetofection (12—14).

We have shown in an earlier study that ECs could be
efficiently transduced with lentivirus (LV)/MNP complexes
even at low temperature m vitro as well as under flow con-
ditions ex vivo (15). In addition, LV and MNPs can be also
utilized to combine gene therapy with cell replacement.
However, a major limitation of combining lentiviral trans-
duction with cell positioning is that no single type of MNPs
has the physico-chemical characteristics required to provide
optimal results for both these applications. In fact, MNPs
with a high magnetic moment are best suited for cell posi-
tioning, whereas these often do not allow for optimal virus
binding and wvice versa. We therefore sought to combine
different types of MNPs to provide efficient viral transduc-
tion of ECs and retention at the vascular wall under flow
conditions.

MATERIALS AND METHODS
Cell Culture

Bovine pulmonary arterial endothelial cells (bPAECs) were
obtained from Provitro (Berlin, Germany). They were cul-
tivated in endothelial cell growth medium (ECGM) as rec-
ommended by the manufacturer and used until passage 8.

Magnetic Labeling of bPAECs and Magnetic Rack
Experiments

The generation of PEI-Mag2 and NDT-Magl particles
containing magnetite cores has been previously described
(16); the characteristics of magnetic nanoparticles (MNPs)
used for screening are shown in Supp. Table I. For magnetic
labeling experiments 150,000 cells/well were seeded in a 6-

well plate. The required amount of MNPs was suspended in
I ml of Hank’s Balanced Salt Solution with calcium and
magnesium (HBSS'", Invitrogen, Darmstadt, Germany).
Cells were washed once with HBSS™" and then incubated
with MNP suspension for 30 min on a magnetic plate
(Chemicell, Berlin, Germany) at 37°C. Afterwards MNP
suspension was replaced with ECGM.

Twenty four hours after labeling cells were detached
using Accutase (Provitro, Berlin, Germany) and passed
through a magnetic rack. The rack consists of a custom-
built acrylic glass block with slots for 1.5 ml reaction tubes.
The slots contain two cuboid-formed permanent magnets
(N44, N50, www.magnet-shop.net, Cat. No.: QM-
20x05x02-N, QM-10x04x02-G) closely attached to the tube
wall ranging from top to bottom. When a suspension of cells
1s transferred to the wall of a reaction tube near the magnet
labeled cells are retained at the wall, non-labeled cells are
collected at the bottom of the tube. The amount of retained
magnetic cells and non-magnetic cells in the effluent was
determined by cell counting.

Lactate Dehydrogenase (LDH) Assay

The LDH assay was applied to exclude a toxic effect of cell
loading with MNPs. Therefore 20,000 cells were plated in a
24-well plate and magnetically labeled with MNPs as de-
scribed above. After approximately 18 h the cell culture
supernatant was centrifuged to pellet cell debris and the
supernatant was analyzed using the LDH assay according
to the manufacturer’s instruction (Gytotoxicity Detection kit
plus, Roche Diagnostics, Indianapolis, IN, USA).

Virus Binding Curves

Complexes of MNPs and lentiviruses (LLVs) were generated
in HBSS™ ", then the suspension was transferred to a 24-well
plate. During the incubation time of 30 min at 4°C on a
magnetic plate, MNP-bound LVs sedimented within the
wells. After that, the uncomplexed LVs in the supernatant
were quantified by ELISA detecting the lentiviral capsid
protein p24 (RETRO-TEK HIV-1 p24 Antigen ELISA,
Zeptrometrix Corporation Buffalo, NY, USA). As control,
suspensions with LVs but without MNPs were used. To
calculate the MNP-bound LVs, LVs contained in the super-
natant after complexation were subtracted from the LVs in
the supernatant of controls and expressed relative to
controls.

Magnetic Responsiveness Measurements
Magnetic responsiveness measurements were performed

according to the published protocol by Mykhaylyk et al.
(17). Briefly, suspensions of magnetically labeled cells were
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transferred into a well-defined inhomogencous magnetic
gradient field. This field was generated by two mutually
attracting packs of four quadrangular NdFeB magnets sym-
metrically positioned on each side of a cuvette holder. Then
the time course of the optical density or turbidity of the
suspensions was measured in a spectrophotometer. From
the clearance velocity of the suspension the magnetic mo-
ment and iron content of the cells were calculated as de-
scribed by Wilhelm et al. (18).

Magnetic Particle Spectroscopy (MPS)

Magnetic Particle Spectroscopy (MPS) measures the spectral
density of the higher harmonics of the dynamic magnetization
behavior of MNPs on the basis of the newly developed Mag-
netic Particle Imaging (MPI) (19). The samples were exposed
to a strong alternating field with a strength of pgH=10 mT
with a frequency of fy=25 kHz. Then the nonlinear part of
magnetization of MNPs produces amplitudes of higher har-
monics with frequencies tk=(2 k+1), k=1,2,3,... in the Four-
ter transform of the sample’s response which can be separated
from the signal contribution of the base frequency f; by high
pass filtering. Thus, the signal is very specific for MNPs as
components of diamagnetic and paramagnetic parts of the
samples (e.g. tissue, cell medium, blood) do not contribute to
the uneven higher harmonics because they have a linear
magnetization behavior in the present field range.

The sensitivity of the measurement strongly depends on
the kind of the MNPs, where MNPs with a high magnetic
moment produce high amplitudes due to their non-linear
magnetization behavior. For NDT-Magl and PEI-Mag?
the detection limit amounts to 0.01 pug and 0.1 pg for Ag
and As;, respectively.

In order to quantify the MNPs within the cell suspen-
sions, 150 pl of the cell suspensions as well as a reference
sample containing a known amount of the MNPs from the
same flask used for the transduction are measured by the
MP-spectrometer. For the quantification we used the two
strongest amplitudes A3 and As. Then we calculated
the amount of iron within the sample according to m(Fe) =
mg.r(Fe) (Ag/Aijef + Ai/AiRd‘)/Q . The measurement
uncertainty of the individual samples was estimated
by the difference according to u(m(Fe)) = mg.r(Fe)]

As/Asrer — As/As rer] /2.

Transduction of bPAECs

Self-inactivating LVs containing a CMV-driven eGFP or
eNOS-IRES-eGFP expression cassette were produced and
biological virus titers determined as previously described
(20). The physical titers were calculated from concentrations
of reverse transcriptase according to Trueck et al. (Trueck,
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Zimmermann ¢ al., this issue). Biological and physical CMV-
eGFP titer was 7.48% 10 infectious particles (IP)/ml and
3.25% 10" viral particles (VP)/ml, respectively. Biological and
physical CMV-eNOS-IRES-cGFP titer was 6.98% 107 TP/ml
and 1.99%10"" VP/ml, respectively. Lentiviral transduction
was exerted at a multiplicity of infection (MOI 20).

For lentiviral transduction of bPAECs cells were either
plated at a density of 150,000/well in a 6-well plate (magnetic
rack, Western Blot experiments) or plated at a density of
30,000/well in a 24-well plate (QRT-PCR, immunostaining
experiments). Transduction was performed in 1 ml (6-well) or
0.5 ml (24-well) of HBSS" . LV was either diluted in HBSS™*
or incubated for 20 min at room temperature with PEI-Mag?2
or NDT-Magl in HBSS™ resulting in 0.04 pg Fe/VP or
25 pg Fe/cell. Transduction was performed in HBSS™" for
30 min at 37°C in an incubator using a magnetic plate (Chem-
icell, Berlin, Germany). Lentiviral transduction over night was
performed with LV in ECGM for at least 12 h at 37°C. For
combined magnetic cell labeling and lentiviral transduction
bPAECs were magnetically labeled with a suspension of
25 pg Fe/cell NDT-Magl in HBSS™" on a magnetic plate
for 30 min at 37°C followed by transduction with complexes of
LV and 0.04 pg Fe/VP PEI-Mag? 12 h later.

Analysis of Transduction Efficiency

For analysis of transduction efficiency fluorescence pictures
of transduced and fixated bPAECs were obtained by the
Axio Observer Z1 equipped with a MosaiX module (Zeiss,
Jena, Germany). Nuclei and eGFP positive cells were
counted using the cell counter plug-in from WCIF Image J.

QRT-PCR

Total RNA from bPAECs was extracted with the RNeasy
Micro Kit (Qiagen, Hilden, Germany). CDNA was gener-
ated using SuperScript VILO ¢cDNA synthesis kit (Invitro-
gen, Darmstadt, Germany). Expression of endothelial nitric
oxide synthase (eNOS), eGFP and 18S rRNA was assessed
by SYBR-Green quantitative real time PCR (QRT-PCR).
MasterMix and pre-designed primers were obtained from
QIAGEN (eNOS: QT00089033, GIFP: QT01171611, 18S
rRNA: QT01036875). QRT-PCR was performed using
Rotor-Gene SYBR Green PCR Kit (QIAGEN, Hilden,
Germany) in a Rotor Gene Q real time PCR cycler (QIAGEN,
Hilden, Germany). Relative expression levels were determined
with the 244 method (21).

Western Blot Experiments
For protein extraction cells were washed once with ice-cold

PBS. Cell lysis was achieved by addition of cold RIPA buffer
containing protease inhibitors (Roche Applied Science,
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Mannheim, Germany). Lysate was frozen at -80°C, then
thawed on ice and centrifuged for 10 min with
13,000 rpm at 4°C. Supernatant was transferred to a new
reaction tube and protein concentration was determined
using BCA Protein Assay Kit (Thermo Scientific, Rockford,
USA).

SDS-PAGE was performed in a 10% polyacrylamide gel.
Electrophoresis and blotting were performed as previously
described (22). Antibody dilutions were applied as follows:
eNOS (Santa Cruz Biotechnology, Heidelberg, Germany):
1:1000; GFP (Clontech, Saint-Germain-en-Laye, France):
1:1000; B-actin (Sigma-Aldrich, Taufkirchen, Germany):
1:20,000.

Ex Vivo Perfusion of Mouse Aortas

Studies were conducted using female CD1 wildtype mice
(Charles River, Sulzfeld, Germany) and experiments were in
accordance with “Principles of Laboratory Animal Care”.
The animals were sacrificed at 10 weeks of age. The tho-
racic aortas were dissected free of fatty and connective
tissue. Then arteries were cannulated on both sides and
placed in an organ bath filled with Dulbecco’s Modified
Eagle Medium (DMEM, GIBCO Invitrogen, Karlsruhe,
Germany). The intercostal arteries were cauterized with a
soldering gun. Cannulated vessels were connected to our ex
viwo flow-loop system (15). Recirculating perfusion was per-
formed with approximately 10 ml of DMEM and a perfu-
sion rate of about 4.5 ml/min for a total perfusion time of
30 min. After magnetic labeling and lentiviral transduction
400,000 bPAECs were injected into the flow-loop system as
a bolus. Cells were retained by two small permanent mag-
nets (length 14 mm, diameter 4 mm) with a magnetic flux
density of about 0.6 T at the surface of the magnets (15).
Pictures of the whole aorta were taken directly after perfu-
sion using a Leica MZ 16 F stereomicroscope (Microsystems
GmbH, Wetzlar, Germany).

For histological sections the arteries were incubated in
4% PFA for 30 min at room temperature and than frozen at
-80°C in Tissue-Tek® O.C.T. compound medium (Sakura,
Zoeterwoude, Netherlands). Frozen tissue samples were sec-
tioned into 10 pm slices using a Leica cryotome (Leica,
Wetzlar, Germany).

The immunoflourescence stainings were performed using
primary antibodies directed against platelet endothelial cell
adhesion molecule (PECAM, 1:800, kindly provided by Dr.
Newman, University of Wisconsin) and murine a-smooth-
muscle-actin (1:800, Sigma Aldrich, Munich, Germany). As
secondary antibodies Cy3 anti-rabbit (1:400, Dianova,
Hamburg, Germany) and Alexa 647 anti-mouse (1:400,
Molecular Probes, Invitrogen, Darmstadt, Germany) were
used. The prussian blue staining was performed as described
below.

Pictures of the labeled sections were obtained using an
Axio Observer Z1 microscope (Carl Zeiss Microlmaging
GmbH, Géttingen, Germany) and pictures of the prussian
blue staining were taken using an Axiovert 200 microscope
(Carl Zeiss Microlmaging GmbH, Géttingen, Germany).

Prussian Blue Staining

Iron staining of magnetically labeled cells was performed
according to the prussian blue method. Therefore, bPAECs
were fixated by 4% PFA and incubated with staining solu-
tion (5% potassium ferricyanide II solution mixed with 5%
hydrochloric acid (1:1)) for 20 min. Afterwards, cells were
counterstained with 0.5% eosin G solution (Carl Roth,
Karslruhe, Germany) for 5 min and mounted with entellan
(Merck, Darmstadt).

Immunocytochemistry of bPAECs

To investigate the cellular expression of eNOS and PECAM
in bPAEGCs, cells were cultivated on coverslips coated with
0.1% gelatine. After PFA fixation, cells were permeabilized
with 0.2% Triton X-100 (Roth, Karlsruhe, Germany) and
blocked with 5% donkey serum (Vector laboratories, Eching,
Germany). Then cells were incubated for 1 h with primary
antibodies anti-eNOS (1:50, BD Biosciences, Heidelberg,
Germany) and anti-PECAM (1:500). As secondary antibodies
Cy3 anti-mouse and Cy5 anti-rabbit (1:400, Dianova) were
used. Nuclei were stained with Hoechst 3342 (1:1000, Sigma-
Aldrich, Taufkirchen, Germany).

Angiogenesis Assay

To prove the angiogenic capacity of bPAECs, cells were
transduced in 6-well plates (100,000 cells/well). Two days
after transduction they were transferred to Matrigel-coated
24-well plates (200 pl Matrigel/well, 50,000 cells/well, BD
Biosciences, Heidelberg, Germany). Pictures were taken
24 h after transfer to Matrigel.

Analysis of Nitric Oxide Synthesis

Nitric oxide synthesis of bPAECs was analyzed using a
diaminofluorescein assay (DAF assay). BPAECs at passage
5 were cultivated and transduced in 6-well plates (200,000
cells/well). For DAF measurements a CMV-eNOS virus
was used to prevent false positive fluorescence signals by
eGFP leaking into the supernatant. The physical titer of the
CMV-eNOS virus was 1.66x 10" VP/ml. Two days after
transduction bPAECs were transferred to 24-well plates
(100,000 cells/well). Three days after transduction cells
were incubated with 1 uM DAF in 3 mM L-arginine in
HBSS™" for 1 h at 37°C in an incubator. As positive control
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bPAECs were incubated with 100 pM sodium nitroprusside
(SNP). Supernatant was transferred to a 96-well plate and
fluorescence intensity was determined using a microplate
reader (excitation: 485 nm, emission: 535 nm, TECAN,
Minnedorf, Switzerland).

Statistical Analysis

Data are expressed as mean + SEM. Statistical significance
was determined by one-way analysis of variance (ANOVA)
and Dunnet’s, Bonferroni or Tukey’s post-hoc test. £<0.05
was considered statistically significant.

RESULTS

In this study bovine pulmonary arterial endothelial cells
(bPAECs) were used because these primary cells have cer-
tain advantages as compared to other endothelial cells
(EGs): they have a high proliferation rate and therefore
appear to be a sensitive cell type for potential adverse side
effects of magnetic nanoparticles (MINPs).

In order to identify optimal MNPs for magnetic cell label-
ing and lentiviral transduction, a variety of different MINPs
was screened; all MINPs tested contained a magnetite core of
9-12 nm and were coated with different surfactants and/or
polymers (Suppl. Table I).

To test the capacity of MNPs to retain labeled cells in a
magnetic field, suspensions of cells loaded with 10 different
types of MNPs were transferred to a so-called magnetic rack
(Fig. 1a); the cell suspensions were pipetted onto the edge of
a small tube with an adjacent magnet and only cells with a
high magnetic moment were retained whereas cells with a
low magnetic moment sedimented within the tube. We
found that ECs loaded with NDT-Magl were most effi-
ciently retained (86%) whereas the retention rate was clearly
lower for the other MNPs ranging from 30 to 70% (Fig. 1b).
To test for potential cell toxicity of NDT-Magl a lactate
dehydrogenase (LDH) assay was performed. This experi-
ment revealed that NDT-Magl at a concentration of
25 pg Fe/cell was without effect in bPAECs while 100 pg
Fe/cell NDT-Magl enhanced LDH release which is a
marker for cell damage. The iron concentration causing
cellular toxicity is dependent on the MNP type, because
PEI-Mag? was unlike NDT-Mag!1 non-toxic at that concen-
tration (Fig. lc). Thus, for further experiments we have
chosen 25 pg Fe/cell NDT-Magl for strong magnetic cell
labeling of bPAECs.

Next, the MNP type with optimal lentivirus (V) binding
was determined. Therefore, NDT-Magl binding was directly
compared to the PEI-Mag?2 that showed highest LV binding
capacity at low toxicity (Trueck, Zimmermann et al., this issue).
PEI-Mag?2 was highly superior compared to NDT-Magl in
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virus binding because PEI-Mag?2 almost bound 100% of LV at
a low 1ron to virus ratio of app. 0.04 pg Fe/virus particle (VP).
In contrast, NDT-Mag! could maximally bind about 40% of
LV at a high iron to virus ratio of app. 1 pg Fe/VP. Thus, in
further experiments we have performed lentiviral transduction
with 0.04 pg Fe/virus particle PEI-Mag?2, which enables effi-
cient virus binding (Fig. 1d arrow).

Analysis of Magnetic Cell Labeling After Pre-loading
and Lentiviral Transduction

In order to analyze the efficiency of magnetic cell labeling
with NDT-Magl, PEI-Mag?2 or the combination of both
particles in detail, bPAECs were loaded with MNPs or
LV/MNP complexes alone for 30 min on a magnetic plate.
Alternatively, loading with MNPs was followed by transduc-
tion with LV/MNP complexes. For transduction a viral
vector containing a CMV promoter-driven eGFP expres-
sion cassette was applied. Prussian blue and cosin stainings
were used to estimate the cellular uptake of MNPs and to
label the cytoplasm in bPAEGs, respectively (Fig. 2a-f).
Next, the retention of the cells on the magnetic rack was
tested 72 h after labeling. These experiments revealed that
the MNP concentration that resulted in maximum binding
of LVs to PEI-Mag2 (0.04 pg Fe/VP, i.e. 3.5 pg Fe/cell)
provided only a low percentage of magnetic cells for PEI-
Mag?2 as well as NDT-Magl. As expected application of
25 pg Fe/cell NDT-Magl produced a high amount of
magnetic cells (73.0+4.5%), whereas treatment of bPAECs
with 25 pg Fe/cell PEI-Mag? resulted in lower numbers of
labeled cells (46.01+3.5%). Interestingly, pre-loading of
bPAECs with 25 pg Fe/cell NDT-Mag! followed by appli-
cation of 0.04 pg Fe/VP PEI-Mag?2 for 30 min 12 h later
yielded similar values as the application of 25 pg Fe/cell
NDT-Magl alone (64.3+£2.8%, p>0.05 vs 25 pg Fe/cell
NDT-Magl) (Fig. 2g). The high efficiency of magnetic cell
labeling by NDT-Magl alone or NDT-Magl followed by
lentiviral transduction with PEI-Mag2 was confirmed by
magnetic responsiveness measurements (16). The average
velocity of cells under the influence of a magnetic field
gradient can be determined with this technique and visual-
ized in form of a magnetic responsiveness curve (Fig. 2h);
from average velocities the magnetic moments of cells can
be calculated. We found that bPAECs loaded with 25 pg
Fe/cell NDT-Magl alone or 25 pg Fe/cell NDT-Magl
followed by 0.04 pg Fe/VP PEI-Mag?2 (i.e. 3.5 pg Fe/cell)
yiclded a magnetic moment of 5.6£0.8%¥10""% Am” and
5.8+0.4%10" " Am? respectively. In contrast, cells loaded
with 25 pg Fe/cell PEI-Mag? alone only reached 2.2+
0.1%107"* Am? (at 213 mT, =3, p<0.05 vs 25 pg Fe/cell
NDT-Magl and 25 pg Fe/cell NDT-Magl +0.04 pg Fe/
VP PEI-Mag?). These values correspond to an iron content of
about 8 pg Fe/cell (~30%) for 25 pg Fe/cell NDT-Magl or
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Fig. | Identification of suitable magnetic nanoparticles (MNPs) for magnetic cell labeling and lentiviral transduction (a) Picture of magnetic rack with 10 slots
for small tubes (left), schematic view of tube adjacent to small magnets (M) with retained magnetic cells (arrows, right). (b) Cell labeling efficiency of 10
different MNPs (1-8, NDT-Mag! (NDT) and PEI-Mag2 (PEl)) was quantified with the magnetic rack 24 h after labeling of bovine pulmonary arterial
endothelial cells (bPAECs). (c) Lactate dehydrogenase (LDH) assay of bPAECs loaded with 25 pg Fe/cell NDT-Mag!| (NDT 25), 100 pg Fe/cell NDT-Mag|
(NDT 100), 25 pg Fe/cell PEI-Mag2 (PEI 25) and 100 pg Fe/cell PEI-Mag2 (PEI 100), cell lysis served as positive control. (d) Virus binding curves of NDTand
PEI at different nanoparticle to virus ratios, note ratio of 0.04 pg FeAvirus particle (VP) indicated by arrow.

25 pg Fe/cell NDT-Magl +0.04 pg Fe/VP PEI-Mag?2 and
only 3.5 pg Fe/cell (~15%) for 25 pg Fe/cell PEI-Mag?2,
(Fig. 21). Quantitation of iron uptake in bPAECs after trans-
duction with 0.04 pg Fe/VP NDT-Magl or 0.04 pg Fe/VP
PEI-Mag?2 by magnetic responsiveness measurements did not
provide reliable results due to the limited sensitivity of this
method. We therefore used magnetic particle spectroscopy
(MPS), which is known to be more sensitive. The measure-
ments revealed a 10-fold lower iron uptake after lentiviral
transduction with only 0.04 pg Fe/VP (i.e. 3.5 pg Fe/cell),
(Fig. 21). More in detail, transduction with 0.04 pg Fe/VP PEI-
Mag?2 resulted in an uptake of 0.61+0.02 pg Fe/cell (~17%)
while transduction with 0.04 pg Fe/VP NDT-Magl ended up
in 0.520.05 pg Fe/cell (~20%). Thus, NDT-Magl has a
higher loading capacity than PEI-Mag?2 which could also
explain the toxicity at 100 pg Fe/cell that was not found for
PEI-Mag? (see Fig. lc). These data demonstrate that NDT-
Mag] particles at the high concentrations needed for magnetic
labeling are superior to PEI-Mag2 due to enhanced MNP
uptake and the higher magnetic moments of the cores.

Analysis of Gene and Protein Expression After Pre-loading
and Lentiviral Transduction

Next we determined the efficiency of lentiviral transduction
by LV/NDT-Magl and LV/PEI-Mag?2 complexes with or
without pre-loading. BPAECs were transduced applying the

¢GFP virus on a magnetic plate for 30 min at room tem-
perature; eGFP expression was analyzed 72 h later. Expres-
sion analysis with qRT-PCR indicated that 0.04 pg Fe/VP
PEI-Mag? strongly clevated eGFP mRNA expression levels
94-fold (p<0.05 vs controls); this increase could not even be
obtained by standard over night transduction without
MNPs. Transduction with NDT-Magl was much less effi-
cient than with PEI-Mag2. Importantly, pre-loading with
25 pg Fe/cell NDT-Magl and subsequent transduction
with 0.04 pg Fe/VP PEI-Mag? yielded similar results as
transduction with 0.04 pg Fe/VP PEI-Mag? alone suggest-
ing that these two nanoparticles were not competing
(Fig. 3a). The results were confirmed by semi-quantitative
Western Blot analysis and revealed that PEI-Mag?2 also
strongly enhanced protein expression after lentiviral trans-
duction independent from pre-loading with NDT-Magl
(Fig. 3b). Finally, counting of eGFP positive cells under the
microscope enabled us to quantify precisely transduction
efficiencies (Fig. 3c-1). 0.04 pg Fe/VP PEI-Mag?2 strongly
increased the number of eGFP expressing bPAECs (45.8+
2.5%, p<0.05 vs controls). In contrast, LV/NDT-Magl
complexes caused only a negligible increase of eGFP posi-
tive bPAECs. Pre-loading with 25 pg Fe/cell NDT-Magl
for magnetic cell labeling and lentiviral transduction with
0.04 pg Fe/VP PEI-Mag?2 on the next day did not impair
eGFP expression compared to transduction with 0.04 pg
Fe/VP PEI-Mag? complexes alone (25 pg Fe/cell NDT-
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Fig. 2 Assessment of magnetic
labeling of bPAECs after pre-
loading and lentiviral transduction
with LV/MNP complexes (a-f)
Prussian blue (blue) and eosin
(red) staining of magnetically
labeled bPAECs with or without
lentiviral transduction (MOI 20),
bar=50 um. (a) Loading with
lentivirus (LV)/PEl complexes of
0.04 pg Fe/VP (LV/PEI (0.04)), (b)
0.04 pg Fe/VP NDT (LV/NDT
(0.04)), (c) 25 pg Fe/cell PEI (PEI
(25)), (d) 25 pg Fe/cell NDT
(NDT (25)), (e) 25 pg Fe/cell
NDT +0.04 pg Fe/VP PEI (NDT
(25)+ LV/PEI (0.04)), () unla-

beled bPAECs. (g) Cell labeling g
efficiency quantified with the 1.0 n=4
magnetic rack 72 h after magnetic 58 08 o
labelling, *p <0.05 vs NDT (25). g o ?
(h) Time course of the normal- EL 061
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Magl +0.04 pg Fe/VP PEI-Mag2: 45.3%£1.0%, p>0.05 vs
0.04 pg Fe/VP PEI-Mag?2, Fig. 3i). Importantly, MNP-
assisted lentiviral transduction at the conditions used did
not show toxic effects as determined in LDH assay (Suppl.
Fig. 1). Thus, PEI-Mag? is superior to NDT-Mag] to obtain
an efficient gene and protein expression after lentiviral
transduction.

Retention of ECs at the Vascular Wall Under Flow
Conditions After Pre-loading and Lentiviral Transduction

To test if the loading of bPAECs with 25 pg Fe/cell NDT-

Magl and subsequent transduction with 0.04 pg Fe/VP
PEI-Mag? affects the expression of endothelial genes and

@ Springer

vascular function we performed qRT-PCR experiments,
immunostainings and angiogenesis assays. QRT-PCR anal-
yses showed that lentiviral transduction with the eGFP virus
and/or MNP loading did not change eNOS expression in
bPAECs (Fig. 4a). Accordingly, we found in immunostain-
ings that endothelial nitric oxide synthase (eNOS, red) and
platelet endothelial cell adhesion protein (PECAM, magen-
ta) expression remained unaltered by lentiviral transduction
without MNPs or with 25 pg Fe/cell NDT-Magl pre-
loading and subsequent 0.04 pg Fe/VP PEI-Mag? trans-
duction (Fig. 4b-m). Finally, the angiogenic capacity of
bPAECs was found to remain preserved after magnetofec-
tion with 25 pg Fe/cell NDT-Magl and 0.04 pg Fe/VP
PEI-Mag2, because eGFP positive cells formed vascular
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Fig. 3 Assessment of gene and
protein expression in bPAECs after
magnetic pre-loading and lentiviral
transduction with LV/MNP
complexes (a) EGFP expression
72 h after transduction (MOI 20)
analyzed by qRT-PCR, controls are
LV without MNPs for 30 min (LV
30’) and LV over night (LV oN),
*p<0.05 vs LV/PEI (0.04). (b)
EGFP expression 72 h after trans-
duction analyzed by Western Blot.
(c-h) Fluorescence pictures of
bPAECs 72 h after lentiviral trans-
duction (MOI 20) with a CMV-
eGFP virus, green = eGFP, blue =
Hoechst, bar=100 um. (c) LV 30',
(d) LVoN, (e) LV/PEI (0.04) (i.e.
3.5 pg Fe/cell), (f) LVANDT (0.04),
(g) LVNDT (25), (h) NDT (25)+
LV/PEI (0.04). (i) Transduction
efficiency quantified by counting of
eGFP positive bPAECs, *p <0.05
vs PEI (0.04).
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networks in matrigel (Fig. 4n-q). The experiments reveal
that EC biology remains intact after magnetic cell labeling
with NDT-Magl and lentiviral transduction with LV/PEI-
Mag?2 complexes. Next, we examined if bPAECs loaded
with 25 pg Fe/cell NDT-Magl and transduced with
0.04 pg Fe/VP PEI-Mag? could be trapped by a magnetic
gradient field under flow conditions. For this purpose mag-
netically labeled eGFP positive cells were injected into our
flow loop system (15) and perfused through a murine aorta
with a flow of 4.5 ml/min (Fig. 5a). Two small magnets were
positioned adjacent to the vessel to retain the cells at the
vascular wall (Fig. 5b-e). Prussian blue staining of the sec-
tions revealed the iron content of the retained cells (Fig. 5f)
and immunohistochemical stainings demonstrated the co-
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expression of PECAM (red) and eGFP (green) (Fig. 5g).
These experiments show that pre-loading of bPAECs with
25 pg Fe/cell NDT-Magl followed by lentiviral transduc-
tion with 0.04 pg Fe/VP PEI-Mag?2 cnables site-specific
deposition of genetically modified ECs at the vascular wall
under flow conditions.

Transfer of Therapeutically Relevant Genes by Pre-loading
and Lentiviral Transduction

To determine if also therapeutically relevant genes can be
efficiently overexpressed after pre-loading with 25 pg Fe/cell
NDT-Magl and lentiviral transduction with 0.04 pg Fe/VP
PEI-Mag2 we used a CMV-eNOS-IRES-eGIP expression
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Fig. 4 Cell biological
characteristics of bPAECs after
magnetic pre-loading and lentiviral
transduction with LV/MNP com-
plexes (a) ENOS expression 72 h
after cell labeling and/or lentiviral
transduction analyzed by qRT-
PCR. (b-m) Immunostaining of
bPAECs with or without lentiviral
transduction with an eGFP virus,
MOI 20. Green = eGFP red =
eNOS, magenta = PECAM,
bar=100 um. (b—e) native
bPAECs, (f~i) LV 30, (j-m) NDT
(25)+LV/PEI (0.04). (n-q) Phase
contrast and fluorescence pictures
of vascular network formation in
Matrigel, n=3, bar=500 um, (n,0)
native bPAECs, (p,q) bPAECs
loaded with NDT (25) + LV/PEI
(0.04).

LV 30' bPAECSs

NDT (25) +
LVIPEI (0.04)

cassette. Similar to our transduction results with the CMV-
eGFP reporter virus, 0.04 pg Fe/VP PEI-Mag? strongly in-
creased eGFP expression (15.5+1.7% eGFP positive cells,
$<0.05 vs controls). Also with this construct NDT-Mag! was
less efficient. As expected, pre-loading of bPAECs with 25 pg
Fe/cell NDT-Magl did not reduce the number of eGFP
expressing cells after transduction with 0.04 pg Fe/VP PEI-
Mag?2 complexes: 13.31+1.4%, p>0.05 vs 0.04 pg Fe/VP PEI-
Mag? (Fig. 6a-g). We estimated the eNOS expression of
bPAECs by immunostainings and could confirm that eGIP
positive cells displayed higher intensity of eNOS signals than
eGIP negative cells (Fig. 6h-s, arrows). Since immunostaining
does not provide detailed quantitative or functional informa-
tion, we next determined the functional eNOS expression by
measuring nitric oxide production with the fluorescent nitric
oxide indicator DAF. We found that 100,000 native bPAECs
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produced 966.0%£ 24.4 arbitrary units (AU) of nitric oxide and
that this value remained stable during a treatment of 30 min
with CMV-eNOS alone or with the iron amount
corresponding to 25 pg F'e/cell NDT-Magl +0.04 pg F'e/VP
PEI-Mag? alone; application of the nitric oxide donor sodium
nitroprusside was used as positive control and we measured a
clear increase of nitric oxide levels. Most importantly, pre-
loading of bPAECs with 25 pg Fe/cell NDT-Magl and sub-
sequent lentiviral transduction with 0.04 pg Fe/VP PEI-Mag?
complexes led to a significantly elevated nitric oxide produc-
tion of 1279.7£81.2 AU compared to controls (p<0.05 vs
controls), (Iig. 6t).

Thus, pre-loading of bPAECs with NDT-Magl particles
and subsequent transduction with an eNOS expression cassette
using LV/PEI-Mag?2 complexes results in eNOS overexpres-
sion 1n cells and enhanced nitric oxide production.
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Fig. 5 Retention of bPAECs
under flow conditions after
magnetic pre-loading and lentiviral
transduction with LV/MNP
complexes. (a) Ex vivo flow loop
system where bPAEC:s after
magnetic pre-loading with NDT
(25) and transduction with LV/PEI
(0.04) complexes were perfused
through a murine aorta for 30 min
with two small magnets positioned
at one side of the vessel. (b) + (c)
Transmission light and fluorescence
pictures of the aorta directly after
perfusion with the adjacent mag-
nets, bar= 1,000 um. (d) + (e)
Transmission light and fluorescence
pictures of the aorta after release
from the cannulas. (f) Prussian blue
staining of a cryosection of the
perfused aorta, bar=200 um. (g)
Fluorescence picture of a cryosec-
tion, green = eGFP, red = PECAM,
magenta = a-smooth-muscle-
actinin, bar= 100 um; the inset
shows overlap of eGFP and
PECAM staining; note accumula-
tion of magnetically labeled
bPAEC:s at the site adjacent to

the magnet.

DISCUSSION

Labeling of ECs by MNPs and their site-specific positioning
by magnetic fields may be a promising approach for vascu-
lar cell replacement or seeding of the cells on vascular grafts.
In addition, MNPs can be used to transfer genes into the
target cells.

In our present work we examined a combination of both
strategies, which could be particularly helpful in vascular
disease. In fact, the herein developed approach may enable
the local replacement of damaged ECs by new ECs over-
expressing functional genes such as eNOS. However, a
single MNP type is not well-suited for both, magnetic cell
labeling and lentiviral transduction.

Therefore, we aimed at combining different MNP types for
optimal lentiviral transduction and efficient site-specific position-
ing of these cells under flow conditions. For efficient lentiviral
transduction, MINPs that display a high LV binding capacity
appear promising. For that reason we tested PEI-Mag?2 particles

demonstrating maximal virus binding at a low MNP to virus
ratio of 0.04 pg Fe/VP. Our findings are in full agreement with
data from Trueck ef al. who showed that PEI-Mag? applied for
lentiviral transduction strongly enhanced gene expression in a
broad spectrum of endothelial cells (Trueck, Zimmermann ez al.,
this issue); this type of MNPs proved also much better than
NDT-Mag]l for the lentiviral transduction of bPAEC:s.

For magnetic cell loading both high uptake of MNPs by
the cells and a high saturating magnetization of MNPs are
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Fig. 6 Assessment of lentiviral
transduction efficiency in bPAECs
with the therapeutically relevant
gene eNOS after magnetic pre-
loading and lentiviral transduction
with LV/MNP complexes. (a-f)
Fluorescence pictures of bPAECs
72 h after MNP-assisted lentiviral
transduction with a CMV-eNOS-
IRES-eGFP expression cassette
(MOI 20) with or without mag-
netic pre-loading, green = eGFR
blue = Hoechst, bar=100 um.
(a) LV 30, (b) LV oN, (c) LV/PEI
(0.04), (d) LV/NDT (0.04), (e)
LV/NDT (25), (f) NDT (25) + LV/
PEI (0.04). (g) Transduction effi-
ciency quantified by counting of
eGFP positive bPAECs, *p <0.05
vs LV/PEI (0.04). (h-s) Immunos-
taining of bPAECs with or without
lentiviral transduction with a
CMV-eNOS-IRES-eGFP virus.
Green = eGFP, red = eNOS,
magenta = PECAM, arrows indi-
cate transduced cells with pro-
nounced eNOS expression,
bar=100 um (h-k) native
bPAECs, (I-0) LV 30", (p-s) NDT
(25)+ LV/PEI (0.04). (t) Nitric

bPAECs

LV 30’

oxide production of bPAECs 72 h +3
after magnetic labeling and/or as
lentiviral transduction with a B
CMV-eNOS expression cassette. =5

Sodium nitroprusside (SNP) was
used as positive control with
values on right axis, *p <0.05 vs
NDT (25)+ PEI (0.04).

essential. Here and in a previous publication (16) NDT-
Mag! particles matched these criteria. We therefore loaded
bPAECs with 25 pg Fe/cell NDT-Magl, a concentration
that was found to be non-toxic for bPAECs in a LDH assay
and was reported to yield the highest net content at an
optimal ratio of applied to internalized iron (16). When we
compared iron uptake of NDT-Magl in bPAECs with that
reported in H441 cells, the iron content turned out to be
lower in bPAECs. This may be either due to cell type-
dependent nanoparticle uptake characteristics and/or the
later time point of analysis in our experiments causing a
dilution of iron content over time. In contrast to PEI-Mag?,
NDT-Magl-dependent transduction efficiency was very low
and this may be explained by a reduced virus binding
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capacity and the lack of proton buffering polyamines that
are known to increase endosomal release of complexes with
PEI-coated particles (23). Interestingly, pre-loading of
bPAECs with NDT-Magl particles did not enhance the
transduction efficiency with LV/PEI-Mag?2 complexes when
compared to complexes alone. This is different from find-
ings for magselectofection, where cells attached to beads
displayed higher transduction rates on a magnet activated
cell sorting (MACS) column loaded with LV/MNP com-
plexes than after standard magnetofection (24). This differ-
ence suggests that in our experimental settings the
interaction of LV/MNP complexes with the cells is optimal-
ly enhanced by the magnetic plate and cannot be further
improved by pre-loading with MNPs. The application of an



Magnetic Nanoparticles for Gene Therapy and Cell Replacement

1253

expression cassette containing the functional gene eNOS
and the reporter gene eGFP resulted in a lower transduction
efficiency compared to the reporter gene alone, which is
likely due to the larger size of the expression cassette. More-
over, the ratio of physical to biological virus titers was higher
for LV containing the eNOS-IRES-eGIP plasmid com-
pared to LV with the eGFP cassette alone. Therefore,
transduction with 0.04 pg Fe/VP PEI-Mag? complexes
containing the eNOS construct at MOI 20 offered a higher
iron amount relative to the number of bPAECs (22.8 pg Fe/
cell vs 3.5 pg Fe/cell for CMV-eGFP). Nevertheless, this
iron mass of PEI-Mag? particles did not produce eflicient
magnetic cell labeling and therefore pre-loading with NDT-
Mag! was still necessary.

While previous applications with MNPs either aimed at
gene transfer in cells or seeding of cells onto synthetic
vascular grafts herein we established a method where we
combine gene therapy and endothelial cell replacement
under flow conditions. Our approach appears especially
promising for the vascular system because injured sites are
easily accessible via the blood stream and functional cell
replacement is required in different vascular diseases like
hypertension or atherosclerosis. Future studies need to
prove that this new method provides long-term engraftment
of endothelial cells under flow conditions i vivo and a
functional improvement of vascular tone regulation. When
small cell types are used site-specific positioning of genetically
engineered cells by magnetic forces may also be applicable for
other organ systems.
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