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Abstract

5

Different types of endothelial cells (EC) fulfill distinct tasks depending on their
microenvironment. ECs are therefore difficult to genetically manipulate ex vivo for
functional studies or gene therapy. We assessed lentiviral vectors (LVs) targeted to
the EC surface marker CD105 for in vivo gene delivery. The mouse CD105-specific
vector, mCD105-LV, transduced only CD105-positive cells in primary liver cell
cultures. Upon systemic injection, strong reporter gene expression was detected in
liver where mCD105-LV specifically transduced liver sinusoidal ECs (LSECs), but not
Kupffer cells which were mainly transduced by non-targeted LV. Tumor ECs were
specifically targeted upon intratumoral vector injection. Delivery of the
erythropoietin gene with mCD105-LV resulted in substantially increased
erythropoietin and hematocrit levels. The human CD105-specific vector (huCD105LV) transduced exclusively human LSECs in mice transplanted with human liver
ECs. Interestingly, when applied at higher dose and in absence of target cells in the
liver, huCD105-LV transduced ECs of a human artery transplanted into the
descending mouse aorta. The data demonstrate for the first time targeted gene
delivery to specialized endothelial cells upon systemic vector administration. This
strategy offers novel options to better understand the physiological functions of
endothelial cells and to treat genetic diseases such as those affecting blood
factors.
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Introduction
The endothelium lining the inner surface of the vascular system performs a
multitude of functions, including transport, cell migration and cytokine secretion1.
Depending on their respective microenvironment endothelial cells evolved
functions focusing on specialized tasks. Of broad interest are liver sinusoidal
endothelial cells (LSEC) which are heavily fenestrated thus promoting not only
passage for a variety of substances but also uptake of particles and presentation to
lymphocytes2,3.
As the endothelium and, especially, subtypes of ECs cannot easily be explanted
and retransplanted and thus be genetically modified ex vivo, EC-specific vectors
that enter only the EC type of interest after systemic administration are needed
for in vivo gene transfer. Current state of the art vectors for gene transfer are
usually of broad tropism, i.e. they enter a large variety of different cell types to
express their payload. Some selectivity for endothelial cells has been achieved by
exploiting EC specific promoters and miRNA target sequences in the transfer
vector, which can detarget gene expression from particular types of non ECs4,5.
However, such vector particles enter into target and non-target cells equally well
and miRNA based detargeting cannot be used in the whole spectrum of non-target
cells.
Direct surface targeting of vectors via displayed attachment domains specific for a
receptor exposed on the membrane of the EC of interest may be an option to
achieve this goal. Surface targeting of lentiviral vectors (LVs) has been described
before6–8. One system with a high, if not absolute, target cell specificity relies on
engineered measles virus glycoproteins9. Specific targeting to a large variety of cell
types such as B lymphocytes8, T lymphocytes10, dendritic cells11, hematopoietic
progenitors9, neurons,9 and tumor cells12,13 via the corresponding cell surface
marker proteins has demonstrated the unique flexibility of this vector system.
Specificity is usually mediated by a single-chain variable fragment (scFv) with high
affinity for the target receptor fused to the measles virus hemagglutinin envelope
protein engineered to be deficient in natural receptor binding. By displaying a scFv
specific for human endoglin (CD105) a targeting vector for human ECs (huCD105LV) has been generated, which demonstrated unprecedentedly high specificity in
vitro9.
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As a cofactor in the TGF-β signaling pathway CD105 is conserved in sequence and
expression profile between man and mouse14,15. Here, we investigated the in vivo
gene delivery mediated by systemically applied CD105-targeted vectors. A newly
generated mouse CD105-specific vector was highly specific and effective in genetic
modification of LSECs even when applied systemically. Correspondingly, huCD105LV specifically transduced human LSECs or vascular arterial ECs in two different
xenograft mouse models.

Methods

5

Primary cells and tissue
Mouse non-parenchymal liver cells were prepared from CO2 sacrificed, adult
C57/Bl6 mice, which were perfused through the left ventricle with 5-10 ml prewarmed perfusion buffer (Gibco) for 10 min, followed by 5-10 ml Liver Digestion
Medium (Gibco) supplemented with collagenase IV (Serva, Heidelberg, Germany)
for 5 min. Parenchymal cells were eliminated by centrifugation for 4 min at 50g.
The supernatant was pelleted at 150g for 5 min and plated in ECGM-2 (Promocell,
Heidelberg, Germany) supplemented with 5% FCS, 100 U/ml penicillin and 100
µg/ml streptomycin in rat-tail collagen coated 24-well plates. Medium was
changed after 6 hours and transduction was performed on the next day.
Human pulmonary arteries and human saphenous veins were obtained with
approval of the local ethics committee of the Medizinische Hochschule Hannover
and after written consent from patients undergoing cardiopulmonary surgery.
Vessels were immediately transferred into ice-cold PBS to remove blood cells.
Transduction with huCD105-LV was carried out 1-2 hours after surgery in ECGM (C22010, Promocell) using 5x107 t.u./dish. Medium was replaced after 24 hours and
changed every two days. GFP fluorescence was monitored 8-10 days later by
immunofluorescence microscopy.
Human fetal liver cells were obtained after informed consent and the use was
approved by the Medical Ethical Committee at the Academic Medical Center of
Amsterdam.

106

Specific endothelial cell targeted in vivo gene therapy
Vector production and transduction
Seven different vector types were applied in this work. LVs specific for murine
CD105 transferring GFP (mCD105-LVGFP), luciferase (mCD105-LVluc), luciferase and
GFP (mCD105-LVluc-GFP), erythropoietin (mCD105-LVepo), LVs specific for human
CD105 transferring luciferase and GFP (huCD105-LVluc-GFP), and VSV-G pseudotyped
LVs transferring GFP (VSVG-LVGFP), as well as luciferase and GFP (VSVG-LVluc-GFP).
Vectors were produced by polyethyleneimine mediated transfection of HEK-293T
cells (CRL-11268, ATCC, Manassas, U.S.) seeded one day before transfection
(1.6x107 cells per T175 flask). Immediately before transfection medium was
replaced by 13 ml DMEM containing 15% FCS and 1.5% glutamine. 1.3 µg pCGHmut-αmCD105 was mixed with 4.1 µg of pCG-Fd30,8 14.6 µg of pCMV-dR8.916
packaging plasmid and 15 µg transfer vector plasmid in 2.3 ml DMEM. 140 µl of 18
mM polyethyleneimine solution was diluted into 2.2 ml DMEM. Both solutions
were combined, mixed and incubated for 20 min before they were added to the
cells. Next day, medium was exchanged and supernatant collected 24 hours later
and cleared by filtration through a 0.45 µm filter. Vector particles were then
centrifuged through a 20% (wt/vol) sucrose cushion for 25 hours at 4500g at 4°C.
Vector particles were resuspended in OptiMEM (Gibco) and stored at -80°C in
aliquots. Transduction was performed in 24-well plates one day after seeding.
Vector-stocks were diluted into 250 µl of medium supplemented with 4 ng/ml
protamine-sulfate (Sigma-Aldrich). After 14 hours 750 µl medium was added.
Animal experiments
For all in vivo targeting experiments Athymic Nude-Foxn1Nu mice (Harlan, Rossdorf,
Germany) were injected once with 200 µl of vector stock diluted in OptimMEM.
Tumor xenografts were established by subcutaneous implantation of 5x106 MCF-7
cells (HTB-22, ATCC) into the right flank of Athymic Nude-Foxn1Nu until they
reached a volume of 200-400 mm3. For intratumoral application 100 µl vector was
injected fan-shaped through a 27g needle. For in vivo imaging mice were injected
i.p. with 250 µl luciferin (150 mg/kg body weight), anesthetized with 2.5%
isoflurane and analyzed within 10 to 20 minutes after luciferin administration.
Images were acquired on an Ivis Spectrum optical imager (Caliper Life science,
Hopkinton, U.S.) and analyzed using the Living Image 4 software. Aortic
interposition grafts were performed with human internal mammarian artery side
branches into the abdominal aorta of NOD/c.rag2-/-c.gamma-/- (NRG) mice with an
end-to end anastomosis using a technique described by Koulack et al.17.
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Human liver endothelial cell engraftment was achieved by intrasplenic injection of
1x106 human liver endothelial cells in Rag2-/-yc-/-mice (N=4). Mice were sacrificed,
fixed by in vivo perfusion and livers were excised for histology and
immunohistochemistry as described.18
After erythropoietin gene transfer, hematology was performed on a Scil Vet
ABCCounter (Scil animal care, Viernheim, Germany).
Histology and Immunostaining
Mice were sacrificed by CO2 and perfused through the left ventricle with PBS,
followed by 4% formaldehyde in PBS. Livers or tumor slices were incubated in 4%
formaldehyde for four to six hours before dehydration in ascending sucrose
concentrations and finally snap frozen in OCT medium (Sakura Finetek, Europe). 89 µm cryosections were permeabilized for 15 min in 0.25% TritonX100/PBS,
blocked with 10% donkey serum and incubated with rat-anti-CD31 antibody (1:20,
SZ31, Dianova, Hamburg, Germany), rat-anti F4/80 (1:200, BM8, Dianova) or of the
GFP-specific rabbit antiserum (1:400, Life technologies), respectively. For
detection, donkey-anti-rat-DyLight-549 F(ab)2 (1:250, Dianova) and donkey-antirabbit Dylight-649 (1:250, Biolegend, San Diego, U.S.) were applied. Stained tissue
was embedded in Fluoroshield with DAPI (Sigma-Aldrich).

5

Human vessels were fixed in 4% PFA and 30% sucrose before embedding in TissueTek® and cryosectioning for immunofluorescence staining. Sections were probed
with primary antibodies rabbit-anti-GFP (1:200, Life technologies) and mouse-antihuCD105-APC (1:3, Miltenyi Biotec) and appropriate secondary antibodies.
Immunofluorescence was acquired at an Olympus IX81 immunofluorescence
microscope using the Cell-M software.
Statistical analysis
All data are displayed as mean and the standard error of the mean (SEM).
Statistical significance between two groups was determined using unpaired
Student’s t-tests. P-values are given in figure legends. A P-value of less than 0.05
was considered significant.

108

Specific endothelial cell targeted in vivo gene therapy

Results
Targeting gene transfer to murine CD105
To generate a LV specific for mouse endothelial cells we displayed the scFv mE12,
which binds mouse but not human CD105 with nanomolar affinity19 on the H
protein (see Supplemental information for details). The Hmut-mE12 fusion protein
was readily expressed on the cell surface and efficiently incorporated into LV
particles along with F protein (Supplemental Figure 1). HT1080 cells stably
expressing mouse CD105 were efficiently transduced by mCD105-LV while even at
a high vector dose no GFP-expression on the parental, murine CD105-negative,
HT1080 cells was observed (Supplemental Figure 2A). Likewise, mCD105-LV
transduced up to 50% of primary endothelial endoglin positive cells without
interfering with their ability to form capillary-like structures (Supplemental Figure
2B-C).
Together with Kupffer cells, LSECs comprise about 30% of all liver cells. As it is well
established that VSVG-LV is taken up by Kupffer cells20,21, mCD105-LV was next
tested on cultures of non-parenchymal primary liver cells consisting mostly of
LSECs and Kupffer cells and less than 10% hepatocytes. Upon incubation with
mCD105-LV only distinct polygonally shaped cells in the size of LSEC22 became GFP
positive, while cells with a great variability in morphology were transduced with
VSVG-LV (Figure 1A). These observations were confirmed by flow cytometry
(Figure 1B). While VSVG-LV transduced CD105-positive and -negative cells equally
well, almost 50% of the CD105-positive cells had become GFP positive upon
mCD105-LV treatment compared to less than 1.5% GFP positive cells in the CD105negative fraction.
Systemic in vivo gene transfer
Next we analyzed gene transfer mediated by mCD105-LV in vivo upon systemic
administration. Transduced cells were tracked by in vivo imaging (via the
transferred luciferase gene) and by histology (via the transferred GFP gene). The
by far strongest luciferase activity (73.6 ±10%; N=6) in the mCD105-LV group was
present in liver (Figure 2A). VSVG-LV showed strong signals in liver too (50.5
±15.2%; N=6), but gave in addition rise to signals in bone (26.9 ± 8.6%) and spleen
(6.4 ± 4.4%). This pattern of transgene expression was maintained over the whole
observation period of more than four weeks. The strong preference of mCD105-LV
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for liver gene transfer was further confirmed by determining the luciferase
activities in organ lysates. Over a range of three different vetor doses, more than
90% of the activity was detected in liver. Spleen exhibited the second strongest
activity, while negligible activities were present in lung, heart, kidney, brain and
lymph nodes (Supplemental Figure 4).
Figure 1. Transduction of
primary liver cells.
Mouse non-parenchymal liver
cells were isolated and
cultivated for 36 hours before
mCD105-LV or VSVG-LV were
added (MOI of 3, respectively).
(A) After 96 h, photographs
were taken under fluorescence
(top)
and
bright
field
microscopy (bottom). Scale
bar: 200µm. (B) Cells were
then detached to quantify the
percentage of GFP-positive
cells in the CD105-positive
(upper panel) and CD105negative fractions (bottom
panel) by flow cytometry using
rat anti-mouse CD105-APC
(1:20,
MJ7/18,
Miltenyi
Biotec). Data were acquired on
a LSRII-FACS (BD Bioscience,
Heidelberg, Germany) and
analyzed using the FCS-express
software (Denovo Software,
Los Angeles, U.S.).

5

In histology, Kupffer cells were identified by the specific marker F4/80 and liver
endothelial cells via CD31, since available antibodies against mouse CD105 are
non-functional in formaldehyde fixed tissue which is essential for proper GFP
detection23. GFP signals in the mCD105-LV treated group did not colocalize with
the strong CD31 staining of large blood vessels (Figure 2B, left panel) but were
restricted to a population of cells exhibiting the typical morphology of LSECs (thin
cells, lining the capillary sinuses of the liver) (Supplemental Figure 3). LSECs
express only low levels of CD3124 and co-staining for CD31 and GFP was detected
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Figure 2. Reporter gene expression of systemically applied mCD105-LV.
6
Mice were injected Intra- venously into the tail vein with mCD105-LV or VSVG-LV (single dose of 2x10
t.u.,respectively) transferring a bicistronic luciferase-GFP reporter gene (pS-luc2-GFP-W). (A) In vivo
luminescence imaging monitored two weeks after vector injection.
Two representative mice out of 6 are shown for each group. (B) Mice were sacrificed at two weeks
after vector injection and livers were excised for histology. Images were acquired on a fully automated
Axio-ObserverZ1 microscope equipped with an ApoTome optical sectioning unit (Carl Zeiss, Jena,
Germany). For quantification, four large high resolution images from different liver areas were
assembled by acquisition of 100 adjacent fields of view per section at 20x magnification using the
MosaiX module (Carl Zeiss). The left panel shows a representative overview of mCD105-LV transduced
mouse liver composed of 100 tiles at 20x magnification stained against CD31 (red), GFP (green) and
with DAPI (blue). Scale bar: 500 µm. The right panel shows a higher magnification of representative
sections either stained against CD31 for LSEC (upper right) or against F4/80 for Kupffer cells (lower
right). Scale bar: 25 µm. (C) Quantification of GFP co-localization with F4/80 or CD31, respectively, for
mCD105-LV (red) and VSVG-LV (blue) injected mice. Per marker and vector four sections derived from
2
two mice corresponding to a total liver area of 62 mm , in total more than 100,000 cells corresponding
to about 500 transduction events were analyzed. Morphometric analysis for F4/80/GFP-colocalization
45
as well as nuclei quantification was performed using the Cell Profiler software. CD31/GFP
colocalisation was quantified by manual counting. (D) Results from morphometric analysis of Kupffer
cell transduction. Intensities of GFP positive cells were correlated to F4/80-staining and plotted against
the total GFP intensity of the respective cells. Below the threshold of 0.35 no Kupffer cell transduction
was observed.
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at high magnification (Figure 2B, right panel). There was no evidence for GFP
expression by stellate cells, which have been found to be CD105 positive.25 While
in the VSVG-LV injected mice about 85% of the GFP-positive cells co-localized with
the Kupffer cell specific F4/80-antigen, only few GFP-positive cells were F4/80
positive in the mCD105-LV injected group (Figure 2C). In the mCD105-LV group
98%, in the VSVG-LV group only 14% of all GFP-positive cells also expressed CD31
(Figure 2D).
Targeting tumor endothelial cells
Next, we assessed the transduction of endothelial cells in mice carrying a
vascularized human tumor xenograft growing subcutaneously. We selected the
MCF-7 tumor model which is known to induce CD105-positive neovasculature
originating from the host’s tissue26. When mCD105-LVluc was injected
intratumorally, luciferase activity was restricted to the tumor (Figure 3A). Several
consecutive tumor tissue slices were luciferase positive. Histology revealed that all
cells transduced by the vector exhibited the typical morphology of endothelial cells
but not that of tumor cells. CD31, which is known to be expressed in later stage of
tumor angiogenesis than CD10527 was detected on many of these cells (Figure 3B).
Endothelial cells in tumor tissue were also transduced upon systemic
administration of mCD105-LV but to a much lower extent (Figure 3A). In this
setting, the vast majority of luciferase activity was present in liver (Figure 3A).

5

Delivery of the erythropoietin gene by mCD105-LV
Next, we analyzed if the LSEC-restricted gene transfer mediated by mCD105-LV
allows delivery of biologically active erythropoietin into immunodeficient and –
competent mice.28 In vitro, mCD105-LVEpo mediated efficient erythropoietin
expression in a dose dependent manner in target cells (Supplemental Figure 6). In
injected NOD-SCID mice, erythropoietin levels increased to above 8-fold of
baseline already by day four and to more than 25-fold of the physiological level by
the end of the observation period (Figure 4A). The hematocrit followed the
erythropoietin levels with a delay of 3-5 days finally reaching almost 80%. In all
treated animals spleen size had increased by more than four-fold (Supplemental
Figure 7), further confirming the high red blood cell load. In C57/Bl6 mice,
mCD105-LVEpo raised erythropoietin levels by about 10-fold resulting in a similar
high hematocrit value as in NOD/SCID mice indicating that CD105 targeting did not
induce an immune response against transduced cells (Figure. 4B).
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Figure 3. Targeting tumor endothelial cells.
6
Athymic Nude mice bearing subcutaneous MCF-7 tumors were injected with either 1x10 t.u.
6
intratumorally, or 2x10 t.u. intravenously with mCD105-LV transferring luciferase (A), or GFP (B). Gene
transfer was analyzed 5 days after vector injection by luciferase imaging (A) and histology (B). A)
Luciferase imaging of the whole living animal (upper panel) or in dissected tumor slices (~2 mm in
width) (lower panel). B) On the cellular level, gene transfer was visualized by immunofluorescence of
explanted tumors with antibodies specific for mouse CD31 (red, lower panel), and GFP (green, center
panel) and merge (upper panel). Nuclei in the 9 µm cryosections were stained by DAPI (blue); scale bar
30 µm.

In vivo targeting of human CD105-positive cells
We next studied huCD105-LV9 in vivo. Stocks of this vector were on average 3-fold
more potent in titer than those of its murine counterpart mCD105-LV. For this
purpose, Rag2-/-yc-/-mice were reconstituted with human liver ECs, resulting in
patches of humanized liver endothelium as described previously.18 Only CD31positive cells exhibiting the typical morphology of endothelial cells were
transduced by huCD105-LV (Figure 5A). No murine LSECs or F4/80-positive Kupffer
cells were transduced demonstrating the cell specificity of huCD105-LV (Figure
5A). The majority of LSEC clusters were at least partially transduced while just
about 15% showed no GFP expression (Figure 5B). On average, approximately 40%
of the human LSEC showed GFP expression. In control mice without human LSECs,
no transduction was detected (Supplemental Figure 8). Thus, even in absence of
target cells no off-target gene transfer occurred.
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Chapter 5

5
Figure 4. Erythropoietin gene transfer by mCD105-LV.
Immunodeficient (A) NOD/SCID mice (N=5) or immunocompetent (B) C57/Bl6 mice (N=3) were injected
6
EPO
once intravenously with 3x10 t.u. mCD105-LV (filled symbols) or medium (empty symbols, dotted
lines) on day 0. Two days before tail-vein injection, blood samples were taken and hematological
baseline-levels were determined. Erythropoietin levels in blood (left panel) as well as hematocrit values
(right panel) were determined regularly at the indicated time points. **p<0.01; ***p<0.001;
****p<0.0001 as determined by unpaired two-sided t-tests.
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Figure 5. Transduction of human liver endothelial cell repopulated mice by huCD105-LV.
-/- -/Rag2 yc mice were repopulated with human liver endothelial cells. Two weeks after reconstitution
6
mice were injected once with 2x10 t.u. huCD105-LV. (A) Six to eight days after vector injection liver
sections were stained for human CD31 (upper panel), or F4/80(lower panel). Nuclei were stained with
DAPI. GFP expression was observed by direct fluorescence. GFP/CD31 double positive clusters of
repopulated human liver ECs are indicated by arrows. Scale bars: 29.63 µm (upper panel) and 27.12 µm
(lower panel). No GFP positive cells were detected after administration of huCD105-LV to mice without
human liver endothelium (Supplemental Figure 8). (B) As individual human LSECs cannot be identified
within the tightly connected clusters in the mouse liver, the amount of GFP-positive cells in the CD31positive clusters was divided in quintiles of 0%, 25%, 50%, 75% or 100% GFP expression. The relative
quantities of these quintiles are plotted.
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Figure 6. Ex vivo and in vivo transduction of
human vessels.
(A) Human saphenous veins were removed from
patients undergoing coronary bypass surgery and
transferred immediately into culture dishes. The
vessels were transduced with huCD105-LV and
cultivated for 7-10 days before fixation and
immunofluorescent staining. Cells were stained
for human CD105 (left column), for GFP (middle
column), or merged to display co-localization
(right column). Arrows point to the luminal side of
the vessel. (B) Mammarian arteries from patients
requiring coronary bypass surgery were
transplanted
intra-abdominally
into
the
-/null
descending aorta of NOD Rag2 IL-2Rγc mice.
7
HuCD105-LV (3x10 t.u.) was injected into the tail
vein of transplanted mice at 2, 5 and 8 days after
transplantation and mice were sacrificed after 16
days. The transplanted artery was cryosectioned
and prepared for immunofluorescence staining.
Staining for GFP and human CD105 revealed
CD105-positive cells lined up facing the lumen
(orange arrows, top left) which were also positive
for GFP (green arrows top right). Co-localization
depicted in merge (bottom, green arrows).
Representative pictures from one mouse, three
mice transplanted.

5
Discussion

We demonstrate that specialized ECs can be specifically targeted to express
reporter or therapeutic genes upon systemic administration of rationally designed
lentiviral vectors. The targeting strategy relies on the specificity of the scFv
displayed on the vector surface; in this case directed against CD105 (endoglin). It
was surprising that both, the murine and human CD105-targeted vectors were so
efficient and specific for LSECs when injected intravenously into the tail vein of
mice. A single vector injection was sufficient to reach 8x105 LSECs per liver, which
corresponds to about 40% of the administered vector particles having transduced
LSECs. This number is supported by more than 90% of the overall luciferase activity
found to be present in liver. Thus, a high fraction of the administered vector
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particles must have hit LSECs. In contrast, conventional LVs pseudotyped with VSVG show a clear preference for Kupffer cells. Only at high dose also other liver cells
including hepatocytes, LSECs and stellate cells can be hit29–31. To end up in LSECs
after tail vein injection, the targeted vector particles must have bypassed the
endothelium of the vena cava, lung and heart. Expression profiles for murine
CD105 are based on PCR or histology. The bottom line from these publications is
that CD105 is predominantly expressed on cells of the microvascular endothelium
and ECs present in tissue undergoing active angiogenesis, e.g. during regeneration
or tumor vascularization32. In healthy, adult animals CD105 is mainly expressed in
the distal arteries, distal veins and capillaries of lung and liver27,22,33.
The pronounced preference of mCD105-LV particles for liver LSECs is most likely
due to a combination of vector particle properties, blood circulation kinetics and
accessibility of the CD105 receptor for the vector particles present in the lumen of
the blood vessels. We know from previous work with huCD105-LV9 but also other
targeting vectors12 that transduction efficiency closely correlates with the cell
surface density of the targeted receptor. It is therefore likely, that also mCD105-LV
preferentially transduces those cells displaying the highest CD105 density.
Quantitative data for the CD105 densities on CD105-positive cells are not
available. However, at least for stellate cells, which have been defined CD105positive by biochemical data25, the CD105 density must be much lower than on
LSECs as these can be easily purified from liver using CD105-specific antibodies22.
In addition, stellate cells are rather inaccessible for systemically applied mCD105LV as these would have to pass the endothelium to reach the space of Disse34.
Resting vascular ECs express only low levels of CD105 and, moreover, the velocity
of blood flow is relatively high in large vessels, but slows down substantially in the
sinuses of the liver3,18. At low flow rates the likelihood for functional contacts
between CD105-LV and CD105 leading to gene delivery is considerably enhanced.
This explains the efficient gene delivery observed for mCD105-LV and for
huCD105-LV in EC transplanted mice. We did however also observe gene transfer
into ECs exposed to high blood flow, i.e. into transplanted arteries, upon systemic
administration of huCD105-LV. While this clearly demonstrates the potency of
vector targeting, it has to be considered that this was achieved at an
approximately 30-fold higher vector dose administered by multiple vector
applications. Moreover, as by this approach a human receptor was targeted in a
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mouse environment, vector particles could most likely travel several rounds
through the circulation until they reached their target cells in the transplanted
artery.
Our data thus demonstrate that EC targeting in vivo is not only determined by the
specificity of the targeting domain displayed on the vector surface but can be
controlled through the application route and the presence and accessibility of
target cells. This is nicely illustrated in the tumor model we investigated. While
local intratumoral injection resulted in gene transfer to the tumor ECs and absence
of LSEC gene transfer, tail vein vector injection resulted in the opposite: most of
the gene transfer activity in liver and only minor activity in tumor ECs. This
biodistribution of mCD105-LV corresponds well to that of CD105-specific
antibodies systemically applied into tumor bearing mice. Such antibodies end up
mainly in liver and spleen and only a minority labels the tumor vasculature35,36.

5

The data provided here for a systemically applied vector recognizing a mouse
receptor in the mouse environment places the measles virus glycoprotein based
targeting system in a unique position among other vector systems. For LV, the
alternative targeting technology based on engineered Sindbis virus envelope
proteins37 has only been evaluated ex vivo for EC targeting (via transferrin receptor
or via CD146) but not in vivo38,39. Besides LV, AAV vectors have been redirected to
ECs by displaying small endothelium-specific peptides on their capsid40. However,
transduction of liver as non-target tissue was only moderately reduced and offtargeting on a cellular level was not quantified40, suggesting that this approach
with AAV vectors rather leads to an extension of vector tropism than to a
complete restriction to a specialized EC type as demonstrated here for CD105
targeting.
While the specificity of the CD105 targeted vectors is unprecedented, functional
titers are at present lower compared to VSVG-LV. Despite this, our experiments
impressively demonstrate that a single tail vein injection of mCD105-LVepo was
sufficient to increase erythropoietin levels in the circulation to 25-fold above
physiological values. Importantly, dose-response analysis revealed no toxicity in
treated animals and liver enzyme values remained unchanged even at a particle
dose (15 µg p24) similar to that which substantially raised liver transaminase levels
for VSVG-LV (25 µg p24)41 (Supplemental Figure 5). These and the resulting high
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hematocrit values remained constant over several weeks also in
immunocompetent mice indicating that no cellular immune response against the
transduced cells was mounted. This indicates that off-target related unwanted
effects typically observed for VSVG-LVs can be avoided by targeted CD105-LVs. It
remains to be seen whether functional particle titers need to be further increased
for the efficient delivery of other therapeutic gene products in a clinical setting. To
this end, vector production may be improved by CD105-specific affinity
chromatography of particles or by replacing scFv with CD105-specific ankyrin
repeat proteins (DARPins) that we recently demonstrated as very effective and
highly stable targeting motifs12. .The vectors described here will facilitate
functional studies of specialized ECs in their natural environment. Physiological
changes can now be evidently linked to the genetic modifications introduced into
the EC type of choice. In different settings LSECs promoted immunotolerance to
model antigens rather than immunity22,42,43. Interestingly, after systemic injection
of transcriptionally targeted vectors specific for either hepatocytes or LSEC,
immunoreactivity against GFP was even more reduced in the hepatocyte group
demonstrating also immunomodulatory functions of other liver cell populations5.
The here described CD105-targeting will be instrumental to further clarify the role
of LSECs for the long-term expression of foreign immunogenic molecules.
In addition, the unique specificity of CD105-targeting for LSECs offers the
possibility to restrict gene delivery and expression of therapeutic proteins to be
released into the blood stream to cells that naturally fulfill this task. An important
example here is hemophilia A, for which an efficacious gene therapy strategy is still
lacking43. Finally, cancer (CD105 overexpression in ECs)44 and liver fibrosis
(exhibiting CD105 overexpression in hepatic stellar cells)25 can be added to the list
of potential therapeutic target diseases for CD105-specific vectors.
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Supplemental Material
Western blot and ELISA
Vector particles were analyzed by Western blot as described1. Briefly, vector
particles were denatured and separated by electrophoresis over a 10% sodium
dodecyl-sulfate (SDS) polyacrylamide gel, transferred to nitrocellulose membrane
(Hybond, GE-healthcare, Chalfont St. Giles, U.K.), and probed with antibodies
specific for H protein (rabbit-anti H H606), F protein (rabbit-anti F F431), or p24
(mouse anti-p24, Gentaur, Aachen, Germany). Erythropoietin present in cell
culture medium was detected by Western blot analysis of supernatants cleared for
5 min at 5000g and stored for analyses at -80°C. Supernatants were denatured in
2x urea sample buffer (5% SDS, 8 mol/l urea, 200 mmol/l Tris–HCl, 0.1 mmol/l
EDTA, 0.03% bromphenol blue, 2.5% dithiothreitol, pH 8.0) for 10 min at 95°C,
separated over a 10% SDS-gel, and blotted onto nitrocellulose membrane.
Membranes were blocked in 10% horse serum in TBS-Tween (0.1%) buffer and
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then incubated with a 1:500 dilution of a mouse erythropoietin specific goat
antibody (R&D-Systems, Abingdon, U.K.) over night at 4°C. Matching secondary
antibodies conjugated to horseradish-peroxidase were applied for one hour at
25°C. Images were acquired on a FusionFX7 luminescent imager (Vilber-Lourmat,
Eberhardzell, Germany) using CPS-1 detection substrate (Sigma-Aldrich). The
mouse erythropoietin specific ELISA (R&D-Systems) was performed as
recommended by the manufacturer except that mouse plasma samples were
diluted 1:3 in mouse dilution buffer before measurement.
Intracellular staining and flow cytometry
For the detection of intracellularly expressed luciferase or erythropoietin cells
were detached, permeabilized (Fix/Perm-Kit BD-Biosciences) and then incubated
with antibodies before final fixation in 1% formaldehyde/PBS. For detection of
erythropoietin cells were cultivated for 12 h in presence of Brefeldin A (1:1000,
Golgiplug, BD-Biosciences) and then treated as described above.

Plasmid construction
For generation of pCG-Hmut-mE12 the coding region of scFv A5 in pCG-HmutαCD1052 was exchanged against that of mE12 in pAB1-scFv-mE123 via SfiI/NotI
restriction sites. The transfer vector plasmids pS-luc-W, pS-luc-sfGFP-W and pSmEpo-W (Supplemental Figure 5) are all based on pSEW4. For pS-luc2-W, the luc2
gene was PCR amplified using pGL4.50 (Promega, Mannheim, Germany) as
template and primers Sense: (5’-GACAGGATCCTGGTAAAGCCACCATGGAA-3’) and
Antisense:
(5’-TCGTCCTGCAGGCCCCGACTCTAGAATTA-3’)
thereby
adding
BamHI/SbfI restriction sites for subcloning. For pS-mEpo-W, the mouse
erythropoietin coding sequence (NM_007942.2) was generated codon-optimized
by de-novo synthesis (MWG-Eurofins). For generation of pS-luc2-GFP-W, the stop
codon of the luc2 gene in pS-luc2-W was replaced by a V5-tag followed by a selfcleavable T2a site5. The coding sequence for “superfolder GFP” (sfGFP)6 was fused
in frame to the T2A site resulting in pS-luc-sfGFP-W

Cell lines, primary cells and tissue
HT1080 (CCL-121, ATCC) and HuH-7 (0403, JCRB, Japan) cells were cultivated in
Dulbecco’s modified Eagle medium (DMEM), supplemented with 10% fetal calf
serum (FCS) and 2 mM glutamine. HT1080-CD105 were generated by transfection
with the mouse CD105 expression plasmid pCMV6-Kan/Neo-MC202877 (Origene,
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Rockville, U.S.). Stably transfected cells were selected with 0.5mg/ml G418 (Gibco,
life technologies, U.S.). Single clones were enriched by FACS-sorting. Mouse heart
endothelial cells were prepared and cultivated according to Marelli-Berg et al7. For
transduction, cells were seeded in gelatin coated 24-well plates (Nunc, Thermo
Fisher Scientific, Germany) at a density of 1x104 cells/cm2. For Matrigel assays8
1x104 cells were seeded on MatrigelTM (BD Biosciences, Heidelberg, Germany)
coated 24-well plates.
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Supplemental

Figure

1.

Target

cell

specificity of mCD105-LV in vitro.
(A) HT1080 cells, HT1080 cells stably
expressing mCD105 (HT1080-mCD105), or
HuH-7 cells, were incubated with medium
only (blank), mCD105-LV or VSV-G-LV at
an MOI of 10, respectively. 72 hours later,
GFP-positive cells were quantified by FACS
analysis.

(B)

Primary

mouse

heart

endothelial cells were incubated with
medium only (blank) or mCD105-LV at
MOIs of 0.3 or 3, respectively. 72h after
incubation cells were analyzed for GFP
and for mCD105 expression by flow
TM

cytometry or cultivated on Matrigel . (C)
Tube formation on Matrigel was analyzed
the next day under UV-light (left panel) or
bright field (right panel).

Supplemental Figure 2.
Characterization of
mCD105-LV.
(A) Surface expression of
Hmut-mE12 on 293T producer
cells

pCG-Hmut-mE12

transfected

was

into 293T-cells

and surface expression was
analyzed by FACS via His-tag
specific antibodies (red line). Empty vector transfected cells served as negative control (gray, dotted
line). (B) Incorporation of Hmut-mE12 and F protein into LV particles. Similar amounts of concentrated
vector stock preparation were separated on a 10% sodium dodecyl sulfate polyacrylamid gel and
transferred to nitrocellulose membrane. Membrane was cut at the indicated positions and probed with
either anti-H (top), anti-F (center) or anti p24 (bottom) antibodies.
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Supplemental Figure 3.
Histological aAnalysis of
liver

sections

from

vector injected mice.
Overview

of

large,

MosaiX constructed high
resolution images of liver
sections

from

mice

injected intravenously
with

mCD105-LV

or

VSVG-LV as described in
Figure

3.

Mice

were

sacrificed at two weeks
after vector injection and
livers were excised for histology and sections were stained for CD31 or F4/80 as well as GFP and DAPI.
Images represent one of four high resolution images composed of 100 tiles for each group which were
used for quantification and co-localization of gene transfer events. (Scale-bar: 500 µm).
Supplemental Figure 4. Distribution of mCD105-LV in
relation to vector dose.
Mice were injected intravenously with different
luc.

amounts of mCD105-Lv

5

(N=3) 12 days after injection

mice were sacrificed, organs excised, snapfrozen and
stored at -80°C until lysis. Lysis was performed in PLBBuffer (Promega, Mannheim) on a FastPrep instrument
with lysing MatrixD (both MP-Biomedicals, Eschwege).
Luciferase activity was determined by luminometry on
a

Microlumat

Plus

luminometer

(Berthold

Technologies, Bad Wildbad, Germany) using the
Luciferase Assay System (Promega). (A) Total amount
of luciferase expression found in each organ, acquired
as relative light units. (B) Relative distribution of
luciferase activity in the organs of each animal. Luciferase activity present in the indicated organs was
normalized to the total luciferase activity present in the particular animal (100%). Values are plotted as
mean + SEM, *below background of mock injected mice (400 RLU/sample).
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Supplemental Figure 5. ALT and ALKP values after
vector injection.
Mice were injected intravenously via the tail vein
luc

with the indicated amounts of mCD105-LV . 18
hours later blood was collected retro-orbitally in
heparin tubes (BD Biosciences), diluted 1:1 in
saline and analyzed for liver alanine transaminase
(ALT) and alkaline phosphatase levels (ALKP) on a
VetTest analyzer (IdeXX, Ludwigsburg, Germany).
Mock treated animals received OptiMEM. Dashed
lines represent reference values for laboratory
mice. All values are plotted mean + SEM; (N=3).

Supplemental Figure 6. Erythropoietin gene
transfer with mCD105-LV

EPO

.

(A) Immunoblot analysis of secreted mouse
erythropoietin after transduction of HT1080mCD105 cells with serial dilutions of mCD105EPO

LV

in 24-well plates. After 72h secreted

erythropoietin was collected in 0.5 ml of fresh
medium for two hours. 25 µl and 2.5 µl of
medium were applied to a 10% SDS-gel, blotted
onto nitrocellulose membrane and probed with
mouse erythropoietin specific antibodies. (B)
Supernatants were analyzed by erythropoietin
specific

ELISA

to

quantify

erythropoietin

secretion. (C) Three days after transduction
erythropoietin secretion was inhibited by adding
Golgi-Plug for 12 hours. Cells were then stained
intracellularly

with

erythropoietin

specific

antibodies and analyzed by FACS to quantify the
percentage of transduced cells.
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Supplemental Figure 7. Enlarged spleen sizes after injection of mCD105-LV

EPO

.

Spleens were collected 34 days after intravenous vector injection when mice were sacrificed.
Differences in spleen size were determined by weight. Each point represents an individual animal, bars
indicate group means ± SEM.

5

Supplemental Figure 8. Transduction of human liver endothelial cells repopulated in the liver of
-/-

-/-

Rag2 yc mice.
Control mice (A) and mice transplantated with human liver endothelial cells (B) were injected with
6

huCD105-LV (2*10 t.u.) via the tail vein as shown in Figure 5. Liver sections were stained for the
presence of human CD31 (red) and monitored along with GFP (green) by epifluorescence. Nuclei were
counterstained with DAPI (blue). No CD31 staining or GFP fluorescence were observed in the control
mice. In the transplanted mice, GFP expression co-localizes with human CD31 staining. Magnification
10x.
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Supplemental Figure 9. Ex vivo transduction of mammarian artery by huCD105-LV.
Human mammarian arteries were removed from patients undergoing coronary bypass surgery and
transferred immediately into culture dishes. The vessels were incubated with huCD105-LV within 50
min (A) or 90 min (B/C) after surgery and cultivated for 7-10 days. Transduction was analyzed through a
Nikon Eclipse TS100 microscope equipped with fluorescent filters in which GFP expressing cells appear
light blue. The magnifications are indicated, red arrows point at transduced cells.

Supplemental Figure 10. Schematic drawing of transfer vector constructs.
Relevant elements of the employed transfer vector constructs are shown. Abbreviations used: 5’-LTR:
5’-long terminal repeats; CPPT: central poly purine tract; SFFV: spleen focus forming virus promoter;
EGFP: enhanced green fluorescent protein; mEpo: mouse erythropoietin; luc2: firefly luciferase; T2A:
T2A-ribosomal cleavage site; sfGFP: superfolder green protein; WPRE: Woodchuck hepatitis virus
posttranscriptional regulatory element; Δ3’-LTR: partially deleted, self-inactivating 3’-long terminal
repeats.
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