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Targeted Ad vectors in vivo 

Abstract
Systemic administration of adenovirus (Ad) vectors results in gene delivery to the 

ver. To modify Ad vector tropism, we have generated a linker protein consisting of the virus 

inding domain of the coxsacky adenovirus receptor (CAR) genetically fused to avidin. In 

ssociation with a biotinylated ligand, this CAR-Avidin linker protein can successfully 

target Ad vectors in vitro. Here, we set out to apply this targeting strategy in vivo. Two 

iotinylated peptide ligands were used to, respectively, target integrin V 3/5 expressing cells 

nd lung endothelium. Systemic administration of both types of targeted Ad vectors resulted 

 an up to 85-fold reduced hepatic transgene expression. However, neither of the targeted Ad 

ectors resulted in increased transgene expression in the intended target tissue. Moreover, a 

ubstantial portion of the targeted Ad could not be recovered from any of the organs, 

dicative of efficient Ad neutralization. Indeed we observed that the maximum half-life of 

d in the circulation after systemic lactoferin treatment, which completely blocks hepatic Ad 

ptake was 8’ as compared to 6’ for untargeted Ad suggesting the presence of efficient 

xtrahepatic elimination pathways. Apparently, rapid neutralization of targeted Ad in the 

irculation efficiently prevents uptake by target organs other than the liver. 

ntroduction
Adenovirus (Ad) mediated gene transfer is widely used as a powerful method to 

odulate gene expression in vitro and in vivo (reviewed by [1]) The vast majority of Ad used 

 date involves serotype 5 (Ad5). Application of Ad5 vectors is dependent on the expression 

f the cognate receptor, the Coxsackie Adenovirus Receptor (CAR) by the target cell [2,3]. 

fection of CAR deficient cells, such as many tumours, endothelial and hematopoietic cells, 

ith Ad vectors is very ineffective and can be achieved only at high multiplicities of 

fection. Thus efficient infection of these cells requires modulation of Ad tropism.  

In vitro, several targeting approaches have been proven successful. In one of the 

trategies the capsid protein is genetic modified by inserting peptide ligands [4-22]. Another 

pproach for targeting Ad vectors is based on conjugates. Here, the vector is equipped with a 

ifunctional adapter molecule able to bind the virus on the one hand and a marker protein on 

e target cell on the other hand [23]; (reviewed by [24]) [25-28]; (reviewed in [29]) The 

dapter can either associate with the native virus or with chemically or genetically modified 

apsid proteins. This targeting approach is more versatile than the genetic modification based 
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Figure 1
(A) Fem

it results in a flexible targeting system able to confer/ accommodate infection of a 

variety

transfer and reduce the liver uptake normally seen after systemic application of Ad, either 

strategy, as 

 of cell types via the addition of different ligands. 

Recently, we described the generation and in vitro characterization of linker protein 

CAR-Avidin for the targeting of Ad5 to alternative cell types. This linker protein consists of 

the virus-binding moiety of the endogenous receptor CAR, genetically fused to the biotin-

binding moiety of avidin. Equipping CAR-Avidin with the oligodeoxy nucleotide ligand 

dA dG6 10 or the cyclic peptide ligand GRGDSP (cRGD) resulted in efficient targeting in vitro

of both transformed and primary macrophages [30] and to both transformed and primary 

vascular smooth muscle and endothelial cells [31], respectively. The aim of the current study 

was to determine whether in vivo targeting of Ad vectors to extrahepatic tissue such as carotid 

artery or alveolar cells, can be effected via the CAR-Avidin linker protein.  

Results

. Effect of cRGD mediated targeting of adenovirus on luciferase expression in the liver. 
ale C57Bl/6 mice received 2x109 pfu Ad.Luc (i.p.). After 96 hours luciferin (150 mg/kg) was 

administered by i.p. injection and bioluminescent signals were recorded under full anesthesia for 1 
minute. Data are presented as cumulated photon counts. (B) Liver lysates were prepared by 
homogenisation and subsequent freeze-thawing. Supernatants were used for determining luciferase 
activity using. Luciferase activity was corrected for protein concentration using BSA as standard. 
P<0.05 is indicated by an asterix.  

Systemic administration of cRGD equiped Ad into mice.

To examine the capability of integrin targeted Ad vectors to mediate extrahepatic gene 
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Targeted Ad vectors in vivo 

untargeted Ad expressing luciferase (Ad.Luc) or Ad.Luc equipped with CAR-Avidin-cRGD 

(cRGD-Ad.Luc) was injected intravenously into mice. Two and four days after injection, in

 vivo g

was caused by a 

duction in the percentage of infected cells and not only by a reduction of virus particles 

 cell, untargeted Ad expressing -galactosidase (Ad.lacZ) or targeted Ad.LacZ 

(cRGD-Ad.LacZ) was injected systemically. Four days after intravenous adm -

stained positive for -

ene transfer was monitored in situ via a high resolution CCD camera. Luciferase 

expression accumulated in time and was solely observed in the liver and not in other organs of 

both the Ad.Luc as well as cRGD-Ad.Luc treated mice. Compared to Ad.Luc treated mice, 

luciferase expression was decreased 3-fold in mice that had received cRGD-Ad.Luc (Fig. 1A).  

Because layers of tissue may limit photon emission from inner organs, luciferase activity was 

also measured in liver lysates. These data confirmed that the liver had indeed been infected 

and that transgene expression by liver was considerably reduced after cRGD targeting (11.5 

fold; P<0.01) (Fig 1B). 

To determine whether the decreased luc activity after targeting 

re

entering a

inistration, 

galactosidase staining of the livers of mice that had received cRGD-Ad.LacZ revealed only

1% LacZ+ cells. In comparison, approximately 80% of hepatic cells 

galactosidase Fig. 2). In addition, with cRGD targeted Ad the cellular staining intensity 

seemed to be quenched as compared to untargeted Ad (Fig. 2).  

Figure 2. Effect of cRGD mediated targeting 
of adenovirus on ß-galactosidase e ssion 
in the liver. Female C57Bl/6 mice received 
cRGD-Ad.LacZ or untargeted Ad.LacZ (1x109

pfu; i.v. injection). Five days after nfection 
mice were sacrificed, livers were ex and 
cryosections were made and staine  for ß-

xpre

 i
cised
d

galactosidase or with hematoxylin/ eosin. 

Administration of cRGD equipped Ad to mice with carotid artery injury.

To determine whether the endothelium constituted a barrier to infection, a c

artery segment was injured by guide wiring prior to systemic virus administration. The

wire injury will result in acti

a tid 

 g ide 

vation of flanking endothelial cells and medial vascular sm oth 

muscle cells (VSMC) and subsequently in an increase in V 3/5 integrin expression. Systemic 

ion of the internal carotid artery 

did no

ro

u

o

administration of cRGD-Ad.LacZ 1 or 5 hours after denudat

t result in an increased amount of LacZ+ cells in the vessel wall (data not shown). 

Because the anatomical position of the carotid artery could be incompatible with the 
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dynamics of Ad infection, we also administrated Ad focally by instillation in an uninjured or a 

denuded carotid artery segment. Similar to above, cRGD equipped Ad vectors did not

ligand for a more accessible 

 peptide 1 hour after systemic 

injection. Biotin was included as a negative control. As expected and

enhance transgene expression in intact endothelium nor in denudated vessels (Fig 3). 

Lung specific targeting of Ad 

vectors.

To determine whether 

Ad retargeting would be 

successful with an alternative 

organ, we have explored the 

potential of a lung specific 

peptide, GFE1 [32], in CAR-

Avidin aided gene transfer in 

vivo. First, biodistribution to the 

lung of this peptide was 

confirmed by systemic administration of biotinylated GFE1 coupled to 

Figure 3. Effect of cRGD mediated targeting of adenovirus on 
LacZ ex
of ApoE-/

pression in the vessel wall. The right common carotid artery 
- mice was denuded by 3 rotational passes of a 0.36 mm 

guide wire. Subsequently, Ad (1.5 × 109 pfu) was instilled into the 
denuded common carotid artery segment via the external carotid 
artery after prior ligation of the common carotid artery proximal and 
distal to the bifurcation point. The Ad was left in situ for 15’ and 
removed. Five days after infection mice were sacrificed, tissues were 
isolated and cryosections of the common carotid arteries were stained 
for ß-galactosidase or with hematoxylin/ eosin. 

125I labelled avidin. 

Figure 4 shows the specific organ uptake of the avidin125-I bound

Figure 4. Biodistribution of 
after 

on into 
iotin or 
olar ratio 

49 dpm, in 100 
was injected 

intravenously into female 
C57Bl/6 mice. Tissue 
distribution was determined 

r injection. Tissue 

er 
as
ity
e-

125I-Avidin-GFE1 
intravenous injecti
mice. 125I-avidin-b
125I-avidin-GFE1 (m
of 1: 1; 1567

l PBS) 

1h afte
accumulation is expressed as 
% of the injected dose p
gram wet tissue and w
corrected for radioactiv
associated with tissu
entrapped plasma.  
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Targeted Ad vectors in vivo 

Figure 5. Effect of GFE1 mediated targeting of adenovirus on biodistribution
(A) untargeted Ad.Luc, biotin-Ad.Luc or GFE1-Ad.Luc were systemically a
C57Bl/6. Liver lysates were prepared 120 hours after infection by homogenisation
thawing. Supernatants were used for determining luciferase activity. (B) The orga
luciferase expression 120h after i.v. administration of GFE1-Ad.Luc, biotin-Ad.Lu
buffer (uninfected) to female C57Bl/6 mice is plotted. Mind the logarithmic X-axis

Ad.Luc) for in vivo application. Biotin saturated CAR-Avidin

e

determined in different organs. In comparison to Ad.Luc admi with

biotin-Ad.Luc and GFE1-Ad.Luc displayed an 85- and 19- fold reduction in hepatic luciferase 

activity, respectively (Fig. 5A). Figure 5B shows the ove

luciferase expression after administration of GFE1-Ad.Luc, biotin-Ad.Luc or Ad.Luc. In most 

tissues, including lung, luciferase expression was found to be lower in

already reported by Trepel et al., avidin bound GFE1 showed a much higher lung uptake than 

the biotin control (7-fold increase). Second, Ad.Luc was equipped with GFE1 (GFE1-

 (biotin-Ad.Luc) and untargeted 

ction, luciferase activity was 

nistration, the mice treated 

Ad.Luc served as control. Five days after systemic inj

rall organ distribution of the 

 the GFE1-Ad.Luc than 

when in Ad.Luc treated mice. Thus, similar to the results obtained with the cRGD ligand, the 

GFE1 peptide did not enhance specific organ uptake. 

 luciferase expression. 
dministered to female
 and subsequent freeze-
n distribution profile of 
c, untargeted Ad.Luc or 
.

Determining Ad stability in vivo.

As the previous experiments made clear, a substantial portion of Ad could not be 

recovered from any of the organs, therefore in vivo kinetics studies were performed. 
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Untargeted Ad.Luc had a half-life of approximately 6 minutes in vivo (fig. 6A) and was 

efficiently cleared by the liver resulting in efficient infection. When animals were pre-treated 

systemically with lactoferrin, hepatic uptake of Ad virus particles was nearly completely 

blocked (fig. 6B). Under these conditions however, half-life of untargeted virus was only 

increased to 8 minutes (fig. 6A). This relatively minor increase in half-life indicates that 

neutralization of virus in the systemic circulation is extremely fast.  

Discussion
In this paper we report our efforts to target adenovirus vectors to alternative cell types 

in vivo. Ad linked to either the integrin binding peptide cRGD [33,34] or the lung specific 

peptide GFE1 [32] via CAR-Avidin was able to reduce liver uptake after systemic 

adm

vas er

cR e 

in vivo. In addition we demonstrate that the half-life of adenovirus in blood is rather short 

ake by lactoferrin suggesting that other elimination pathways 

te to the apparent failure of 

efficient target organ uptake in vivo.

Figure 6. Effect of systemic lactoferrin treatment on Ad half-life after i.v. administration. (A) Mice 
received bovine lactoferin (i.v., 70mg/kg) (grey line, triangles) or PBS (black line, squares) 2 minutes before 
Ad.Luc (1,5.109 pfu) administration. Presence of circulating infectious particles was determined by blood 
sampling and subsequent incubation of the samples on AT3 cells. Luciferase activity in AT3 cells is 
corrected for protein concentration and plotted against the time of blood sampling. (B) Luciferase activity in 
livers of mice determined 5 days after lactoferrin and Ad.Luc administration. Luciferase activity was 
determined as previously mentioned.

inistration. While cRGD-Ad has already been shown to be effective in delivering genes to

cular cells in vitro [14,35] and GFE1 was demonstrated to be lung specific in vivo, neith

GD-Ad nor GFE1-Ad was able to increase transgene expression by respective target tissu

even after ablation of liver upt

are functional in the clearance of adenovirus. This could contribu
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Targeted Ad vectors in vivo 

Because of the clinical relevance, efficient in vivo targeting – in other words enhanced 

target organ uptake and quenching of the intrinsic tropism - of Ad vectors is highly desired. 

Though attempted extensively, successful targeting of Ad in vivo is limited to local [36-38] or 

intra-organ injections [39] of the virus. To our knowledge, increased target organ uptake of 

Ad after systemic injection has only been shown by Izumi and colleagues [40], who 

administered engineered Ad.luc containing CD40 on their fiber proteins in transgenic mice 

with lung vasculature specific CD40 expression. The detour Izumi took to accomplish 

retargeting demonstrates the difficulty in retargeting Ad in vivo. 

In the current paper we succeeded in efficiently reducing liver uptake by applying the 

CAR-Avidin linker protein equipped with ligands for alternative receptors to Ad. Apparently, 

the CAR-Avidin linker protein is capabable of blocking the interaction of Ad fiber knob with 

its natural receptor, CAR. As both untargeted Ad and cRGD-Ad were from the same batch,

we can exclude that batch-related factors are underlying the observed phenomena. Parallel in 

vitro studies confirmed that the cRGD Ad complexes were still functional, as they 

significantly enhanced gene transfer to vascular cells in vitro. Moreover, electron microscopy 

studies revealed that cRGD equipped Ad did not form large aggregates >100-150 nm, that are 

unable to penetrate the fenestrae in the liver (data not shown). Thus, a major requirement for 

successful retargeting of Ad vectors to specific cell and tissue targets has been achieved.

To redirect Ad vectors we have linked cRGD to Ad vectors via the CAR-Avidin linker 

rotein

ctivat

trateg

RGD

nfort ately, cRGD-Ad failed to infect both quiescent endothelial cells as well as activated 

ndothelial cells flanking the site of injury after systemic administration in vivo. Furthermore, 

expression on endothelial and vascular smooth muscle cells after injury [43-45]. However, 

p . This peptide was shown to display a high affinity for V 3/5 integrins expressed on 

ed (angiogenic) endothelial cells and has been widely exploited in for targeting 

ies of Ad [33,34] and other drug carriers i.e. liposomes [41]. In the current study, 

equipped Ad vectors have been used to target mechanically injured carotid arteries. 

a

s

c

U un

e

medial vascular smooth muscle cells at the site of injury were not infected as well. Since 

erythrocytes ubiquitously express integrins V  and 3 V 5 it is conceivable that the cRGD 

ligand is an inappropriate targeting molecule for systemic application, and this could explain 

our negative results. This is in line with findings of Haubner and colleagues [42], who have 

investigated several RGD based compounds. Interestingly, we were unable to detect any 

infection of vascular cells by cRGD-Ad even after local incubation in the absence of 

erythrocytes, suggesting that erythrocyte scavenging cannot be held accountable for the lack 

of vascular targeting by Ad in vivo. Several studies have demonstrated enhanced V 3/5
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V 3/5 mediated uptake is relatively slow and we cannot exclude the possibility that the time 

frame of upregulation of V 3/5 expression is incompatible with the currently applied infection 

protoco

cles by the target cells. 

not

accomp

l.

To avoid the possibility of erythrocyte mediated sequestration of cRGD-Ad or poor 

transendothelial permeation, a lung specific targeting moiety was used. The lung is a 

relatively large organ with high blood flow and thus easily accessible. Our targeting moiety 

was proven to be effective, since iodinated avidin-bioGFE1 was specifically taken up by lung. 

Nevertheless, the GFE1-Ad did not enhance transgene expression in the lung. It is possible 

that the in vivo stability of the ad vector and/or the local lung-specific blood flow conditions 

are incompatible with the attachment and uptake of the virus parti

Completely blocking liver uptake with lactoferin had no dramatic effect on the half-

life of the untargeted virus (only a 33% increase). Due to the high blood flow through the 

liver (24% of the cardiac output) the slightly prolonged retention in the blood is probably not 

sufficient for the aimed target organs to take up the virus. Upon inhibition of liver uptake, Ad 

is rapidly neutralized by erythrocytes through binding of RGD motives to v 3/ v 5. This 

compromises virus stability after intravenous administration. So any retargeting approach will 

have to compete with systemic neutralization, and apparently the two ligands we have 

selected are not capable of doing this.

In conclusion CAR-Avidin has shown to efficiently detarget Ad from the liver upon 

equipping the Ad with novel ligands. This decrease in liver tropism however, was 

anied by an increased transgene expression in novel target cells.

Methods

Cells

Cos-1, H5V and EOMA cells were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) 

supplemented with 10% FCS (Invitrogen), 100 units/ ml Penicillin (Invitrogen), 100 g/ml 

Streptomycin (Invitrogen) and glutamax (Invitrogen). Mouse VSMC were isolated from aorta 

from male C57Bl6 mice as previously described [46] and cultured in DMEM with 10% 

newborn calf serum (NCS). One day prior to transfection Cos-1 cells were detached from 

plastic with 1% Trypsine/ 10 mM EDTA in PBS and seeded to 50% confluency. Cells were 

cultured in a humidified atmosphere of 5% CO2
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Targeted Ad vectors in vivo 

Production of recombinant Ad vectors 

Recombinant E1, E3-deleted Ad-vectors expressing beta-galactosidase gene (Ad.LacZ) and 

firefly luciferase (Ad.Luc) under the control of the cytomegalovirus promoter (CMV) were 

kindly provided by respectively Dr. Willnow (Houston, USA) and Dr. Hoeben (LUMC, 

Leiden, The Netherlands). Additionally, the Ad vectors were propagated in PERC6 cells as 

describ

A). Culture supernatant was equilibrated (addition of 

5M Na

with buffer (50 mM 

aPO4, 300 mM NaCl, 20% glycerol, pH = 7.0), washing with 4 volumes pre-elution buffer 

aH2PO4, 300 mM NaCl, 2,5 mM imidazole, 20% glycerol) the resin was eluted 

 volumes elution buffer (50 mM NaH2PO4, 300 mM NaCl, 150 mM imidazole, 20% 

ed [47]. The purification process involved two rounds of CsCl ultra centrifugation and 

dialysis against dialysis buffer (25 mmol/l Tris, 137 mmol/l NaCl, 5 mmol/l KCl, 0.73 mmol/l 

NaH2PO4, 0.9 mmol/l CaCl2, and 0.5 mmol/l MgCl ,2 pH 7.45) followed by dialysis against the 

same buffer supplemented with sucrose (50 g/l). Plaque titration was performed on 911 cells 

according to standard techniques [48]. Aliquots of 50 l virus were stored at -80°C. 

Generally, virus titers of the stocks varied from 1 x 1010 to 1 x 1011 plaque forming units per 

ml (pfu/ml). 

Production, purification and characterization of the linker protein 

The CAR-Avidin linker protein was produced, purified and characterized as previously 

described [30]. In short: CAR-Avidin was produced by transient transfection of Cos-1 cells 

with pSG8CAR-Avidin using Fugene6 (Roche, Basel, Switzerland) under serum free 

conditions. Thirty two hours after transfection the linker protein was harvested and purified 

from the supernatant by immobilized metal affinity chromatography using Talon metal 

affinity resin (Clontech, Palo Alto, US

Cl to an end concentration of 300 mM NaCl, pH was adjusted to 7.00 using 50% HCl 

in PBS, 100% glycerol was added to an end concentration of and 20% glycerol) and incubated 

for 20 minutes at room temperature with Talon. After extensive rinsing 

N

(50 mM N

with 10

glycerol). SDS-PAGE and western blotting analysis of all purification steps and elution 

fractions showed that the linker protein was only present in elution fractions 3 to 5 that were 

subsequently extensively dialyzed against PBS and used in all experiments. The concentration 

of the active component was determined in the biotin binding assay as previously described 

using avidin (Sigma Aldrich, St Louis, MO, USA) as standard.

Ligands
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The lung specific GFE1 peptide (CGFECVRQCPERC;[32]) was synthesized as N-terminally 

ioluminescent reporter imaging 

etherlands), fed standard 

f centrifugation at maximum 

peed. Supernatants were used for determining protein-normalized luciferase activity by 

0 l luciferyl-CoA (Promega) to 20 l of liver extract in a monolight luminometer 

biotinylated peptide by standard Fmoc based solid-phase chemistry and provided by J.W. 

Drijfhout (LUMC, Leiden, The Netherlands). The quality was checked by high resolution LC-

MS mass spectroscopy. The bio-cRGD (cdFK(e-C6-biotin)RGD) was obtained from Asynth 

Service BV (Roosendaal, Netherlands), 

Targeting conditions

CAR-Avidin and peptide ligands were incubated at a 1: 1 molar ratio for 1 hour at room 

temperature, as was determined in previous experiments [30,31]). Complex formation of 

adenovirus and CAR-Avidin-ligand was facilitated by incubating CAR-Avidin-ligand at a 

concentration of 50 nM with the appropriate amount of virus for 1 hour at room temperature. 

B

12 wks old female C57Bl/6JIco mice (Charles river, The N

chow diet (Hope Farms, Woerden, NL) ad libitum, were injected with Ad.Luc (2x109 pfu). 

Bioluminescent signals were determined 4 days after Ad injections using the Xenogen IVIS 

imaging system (IVIS 100). Approximately 5 minutes before imaging the living mice were 

injected luciferin, (150 mg/kg) intraperitoneally (ip). The mice were anaesthetized with 

isofluorane/oxygen and placed on the imaging stage. Total photon emission of each animal 

was acquired for 1 minute. Captured images were quantified using the Living Image software 

(Xenogen Corp, Almeda, CA) and the IGOR software (WaveMetrics Corp, Lake Oswego, 

OR). Bioluminiscence from the region of interest was expressed via a pseudo color scale (Red 

most intense and Blue least intense luminescence) and data were presented as the cumulative 

photon counts collected within each region of interest. Because layers of tissue may limit 

photon emission from inner organs, 4 days after Ad injection the livers of mice were dissected 

to verify the results from the bioluminescent reporter imaging experiment by determination of 

the luciferase activity in liver lysates 

Luciferase enzymatic assay 

The liver extracts were prepared by homogenisation with the minibead beater in reporter lysis 

buffer (Promega), two cycles of freeze-thawing and 2 min. o

s

adding 10
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Targeted Ad vectors in vivo 

(BD Biosciences). Protein content was measured in a 96-well microtiter plate using the BCA 

protein assay kit (Pierce). Absorbance at 562 nm was determined in a microplate reader.  

Local gene transfer

9-10 weeks old ApoE-/- mice, fed regular chow diet ad libitum, were used for the local gene 

ansfer studies. Local gene transfer was ensured using a procedure developed by Von der 

ith use of a midline neck incision, the left external carotid artery was 

arteriot y of the external carotid artery, and endothelial denudation of the common carotid 

passes. In one experiment, the animals were inoculated i.v. 

with 1,

olyl- -D-galactoside (X-Gal) in PBS) at 37°C O/N. 

ections were stained immuno histochemically with antibodies against -SM-actin (clone 

and CD31(rat anti-mouse, BD pharmingen; diluted 1:200). To 

tr

Thüsen [49] In short: w

looped proximally and tied off distally with 6-0 silk suture (Ethicon). Additional 6-0 silk ties 

were looped round the common and internal carotid arteries for temporary vascular control

during the procedure. A transverse arteriotomy was made in the left external carotid artery, 

and a 0.36-mm flexible angioplasty guidewire was advanced by 1 cm via a transverse

om

artery was achieved by 3 rotational 

5 ×109 pfu of Ad.LacZ or cRGD-Ad.lacZ in 200 l of phosphate buffered saline one 

and five hours after denudation. In a second experiment, immediately after angioplasty, 10 l 

of adenoviral suspension (1.5×109 pfu/ml) was instilled into the right common carotid artery 

via the external carotid. The suspension was left in situ for 10 min and was subsequently 

drawn off before ligation of the external carotid and closure of the skin wound with silk 

sutures.

Tissue harvesting and histological analysis

Five days after Ad incubations, carotid artery specimens were obtained and transverse 5 m 

cryosections prepared after in situ perfusion fixation with formalin as described [50]. 

Cryosections were routinely stained with hematoxylin (Sigma Diagnostics) and eosin (Merck 

Diagnostica, Darmstadt, Germany). ß-Galactosidase was demonstrated by incubation with 

staining solution (5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 0.2 mM 

MgCl2, 0.1% 5-bromo-4-chloro-3-ind

S

1A4; diluted 1:500; Sigma) 

detect specific Ab binding goat anti-mouse IgG peroxidase conjugate (dilution 1:100; Nordic, 

Tilburg, the Netherlands) was used as secondary antibodies, with 3,3'-diamino-benzidine, 

nitro blue tetrazolium as enzyme substrates (all Sigma) and for CD31 the ABC-AP kit and 

Vector-Red Substrate was used (Vector laboratories). 
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Biodistribution of GFE1

Recombinant avidin (SIGMA, St. Louis, USA) was radioiodinated at pH 10.0 with carrier

ee 125I according to a modification [51] of the ICI method [52]. Free 125I was removed by 

ltration. GFE1 was incubated with 125I- Avidin at a molar ratio of 1: 1. 

Proteins were isolated after homogenisation of organ samples and subsequent 

olubilization in 1* reporter lysis buffer (Promega, Madison, WI, USA). Luciferase activity 

lied by the manufacturer.

o 20 l of AT3 extract in a monolight 

minometer (BD Biosciences). Protein content was measured in a 96-well microtiter plate 

fr

Sephadex G-25 gel fi

For the in vivo bio-distribution experiments, 10-12-wk-old female C57Bl/6 mice of weight 

22-24 g from Broekman Instituut BV (Someren, The Netherlands) were used and fed ad

libitum with regular chow diet. Mice were anaesthetized by subcutaneous injection of 

ketamine (75 mg/kg, Eurovet), droperidol (1 mg/kg), fluanisone (0.75 mg/kg), and fentanyl 

(0.04 mg/kg) (all from Janssen-Cilag, Beerse Belgium). Mice were injected with indicated 

ligand via the tail vein. One hour after injection the experiment was terminated, organs were 

removed and the organ bound radioactivity determined. 

Bio-distribution of targeted Ad

For the in vivo virus bio-distribution experiments, 10-12-wk-old female C57Bl/6 mice of 

weight 22-24 g from Broekman Instituut BV (Someren, The Netherlands) were used and fed 

ad libitum with regular chow diet. On day 0, mice were injected with 1*109 pfu of the 

appropriately targeted Ad.Luc or 100 l PBS in case of the uninfected control. Five days after 

injection, the experiment was terminated, the organs were removed and snap frozen in liquid 

nitrogen.

s

was determined according to the protocol supp

Decay study using lactoferrin

16-17 weeks old C57Bl/6JIco mice (Charles river, The Netherlands) were injected 

intravenously either with dissolvent or bovine lactoferrine (Serva, Brunschwig Chemie), 

70mg/kg at t = -2 min. At t = 0 min, both groups of mice received 1,5.109 pfu/mice Ad.Luc 

intravenously. Blood samples were taken by tail bleeding at 5 min, 60 min, 6 hours and 24 

hours. At day 5 liver, heart, spleen and lung were isolated. To assess the presence of 

circulating infectious particles, AT3 cells were incubated for 1 hour with the blood samples. 

After 24 hours, protein extracts were prepared by addition of reporter lyses buffer (Promega) 

to the AT3 cells and two cycles of freeze-thawing followed by 2 min. of centrifugation at 

maximum speed. Supernatants were used for determining protein-normalized luciferase 

activity by adding 100 l luciferyl-CoA (Promega) t

lu
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Targeted Ad vectors in vivo 

using the BCA protein assay kit (Pierce). Absorbance at 562 nm was determined in a 

n Center for Cardiovascular Research 

UMC-TNO and supported by grants from the Dutch Organization for Scientific Research 

t Foundation (NHS 2001-141, NHS 2003T201 and NHS 99-

, D, E, and F. J Virol
1998, 72: 7909-7915. 

feld DA, Kovesdi I, Wickham TJ: Identification of a conserved 
 the fiber proteins of CAR-recognizing adenoviridae. Science

microplate reader. T½ were calculated from the luciferase activity at different timepoints using 

Graphpad Prism, software and a one-phase exponential decay model. 

Statistics

Experiments were performed in triplicate and presented as mean ± standard deviation (s.d.). 

P-values were calculated by a two-tailed unpaired student’s T-test. Data were considered to be 

significantly different when P< 0.05, indicated with an asterix (*) in the figures. 
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