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Abstract

Purpose—The goal of this study is to demonstrate the feasibility of chemically modified human

adenovirus (Ad) vectors for tumor retargeting.

Procedures—E1- and E3-deleted Ad vectors carrying firefly luciferase reporter gene under

cytomegalovirus promoter (AdLuc) was surface-modified with cyclic arginine–glycine–aspartic

acid (RGD) peptides through a bifunctional poly(ethyleneglycol) linker (RGD-PEG-AdLuc) for

integrin αvβ3 specific delivery. The Coxsackie and adenovirus viral receptor (CAR) and integrin

αvβ3 expression in various tumor cell lines was determined by reverse transcriptase PCR and

fluorescence-activated cell sorting. Bioluminescence imaging was performed in vitro and in vivo

to evaluate RGD-modified AdLuc infectivity.

Results—RGD-PEG-AdLuc abrogated the native CAR tropism and exhibited significantly

enhanced transduction efficiency of integrin-positive tumors than AdLuc through intravenous

administration.

Conclusion—This approach provides a robust platform for site-specific gene delivery and

noninvasive monitoring of the transgene delivery efficacy and homing.

Keywords

Adenovirus; Firefly luciferase; Reporter gene; Integrin αvβ3; RGD; Bioluminescence imaging

Introduction

The human adenovirus (Ad) was widely used as a vector for delivery of foreign genes to

mammalian cells because of its relatively high efficacy in accomplishing gene transfer in

vivo [1]. Recently, it was suggested that the binding of adenovirus to its primary receptor,

Coxsackie and adenovirus viral receptor (CAR), may be an important rate-limiting step for
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gene transfer [2]. Although CAR is expressed ubiquitously on most normal epithelial cells,

CAR expression in tumors may be highly variable, resulting in insufficient transduction of

tumor cells [3]. Biodistribution studies of systemically administered adenovirus revealed

that in rodents and nonhuman primates, adenovirus preferentially accumulates in the liver

and to a less extent in the spleen [4, 5]. Hepatic uptake of adenovirus presumably takes place

mainly via CAR on the hepatocyte, although detailed information about the mechanisms of

entry to other cell types remains to be elucidated. To compensate for such sequestration,

significant escalation in the doses of administered vector is needed to achieve efficient gene

transfer to those cells with no or insufficient CAR expression. This, in turn, increases the

risk of inducing both direct toxicity and immune response against the vector, thus further

compromising the overall efficacy of the therapy [6]. The toxicity due to vector

dissemination to nontarget cells occurs even when Ad vectors are locally administered to the

tissue of interest [7]. Vector targeting to a specific tissue or cell type would enhance gene

therapy efficacy and permit the delivery of lower doses, which would result in reduced

toxicity [8–10].

Cell-specific gene delivery via Ad vectors was achieved by a variety of approaches,

including genetic modification of Ad capsid [8, 11–13], modification by the use of adaptor

molecules [14–17], and chemical modification by polymers with ligand [18]. Genetically,

two approaches were used to modify the fiber proteins: one is to add foreign peptides to the

HI loop or C terminus of the fiber knob, the other is to substitute fibers derived from other

Ad stereotypes, which bind to receptor molecules other than CAR. In this approach, one of

the drawbacks encountered was that genetic modification of the virion capsid and/or fiber

knob did not eliminate the endogenous tropism of the virus to the desired extent. Retargeting

of Ad vectors can also be achieved through the use of bispecific or bifunctional adaptor

molecules composed of an antifiber antibody fragment and a cell-binding component.

Combination of the adaptor molecule and genetically modified capsids of the Ad vector was

also reported. Chemical modification is a nongenetic strategy to modify the surface of the

virion by covalently attaching a polymer containing the targeting ligand to the surface of Ad.

Chemical modification of Ad vectors with poly(ethyleneglycol) (PEG; PEGylation), in

which the activated PEG reacts preferentially with the ε-amino terminal of lysine residues

on the capsid, including the hexon, fiber, and penton base, prolongs persistence in the blood

and circumvents neutralization of the Ad vectors by antibodies [19–22]. Furthermore,

PEGylated Ad vectors attenuate the ability of the vector to be taken up by antigen-

presenting cells, thereby reducing inflammatory responses. Animals injected with

PEGylated Ad vectors exhibited reduced levels of both cell-mediated and humoral immune

responses, resulting in significant gene expression on readministration of unmodified Ad

vectors in the lung [19, 21]. However, the PEGylation of Ad vectors leads to loss of

infectivity due to steric hindrance by PEG chains. The extent of loss of infectivity and

extension of blood retention half-time are dependent on the degree of PEG modification

[23]. Ad vectors coated with polymers other than PEG were also developed [18, 24].

To overcome the decreased efficiency of infection of PEGylated Ad vectors, vectors

containing functional molecules on the tip of PEG were developed [23, 25, 26]. Lanciotti et

al. modified Ad vectors by using heterofunctional PEG and FGF2 [25]. The transduction of
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FGF2-PEG-Ad is dependent on the FGF2 receptor, and is almost independent of CAR. In an

intraperitoneal model of ovarian cancer, FGF2-PEG-Ad led to increased transgene

expression in tumor tissue and reduced localization of the vectors to nontarget tissues

compared with unmodified Ad vectors. Ogawara et al. reported PEGylated Ad vectors

containing E-selectin specific antibody at the tip of PEG, which target activated endothelial

cells [26]. They showed that the systemic administration of PEGylated Ad vectors with anti-

E-selectin antibody selectively targeted inflamed skin and mediated local transgene

expression in mice with a delayed-type hypersensitivity (DTH) inflammation.

Integrin αvβ3 is highly expressed on activated endothelial cells and tumor cells but is not

present in resting endothelial cells and most normal organ systems, making the receptor a

potential target for antiangiogenic strategy [27–29]. The inhibition of αvβ3 integrin activity

was also associated with decreased tumor growth in both clinical trials and small animal

studies [30–34]. During the last few years, we and others have developed a series of

arginine–glycine–aspartic acid (RGD) peptide probes for multimodality imaging of tumor

integrin expression, including positron emission tomography (PET) [35, 36], single-photon

emission computed tomography [37], and near-infrared fluorescence [38]. In this study, we

modified E1- and E3-deleted adenoviral vectors encoding firefly luciferase reporter gene

(AdLuc) with a cyclic RGD peptide through a bifunctional PEG linker and evaluated the

integrin-specific transduction of RGD-PEG-AdLuc in vitro and in vivo by means of

noninvasive bioluminescence imaging.

Materials and Methods

Cell Culture and Adenovirus Production

Recombinant adenoviral vector AdLuc expressing the reporter gene firefly luciferase under

the control of cytomegalovirus (CMV) promoter was constructed as previously described

[39]. The vector was amplified in 293T cells and purified by double cesium chloride

ultracentrifugation. The purified virus was extensively dialyzed against 3% sucrose/

phosphate-buffered saline and stored in aliquots at –80°C. The number of viral particles was

determined by measuring the optical density of virus at 260 nm (OD260). Determination of

virus particle titer was accomplished spectrometrically. The ratio between virus particle

number (vp) and plaque forming units (pfu) was found to be 30:1. Both mPEG (MW =

2,000) and NHS-PEG-MAL (MW = 3,400) were obtained from Nektar Therapeutics (San

Carlos, CA, USA)

Chemical Modification of Adenovirus Tropism

Cyclic pentameric RGD peptide c(RGDyK) was conjugated with N-succinimidyl-S-

acetylthioacetate (SATA) through the ε-amino group on the RGD peptide lysine residue

under slightly basic condition. PEGylated AdLuc particles with and without RGD were

prepared and the degree of conjugation was measured following a previously described

procedure [40].
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Flow Cytometry and Reverse Transcriptase PCR

Of the three cell types used for in vitro transduction studies (U87MG, MDA-MB-435 and

MCF-7), the expression levels of integrin αvβ3 were determined by flow cytometry. The

primary antibody specific for human integrin αvβ3 is Abegrin™ (MedImmune,

Gaithersburg, MD, USA) and the secondary antibody is fluorescein isothiocyanate-

conjugated donkey anti-human IgG antibody (Jackson Immunoresearch, West Grove, PA,

USA). The same secondary antibodies alone served as the negative control for each cell line.

Total RNA was extracted from freshly isolated MCF-7, U87MG, and MDA-MB-435 cells

using RNeasy Kit (Qiagen Inc., Valencia, CA, USA). Four micrograms of RNA from each

cell was converted into cDNA with Superscript III reverse transcriptase (Invitrogen Corp.,

Carlsbad, CA, USA). Then 200 ng cDNA was used for PCR amplification using CAR-

specific primers: sense, 5′-GAGTAGTGGATTTCGCCAGAAGTT-3′; antisense, 5′-

AAGCGTAAATTTGCATGGCAG-3′. The product length was 101 bp. Ten microliters of

the product was used for 2% agarose gel electrophoresis.

In Vitro Transduction and Measurement of Firefly Luciferase Activity

To evaluate the in vitro transduction efficiency of AdLuc, PEG-AdLuc, and RGD-PEG-

AdLuc vectors, cells (MCF-7, U87MG, and MDA-MB-435) were seeded in 12-well plates

(5 × 105 cells per well) and infected 48 hours later with 103 virus particles per cell in

triplicates in culture medium with 2% fetal bovine serum and incubated for four hours at

37°C. The incubation medium was then replaced by normal medium and cells were further

incubated for 24 h. The luciferase activity was measured with Xenogen In-Vivo Imaging

System IVIS200 (Xenogen Corp., Alameda, CA, USA). A 150-µg/ml luciferin was added to

each well for five minutes of incubation. Then the plates were put into the chamber of CCD

camera for one-minute exposure. Region of interest (ROI) was outlined on each well.

Photon flux was quantified by the software provided by the manufacturer. The luciferase

activity was expressed as photon flux per second per million cells. For RGD blocking, 20

µg/ml of RGD peptide was added 30 minutes before adenovirus infection.

Animal Models

All experimental procedures involving animals were conducted in accordance with the

institutional guidelines set forth by Stanford University School of Medicine.

Immunodeficient female athymic nude mice were housed in specific pathogen-free facilities.

The MDA-MB-435 breast cancer model was established by orthotopic injection of 5 × 106

cells into the left mammary fat pad. The U87MG glioblastoma model was obtained by

injecting a mixture of 5 × 106 cells suspended in 50 µl of medium and 50 µl matrigel (BD

Biosciences, San Jose, CA, USA) into the right front leg of nude mice. The mice were used

for intratumor and intravenous viral administration when the tumor volume reached 500–

700 mm3 (three to four weeks after inoculation).

In Vivo Transduction and Reporter Gene Analysis

For intratumor injection, AdLuc, PEG-AdLuc, or RGD-PEG-AdLuc at a dose of 2.5 × 109

vp/kg was applied intratumorally by multiple injections to MDA-MB-435 tumor-bearing
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mice (n = 3 per group). For intravenous injection, 1.25 × 1012 vp/kg of AdLuc, PEG-AdLuc,

or RGD-PEG-AdLuc was introduced via tail vein into each tumor-bearing mouse (n = 3 per

group). Forty-eight hours later, the mice were subjected to optical imaging on the Xenogen

IVIS200. Mice were anesthetized with 2% isoflurane and injected with D-luciferin (10 mg/kg

intraperitoneal injection) approximately ten minutes before imaging. Images of the ventral

and dorsal sides of the mice were taken. Light emitted from the tumors and liver was

quantified using Living Image Software (Xenogen). Photon produced by luciferase was

normalized as photons per second per centimeter squared per steradian (p s−1 cm−2 sr−1 ).

Twenty-four hours after imaging, the animals were killed. The liver, spleen, kidneys, lung,

heart, and tumor tissues were harvested and homogenized in LAR-II reagent (Promega,

Madison, WI, USA), then incubated for 20 minutes at room temperature. The luciferase

activity was measured using a TD-20/20 Luminometer (Promega) after short vortex. Protein

levels were determined by micro-BCA assay (Pierce, Rockford, IL, USA). The luciferase

activity was normalized as relative light units (RLU) per milligram of protein.

Results

Chemical Modification of AdLuc Vectors

The schematic structure of RGD-PEG-AdLuc is shown in Fig. 1. The sulfhydryl addition

agent SATA reacts with the lysine ε-amino group on the cyclic RGD peptide c(RGDyK) to

form a stable amide bond. The product was confirmed by the disappearance of RGD peptide

peak at 10.9 minutes and appearance of SATA conjugate peak at 12.1 minutes on the

analytical high-performance liquid chromatography. Deacetylation of SATA with

hydroxylamine gives quantitative yield of c(RGDy(ε-thioacetyl)K) (tRet = 10.6 minutes).

The bifunctional NHS-PEG-MAL was first reacted with the AdLuc capsid protein amino

groups. Without separating the unreacted PEG from the PEGylated Ad particles, the reaction

mixture was added thiolated RGD peptide to form RGD-PEG-AdLuc. Excess amount of

PEG and RGD peptide was removed by size-exclusion chromatography. RGD-PEG-AdLuc

was recovered in the void volume of the PD-10 column. PEG-AdLuc conjugate was

generated in a similar manner except that monofunctional PEG (mPEG-NHS) was used and

no RGD peptide was coupled to the viral vectors. To identify the extent of viral surface

modification by PEGylated RGD peptide and mPEG, we performed fluorescamine assay

[41]. Fluorescamine reacts with the primary amino groups found in terminal amino acids

and the ε-amine of lysine to form fluorescent pyrrolinone type moieties. Under standard

conditions (105 PEG/viral particle), about 55–60% of the primary amino groups on the

virion surface were substituted. Because the apparent molecular weight of an unmodified Ad

particle is approximately 1.5 × 108 Da, with a diameter of 90–110 nm [42, 43], the PEG-

RGD and PEG-modified AdLuc is estimated to have apparent molecular weight of 1.9 × 108

and 1.8 × 108 Da, respectively. The average particle size of PEG-AdLuc and RGD-PEG-

AdLuc is thus estimated to be 10–15 nm bigger than that observed for the unmodified

AdLuc.

In Vitro Infectivity of AdLuc, mPEG-AdLuc, and RGD-PEG-AdLuc

To investigate the infectivity of RGD-modified adenoviral vectors, U87MG, MDA-MB-435,

and MCF-7 cells with different CAR and αvβ3 integrin expression levels as described in Fig.
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2A, B were infected with AdLuc, PEG-AdLuc, and RGD-PEG-AdLuc, and the results were

shown in Fig. 2C. For the unmodified AdLuc, the infectivity follows the order of U87MG >

MCF-7 > MDA-MB-435. The infectivity of the AdLuc in three tumor cell lines is consistent

with their CAR mRNA levels, suggesting CAR dependence of such transduction. The

infectivity of mPEG-AdLuc is about two to three orders of magnitude lower than

unmodified AdLuc in all three cell types examined, indicating that PEGylation shielded the

interaction between the fiber knob and CAR. Compared with unmodified AdLuc, the

infectivity of RGD-PEG-AdLuc vector on MDA-MB-435 cells was significantly increased

(P < 0.01) and was efficiently blocked by free RGD. For U87MG and MCF-7 cells, the

RGD-PEG-modified AdLuc also showed sharply enhanced transduction than PEG-AdLuc,

although RGD peptide tagging did not fully restore the infectivity of unmodified AdLuc.

Intratumoral Administration of AdLuc, mPEG-AdLuc, and RGD-PEG-AdLuc

To observe the alteration of transduction after local administration of chemically modified

AdLuc vectors, we performed noninvasive bioluminescence imaging scans (Fig. 3). As

expected, PEG-AdLuc had minimal infectivity as quantified by ROI analysis of the light

signal emitted from the orthotopic MDA-MB-435 tumor. It is also notable that the

infectivity of RGD-PEG-AdLuc was about 1.8 times that of AdLuc, which was consistent

with the in vitro assay. No significant difference in tumor infectivity was found for

intravenously administered AdLuc and AdLuc-PEG, which is inconsistent with the in vitro

infectivity assay. This indicated that most of AdLuc viral particles were intercepted by the

liver after tail vein injection and only very small fraction may have reached tumors (Fig. 3)

Intravenous Administration of AdLuc, mPEG-AdLuc, and RGD-PEG-AdLuc

The ultimate goal of this study is to allow systemic administration of Ad vectors with a

preferential tropism for target cells, which is otherwise not possible for unmodified Ad

vectors. The promising in vitro and intratumor results prompted us to assess the in vivo

kinetics, homing, and transgene expression of chemically modified Ad vectors after tail vein

injection into xenografted mice. For this purpose, three groups of mice (n = 3/group) bearing

both subcutaneous U87MG glioma (dorsal) and orthotopic MDA-MB-435 breast cancer

(ventral) tumors were injected with AdLuc, mPEG-AdLuc, and RGD-PEG-AdLuc at the

same dose of 1.25 × 1012 vp/kg (Fig. 4). Forty-eight hours later, mice were anesthetized and

injected with D-luciferin approximately ten minutes before imaging. Light emitted from the

tumors and the liver tissue was then quantified by ROI analysis. Twenty-four hours after

noninvasive imaging when all the D-luciferin had cleared from the body the animals were

killed and luciferase activity in the tumors and all major organs were analyzed by

luminometer assay (Fig. 5).

As expected, the unmodified AdLuc had predominant liver (ventral imaging) and low tumor

luciferase signal (dorsal imaging for U87MG and ventral imaging for MDA-MB-435

tumors). PEGylated AdLuc (mPEG-AdLuc), on the other hand, showed minimal

transduction efficiency in all the organs as determined by both in vivo imaging and ex vivo

tissue lysate luciferase assays, which further confirmed that the steric hindrance induced by

PEG chain prevents the entry of the virion into cells. Transgene expression in the tumors

and liver 48 hours after intravenous injection of RGD-PEG-AdLuc was measured by ROI
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analysis of the luciferase signal using the Xenogen IVIS200 system. Fig. 5 shows that the

transduction efficiency of the RGD-PEG-AdLuc was approximately 3-fold lower in the

liver, 20-folder higher in U87MG tumor, and 6- to 7-fold higher in MDA-MB-435 tumor

than the transduction efficiency of unmodified AdLuc. Fig. 5 also showed that RGD-PEG-

AdLuc had slight but significant (P < 0.01) increase of spleen luciferase activity defined as

RLU per milligram of protein.

Discussion

In our previous studies we have shown that firefly luciferase can be successfully used for

real time imaging in living animals using a cooled CCD camera [44]. Such approach

provides rapid, convenient, and inexpensive assays to monitor the location, magnitude, and

duration of gene expression after somatic DNA transfer, all without the need to kill animals

after each experimental procedure. The results obtained from in vivo images have good

correlation with that from ex vivo luminometer assays. There is also a good linear

relationship between the luciferase enzyme activity and the peak height of emitted light in a

wide range of enzyme concentrations. The aim of this study was to explore the in vivo

infectivity of RGD peptide-modified adenoviral vectors after intravenous administration into

xenografted mice. We also investigated whether noninvasive bioluminescence imaging is a

suitable method to assess the in vivo homing and transgene expression of the chemically

modified adenovirus encoding firefly luciferase reporter gene.

PEGylation was proven as an effective method to prolong the retention time of adenovirus

in blood, to protect the vector from host cellular and humoral immune response, and to

relieve hepatic injury induced by the interaction between virus and host defense system [19–

22]. These superiorities are attributed to the fact that PEGylation could effectively ablate the

interaction of viral knob with its receptors (CAR and other receptors). Our in vitro

transduction study in both CAR-positive and CAR-negative cells have shown that

PEGylated adenoviral vector exhibits two to three orders of magnitude lower infectivity than

the unmodified virus. Obviously, PEG molecules completely blocked the native tropism of

adenoviral vector even at relatively low level of modification (55–60% surface modification

in our case). Both noninvasive bioluminescence imaging and ex vivo tissue luciferase assay

showed significantly reduced infectivity in the liver where CAR expression is abundant

(Figs. 4 and 5). No significant difference in tumor infectivity was found for intravenously

administered AdLuc and AdLuc-PEG, indicating minimal CAR expression in MDA-MB435

and U87MG tumors.

The integrin αvβ3 expression determined by flow cytometry followed the order of U87MG >

MDA-MB-435 > MCF-7. The infectivity of RGD-PEG-AdLuc followed, however, the order

of U87MG > MCF-7 > MDA-MB-435. MCF-7 cells with higher CAR and lower integrin

expression showed higher infectivity than MDA-MB-435 cells, which suggests that RGD-

PEG-AdLuc infected MCF-7 cells via dual recognition of CAR and integrin αvβ3 and that

CAR-induced infectivity might be stronger than integrin. However, the higher infectivity of

RGD-PEG-AdLuc than AdLuc in MDA-MB-435 cells demonstrated that RGD recognition

by integrin αvβ3 played a more important role than CAR in this cell line because CAR

expression in this cell line is extremely low [40]. This was further demonstrated by the fact
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that the infectivity of RGD-PEG-AdLuc in MDA-MB-435 cells decreased significantly (P <

0.01) when blocked with free RGD, whereas the infectivity in MCF-7 cell was only slightly

influenced (P > 0.05). It is also noticeable that in low integrin αvβ3 expressing MCF-7 cells,

mPEGylation completely abrogated the transfection; however, RGD modification restored

the infectivity of the adenovirus. One possibility is that although MCF-7 cells are αvβ3-

negative, they are αv-positive. RGD-PEG-AdLuc may bind to αv integrin and result in

enhanced transfectivity. Another possibility is that mPEG-AdLuc is not necessarily the ideal

negative control for RGD targeting. It is preferred to compare RGD-PEG-AdLuc with a

scrambled RGD peptide conjugate. The size of the PEG is also different between mPEG-

AdLuc (MW = 2,000 for mPEG) and RGD-PEG-AdLuc (MW = 3,400 for NHS-PEG-

MAL). Whether such difference will have effect on the tropism of the chemically modified

AdLuc is not known.

The general concept of the modification of Ad vectors with bifunctional PEG and homing

ligands was reported earlier [23, 25, 26]; in this study, for the first time we showed that

noninvasive bioluminescence imaging is able to quantify the gene expression of chemically

modified adenoviral vectors carrying firefly luciferase reporter gene that lead to integrin-

selective gene transfer into tumors. Although the in vitro infectivity of RGD-PEG-AdLuc

did not fully restore the infectivity of AdLuc, it showed higher luciferase signal after local

injection into MDA-MB-435 tumors. We have previously tested the integrin expression of

tumor tissue vs. tumor cells based on sodium dodecyl sulfate polyacrylamide gel

electrophoresis/autoradiography and found that as normalized to the same amount of

protein, MDA-MB-435 tumor tissue lysate had four- to fivefold higher integrin than the

tumor cells cultured in vitro [45]. This difference is most likely due to the fact that MDA-

MB-435 cells grown in vivo tend to produce more integrin and that tumor vasculature in this

tumor model express even higher amount of integrin.

Although intratumoral injection of RGD-PEG-AdLuc somewhat reflects the integrin

specificity of the modified viral vectors, it does not tell whether the RGD-PEG-AdLuc is

able to home to integrin-positive tumors and organs after systemic administration. We thus

monitored the tumor targeting efficacy and whole body distribution of the three adenoviral

vectors (AdLuc, mPEG-AdLuc, and RGD-PEG-AdLuc) after tail vein injection. As

expected, there is minimal infectivity of PEG-AdLuc in vivo, which is also confirmed by ex

vivo luciferase assay. It is worth mentioning that the enhancement of tumor infectivity of

RGD-PEG-AdLuc compared to AdLuc after intravenous injection is significantly higher

than that after intratumoral injection. Although not tested in this study, it was reported that

PEGylated adenoviral vectors and other polymer-coated virus could increase blood

circulation time and reduce innate immune response [46, 47]. We assume that RGD-PEG-

AdLuc would have similar plasma half-life as mPEG-AdLuc, but substantially longer half-

life than AdLuc. Significantly more amount of RGD-PEG-AdLuc is also expected to home

into the integrin-positive tumor vasculature and tumor cells than mPEG-AdLuc and AdLuc

that do not recognize αvβ3. Because intratumoral injection of the viral particles has already

demonstrated more effective transgene delivery of RGD-PEG-AdLuc than AdLuc and

mPEG-AdLuc, it is highly likely that the combined effect of prolonged plasma circulation

Niu et al. Page 8

Mol Imaging Biol. Author manuscript; available in PMC 2014 September 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



time, more effective tumor homing, and enhanced gene delivery is responsible for the

overall excellent tumor infectivity of RGD-PEG-AdLuc.

It is not surprising that the RGD-PEG-AdLuc still showed some infectivity in the liver and

spleen, although the extent of transgene expression in the liver is significantly lower. The

mononuclear phagocytes of the reticuloendothelial system (part of the body’s immune

system, mostly concentrated in the liver, spleen, lymph nodes, and bone marrow) mediates

nonspecific uptake of circulating viral particulates such as AdLuc, PEG-AdLuc, and RGD-

PEG-AdLuc [48, 49]. Furthermore, the mouse liver with both CAR (high level) and integrin

(low to medium level) would facilitate the infection of the incompletely modified RGD-

PEG-AdLuc that homed to the liver. Further improvement to reduce the liver and spleen

infectivity is thus needed to decrease the toxicity of the systemically administered tumor-

targeted viruses.

Despite the success of this approach to retarget RGD-PEG-AdLuc to integrin-positive

tumors, the construct will not be effective for integrin-negative tumors. Even for integrin-

positive tumors the tumor infectivity is limited by the total number of receptors available for

retargeting. The virus particle with over 10,000 free amine groups on the surface provides an

excellent platform for coupling multiple ligands simultaneously to the surface of the same

particle [25]. The total number of targets is thus substantially increased although the number

of each receptor on the target cell is unaltered. This, if true, will further increase the

efficiency and specificity of the chemically modified adenoviral vectors. The choice of

firefly luciferase for in vitro and in vivo studies using a CCD camera is because the optical

reporter gene imaging technique is convenient, fast, and relatively inexpensive [50, 51].

However, the attenuation, scatter, and resolution limitations of this technique limited its

clinical use. PET reporter gene such as HSV1-tk or its mutants may be more advantageous

for clinical translation [39, 52, 53].

In this study, E1- and E3-deleted Ad vectors carrying firefly luciferase reporter gene under

CMV promoter (AdLuc) was surface-modified with cyclic RGD peptides through a

bifunctional poly(ethyleneglycol) linker (RGD-PEG-AdLuc) for integrin αvβ3 specific

delivery. We demonstrated that RGD peptide-modified adenoviral vectors through PEG

linker on the fiber knobs allowed systemic administration for substantially increased tumor

infectivity than unmodified AdLuc and PEGylated AdLuc based upon integrin recognition

by means of noninvasive bioluminescence imaging. Adenoviral vectors with a preferential

tropism for target cells will allow systemic administration for targeting both primary tumors

and metastatic lesions, which is otherwise not possible for unmodified adenoviral vectors.

As a nongenetic one-step process, this technology is simple, versatile, and yields vectors

with an improved efficacy profile. This approach provides a new means for delivering

therapeutic gene fused with reporter gene for site-specific gene delivery and noninvasive

monitoring of the transgene delivery efficacy and homing.
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Fig. 1.
RGD-PEG-AdLuc conjugate. The adenoviral (Ad) vector encoding firefly luciferase

(AdLuc) was connected with cyclic RGD peptide through a bifunctional poly(ethylene

glycol) (PEG; MW = 3,400) linker. The N-hydroxysuccinimide ester on one end of the PEG

reacts with primary amino groups on the AdLuc surface and the other end of the PEG reacts

with the thiolated RGD peptide.
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Fig. 2.
Transduction of AdLuc, PEG-AdLuc, and RGD-PEG-AdLuc in U87MG, MDA-MB-435,

and MCF-7 cells. (A) The expression of integrin αvβ3 was determined by flow cytometry.

(B) mRNA level of CAR was determined by reverse transcriptase PCR. (C) Luciferase

activity was measured in U87MG, MDA-MB-435, and MCF-7 cells upon transduction with

adenoviral vectors. RGD blocking was performed in the presence of 20 µg/ml of free RGD.

Luciferase activity is normalized and expressed as photon per second per million cells. Data

were measured as the mean of triplicates ± SD. *P < 0.05, **P < 0.01
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Fig. 3.
Bioluminescence imaging of intratumorally injected vectors. Orthotopic MDA-MB-435

breast cancer tumor-bearing female nude mice (n = 3 per group) were injected

intratumorally with AdLuc, PEG-AdLuc, or RGD-PEG-AdLuc (2.5 × 109 vp/kg) and then

imaged using the Xenogen IVIS200 system at 48 hours after virus administration. (A)
Ventral luciferase signal from the tumor at ten minutes after intraperitoneal injection of D-

luciferin substrate (10 mg/kg). (B) Photon flux recorded from ROI analysis of the MDA-

MB-435 tumor is normalized as average radiance (p s−1 cm−2 sr−1). *P < 0.05, **P < 0.01
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Fig. 4.
Bioluminescence imaging of intravenously injected vectors. Female athymic nude mice

bearing both subcutaneous U87MG glioma and orthotopic MDA-MB-435 breast cancer

tumors (n = 3/group) were intravenously injected with AdLuc, PEG-AdLuc, or RGD-PEG-

AdLuc (1.25 × 1012 vp/kg) and then imaged using the Xenogen IVIS200 system at 48 hours

after virus administration. The U87MG tumor inoculated on the right front arm is best

visualized at the prone position. The MDA-MB-435 tumor and liver signals are best

visualized at the supine position. (A) Dorsal and ventral luciferase signals from
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representative tumor mice imaged at ten minutes after intraperitoneal injection of D-luciferin

substrate (10 mg/kg). (B) Photon flux recorded from ROI analysis of the liver (ventral),

MDA-MB-435 tumor (ventral) and U87MG tumor (dorsal) normalized as average radiance

(p s−1 cm−2 sr−1). *P < 0.05, **P < 0.01
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Fig. 5.
Luciferase activity in the tumors and major organs from tumor-bearing mice at 24 hours

after noninvasive bioluminescence imaging. Results were expressed as the mean RLU ± SD.

*P < 0.05, **P < 0.01 compared to AdLuc
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