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Abstract

Purpose—Sindbis virus (SINV) infect tumor cells specifically and systemically throughout the 

body. Sindbis vectors are capable of expressing high levels of transduced suicide genes and thus 

efficiently produce enzymes for prodrug conversion in infected tumor cells. The ability to monitor 

suicide gene expression levels and viral load in patients, after administration of the vectors, would 

significantly enhance this tumor-specific therapeutic option.

Procedures—The tumor specificity of SINV is mediated by the 67-kDa laminin receptor (LR). 

We probed different cancer cell lines for their LR expression and, to determine the specific role of 

LR-expression in the infection cycle, used different molecular imaging strategies, such as 

bioluminescence, fluorescence molecular tomography, and positron emission tomography, to 

evaluate SINV-mediated infection in vitro and in vivo.

Results—All cancer cell lines showed a marked expression of LR. The infection rates of the 

SINV particles, however, differed significantly among the cell lines.

Conclusion—We used novel molecular imaging techniques to visualize vector delivery to 

different neoplatic cells. SINV infection rates proofed to be not solely dependent on cellular LR 

expression. Further studies need to evaluate the herein discussed ways of cellular infection and 

viral replication.
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Introduction

Viral vectors based on the Sindbis virus (SINV), a blood-borne alphavirus, infect xenograft 

tumor cells specifically and systemically in preclinical mouse models [1, 2]. The tumor 

specificity of Sindbis vectors is mediated by the 67-kDa high-affinity laminin receptor (LR) 

[3], which is overexpressed in multiple types of human tumors [4–7]. An important 

characteristic of Sindbis vectors for cancer therapy is that the native virus itself can induce 

apoptosis in neoplastic mammalian cells while being nontoxic to nontarget tissues [8–10]. 

Furthermore, Sindbis vectors are capable of expressing high levels of transduced suicide 

genes and thus efficiently produce enzymes for prodrug conversion in infected tumor cells 

making them applicable for gene-directed enzyme-prodrug therapy (GDEPT). One of the 

best-studied enzyme/prodrug systems for cancer GDEPT is the herpes simplex virus 

thymidine kinase type 1/ganciclovir (HSV1-tk/GCV) system [11]. It is highly effective in 

eradicating rapidly dividing tumor cells by inhibiting their DNA polymerase while sparing 

nonproliferating normal tissues [12–14]. The ability to monitor the levels of suicide gene 

expression in tumors after administering the vectors would significantly improve GDEPT. 

Positron emission tomography (PET) tracers such as [124I]-2′-fluoro-2′-deoxy-1-β-D-

arabinofuranosyl-5-iodo-uracil ([124I]-FIAU) and [18F]-2′-fluoro-2′-deoxy-1-β-D-β-

arabinofuranosyl-5-ethyluracil ([18F]-FEAU), which act as thymidine analogs, have already 

been developed for monitoring HSV1-tk activity in living subjects [15, 16].

The aims of this study included the determination and optimization of Sindbis virus-

mediated infection of different human tumor cells, in vitro and in vivo, and evaluation of the 

specific role of laminin receptor expression levels in the infection process. In a proof-of-

principle approach, optical imaging modalities (bioluminescence and fluorescence) and PET 

were utilized to visualize and quantitate these processes and their therapeutic effects.

Material and Methods

Cell Lines and Vector Production

All cell lines were obtained from the American Type Culture Collection (Manassas, VA, 

USA). BHK fibroblast cells were maintained in minimum essential alpha-modified media 

with 5 % fetal bovine serum (FBS). Colon carcinoma cells HT29 were cultured in McCoy’s 

5A medium supplemented with 10 % FBS. The melanoma cell lines SK-MEL 10 and SK-

MEL 28 as well as HeLa (cervical cancer), DU145 (prostatic cancer), and H1650 (non-

small-cell lung cancer) cells were kept in minimal essential media with 10%FBS. All basal 

media were supplemented with 100 µg/ml of penicillin–streptomycin and 0.5 µg/ml of 

amphotericin b. Replication-deficient Sindbis vectors were produced by electroporation of 

both replicon RNA (SinRep5) and helper RNA (DH-BB) into BHK cells as previously 

described [1]. The HSV-1 thymidine kinase gene was excised from the pORF-HSV1tk 

plasmid and inserted into the PmlI site of the SinRep5 plasmid for Sindbis/tk vector 
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production. Sindbis/firefly luciferase gene (FLuc) vectors were produced using a DNA 

fragment containing the FLuc from the NheI and XbaI sites of the plasmid pGL3 and 

subcloned into the XbaI site of the SinRep plasmid to construct the SinRep/FLuc vector [1]. 

For designing a replication-competent (RC) Sindbis vector carrying also the firefly 

luciferase gene as reporter, a DNA segment containing a subgenomic promoter and Sindbis 

viral structural genes were excised from the ptRNA-DHBB plasmid using NsiI and BamHI 

enzymes and then inserted into pSinRep5/Fluc at the StuI site; vectors were also prepared 

using the in vitro transcription/electroporation method.

Western Blots

Cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed with RIPA 

buffer. The lysates were centrifuged, the supernatant added to LDS sample buffer and the 

sample heated at 90 °C for 10 min. The protein concentration was determined using the 

Bradford assay and a 50 µg protein sample added to a sodium dodecyl sulfate 

polyacrylamide gel electrophoresis gel well. The gel ran at 120 V for ~120 min. Proteins 

were transferred onto a NC membrane at 80 mA for 1 h. The membrane was blocked with 

blocking buffer and treated with a 1:1,000 dilution of the rabbit polyclonal to 37 kDa 

laminin receptor (H-141, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 12 h at 4 °C. 

After a washing step, the membrane was incubated with a 1:5,000 dilution of horseradish 

peroxidise-conjugated goat anti-rabbit IgG for 1 h at room temperature. After a final 

washing step, the membrane was treated with detection reagents and exposed to film.

Sindbis/FLuc Uptake In Vitro

To determine the infectivity of the Sindbis viral vector in different cell lines, a dilution 

series of Sindbis/FLuc viral vector particles (1:1, 1:1 × 101, 1:1 × 102, 1:1 × 103, 1:1 × 104; 

undiluted particles equal ~100 colony forming units (CFU) in 300 µL Opti-MEM medium) 

were incubated at 37 °C for 1 h with 2 × 105 each of BHK, SK-MEL 10, SK-MEL 28, 

HT29, HeLa, DU145, or H1650 cells that were previously cultured in 12-well plates. After 

incubation, the infection medium was replaced with regular culture medium and the cells 

were incubated overnight at 37 °C. The next day, cells were assayed by the Steady-Glo® 

Luciferase Assay System (Promega Corp., Madison, WI, USA). For each cell line, three 

independent experiments were performed. For each experiment, control cells were mock-

infected with 300 µL of normal culture medium and incubated at 37 °C for 1 h.

Bioluminescence Imaging (IVIS 200)

All animal experiments were performed in accordance with the National Institute of Health 

and MSKCC Institutional Animal Care and Use Committee guidelines. C.B-17-SCID mice 

(Charles River, Kingston, NY, USA; female, 6–8 weeks old) were injected subcutaneously 

with 4 × 106 BHK and/or SK-MEL 10 cells in 0.2 mL culture medium/Matrigel™ (BD 

Biosciences, Bedford, MA, USA) in the shoulder region on day 0.We choose a combined 

tumor model, having BHK and SK-MEL 10 tumors inoculated side by side, and a single 

tumor model, just SK-MEL 10 inoculation, and randomly assigned them to the treatment 

(Sindbis/FLuc) or vehicle (PBS) group. A combined and single xenograft-bearing model 

was chosen for a better differentiation of SINV targeting of different tumor entities 
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(combined model), but also to exclude/observe possible intertumoral interaction and its 

potential influence on viral infection rate (single model). Daily i.v. injections of Sindbis/

FLuc (0.2 ml of Opti-MEM containing 106–107 CFU) were initiated on day 6. The 

bioluminescence signals were monitored using the IVIS system 200 (Caliper Life Sciences, 

Hopkinton, MA, USA) on day 6 (baseline, prior Sindbis/FLuc injection), days 8 and 10. 

Before imaging, each mouse was intra-peritoneally injected with 0.3 mL of luciferin (15 

mg/mL potassium salt) in PBS. After 5 min, the mice were anesthetized with isoflurane/O2. 

An integration time of 30 s was used for high-resolution luminescent imaging (binning: 2). 

The Living Image software (version 2.11; Caliper Life Sciences) was used to analyze the 

bioluminescence signals (total flux (photons/s)) from the animals.

Preparation of 18F-FIAU/-FEAU

[18F]-FIAU was synthesized as reported previously [17]. Briefly, [18F]-fluoride was 

produced on cyclotron (EBCO TR 19/9, Richmond, British Columbia, Canada) 

using 18O(p,n)18F reaction. [18F]-Fluoride (2.59–12.95 GBq) was trapped on Sep Pak QMA 

cartridge (Waters Corporation, Milford, MA, USA) and eluted into a 10-mL Reacti-vial 

using a solution containing 0.1 mL of potassium carbonate (0.25 M) and 0.9 mL of 

acetonitrile containing kryptofix (13.5 mg). Water was removed from the solution by 

azeotropic drying at 80 °C under a slow stream of argon. After initial drying, 1 mL of 

anhydrous acetonitrile was added and drying was repeated under the conditions above. The 

precursor 1,3,5-tri-O-benzoyl-2-trifluoromethylsulfonyl-α-D-ribofuranose (8–10 mg, ABX 

GMBH, Radeberg, Germany) was dissolved in anhydrous acetonitorle 300 µL and added to 

the anhydrous mixture of kryptofix, K2CO3 and [18F]-KF in 10 mL glass vial and heated at 

80 °C for 30 min. 2,4-bis(Trimethylsilyl)-5-iodouracil was synthesized by heating a solution 

of 5-iodouracil (10 mg), in dichloroethane (500 µL), hexamethyldisilizane (100 µL), and 

triemthylsilyltriflate (100 µL) in a sealed 3 mL V vial at 100 °C for 2 h. The radiolabeled 

sugar in 400 µL acetonitrile from the Advion unit was delivered directly to the vial 

containing 2,4-bis (trimethylsilyl)-5-iodouracil. The mixture was then heated at 85 °C for 60 

min. The solvent was evaporated at 85 °C under stream of argon to yield a viscous oil. To 

this mixture, 0.5 M sodium methoxide in methanol (1 mL) was added and the reaction was 

heated at 85 °C for 5 min. The solvent was removed by heating at 85 °C under stream of 

argon and reconstituted in water (1 mL) and neutralized using 6 N HCl. The product was 

purified by using reverse-phase HPLC on a semipreparative C-18 column (Phenomenex, 

Luna, 250 × 10 mm 10 µm, C-18(2), 100 Å, Torrence, CA, USA) and using a mixture of 12 

% acetonitrile and 88 % water containing acetic acid (0.2 %) at flow rate of 5 mL/min to 

yield a mixture of α- and β- anomers of [18F]-FIAU. Solvent was removed on rotary 

evaporator and reconstituted in 0.9 % saline and passed through 0.22 µM filter for animal 

studies. [18F]-FEAU was synthesized in a similar manner using 2,4-bis(trimethylsilyl)-5-

ethyl uracil.

[124I]-FIAU Uptake In Vitro

To determine the infectivity of the Sindbis/tk viral particles, 2 × 106 BHK, HT29, DU145, 

or HeLa cells were incubated with Sindbis/tk (MOI = 50) as described above. After washing 

and an overnight incubation period, the cells were exposed to 10 mL of culture medium 

containing 0.1 µCi of [124I]-FIAU for 1, 2, 4, and 6 h. After each of these respective time 
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points, the radioactivity in the media and in the cell pellets was assayed in a liquid 

scintillation counter. Percentage uptakes of [124I]-FIAU in cells were calculated as: (net 

counts in cell pellet)/(net counts in cell pellet+net counts in medium) × 100 %.

PET Studies

Xenograft mouse models of BHK and/or SK-MEL 10 or HT29 were prepared as described 

above and randomly assigned to untreated control (n = 3) and Sindbis/tk groups (n = 5). The 

Sindbis/tk group received i.v. injections consisting of 0.2 mL of Opti-MEM I containing 

106–107 CFU of Sindbis/tk particles whereas control mice received 0.2 mL PBS. For PET 

imaging on day 3 (BHK/SK-MEL 10 and HT29) and day 6 (only HT29), mice were injected 

with about 0.3 mCi of [18F]-FIAU (BHK/SK-MEL 10) or [18F]-FEAU (HT29) via the tail 

vein. Two hours post-injection, the mice were anesthetized with isoflurane/O2 and imaged 

on a R4 microPET™ (Concorde Microsystems, Knoxville, TN, USA), a dedicated 3D small-

animal PET scanner. An energy window of 350–750 keV and a coincidence timing window 

of 6 ns were used, with a minimum of 20 million events, typically over 5 min, acquired. The 

resulting list-mode data was sorted into 2D histograms by Fourier rebinning and transverse 

images reconstructed by filtered back-projection into a 128 × 128 × 63 (0.72 × 0.72 × 1.3 

mm) matrix. The reconstructed spatial resolution for 18F is 1.5 mm full-width half maximum 

at the center of the field of view. The image data was corrected for non-uniformity of 

response of the microPET, deadtime count losses, and physical decay to the time of injection 

but no attenuation, scatter, or partial volume-averaging correction was applied. An 

empirically determined system calibration factor (millicuries per milliliter per counts per 

second per voxel) for mice was used to convert voxel count rates to activity concentrations 

and the resulting image data was then normalized to the administered activity to determine, 

by region of interest analysis, the maximum percentage injected dose per gram (%ID/g) in 

the tumors.

Fluorescence Molecular Tomography Measurements

BHK xenograft mice were i.v. injected with 2 nmol Angio-Sense™750 (150 mL volume, 

PerkinElmer, Waltham, MA, USA; excitation wavelength 750±10 nm, emission wavelength 

780± 10 nm) and 300 µL of Sindbis/RC-FLuc solution or PBS on day 6 after tumor 

inoculation. To prevent fur interference with imaging, the tumor region of the skin was 

epilated. Fluorescence molecular tomography (FMT) imaging (FMT 2500, PerkinElmer, 

Waltham, MA, USA) was performed 24, 48, 72, and 96 h post-injection of the fluorophore; 

mice were anesthetized and placed in the imaging chamber one at a time. A near-infrared 

pair of laser diodes then scanned the region of interest (ROI) to provide multiple source-

detector projections. In each ROI, we acquired 30 frontal slices of 0.5 mm thickness in z 

direction, with an in-plane resolution of 1× 1 mm. Laser excitation and fluorescence 

emission were detected by a single thermoelectrically cooled CCD camera with appropriate 

optical filters. The entire image acquisition sequence took ~2 min per mouse, followed by an 

automated dataset analysis using a normalized Born forward equation [18]. Three-

dimensional ROIs were drawn around the tumor region and a threshold was applied equal to 

10 % of the maximum value of fluorescence in each reconstructed volume to diminish 

quantification inaccuracies due to background signal and calibration variations [18, 19]. The 
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total amount (picomoles) of fluorochrome was automatically calculated relative to internal 

standards generated with known concentrations.

Results

Laminin Receptor Expression and Sindbis/FLuc Infection of Different Cancer Cell Lines

All human cancer cell lines used in these experiments clearly expressed the LR, using a 

polyclonal rabbit antibody to detect the 37 kDa laminin receptor precursor (Fig. 1a). 

Although not fully characterized, it is postulated that the mature 67 kDa LR is a homo- or 

heterodimer of its 37 kDa precursor [20]. The precursor is believed to be modified by fatty 

acid acylation in the maturation process and multiple studies have shown that the expression 

pattern of the LR precursor positively correlates with the mature 67 kDa form [21]. 

Evaluating the intensity of the luminescent signal using the IVIS 200 system as an indicator 

for the SINV infection rate (Fig. 1b), we saw a significant difference between the cell lines. 

BHK cells showed the strongest signal, indicating high cellular SINV load. Concomitantly, 

immunoblotting revealed BHK cells had the highest LR expression. In comparison, SK-

MEL 10 produced about 50-fold lower bioluminescent signal and a clearly lower LR 

density. In terms of the other cell lines, however, no clear correlation of the LR expression 

pattern and the SINV infection rate could be determined, e.g., DU145 and H1650 cells 

clearly expressed LR, but showed basically no SINV uptake.

Sindbis/tk Infection of Different Cancer Cell Lines

Similar results could be observed using a Sindbis vector that mediates the synthesis of 

herpes simplex virus thymidine kinase type 1 (Sindbis/tk). After incubation with Sindbis/tk 

particles, the human cancer cell lines were exposed to [124I]-FIAU, a thymidine kinase 

substrate. Significant intracellular tracer accumulation could be observed for the BHK cells 

(Fig. 2). SK-MEL 10 and HT29 also showed a clear radioactive signal, slightly increasing 

over time, but about 20–50 % lower than BHK cells. DU145 and HeLa cells only showed 

marginal detection levels of [124I]-FIAU for the whole study period indicating very limited 

Sindbis/tk infection.

Sindbis/FLuc Infection In Vivo and Bioluminescence Imaging

To translate the in vitro to in vivo studies, a total of four daily virus injections were given to 

the tumor-bearing mice and IVIS imaging was performed on days 2 and 4 after initiation of 

viral application. A luminescent signal could, again, only be detected in the BHK tumors. 

Although the SK-MEL 10 xenografts were significantly smaller (in the combined and single 

xenograft model), increasing the time of imaging did not lead to any detectable signal that 

exceeded the background (Fig. 3). In vivo infection of Sindbis/FLuc particles seemed to 

clearly differ between the two tumor entities used in this setting.

Sindbis/tk Infection In Vivo and PET Imaging

Similar results could be obtained, treating the BHK/SK-MEL 10 or HT29 xenograft mice 

with Sindbis particles carrying the HSV 1-thymidine kinase gene and 18F-FEAU PET 

imaging. The same time course as for optical imaging was chosen, including Sindbis/tk 

injections on four consecutive days, with PET performed after two and four viral 
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applications. Again, BHK xenografts showed a distinct tumoral thymidine kinase activity 

(1.7 %ID/g; Fig. 4c), whereas in SK-MEL 10 tumors the tracer uptake was limited (0.9 

%ID/g; Fig. 4b, c), not reaching statistical significance as compared with vehicle-treated 

animals (p = 0.08; Fig. 4a, d). In BHK tumor mice, FEAU accumulation in the treated 

tumors, however, was significantly higher than in the control group (p = 0.003; Fig. 4d). 

Again, the BHK xenografts revealed a much more aggressive phenotype, resulting in much 

larger tumors compared to the melanomas.

HT29 tumors showed hardly any FEAU tracer uptake. Although the tumors could be 

differentiated from background activity, the mean uptake values (shown on days 2 and 4) in 

the treatment vs. nontreatment group were basically identical (Fig. 5).

Replication-Competent Sindbis/tk Infection In Vivo and Optical Imaging

We further wanted to evaluate the imaging feasibility of a replication-competent Sindbis 

vector carrying the FLuc gene (RC-FLuc) using FMT. We were interested to confirm virus 

replication in the tumors after single-dose injection by using bioluminescence imaging and, 

as SINV is a blood-born virus, to evaluate its delivery and tumoral distribution pattern using 

a vascular agent and FMT. As we observed the best in vivo infection rates with the BHK 

xenografts, we chose this model. Five mice were injected with a single dose of Sindbis RC-

FLuc on day 0 while another three mice received just the PBS vehicle. Bioluminescence 

imaging was performed with the IVIS 200 system on four consecutive days. To study tumor 

vasculature, we used Angio- Sense™750, a fluorescence agent that enables visualization of 

tumor vascularity, perfusion, and vascular permeability. Each mouse was also injected with 

a single dose of this fluorescent agent on day 0 and quantitative imaging on the FMT 2500™ 

was performed. Looking at the signals obtained from the fluorophore and luciferin, a 

similar, although sometimes due to animal positioning misaligned, distribution pattern of 

both signals in the tumors could be observed (Fig. 6a and b). Within the first 24 h, 

AngioSense showed a predominantly central accumulation in the tumors, followed by a 

subsequent distribution to the tumor periphery. Semiquantitative analysis of the tumoral 

virus load showed a constant amplification within the first 3 days, indicating that SINV 

clearly infects the tumors in the first 24 h and replicates for about 72 h (Fig. 6b and 7). That 

virus delivery and distribution is dependent on tumor vascularisation could be underscored 

by the FMT data. AngioSense has a circulation half-life of about 6 h and undergoes 

subsequent renal excretion. As we observed, a cumulative enrichment of the fluorophore in 

the central tumor region within the first 24 h (not shown) and a constant signal for the 

following 2 days in the periphery, a transfer of the fluorescent agent from the vascular space 

to the interstitium seems to occur, followed by degradation of the dye after 3 days (Fig. 6a 

and 7). An almost identical dynamic of the bioluminescence and fluorescence signals 

emphasized the close relationship of tumor vascularization and tumoral virus distribution 

(Fig. 7).

Discussion

Alphavirus expression vectors have been employed to produce recombinant proteins in 

mammalian cells [22, 23]. SINV is a single-stranded, positive sense RNA virus, belonging 
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to the alphavirus family, that can infect a broad range of cells and replicate to high titres [24, 

25]. It is transmitted by mosquitoes primarily to birds, but can cause fever, arthritis, and skin 

rash in humans [26]. SINV infection of mammalian cells is known to be mediated by the 

high-affinity 67 kDa LR [3], which has increased expression in many types of human 

cancers [4–7]. LR is known to play an important role in normal and tumor cell proliferation, 

protein translation, and survival. It is also involved in malignant cell metastasis by 

adherence to the basement membrane of other cells for subsequent infiltration and tumor 

spreading. [27–29].

The aim of our study was to evaluate the cellular infection rates of different, genetically 

modified SINV vectors in various tumor models and to review molecular imaging 

modalities, such as bioluminescence, FMT, and PET, for their feasibility to detect 

intratumoral viral load.

Although all the human cancer cell lines we used in our studies showed a marked expression 

of LR, the infection rates of the SINV particles differed significantly among the cell lines. 

Others have postulated that the SINV does not exclusively use the LR to infect its target 

cells. As the virus mainly seems to use heparan sulfate (HS) residues of the laminin receptor, 

it also interacts with nonreceptor-associated HS on the cell surface to enter the host cells 

[21, 30]. The HS binding region of the SINV mainly consists of the E2 glycoprotein, one of 

the viral envelope proteins and its interaction is mediated via two HS-binding domains. 

Alterations in the amino acid sequence of these domains result in changes of its electrostatic 

characteristics and may significantly decrease viral binding affinities and infection rates. 

Loss of HS affinity by the virus, however, does not necessarily have to result in loss of 

cellular targeting. A HS-independent way of viral infection which is not completely 

characterized has also been described, underlining the complex mechanisms SINV are able 

to obtain to reach their designated goal [31, 32]. It is unlikely that the different infections 

rates in our study are due to different binding site characteristics of the modified virus 

particles, as the basis for each modification was the same virus strain. It is also unlikely that 

the modifications we performed altered SINV infectivity, as we got good infection rates 

with each particle in the BHK cells. Presumably, the cells we tested differ significantly in 

non-LR-associated HS expression on the cell surface. A possible way to examine this 

hypothesis could be to co-incubate each cell line with the virus and an antibody against LR 

and see to what extent SINV infection can be blocked. In this context, others observed that 

using a monoclonal LR-Ab resulted in partial block of SINV infection, whereas in some cell 

lines viral infection could hardly be altered by blocking the receptor [3]. In this context, one 

also has to consider that, so far, the reliable working antibodies available mainly target the 

cytosolic form of LR. Thus, expression levels of the 37 kD LR might not be a good predictor 

of extracellular receptor expression. Further studies need to evaluate the role of LR in SINV 

infection in nonpermeabilized cells by, e.g., using binding assays. Also, one should consider 

fractionating the plasma membrane and quantifying LR expression solely in this cellular 

proportion.

A recent publication reports on an infection resistance of prostate and breast cancer cells in 

contrast to a good SINV infection of colorectal carcinoma cells [33]. All cell lines revealed a 

comparable expression of LR, but SINV susceptibility seemed to be mainly influenced by 
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the metastatic potentials of the cells. The more aggressive and invasive the cell line, the 

more effective SINV targeting in vitro and in vivo. The authors concluded that the viral 

infection rate is basically independent of cellular LR expression and suggest that a novel 

way of cell attachment or entry mechanism is employed by the virus during infection, 

resulting in preferred targeting of the more aggressive cellular phenotypes.

It has been shown that tumoral SINV infection modulates the immune system resulting in 

activation of cytotoxic natural killer (NK) cells and induction of anti-cancer M1 

macrophages [34]. In an SINV-mediated encephalitis mouse model, NK cells proofed to 

have a significant effect on early viral clearance mediated by interferon (IFN)-γ and TNFα 

initiated and controlled T cell response [35]. On the other hand, it has been described that 

the mammalian innate immune system senses viral infection by recognizing viral signatures, 

mainly nucleotides, and activates potent antiviral responses and effects intracellular viral 

replication [36]. Besides the IFN response, RNA silencing or RNA interference (RNAi) 

serve as an antiviral mechanism in mammalian cells. To oppose this, some viruses are 

capable of encoding IFN antagonists, which counteract the IFN response in infected cells 

[37]. In addition, a number of viral IFN antagonists are capable of blocking RNAi in 

infected cells and therefore serve as RNA-silencing suppressors (RSS). Virus replication in 

infected cells can be restricted by these innate antiviral mechanisms, yielding in a 

suboptimal viral gene delivery [38]. Efficient blocking of the innate antiviral responses can 

be achieved by pretransfection of the host cells with a RSS, leading to an increase in viral 

vector production (up to 100-fold in terms of SINV) [37]. Further studies are needed to 

evaluate whether different pathways or activity levels of the innate antiviral response 

account for the observed diversity in infection rates of the human tumor cells used in our 

experiments.

Another aspect in antiviral immunity has been recently published, describing a protective 

role of cellular autophagy in antiviral response [39]. Briefly, autophagy can function as a 

cell protection mechanism, in which the cells sequester their own cytosol via the formation 

of lipid bi-layered vesicles, the autophagosomes. These autophagosomes then fuse with 

lysosomes for subsequent cytosolic protein degradation and reprocessing for reutilization 

[40]. With autophagic “self-digestion” cells are able to overcome a, for example, period of 

nutrient starvation or other stressful situations. Autophagy also seems to function in antiviral 

immunity. A recent study showed that after hepatitis C infection, some cells can upregulate 

the adaptor protein p62, which interacts with the viral capsid and subsequently targets the 

virus to autophagosomes and lysosomal degradation [41]. A possible scenario is that this 

also accounts for SINV infection in some cells, meaning that the viral proteins might get 

cleared from the cell and the promotion of cell survival is obtained.

Viral vectors are a potentially powerful tool for delivering a therapeutic gene to tumors and 

metastatic disease. Systemic tumor targeting and tumor specificity would be ideal 

characteristics of these vectors to efficiently oppose neoplastic tissues while sparing the rest 

of the body. In this report, we used novel molecular imaging techniques to visualize vector 

delivery to different tumor entities. The tumor infection rates of SINV, however, were 

shown to differ among various cancer cell lines and did not seem to be dependent upon the 

cellular laminin receptor expression. The exact mechanism of SINV tumor targeting, needs 
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to be clarified in further studies. In terms of SINV vector delivery, we were able to confirm 

the correlation between tumor vascularisation, vascular leakiness and the tumoral virus 

distribution. Our results indicate that blood vessel permeability in tumors has a significant 

function in successful Sindbis virus vector targeting and tumoral tranduction [42].
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Fig. 1. 
a Western Blot analysis of cancer cell lines indicating laminin receptor (LR) expression. b 
Bioluminescence signal of cells incubated with Sindbis/FLuc particles at different 

concentrations.
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Fig. 2. 
Intracellular accumulation of 124I-FIAU after infection of different human cancer cell lines 

with Sindbis/tk particles.
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Fig. 3. 
Bioluminescence imaging of mice bearing BHK and/or SK-MEL 10 xenografts after i.v. 

application of Sindbis/FLuc particles.
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Fig. 4. 
18F-FEAU PET of BHK and SK-MEL 10 tumor-bearing mice after injection with Sindbis/tk 

particles (SV/tk) (b, c) and vehicle treated mice (a). Tumoral tracer quantification using ROI 

analysis is shown in (d).
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Fig. 5. 
18F-FEAU PET of HT29 tumor-bearing mice after injection with Sindbis/tk particles 

(SV/tk) (b) and vehicle treated mice (a). Tumoral tracer quantification using ROI analysis is 

shown in (c).
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Fig. 6. 
AngioSense™750 in FMT a and bioluminescence imaging (IVIS 200) b after injection of a 

replication-competent SINV vector carrying the FLuc gene.
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Fig. 7. 
ROI analysis of the FMT and IVIS data (Fig. 6).
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