Monitoring tumor response with radiolabeled nucleoside analogues in a hepatoma-bearing mouse model early after Doxisome® treatment
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Abstract 
Purpose: This study aims to demonstrate 18F-FLT-PET is a promising modality for noninvasively monitoring the therapeutic efficacy of Doxisome® in a subcutaneous hepatoma mouse model. 

Procedures: Male BALB/c nu/nu mice were inoculated with HepG2 hepatoma xenograft in the right flank. Doxisome® (5 mg/kg, three times a week for 2 weeks) was intravenously administrated for treatment. 18F-FLT-microPET, biodistribution studies and immunohistochemistry of Ki-67 were performed. 

Results: A significant difference (p<0.05) in tumor volume was observed on day 5 between treated and control groups. The tumor-to-muscle ratio (T/M) derived from 18F-FLT-PET and 123I-ICdR-microSPECT images of Doxisome®-treated mice dropped from 12.55±0.76 to 3.81±0.31, and from 2.48(0.42 to 1.59(0.08 after three-dose treatment, respectively, while that of control group remained steady. The retarded proliferation rate of treated xenograft was confirmed by Ki-67 immunohistochemistry staining. 

Conclusions: This study clearly demonstrated that Doxisome® is an effective anti-cancer drug against the growth of HepG2 hepatoma and 18F-FLT-PET could provide early information of tumor response during treatment. 
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Introduction
Hepatocellular carcinoma (HCC) is the sixth most common malignant tumors around the world 1


[ ADDIN EN.CITE ]
. Surgical resection has been considered as the optimal management; however, only small populations of patients are suitable candidates. Chemotherapy offers symptomatic relief rather than aggressive treatment and no standard protocol for patients with unresectable HCC exists till now. An effective treatment strategy and accurate information of tumor response in the early stage would be valuable for physicians to optimize the clinical management and improve the outcome. 
Sustaining proliferation is one of the important hallmarks of cancer. Nucleosides are essential material for DNA sequence synthesis during proliferative process. At present, monitoring DNA synthetic pathway is a reliable approach to evaluate the tumor response after treatment. Compared with computed tomography (CT) and magnetic resonance imaging (MRI), functional imaging modalities, such as positron emission tomography (PET) and single photon emission computed tomography (SPECT), own advantages for noninvasively determining the proliferation rate of cancer by using specific radiolabeled nucleoside analogues. 
3’-Deoxy-3’-18F-fluorothymidine (18F-FLT) is an analogue of thymidine (TdR) with a 3’-fluorine substitution, which limits the ability to incorporate into DNA sequence but does not hinder it as a substrate for cytosolic thymidine kinase 1 (TK1). 18F-FLT can be phosphorylated by TK1 and trapped in the cells in its phosphate form as well as TdR 
 ADDIN EN.CITE 
[1]
. Previous reports have demonstrated strong correlations between 18F-FLT uptake and Ki-67 staining index in various types of cancer 2


[ ADDIN EN.CITE , 3]
, suggesting that 18F-FLT is a superior marker for reflecting proliferation status and a promising noninvasive radiotracer for evaluation of tumor response during treatment course. Recently, Morez et al. revealed that the accumulation of 18F-FLT was reduced by 20% after a successful AZ1152, a tyrosine kinase inhibitor, antitumor therapy 4


[ ADDIN EN.CITE ]
. 
5-Iododeoxyuridine (IUdR) is another TdR analogue in which the 5-methyl group of TdR is replaced by iodine and its biological behaviors resemble that of TdR 5


[ ADDIN EN.CITE ]
. Blasberg et al. showed that 124I-IUdR-PET is feasible for imaging brain tumor proliferative activity after intravenous injection 6


[ ADDIN EN.CITE ]
. The significant tumor uptake in patients with colorectal cancer metastatic to the liver was also noticed after hepatic artery infusion of radioiodinated IUdR. However, the clinical application of radioiodinated IUdR was restricted by its rapid degradation (T1/2 < 5 min in human, < 7 min in mouse). Kriss et al. has reported that the incorporation level of 5-iododeoxycytidine (ICdR), a cytidine analogue, to most of the organs excised from normal mouse was similar to that of IUdR but with a better in vivo stability 7[]
, implying radioiodinated ICdR may be a potential probe for the detection of cancer malignancies and for the monitoring of therapeutic efficacy of chemodrugs. 
Doxorubicin (Dox), a cytotoxic anthracycline antibiotic, has been used to treat hematologic malignancies, solid tumors and soft tissue sarcomas over the past 30 years. The intercalation of Dox on DNA double strain would interfere the binding of topoisomerase II, which is responsible for unwinding the DNA double helix during replication, and cause an anti-proliferative effect 8[]
. Pegylated liposomal doxorubicin (Doxisome®) has been approved by Food and Drug Administration (FDA) through the clinical success in the treatment of several cancers except HCC 9[]
, wherein this drug showed enhanced therapeutic activity compared with the free drug. This study investigated the therapeutic efficacy of Doxisome® in a HepG2 hapatoma-bearing mouse model and showed that 18F-FLT is an appropriate radioprobe for noninvasively reporting the tumor response in the early stage of Doxisome® treatment, while 123I-ICdR-microSPECT is inferior to that of 18F-FLT-microPET. 
Materials and Methods
Radiotracer preparations

The procedure for preparation of 18F-FLT and 111In-Doxisome® were following the methods reported by Kim et al. 10


[ ADDIN EN.CITE ]
 and Wang et al. 11


[ ADDIN EN.CITE ]
, respectively. The radiochemical yield was around 12~15% (decay corrected from end of bombardment, d.c.) for 18F-FLT and 80~85% for 111In-Doxisome®. The radiochemical purity of both radiotracers was greater than 95%. 

The radiosynthesis of 123/131I-ICdR was shown in Scheme 1. Briefly, 20 μL ethanol, 100 L of oxidizing agent (H2O2:1N HCl:H2O = 8:8:84) and 37-74 MBq of no-carrier-added (n.c.a.) 123/131I-NaI were added to a 300-μL V-vial coated with 50 μg of stannylated precursor 1-(2-deoxy-β-D-ribofuranosyl)-5-tributylstannylcytosine (TCdR). The reaction mixture was vortexed intermittently for 10 min. After reaction, 100 L sodium thiosulfate (1 M) and 100 L sodium bicarbonate (saturated solution) was added to quench the reaction. The 123/131I-ICdR solution, eluted through a 0.22-m apyrogenic disk, was ready for biological studies. The radiochemical purity of 123I-ICdR was determined by using radio thin layer chromatography (radio-TLC), which was performed on the aluminum sheet coated with C-18 gel (RP-18 F254s; Merck) using 10 mM acetic acid/EtOH = 2/1 as the developing agent. The 123/131I-ICdR preparation was identified by co-injection with the previously characterized authentic ICdR. HPLC analysis was performed on a reversed-phase column (RPR-1, Hamilton, USA) using acetonitrile/0.02 M acetic acid (10/90, v/v) as the mobile phase at a flow rate of 1 mL/min. Both authentic and radioactive ICdR compounds displayed consistent HPLC retention time (data not shown). The radiochemical purity of 123/131I-ICdR was ≧98%. The overall radiochemical yield was about 93%. 
Cell cultures and tumor xenograft in mouse

HepG2 hepatoma cells were cultured in Eagle’s Minimal Essential Medium (Gibco, USA), supplemented with 10% fetal bovine serum (Thermo, USA) in a humidified atmosphere with 5% CO2 at 37°C. The animal experimental protocol was approved by the Institutional Animal Care and Use Committee of the National Yang-Ming University (Taipei, Taiwan). About 1×107 of HepG2 hepatoma cells were inoculated in the right flank to produce subcutaneous tumor xenograft in six-week-old nude male mouse under anesthesia (ketamine, 87 mg/kg and xylazine, 13 mg/kg, intraperitoneally). 
In vitro cell viability assay

HepG2 cells were plated in a 96-well microplate (5x103 cells/well) overnight and then sequential concentrations of Dox or Doxisome® were added to the cells. After 24-h incubation, the cells were washed once with PBS and then incubated in fresh medium for additional 48 h. Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma, USA) assay. Each sample was repeated at least five times. Half inhibition concentration (IC50) was used to express the anti-proliferative effect of Dox and Doxisome®.
Flow cytometry 
For cell cycle analysis, 3×106 HepG2 cells were seeded in 10-cm diameter Petri dishes (n=5) and exposed to different concentrations of Dox (0, 4, and 10 mg/mL). Experiments were repeated three independently. After 24 h incubation, cells were trypsinized and fixed with 70% ethanol for 2 h at -20°C and then stained with a solution containing 20 mg/mL propidium iodide, 0.2 mg/mL RNase A, and 0.1% Triton X-100 for 30 min in the dark at room temperature (r.t.). Cell cycle distribution was performed by Cytomic FC 500 flow cytometry (Beckman Coulter, CA, USA) and calculated using CXP software (Beckman Coulter, CA, USA).

Western blotting

Sample preparation and staining procedure to assess cyclin-dependent kinase 4 (CdK4) were performed as previous literature described 12


[ ADDIN EN.CITE ]
. Quantification of western blotting was expressed as relative staining index (rSI), using the staining index (the ratio between CdK4 staining and GAPDH) of control as 1.
In vitro cellular uptake assay

HepG2 cells (3×105) were seeded into 6-well culture plates containing 3 mL of MEM supplemented with 10% FBS. After 24 h of growth, a 10-L aliquot of 18F-FLT or 131I-ICdR (3.7 MBq/mL) was added to each well. The culture medium was removed and the monolayers were washed 3 times with 2 mL of cold PBS at each designated time points (15, 30, 60, and 120 min post-incubation). The cells were harvested from the culture plates by addition of 0.5 mL of 0.5% trypsin for 5 min. The cells were re-suspended in 1 mL of PBS to neutralize the trypsin. A 50 L sample was taken to assess the number of viable cells in the cell suspensions. The accumulation of radiotracers was expressed as the percentage of administered dose in the medium that had accumulated in one million cells (% AD/106 cells).

For inhibition assay, 3x105 HepG2 cells were seeded into 6-well plates containing 3 mL MEM supplemented with 10% FBS. Once adherent cells achieved 70% confluent, cells were exposed to series concentration of Dox (0, 0.1, 0.5, and 1 mg/mL). After 24 h incubation, the medium was replaced by serum-free MEM medium containing 18F-FLT or 131I-ICdR (1 Ci/mL per well). Cells were incubated for another 1 or 4 h for radioactivity and cell number counting. The inhibition effect (% inhibition) was calculated by 100%×(Uptake0-Uptakedrug)/Uptake0, where Uptake0 and Uptakedrug are the uptake level without or with Dox co-incubation, respectively. 
Treatment protocol

The tumors with size ranged 200(50 mm3 were selected for the trial on the day of treatment initiation (Day 0). The mice were randomly assigned to two groups of at least 5 mice per group. Doxisome® was intravenously administrated to mice (5 mg/Kg of body weight) of the therapeutic group on day 1, 3, 5, 8, 10 and 12. Normal saline was injected to mice of the control group at the same time. Tumor growth was followed by caliper measurement made perpendicular to the tumor. The tumor volume was estimated from the formula: tumor V = a×(b2)/2, where V, a and b are the volume, length and width of tumor, respectively, in millimeter. The average increment of tumor volume was expressed as 100%×(V-V0)/V0, where V and V0 are the tumor volume on each measuring day and day 0, respectively. The biodistribution studies, tumor size measurement, microSPECT and microPET imaging with 18F-FLT and 123I-ICdR were performed in the designated time point after each treatment.

MicroPET/MicroSPECT/CT imaging studies

MicroPET imaging studies were performed on a microPET R4 scanner (Concorde Microsystems, Inc.) with a resolution of 1.8 mm at full width of half maximum. Static imaging was conducted for 10 min with two groups of mice (5 mice per group) at 60 min post intravenous injection of 3.7 MBq of 18F-FLT on day 0, 7 and 14. During the examination, the mice were anesthetized with isoflurane, and were placed in the prone position with the long axis parallel to the table of the scanner. Transmission scans with 68Ge/68Ga rotating were used for attenuation correction. Image data were obtained by iterative reconstruction with the manufacturer supplied attenuation-corrected ordered subsets expectation maximization algorithm including attenuation correction. 

The SPECT images were acquired using a multipinhole collimator (N5F75A10) with an FOV of 66.10 mm2. A total of 32 projections were acquired in a 60×60 acquisition matrix with a minimum of 8000 counts per projection for SPECT imaging. SPECT images were reconstructed using an ordered-subset expectation maximization algorithm (5 iterations and 8 subsets). The acquisition of SPECT images was followed by CT images acquisition (X-ray source: 50 kVp, 0.28 mA; 512 projections). The co-registration of microSPECT /CT images was performed using VIVID (Volumetric Image Visualization, Identification and Display) software (based on Amira 4.1 platform). The CT images were also reconstructed using the Feldkamp cone-beam algorithm for filtered backprojection in an image volume of 512×512×512 with an image resolution of 0.08 mm. The CT data were not corrected for scatter or beam hardening. VIVID software was also used for the image fusion of microSPECT and microCT images. After registration, the image of SPECT/ CT had 256x256x256 voxels in an isotropic 0.24 mm voxel size. Static imaging was conducted for about 30 min with two groups of mice (5 mice per group) at 4 h post intravenous injection of 18.5 MBq of 123I-ICdR on day 1, and 8. To determine the distribution of Doxisome®, static imaging was conducted for about 30 min with HepG2-bearing mice (n=3) at 24 h post intravenous injection of 18.5 MBq of 111In-Doxisome® on day 1.

Regions of interest (ROI) were drawn over the target tumor and muscle, and the average values from the pixels within ROIs were corrected by subtracting background levels of radioactivity, which was measured in the remote areas away from the animal body. Tumor radioactivity concentration was normalized by that of muscle and expressed as the tumor-to-muscle ratio (T/M), which was also regarded as specific tumor uptake.
Biodistribution studies
The biodistribution studies of 111In-Doxisome® and 18F-FLT were performed on day 1 and 14, respectively. Five mice in each group were sacrificed by cervical dislocation at 4 h after an intravenous injection of 3.7 MBq of 18F-FLT or at 26 h after an intravenous administration of 18.5 MBq of 111In-Doxisome®. Tissues of blood, heart, lung, liver, stomach, small intestine, large intestine, pancreas, spleen, kidney, muscle, bone marrow and tumor were excised and parts of these organs were weighted. The radioactivity concentration in these tissue samples was measured by gamma scintillation counter, normalized to sample weight, and expressed as the percentage of injection dose per gram of tissue (%ID/g). 
Ki-67 Immunohistochemistry staining

After imaging studies (on day 15), the HepG2 xenograft-bearing mice in treated group were sacrificed for immunohistochemistry staining to assess the effect of Doxisome® on proliferation inhibition. The perfusion procedure with 30 mL of normal saline was performed before dissecting the tumor. The dehydration, clearing, paraffin embedding and sectioning steps were conducted as described elsewhere 13[]
. The slices were incubated with 100 mM acetate at 95℃ for 15 min and then blocked with goat serum at ambient temp. for 30 min. Proteins were detected by incubation with Ki-67 antibody (Millipore, MA, USA, 1:75 dilution with 2.5% bovine serum albumin) at ambient temp. for 2 h and then incubated with anti-mouse IgG horseradish peroxidase (HRP) at 1:500 dilution. 
The tumor section slides were examined under white light microscopy (DM IRB, Leica), and five fields were randomly selected for counting. Only cells that presented nucleus and brown-colored stains were considered positive. The relative staining index (rSI) means the percentage of positive cells staining for Ki-67 in a counting field.  
Results
In vitro cytotoxicity of Dox and Doxisome®

The IC50 of Dox and Doxisome® on HepG2 cells, determined by MTT assay, was 0.63±0.07 and 7.77±1.72 g/mL, respectively. The significantly different IC50 of these two anticancer drugs indicates that Dox exhibited more profound killing effect on HepG2 cells than Doxisome® did. Encapsulation of Dox with pegylated liposome largely reduces the cytotoxicity of Dox to HepG2 cells.
Effect of Dox on cell cycle regulation

The effect of Dox on cell cycle progression was assessed by flow cytometry (Fig. 1a). Treatment with 10 g/mL of Dox for 24 h caused a significant G1 arrest. CdK4 is an essential protein responsible for the cell cycle progression at G1/S transition. The results of Western blotting revealed that Dox inhibited the expression of CdK4 in a dose-dependent manner (Fig. 1b), and this down-regulation phenomenon may account for the G1 arrest in Dox-treated HepG2 cells. 
In vitro cellular uptake studies

The accumulation (expressed in %AD/106 cells) of 18F-FLT in HepG2 cells increased linearly with time and reached 23.94±2.31 after 2-h incubation (Table 1). Compared with 18F-FLT, the uptake of 131I-ICdR in HepG2 cells after 2-h incubation exhibited a lower level (1.28±0.22), and remained steady throughout an 8-h study period. When co-incubated with 0.5 g/mL of Dox for 1 h, the cellular uptake of 18F-FLT reduced from 23.77±0.89 to 15.21±3.42 (Table 2), suggesting the uptake of 18F-FLT can adequately reflect the in vitro retardation of HepG2 cell proliferation induced by Dox. The uptake of 131I-ICdR, though exhibited a lower level than 18F-FLT, displayed a 71.39% reduction of uptake when co-incubated with as low as 0.1 g/mL of Dox for 4 h. 
Impact of Doxisome® on tumor xenograft growth

Tumor growth was monitored by caliper during treatment with Doxisome®. Six times of intravenous administrations of Doxisome® (5 mg/Kg) were efficacious in delaying HepG2 tumor growth. The average increment of tumor volume were 26.11±9.42% on day 3, 92.29±18.76% on day 7, and 350.9±30.41% on day 15 in control group, but only 15.92±5.71% on day 3, 50.14±11.52% on day 7, and 111.89±21.96% on day 15 in Doxisome® treated group (Fig. 2a). A significant difference (p<0.05) in tumor volume was noticed on day 5 between the treatment and the control group. There was about 14% body weight loss during the treatment course on day 14 in treatment group (Fig. 2b). However, no mouse died, nor any obvious side effect can be observed, during the whole study period at the dosage of Doxisome® used in this study.
MicroPET and MicroSPECT/CT imaging
To determine the distribution of Doxisome®, the microSPECT/CT imaging of HepG2 hepatoma-bearing mice was assessed at 24 h after an administration of 111In-Doxisome®. A noted retention of radioactivity in tumor lesion was observed (T/M = 5.10±0.52), indicating Doxisome® actually retained in tumor lesion and resulted in following proliferation inhibition (Fig. 3). To evaluate the Doxisome®-mediated changes in cell proliferation, HepG2 hepatoma-bearing mice were scanned with the 18F-FLT microPET and 123I-ICdR microSPECT/CT. Significant radioactivity accumulation in HepG2 hepatoma tumor was observed after the administration of 18F-FLT (Fig. 4). The mice received Doxisome® showed a clear reduction in tumor 18F-FLT uptake, the T/M derived from 18F-FLT microPET images dropped to 3.81(0.31 on day 7 and 2.58(0.41 on day 14, compared to baseline (12.55±0.76) on day 0 (p<0.01), while those of control group remained steady (12.55(0.76 on day 0 and 13.64(0.56 on day 7). The images of 123I-ICdR SPECT also delineated the tumor lesion implanted in the right flank, however, the radioactivity accumulation in, and thus the contrast of, HepG2 hepatoma was relatively lower compared with those of 18F-FLT PET. The T/M of treated group derived from 123I-ICdR SPECT images was significantly reduced from 2.48(0.42 (on day 1, before treatment) to 1.59(0.08 (on day 8, after three doses treatment), while that of control group was slightly increased to 3.39(0.55 in the same time interval (Fig.5). 
Biodistribution studies
The accumulation of 111In-Doxisome® in HepG2 xenograft (4.18±0.73 %ID/g) was significantly higher than most of normal organs, except for reticuloendothelial system (RES)-rich organs (e.g. spleen, 26.1±1.44 %ID/g, and liver, 14.5±1.04 %ID/g), at 26 h after an intravenous injection (Table 3). Marked uptake of 18F-FLT was observed in HepG2 xenografts (6.43±0.91 %ID/g) on day 14 in the control group. Normal organs with fast proliferation (e.g. small intestine, 0.83±0.08 %ID/g, and bone marrow, 4.75±0.15 %ID/g) also showed relative high retention of 18F-FLT (Table 4). The specific tumor uptake (tumor-to-muscle ratio, T/M) of treated group (5.51±1.62, in average of 5 mice) was significantly lower than that of control group (31.92±4.62, n = 5). This finding was consistent with that obtained in microPET imaging study. The higher radioactivity retention in all normal tissues of Doxisome®-treated mice compared with that in control group was observed, suggested a slower clearance of 18F-FLT in Doxisome®-treated group. The results may imply a long-term cytotoxicity to living subject after multiple doses of Doxisome® treatment. 
Immunohistochemistry staining of Ki-67
The Ki-67 protein is a nuclear protein that is necessary for cellular proliferation. The effect of Doxisome® on proliferation retardation in HepG2 xenograft was assessed by Ki-67 staining on day 15 (Fig. 6). The rSI of Ki-67 was 0.89±0.04% in control tumor, but was only 0.44±0.05% in treated tumor. This finding clearly indicates that the rapid proliferation of HepG2 hepatoma xenograft was impeded by Doxisome® after six-course treatment.
Discussion
18F-FDG is the most commonly used radiotracer for detection of various tumors, including lung, breast, colon, head & neck, and esophagus cancer. However, the low 18F-FDG uptake in poor differentiated HCC limits its application in diagnosis of hepatoma. The retention of 18F-FDG is mediated by the balance between the activities of hexokinase and glucose-6-phosphatase. For example, HCC with lower hexokinase/phosphatase ratio shows isointense or hypointense accumulation after an administration of 18F-FDG in PET imaging 14
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. 1-11C-acetate (11C-Ac) has been known as a tracer for evaluating the oxidative metabolism of myocardium and assessing the level of ischemia noninvasively 15-17
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. Park et al. indicated that the 11C-Ac-PET imaging showed a high sensitivity in detecting well-differentiated primary HCCs but not for poor-differentiated HCCs and metastatic lesions 18
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. 
Dox impedes the progression of replication by inhibiting the function of topoisomerase II, which relaxes supercoiled structure of DNA. In theory, Dox-induced retarded proliferation would be accompanied with a decline of 18F-FLT uptake. Actually, incubation with 0.5 g/mL of Dox resulted in a 36% reduction of 18F-FLT uptake in HepG2 cell culture (Table 2). The value of cellular uptake was normalized by the number of viable cells, indicating that the reduced 18F-FLT uptake was not caused by cell loss. Dittmann et al. also reported a 70% reduction in cellular uptake of 18F-FLT when MCF7 breast cells received an IC99 of Dox for inhibition 19
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. Less S-phase cells after treatment with Dox might account for this reduction. However, we have demonstrated that Dox induces G1 arrest (Fig. 1A) through suppression of CDK4 (Fig. 1B) in HepG2 cells rather than S-phase block. The activity of TK1 is cell cycle-dependent and increases sharply at the G1-S transition 20
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. Dox treatment induced G1 arrest and low activity of TK1, and thus decreased 18F-FLT uptake in HepG2 cells is observed. 
Various liposomes were developed as vehicles for drug delivery, such as Dox-encapsulated Doxisome®, and they would prefer to be retained at tumor lesions due to the enhanced permeability and retention (EPR) effect, which in tumor is primarily caused by its defective vessels and impaired lymphatic system 21[]
. Two formulations of liposomal doxorubicin are currently approved for clinical use, non-pegylated liposomal doxorubicin (MyocetTM) and pegylated liposomal doxorubicin (Caelyx® and Doxisome®). The pharmacokinetics of pegylated liposomal doxorubicin differs from free-form Dox with a considerably slower clearance and a prolonged biological half-life because the pegylation protects liposomes from uptake by phagocytic cells 22
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. Lombardi et al. found that the combination of gemcitabine and pegylated liposomal doxorubincin was effective against advanced HCC 23
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. 
MTT assay showed that HepG2 hepatoma cell is sensitive to both free doxorubicin and Doxisome®. Lin et al. reported that the accumulation of 188Re-labeled liposomal doxorubicin (ReDXRL) in C26 colon adenocarcinoma tumor reached maximum at 24 h post-injection 24
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. In this study, an apparent uptake of 111In-Doxisome® in HepG2 hepatoma xenograft was also observed at 24 h p.i.. Although the integrity of liposome may delay the release of Dox within cells, HepG2 xenografts exhibited good response to Doxisome® during the treatment course (Fig. 2). 

Tumor treatments often go along with unfavorable side effect to the patients and are becoming more and more expensive. Knowing the tumor response in the early stage of cancer therapy would provide valuable information for the oncologist to optimize the treatment protocol. Lee et al. reported that the specific 18F-FLT uptake (expressed in T/M) in C26 colorectal cancer xenograft dropped from 1.79 to 1.40 at 1 d after a dose of 10 mg/Kg of liposomal Dox 25
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. Considering the pharmacokinetics of Doxisome® and the time needed for effective tumor cell killing by released Dox, we performed 18F-FLT PET on day 7 and 14, after three and six doses of Doxisome® treatment, respectively. As expected, the specific 18F-FLT tumor uptake in the mice of control group remained steady throughout the studying period (2 weeks). However, in Doxisome®-treated mice, significantly reduced specific tumor uptake was observed (Fig. 4), suggesting that Doxisome® has a potent antiproliferative effect, which was then confirmed by ex vivo Ki-67 staining of excised tumor samples (Fig. 6). In biodostribution studies, the slower clearance of 18F-FLT from almost all tissues and blood in treated mice was noticed (Table 4). The accumulation of 18F-FLT in blood and most of excised tissues from treated group was higher than that from control group. Dresdale et al. reported that remarkable cardiotoxicity of Dox was noticed in >60% patients who were administered a cumulative dosage 430~600 mg/m2 26


[ ADDIN EN.CITE ]
. The cardiotoxicity of Dox may account for the relatively slow circulation in treated mice compared with control mice. Thus, a normalized index, such as T/M or tumor-to-blood (T/B) ratio, was more suitable for evaluating the therapeutic efficacy during treatment course. A declined T/M and T/B ratios were observed in microPET imaging and biodistribution studies after three-course treatment (Fig. 4 and Table 4). 
The factors that determine the accumulation of radiolabeled thymidine analogues include the activities of nucleoside transporter and TK1, the amount of native thymidine, and the glucuronidation rate in living subject 27
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. In cellular uptake studies, the accumulation of 131I-ICdR in HepG2 cells (1.23(0.16 %AD/106 cells) was much lower than that in HCC36 hepatoma cells (12.11(0.38 %AD/106 cells) after 4 h incubation (Online Resource 1), indicating a variability of nucleoside retention in different hepatoma cell lines. Although 123I-ICdR seems not as promising as 18F-FLT for monitoring the tumor response of Doxisome® in HepG2 hepatoma-bearing mice, it may still worth to evaluate the feasibility of using 123I-ICdR in monitoring other hepatomas (such as HCC36 and HLDL) and to verify which factor would be dominant for divergent accumulation in various cell lines. 

Conclusion
Retention of 18F-FLT and 123I-ICdR within tumor would be direct indicators of tumor proliferation. In this study, we have demonstrated that Doxisome® was an effective anticancer drug for hepatoma treatment and 18F-FLT was a proper PET probe for monitoring the therapeutic efficacy of Doxisome® in a HepG2-bearing animal model.
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Figure legend 
Figure 1. Effect of doxorubicin on cell cycle arrest in HepG2 hepatoma cells. (a) Flow cytometry analysis underlines an arrest in G1 phase after a 24-h doxorubicin treatment. (b) The expression level of cyclin D4 after a 24-h doxorubicin incubation. 
Figure 2. Effect of Doxisome® on growth of tumor xenograft and body weight. (a) Tumor burden in Doxisome®-treated and control groups (n≧5 each group). (b) Body weight in Doxisome®-treated and control groups (n≧5 each group). 

Figure 3. MicroSPECT/CT images of HepG2 hepatoma bearing-mice (n=3) at 24 h after intravenous injection of approximately 18.5 MBq of 111In-Doxisome® on day 0.  Arrows indicate tumor lesions.

Figure 4. MicroPET images of Doxisome®-treated and control groups (n≧5 each group) at 1 h after intravenous injection of approximately 3.7 MBq of 18F-FLT on day 0, 7, and 14. Reductions in tumor 18F-FLT uptake reflect the retarded cell proliferation in Doxisome®-treated group. Arrows indicate tumor lesions.
Figure 5. MicroSPECT/CT images of Doxisome®-treated and control groups (n≧5 each group) at 4 h after intravenous injection of approximately 17.5 MBq of 123I-ICdR on day 1 and 8. Arrows indicate tumor lesions.  

Figure 6. Immunohistochemical staining of Ki-67 on day 15. The tumor sections were acquired from (a) control and (b) Doxisome®-treated group after six doses treatment. The brown stains represent the expression of Ki-67. 
Figures 

Scheme 1. Synthesis of 123/131I-ICdR
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Table 1. The cellular uptake of 18F-FLT and 123I-ICdR in HepG2 cells
	          Time (h)

	Radiotracer
	0.25 
	0.5 
	1 
	2 
	4 
	8 

	18F-FLT
	5.56±0.63
	10.24±1.67
	23.77±0.89
	23.94±2.31
	----
	----

	123I-ICdR
	----
	----
	1.23±0.32
	1.28±0.22
	1.23±0.16
	1.11±0.13

	Values were presented as %AD/106 cells (mean ± SD, n=5).
---- not determined


Table 2. The cellular uptake of 18F-FLT and 123I-ICdR in Dox-treated HepG2 cells 
	        Dox concentration (g/mL)

	Radiotracer
	0
	0.1
	0.5
	1

	18F-FLT (1 h)
	23.77±0.89
	17.62±0.43
	15.21±3.42
	14.93±0.90

	123I-ICdR (4 h)
	1.23±0.16
	0.35±0.04
	0.35±0.07
	0.25±0.06

	Values were presented as %AD/106 cells (mean ± SD, n=5).


Table 3. Radioactivity distribution in HepG2 hepatoma-bearing mice at 26 h after intravenous administration of 18.5 MBq of 111In-Doxisome® on day 0
	Organ
	%ID/g

	Blood
	8.69±1.38

	Heart
	1.75±0.30

	Lung
	5.03±0.32

	Liver
	14.5±1.04

	Stomach
	1.75±0.05

	S. intestine
	4.93±0.51

	L. intestine
	4.34±0.75

	Pancreas
	1.68±0.22

	Spleen
	26.1±1.44

	Kidney
	9.86±1.41

	Muscle
	0.48±0.06

	Tumor
	4.18±0.73

	Bone
	0.90±0.16

	Marrow
	3.93±0.94

	Brain
	0.25±0.03


*Values were presented as %ID/g (mean ± SD, n = 5)

Table 4. Radioactivity distribution in HepG2 hepatoma-bearing mice at 4 h after intravenous administration of 3.7 MBq of 18F-FLT on day 14
	Organ
	Control
	Treated

	Blood
	0.22±0.05
	1.04±0.26

	Heart
	0.19±0.04
	0.91±0.13

	Lung
	0.22±0.04
	0.97±0.17

	Liver
	0.21±0.03
	1.04±0.17

	Stomach
	0.15±0.03
	0.74±0.12

	S. intestine
	0.83±0.08
	1.62±0.13

	L. intestine
	0.61±0.06
	2.67±0.32

	Pancreas
	0.16±0.01
	0.93±0.13

	Spleen
	1.33±0.15
	1.09±0.10

	Kidney
	0.35±0.03
	1.26±0.17

	Muscle
	0.21±0.03
	1.13±0.20

	Tumor
	6.43±0.91
	7.56±1.51

	Bone
	0.33±0.06
	1.13±0.18

	Marrow
	4.75±0.15
	24.00±3.05

	Brain
	0.05±0.01
	0.28±0.02

	T/M
	31.92±4.62
	5.51±1.62

	T/B
	27.27±3.29
	7.93±3.6


*Values were presented as %ID/g (mean ± SD, n = 5)
Online resource 1. The cellular uptake of 18F-FLT and 123I-ICdR in various hepatoma cells.
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18F-FLT (1 h)
  23.77 ± 0.89
22.68 ± 0.03
   8.24 ± 0.15
123I-ICdR
 (4 h)  1.23 ± 0.16
  
 4.80 ± 0.33
  12.11 ± 0.38
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