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Abstract
Objective: Previous studies have shown that the accumulation level of FMAU in tumor is proportional to its proliferation rate. This study demonstrated that 2’-deoxy-2’-[18F]fluoro--D-arabinofuranosyluracil ([18F]FMAU) is a promising PET probe for noninvasively monitoring the therapeutic efficacy of 6% PEGylated liposomal vinorelbine (lipo-VNB) in a subcutaneous murine NG4TL4 sarcoma mouse model. 

Methods: Female syngenic FVB/N mice were inoculated with NG4TL4 cells in the right flank. After tumor size reached 150±50 mm3 (day 0), lipo-VNB (5 mg/kg) was intravenously administered on day 0, 3 and 6. To monitor the therapeutic efficacy of lipo-VNB, [18F]FMAU PET was employed to evaluate the proliferation rate of tumor, and compared with those observed from [18F]FDG/[18F]fluoroacetate PET. The expression of proliferating cell nuclear antigen (PCNA) in tumor during treatment was determined by semiquantitative analysis of immunohistochemical staining. 

Results: A significant inhibition (p<0.001) in tumor growth was observed on day 3 after a single dose treatment. The tumor-to-muscle (T/M) ratio derived from [18F]FMAU-PET images of lipo-VNB-treated group declined from 2.33±0.16 to 1.26±0.03 after three doses treatment, while that of the control remained steady. The retarded proliferation rate of lipo-VNB-treated sarcoma was confirmed by PCNA immunohistcochemistry staining. However, both [18F]FDG and [18F]fluoroacetate microPET imaging did not show significant difference in T/M ratio between the therapeutic and the control groups throughout the entire experimental period. 
Conclusion: Lipo-VNB can effectively impede the growth of NG4TL4 sarcoma. [18F]FMAU PET is an appropriate modality for early monitoring the tumor response during the treatment course of lipo-VNB. 
1. Introduction


Accurate and early information of proliferation rate would be valuable for reflecting the response of chemotherapy or guiding optimal clinical management. Recent studies have demonstrated that positron emission tomography (PET) with a proliferation rate-specific radiotracer, such as 3’-deoxy-3-[18F]fluorothymidine ([18F]FLT), is capable of assessing the therapeutic efficacy of various tumor treatments 
 ADDIN EN.CITE 
[1-3]
. FLT is trapped in cells that express high activity of thymidine kinase 1 (TK1) which is responsible for the phosphorylation of thymidine analogues to fulfill the high demand for DNA replication during growth. However, only a small proportion of FLT is incorporated into DNA sequence 
 ADDIN EN.CITE 
[4]
. 

The fluorine-substitution at deoxyribose prevents cleavage of the sugar from thymine by phosphorylase, making both [18F]FLT and 2'-deoxy-2'-18F-fluoro--D-arabinofuranosyluracil ([18F]FMAU) highly resistant to breakdown. Previous studies have shown that [18F]FMAU resists degradation in the living subjects when compared with [11C]thymidine. More than 95% of intact [18F]FMAU was observed in blood and urine at 1 h post injection 5


[ ADDIN EN.CITE ]
. Alauddin et al. have developed a multi-step synthetic method for the preparation of [18F]FMAU 6[]
. FMAU is preferentially phosphorylated by thymidine kinase 2 (TK2), a mitochondrial enzyme, and displays elevated radioactivity accumulation in high TK2-expressing normal organs, such as heart, kidney and liver 
 ADDIN EN.CITE 
[7]
. For tumor detection, Tehrani et al. and Sun et al. demonstrated that [18F]FMAU-PET, as a proliferation probe, can clearly delineate the tumors in brain, prostate, thorax and bone in patients 
 ADDIN EN.CITE 
[8,9]
. However, employing [18F]FMAU-PET for monitoring the therapeutic efficacy of tumor treatment has never been reported.

 Vinorelbine (VNB), a semi-synthetic vinca alkaloid, can suppress the dynamic behavior of spindle microtubule in the metaphase during mitosis and leads to the following apoptosis by inducing the activity of p53 and bcl-2-associated protein kinase 
 ADDIN EN.CITE 
[10,11]
. VNB has been shown effective in various tumor types 
 ADDIN EN.CITE 
[12,13]
. Liposomal encapsulation may dramatically improve the pharmacokinetic profile and tumor accumulation of chemodrug through the enhanced permeability and retention (EPR) effect. In order to reduce the capture of liposomes in reticuloendothelial system (RES)-rich organs, modification of liposomes with polyethylene glycol (PEG) was usually employed to ensure long-term systemic circulation of the PEGylated liposomes and rapid clearance from RES organs 
 ADDIN EN.CITE 
[14]
. Drummond et al. have explored a stable and long-circulating PEGylated liposomal vinorelbine with high efficacy but low acute toxicity in a C-26 murine colon carcinoma tumor-bearing immunocompetent mouse model 
 ADDIN EN.CITE 
[15]
. This study assessed the therapeutic efficacy of 6% PEGylated liposomal vinorelbine (lipo-VNB) in a NG4TL4 sarcoma-bearing mouse model and demonstrated that, compared with [18F]FDG and [18F]fluoroacetate ([18F]FAc, for evaluation of lipid synthesis of tumor) 
 ADDIN EN.CITE 
[16,17]
, [18F]FMAU is a more suitable PET probe for the assessment of responses in tumor in the early stage of lipo-VNB treatment.  
2. Materials and Methods

2.1. Materials 


Cell-culture materials were obtained from GIBCOTM (Grand Island, NY, USA). Column (40x8 mm) and SephadexTM G-50 Fine were purchased form GE Healthcare (Waukesha, WI, USA). 8-Hydroxyquinoline (oxine) was purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). [18F]HF and [111In]InCl3 were obtained from the National PET/Cyclotron Center of Veterans General Hospital (Taipei, Taiwan) and the Institute of Nuclear Energy Research (Taoyuan, Taiwan), respectively. The 6% pegylated liposomal vinorelbine (lipo-VNB) was kindly provided by the Taiwan Liposome Company (Taipei, Taiwan). All other chemicals were purchased from Merck & Co., Inc. (Whitehouse Station, NJ, USA).  
2.2. Radiotracer Preparations 


The preparation of [18F]FAc and [111In]lipo-VNB, a radioactive surrogate of lipo-VNB, was detailed in our previous reports 
 ADDIN EN.CITE 
[18,19]
. [18F]FMAU was synthesized following the method described by Alauddin et al. 6[]
. The radiochemical yield (decay corrected) was 55~60% for [18F]FAc, 85~90% for [111In]-lipo-VNB and 15~20% for [18F]FMAU. The radiochemical purity of these radiotracers was all greater than 95%. [18F]FDG was prepared using an automated [18F]FDG synthetic system (TracerLab MX, GE Healthcare, WI, USA) at National PET/Cyclotron Center of Veterans General Hospital, Taipei, Taiwan.

2.3. Cell culture and Tumor xenografts in micea
NG4TL4 sarcoma and GM2147 normal human fibroblast cell lines were cultured in Minimal Essential Medium, supplemented with 10% fetal bovine serum (Thermo, MA, USA), and 1% Penicillin-Streptomycin 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 2 × 105 of NG4TL4 sarcoma cells were inoculated in the right flank to produce subcutaneous tumor in a six-week-old female syngenic FVB/N mouse under anesthetization (pentobarbital 70 mg/kg, intraperitoneally). 
2.4. In vitro cell viability assay


NG4TL4 sarcoma cells were plated in a 96-well microplate (3.5 × 103 cells/well) overnight and then sequential concentrations of VNB or lipo-VNB were added to the cells. Cell viability after a 24-h incubation 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 VNB and lipo-VNB.
2.5. Flow cytometry


For cell cycle analysis, 3 × 106 NG4TL4 cells were seeded in 10-cm-diameter Petri dishes (n = uoroacetate



















































































































5) and exposed to 0.75 and 2.5 g/mL of VNB for 24 h. Cells were trypsinized and fixed with 70% ethanol for 2 h at -20°C and then stained with a solution containing 20 g/mL propidium iodide, 0.2 mg/mL RNase A, and 0.1% Triton X-100 for 30 min in the dark at ambient temperature. Cell cycle distribution was performed by FACSCalibur flow cytometry (BD Medical, NJ, USA) and calculated by using FlowJo software (Tree Star, Ashland, OR, USA). Experiments were repeated thrice independently.
2.6. In vitro cellular uptake assays


The in vitro accumulation studies were conducted following previous published methods 
 ADDIN EN.CITE 
[20,21]
. Briefly, either NG4TL4 or GM2147 fibroblast cells (3×106) were seeded into 15-cm dishes containing 15 mL of culture medium until 70% confluence. The culture medium was replaced with 12 mL of the medium that contained [18F]FMAU (0.5 Ci/mL). At designated time points (10, 30, 60 and 120 min post-incubation), the cells were harvested by gentle scraping and pelleted by centrifugation. The radioactivity was measured using a gamma counter (1470 WIZARD Gamma Counter, Wallac, Finland). The cellular uptake was expressed in cell-to-medium ratio (C/M) according to the following equation.
Cell-to-medium ratio = 
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2.7. Treatment protocol 

NG4TL4 sarcoma-bearing FVB/N mice with tumor size of 150±50 mm3 (about 12 days post NG4TL4 cells inoculation) were selected for the trial on the day of treatment initiation (day 0). Tumor-bearing mice were randomly assigned to the therapeutic and the control groups and were treated following the treatment protocol shown in Scheme 1. Lipo-VNB (5 mg/kg of body weight) and normal saline was individually administered to mice of the therapeutic and control groups via the tail vein on day 0, 3 and 6. Tumor growth was followed by caliper measurement made perpendicular to the tumor. The tumor volume was estimated from the formula: V = 0.523 x L x W x T, where V, L, W, and T are the volume, length, width, and thickness of tumor, respectively. The average increment of tumor volume was expressed as 100%×(Vn-V0)/V0, where V0 and Vn are the tumor volume on day 0 and on each measuring day, respectively. For ethical considerations, mice with a tumor volume ≥ 2000 mm3 were euthanized. To monitor the changes in tumor cell proliferation, glucose metabolism and lipid synthesis during treatment, [18F]FMAU, [18F]FDG and [18F]FAc PET scanning were conducted to the lipo-VNB-treated and the control mice. The biodistribution study and microPET imaging were performed in designated time points.

2.8. MicroSPECT/CT and MicroPET imaging studies

To display the pharmacokinetics of lipo-VNB in NG4TL4 sarcoma-bearing mice (n = 5), static microSPECT imaging was conducted for 30 min at 4 and 24 h post intravenous injection of 18.5 MBq of [111In]-lipo-VNB using a multipinhole collimator (N5F75A10) with an FOV of 66.10 mm2 (Gamma Medica, CA, USA). A total of 32 projections were acquired in a 60×60 acquisition matrix with a minimum of 8,000 counts per projection. SPECT images were reconstructed using an ordered-subset expectation maximization algorithm (five iterations and eight subsets). The acquisition of SPECT images was followed by microCT scanning (X-ray source: 50 kVp, 0.28 mA; 512 projections). The CT data were not corrected for scattering or beam hardening. CT images were 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 co-registration and fusion of microSPECT and microCT images were performed using VIVID (Volumetric Image Visualization, Identification and Display) software (based on Amira 4.1 platform). After registration, the image of SPECT/CT had 256×256×256 voxels in an isotropic 0.24 mm voxel size. 
To assess the therapeutic efficacy of lipo-VNB, microPET scans of NG4TL4 sarcoma-bearing mice with various functional probes [18F]FMAU, [18F]FDG and [18F]FAc were performed before and after lipo-VNB treatment (on day 0, 3 and 7; ten mice for each probe: therapeutic, 5; control, 5). Static images were acquired on a microPET R4 scanner (Concorde Microsystems, Knoxville, TN, USA) with a resolution of 1.8 mm at full width of half maximum for 10 min at 1 h post intravenous injection of 1.85 MBq of each probe. 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. 

Regions of interest (ROIs) were drawn over the target tumor and muscle. The average pixels within ROIs were corrected by subtracting background value, 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 the specific tumor uptake. 
2.9. Biodistribution studies 

Besides microSPECT imaging, the pharmacokinetics of lipo-VNB in NG4TL4 sarcoma-bearing mice was also evaluated by biodistribution studies. After intravenous administration of 3.7 MBq of [111In]-lipo-VNB, five mice in each group were sacrificed by cervical dislocation at 1, 4, 24 and 48 h post-injection (p.i.). 
To assess the therapeutic efficacy of lipo-VNB, longitudinal tumor accumulation of [18F]FMAU, a proliferation probe, before and after lipo-VNB treatment in NG4TL4 sarcoma-bearing mice, was monitored on day 0, 3 and 7 (Scheme 1). Five mice in each group were sacrificed by cervical dislocation at 1 h post intravenous injection of 3.7 MBq of [18F]FMAU. 
In the above two biodistribution studies, tissues of blood, heart, liver, stomach, small intestine, large intestine, pancreas, spleen, kidney, muscle, bone marrow and tumor were excised and parts of these organs were weighed. The radioactivity in these tissue samples was measured using a gamma scintillation counter, normalized to sample weight, and expressed as the percentage of injection dose per gram of tissue (%ID/g).
2.10. PCNA immunohistochemistry staining

After the last time of microPET scan with [18F]FMAU (on day 7), mice of the therapeutic group were sacrificed for immunohistochemistry staining to assess the effect of lipo-VNB on tissue proliferation inhibition and toxicity. The mice were perfused with 30 mL of normal saline before dissecting the tumor and the organs. The dehydration, paraffin embedding and sectioning steps were conducted as described elsewhere 22[]
. The slices were incubated with 1 mM of EDTA at 95°C for 15 min and then blocked with goat serum at ambient temperature for 30 min. Proteins were detected by incubation with PCNA antibody (Millipore, MA, USA. 1:75 dilution with phosphate buffered saline) at ambient temperature for 2 h and then incubated with anti-mouse IgG horseradish peroxidase at 1:750 dilution. The slides were incubated in liquid DAB+ sybstrate chromogen system (Dako, Denmark A/S, Denmark) until the brown stains was observed. 
The tumor section slides were examined under white light microscopy (Olympus BX61, Japan), 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) represents the percentage of positive cells staining for PCNA in a counting field.
2.11. Statistical analysis


The unpaired t-test was used for group comparisons. Linear regression was used to correlate the results of specific tumor uptake obtained from biodistribution studies and the quantitative assay of microPET images. Values of p<0.05 were considered statistically significant.
3. Results
3.1. In vitro cytotoxicity of VNB and lipo-VNB


The IC50 of VNB and lipo-VNB on NG4TL4 sarcoma cells, determined by MTT assay, was 2.63±0.34 and 16.58±0.75 g/mL, respectively (Fig. 1A). The significantly lower IC50 of VNB, the parental drug, indicates that encapsulation of VNB with PEGylated liposome greatly reduces its cytotoxicity to NG4TL4 cells. 
3.2. Effect of VNB on cell cycle regulation


The effect of VNB on cell cycle regulation was assessed by flow cytometry (Fig. 1B). Treatment of NG4TL4 cells with 2.50 g/mL of VNB (an equivalent of IC50) for 24 h obviously caused a significant G2/M arrest, while those incubated with a quarter amount of IC50 did not, suggesting VNB acts in a dose-dependent manner.   
3.3. In vitro cellular uptake of proliferation probe [18F]-FMAU

The accumulation of [18F]FMAU in NG4TL4 sarcoma cells increased with time and reached 12.53±3.04 (cell-to-medium ratio) after a 2-h incubation, while that in GM2149 fibroblast cells remained steadily low throughout 2-h incubation period (Table 1). High and increasing uptake of [18F]FMAU in NG4TL4 cells indicates that [18F]FMAU is a suitable probe for monitoring the proliferation of tumor cells.
3.4. Impact of lipo-VNB on tumor xenograft growth
The growth of NG4TL4 sarcoma xenograft in FVB/N mice was monitored by a caliper during lipo-VNB treatment. Three doses of intravenously administered lipo-VNB on day 0, 3 and 6 were efficacious in impeding tumor growth (Fig. 2). The average increments of tumor volume were 69.2, 94.3 and 143.3% on day 3, 7 and 10 in the lipo-VNB-treated mice, while those of the control were much higher, 257, 700 and 1366% on the same time points. A significant retardation of tumor growth rate was noticed three days after the first dose of lipo-VNB treatment compared with the control (p<0.001). No mouse died nor can any obvious side effect be observed during the whole period of animal study (16 days after treatment initiation). 

3.5. MicroSPECT and microPET imaging 

MicroSPECT images acquired at 4 and 24 h after an administration of [111In]lipo-VNB were analyzed to determine the pharmacokinetic profile of lipo-VNB in NG4TL4 sarcoma-bearing mice (Fig. 3). A noted tumor uptake (18.88±1.73, expressed in T/M) was observed at 4 h p.i., and reached 36.16±1.70 at 24 h p.i., indicating that lipo-VNB was significantly retained in tumor lesion. To evaluate the tumor response toward lipo-VNB treatment, the treated and the control mice were scanned with [18F]FMAU, [18F]FDG and [18F]FAc microPET. Apparent radioactivity accumulations in NG4TL4 tumor were observed in all three scans (Fig. 4, 5 and 6). Lipo-VNB-treated mice clearly showed a decreased tumor uptake of [18F]FMAU, the T/M derived from [18F]FMAU microPET images was 2.33±0.16 on day 0, 1.48±0.12 on day 3, and 1.26±0.03 on day 7, while that of the control group remained steady (2.05±0.01 on day 7). Normal organs with fast proliferation (e.g. small intestine) also showed high retention of [18F]FMAU (Fig. 4). For [18F]FDG microPET scanning, increased tumor uptakes were observed in both lipo-VNB-treated and control groups. The T/M of the therapeutic group was 1.41±0.02 on day 0, increased to 2.18±0.26 on day 3, and kept steady till day 7 (2.11±0.44). The T/M of the control group also reached 2.26±0.18 on day 3 and remained unchanged till day 7 (2.26±0.22) (Fig. 5). [18F]FAc microPET imaging showed no significant difference in tumor uptake between the therapeutic and the control groups throughout the entire experimental period (Fig. 6). The T/M derived from [18F]FAc microPET images was 1.40±0.14, 1.51±0.16 and 1.37±0.10 on day 0, 3 and 7.
3.6. Biodistribution studies
[111In]lipo-VNB accumulation in NG4TL4 tumor peaked at 24 h and was substantially retained till 48 h p.i.. The tumor uptake was higher than that of most normal organs (Table 2). Appreciable radioactivity accumulation in the recticuloendothelial system-rich organs (e.g. spleen and liver) was also noticed. 
The distribution of [18F]FMAU in tumor-bearing mice before and after lipo-VNB treatment was shown in Table 3. Before treatment, a marked uptake of [18F]FMAU in NG4TL4 sarcoma was observed (8.04±1.28 %ID/g, day 0); however, after lipo-VNB treatment, [18F]FMAU uptake dropped to 4.78±1.19 %ID/g (single dose, day 3) and 3.49±0.35 %ID/g (three doses, day 7), respectively. The T/M obtained from biodistribution studies of lipo-VNB-treated mice was highly correlated with that derived from microPET images (R2 = 0.91, p <0.001), indicating that [18F]FMAU PET may provide a noninvasive approach and reliable index for the evaluation of the therapeutic efficacy of antimitotic drug. The radioactivity accumulation in most of normal organs, except the small intestine, did not change significantly after lipo-VNB treatment. The radioactivity retained in small intestine was 12.21±4.19 on day 0 and dropped to 6.67±1.00 after a single dose of lipo-VNB treatment.
3.7. Immunohistochmistry staining of PCNA


PCNA antigen was expressed in the nuclei of cells during the S phase of the cell cycle. The effect of lipo-VNB on proliferation retardation in NG4TL4 sarcoma was assessed by PCNA staining on day 7 (three doses, Fig. 7A). The rSI of PCNA was 0.71±0.01 on day 0 (before treatment), but was only 0.45±0.05 on day 7. This finding clearly indicates that the DNA synthesis of NG4TL4 sarcoma was impeded by lipo-VNB after a three-dose treatment. Besides, the effect of lipo-VNB on critical normal organs was also examined. Ex vivo PCNA staining revealed no significant change in liver and spleen, but a slightly reduced proliferation rate of small intestine after lipo-VNB treatment was noticed (Fig. 7B). 
4. Discussion
Tumor treatments are often toxic to the subjects and are increasingly expensive.  Early information of tumor response during therapy may provide valuable indications for the oncologist to optimize the treatment protocol. At present, computed tomography (CT) and magnetic resonance imaging (MRI) are often applied to determine the changes in tumor burden months after treatment 
 ADDIN EN.CITE 
[23-25]
. However, these modalities only measure the late response and are inappropriate to evaluate the therapeutic efficacy of cytostatic agent, which retards tumor growth rather than causes cell death 
 ADDIN EN.CITE 
[26,27]
. PET and SPECT scanning with appropriate probes that are specific to cell proliferation would be plausible for the evaluation of the therapeutic efficacy during the course of treatment.
VNB, a microtubule poison, is a clinically approved drug and reveals antitumor efficacy in non-small cell lung cancer and metastatic breast cancer 
 ADDIN EN.CITE 
[12,13]
. This study demonstrated a significant G2/M arrest after a 24-h incubation with VNB (Fig. 1) and a profound killing effect on NG4TL4 sarcoma cells (IC50 = 2.63±0.34 g/mL). Cell death caused by prolonged mitotic arrest has been verified in several studies 
 ADDIN EN.CITE 
[28,29]
. However, the high hydrophobicity of VNB limits its widespread clinical applications because of short systemic circulation time. Drummond et al. demonstrated that a VNB-encapsulated 0.5 mol% PEGylated liposomes may achieve long-circulating property and superior antitumor efficacy in both syngenic C-26 murine colon carcinoma and HT-29 human colon cancer models 
 ADDIN EN.CITE 
[15]
. A recent study of Chow et al. showed that 6 mol% PEGylated liposomes exhibites reduced accumulation in RES-related organs and achieves higher tumor uptake than that of 0.9 mol% PEGylated liposomes 
 ADDIN EN.CITE 
[30]
. This study used VNB-encapsulated 6 mol% PEGylated liposomes (lipo-VNB) to treat mice bearing NG4LT4 murine sarcoma, and conducted the biodistribution study of [111In]lipo-VNB, a radioactive surrogate of lipo-VNB, to determine the optimal treatment protocol. Considering the peaked tumor uptake at 24 h after injection of [111In]lipo-VNB and persisted till 48 h p.i., the lipo-VNB treatment was conducted in a 72-h interval (Table 2). This treatment protocol revealed an obvious tumor growth regression in treated group, including a complete response in one of five mice, when compared with control group (Fig. 2). 
The fluorine substitute at the 2’ or 3’ position of deoxyribose moiety stabilizes the glycosidic bond and prevents the degradation of [18F]FMAU and [18F]FLT, but not interfere with their binding affinities for TK1 31[]
. The uptake of [18F]FLT is highly dependent on the expression of TK1, which increases rapidly at the end of G1 phase of cell cycle 32[]
. Although several literatures reported that [18F]FLT PET may be applied to monitor the treatment response 
 ADDIN EN.CITE 
[3,33,34]
, the differences observed in tumor [18F]FLT uptake before and after treatment may not truly reflect the changes in tumor proliferation rate, especially when the treatment affects the TK1 activity of tumor. In contrast to [18F]FLT, [18F]FMAU can be phosphorylated by TK1 and TK2 and incorporate into DNA by DNA polymerase, but not into RNA or protein. Plotnik have demonstrated that though the phosphorylation of [3H]FLT is faster than that of [3H]FMAU, 2.16% of radioactivity of [3H]FMAU was found in DNA after 1 h of incubation in A549 human lung adenocarcinoma, whereas no radioactivity of [3H]FLT can be found in DNA 35


[ ADDIN EN.CITE ]
. Thus, [18F]FMAU uptake is considered a direct index of cell proliferation. However, the complicated preparation procedure of [18F]FMAU does not meet the requirement of routine production. Recently, an automated dual-reactor and an one-reactor synthetic modules for [18F]FMAU preparation have been developed by Paolillo et al. 36[]
 and Cai et al. 
 ADDIN EN.CITE 
[37]
, respectively. The success in automatic synthetic module may facilitate the widespread application of [18F] FMAU.
FMAU is a substrate for both the cytosolic TK1 and mitochondrial TK2. Cheng et al. demonstrated that FMAU have good binding affinity to human mitochondrial thymidine kinase 38[]
. Previous studies showed that FMAU could incorporate into mitochondria DNA and may exert mitochondrial toxicity in liver cells. The IC50 of HepG2 cells incubated with FMAU up to 3 week is 5.5 M 
 ADDIN EN.CITE 
[39,40]
. The toxicity of FMAU in mitochondrial may raise a concern if it were used as an anti-virus drug. However, in this study, [18F]FMAU final product was purified by HPLC to remove all the starting materials and possible side products. The toxicity of no-carrier-added [18F]FMAU injection (about in nanogram level) to mitochondria would be negligible.
In this study, high radioactivity accumulation of [18F]FMAU in bowel and liver was observed. Sun et al. also reported that increased [18F]FMAU uptake was noticed in the abdomen, such as liver and kidney 9


[ ADDIN EN.CITE ]
. Thus, it may limit the clinical applications of 18F-FMAU in gastrointestinal tumors. Further preclinical or clinical studies are needed to develop an appropriate strategy to use [18F]FMAU in gastrointestinal regions.
For evaluating the treatment outcome, the T/M of lipo-VNB-treated mice derived from [18F]FMAU microPET images dropped from 2.33±0.16 to 1.26±0.03 after three-dose treatment (Fig. 4), suggesting that lipo-VNB has a potent anti-proliferation effect, which is confirmed by ex vivo PCNA staining of excised tumor samples (Fig. 7). For [18F]FDG microPET imaging, the T/M ratios in lipo-VNB-treated and control mice were similar (Fig. 5), implying that [18F]FDG is not a proper probe for the monitoring of tumor suppression after lipo-VNB treatment. Previous studies have shown that inflammatory tissues tend to accumulate [18F]FDG as well as tumor lesion 
 ADDIN EN.CITE 
[41]
. Ponde et al. have reported that [18F]FAc may be a potential alternative to [11C]acetate for the detection of prostate tumor by PET 
 ADDIN EN.CITE 
[16]
. In this study, [18F]FAc microPET scan also revealed elevated uptake in tumor lesion, but no significant difference in T/M ratios of lipo-VNB-treated and control mice can be observed. 
Plotnik et al. have reported that the phosphorylation, and thus the cellular uptake, of 3H-FMAU was lower than that of 3H-FLT in A549 human lung adenocarcinoma cells, because FLT can be more efficiently phosphorylated by TK1 than FMAU 
 ADDIN EN.CITE 
[35]
. The much higher level of thymidine in mouse plasma (320-fold) compared to that in human would also suppress the tumor uptake of thymidine analogs (e.g. FMAU and FLT) in a mouse model 42[]
. However, in our biodistribution studies, the radioactivity accumulation of [18F]FMAU in NG4TL4 sarcoma was comparable to that of [18F]FLT at 60 min post administration (data not shown). Lee et al. have reported a linear correlation between the radioactivity of Indium-111 and the concentration of VNB in most organs of rats received [111In]lipo-VNB administration 
 ADDIN EN.CITE 
[43]
. The noted [111In]lipo-VNB accumulations in liver, spleen and kidney (Table 2) may raise a concern about the potential damage caused by VNB in these organs. However, the biodistribution study of [18F]FMAU showed no significant change in accumulation level (Table 3). Also, the results of ex vivo PCNA staining of excised organs (Fig. 7) taken from the mice post three-dose treatment revealed no appreciable damage of these organs. Both results suggested that lipo-VNB did not apparently damage these organs in our treatment protocol. Thus, tissue uptake of [18F]FMAU may reveal the status of proliferation of the critical organs shown in [111In]lipo-VNB biodistribution study. The combination of these two radiotracers may provide information of treatment response of the anti-mitotic agents, not only in therapeutic efficacy of tumor, but also in biological safety of normal tissues.
5. Conclusion

Functional imaging-guided treatment would help clinical physician in decision-making and treatment protocol planning. This study demonstrated that lipo-VNB was an effective anti-cancer drug in a murine sarcoma-bearing animal model. Imaging the tumor cell proliferation with [18F]FMAU PET is an appropriate approach for the evaluation of the therapeutic efficacy of lipo-VNB to tumor as well as the cytotoxicity to normal organs when compared with [18F]FDG and [18F]FAc.
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Figure legend
Scheme. 1. Study protocol of functional PET imaging, lipo-VNB treatment and PCNA staining. NG4TL4 tumor-bearing mice were injected intravenously with 5 mg/kg of lipo-VNB every three days for three doses (green arrow) for tumor treatment. At 2 h before lipo-VNB injection, functional PET imaging with [18F]FMAU, [18F]FDG and [18F]FAc was conducted for monitoring the baseline and response after the previous lipo-VNB treatment. Five mice were used in each group. 1st, 2nd and 3rd indicate the order of conducting experiments.
Fig. 1. Cytotoxicity of VNB and lipo-VNB on NG4TL4 sarcoma cells. (A). Dose-dependent cytotoxicity of VNB and lipo-VNB was observed in NG4TL4 sarcoma cells. Cells were treated with different concentrations of drugs for 24 h, the cell viability was assessed by MTT assay. (B). Flow cytometry analysis shows cell cycle arrest after treating with 0.75 and 2.50 g/mL of VNB for 24 h.
Fig. 2. Effect of lipo-VNB on tumor growth inhibition of NG4TL4 sarcoma-bearing mice. Tumor burden in Lipo-VNB-treated mice was remarkably suppressed compared to the control (n = 5 for each group).
Fig. 3. MicroSPECT images of NG4TL4 sarcoma-bearing mice (n = 5) at 4 and 24 h after an intravenous injection of appropriately 18.5 MBq of [111In]lipo-VNB on day 0. Highly specific tumor accumulation demonstrates passive targeting ability of lipo-VNB via the EPR effect. Arrows indicate tumor lesions.
Fig. 4. MicroPET images of lipo-VNB-treated and the control mice (n = 5 for each group) at 1 h post an intravenous injection of appropriately 3.7 MBq of [18F]FMAU on day 0, 3, and 7. Reduced tumor uptake of [18F]FMAU in lipo-VNB-treated mice reflects the retarded tumor cell proliferation during treatment. Arrows indicate tumor lesions.
Fig. 5. MicroPET images of lipo-VNB-treated and the control mice (n = 5 for each group) at 1 h post an intravenous injection of appropriately 3.7 MBq of [18F]FDG on day 0, 3, and 7. No significant difference in tumor uptake between the lipo-VNB-treated mice and the control can be observed. Arrows indicate tumor lesions.
Fig. 6. MicroPET images of lipo-VNB-treated and the control mice (n = 5 for each group) at 1 h post an intravenous injection of appropriately 3.7 MBq of [18F]FAc on day 0, 3, and 7. Steady tumor uptake of [18F]FAc in both lipo-VNB-treated mice and the control was noticed. Arrows indicate tumor lesions.
Fig. 7. Immunohistcochemical staining of PCNA on day 0 and 7. The brown stains represent the expression of PCNA. (A). Tumor was excised from lipo-VNB-treated mice to assess the proliferation rate during the treatment. (B). Liver, spleen and small intestine were also obtained before and after treatment to evaluate the toxicity of lipo-VNB.
Table 1 Cellular uptake (in cell-to-medium ratio) of [18F]FMAU in NG4TL4 sarcoma and GM2149 fibroblast cells.
Table 2 Radioactivity distribution in NG4TL4 sarcoma-bearing mice at 1, 4, 24 and 48 h after intravenous administration of 3.7 MBq of [111In]lipo-VNB on day 0.
Table 3 Radioactivity distribution in NG4TL4 sarcoma-bearing mice after 1 h after intravenous administration of [18F]FMAU on day 0, 3, and 7.
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