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Tumor-targeting peptides functioned as molecular probes are essential for multi-modality imaging and molecular-targeting therapy in caner theronostics. Here, we performed a phage-displayed bio-panning to identify a specific binding peptide targeting Glypican-3 (GPC-3), a promising biomarker in hepatocellular carcinoma (HCC). After screening in the cyclic peptide library, a candidate peptide named F3, was isolated and showed specific binding to HCC cell lines. In a bio-distribution study, higher accumulation of F3 peptide was observed in HepG-2 tumors compared to PC-3 tumors in xenograft models. After labeling with radioactive 68Ga, the F3 peptide tracer enabled the specific detection of tumors in HCC tumor models with PET imaging. More importantly, the expression of GPC-3 in human tissue samples may be distinguished by an F3 fluorescent peptide probe indicating its potential for clinical application. This cyclic peptide targeting GPC-3 has been validated, and may be an alternative to serve as an imaging probe or a targeting domain in the drug conjugate.
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Introduction

Hepatocellular carcinoma (HCC) derived from malignant hepatocytes is among the most common cancers in adults. World-widely, the mortal cases of HCC account for 8.2% of all types of cancer, which is second to lung cancer, colorectal cancer and gastric cancer (1). Recently, some therapeutic approaches have been explored for HCC treatment, such as liver transplantation, molecular-targeting drugs and immunotherapy. Although these treatments are effective for a portion of patients, the survival rate of HCC is still unfavorable and the majority of patients are diagnosed at late stage of the first visit, suggesting poor prognosis (2–4). For this reason, accurate and precise approaches to early diagnosis of HCC are urgently needed.

Normally, the early diagnosis of HCC depends on liver biopsy, imaging examination and serum tests, including alpha-fetoprotein (AFP) in combination with other biomarkers (5, 6). Glypican-3 (GPC-3) is one of the heparin sulfate proteoglycans with a molecular weight of 70 kDa, that has been characterized as a sensitive and specific biomarker of HCC. It has been recognized that GPC-3 can be involved in cell proliferation, adhesion and migration through Wnt/β-Catenin, Hedgehog, YAP and other signaling pathways in HCC. The GPC-3 protein expressed on the cell membrane consists of two subunits connected by two heparin sulphate side chains after furin-cleavage (7). As an oncofetal protein, GPC-3 is primarily present during embryonic period, but absent in normal adult tissues, whereas it’s usually up-regulated in malignant tissues such as HCC (over 80%) (8) and AFP-producing gastric cancer (AFP-GC) (over 90%) (9). In addition, the expression of GPC-3 protein is often absent in cholangiocarcinoma (CCA) (10). Thus, its excellent tumor specificity and cell-membrane localization make GPC-3 a promising biomarker for precise diagnosis and targeting therapy of HCC.

To obtain a high affinity and specific binder to GPC-3, the tumor-targeting peptide with the advantage of synthesis and modification is an alternative to other than traditional antibodies (11, 12). Recently, phage-displayed libraries containing numerous randomized peptides on the surface of phages are becoming more popular for screening a specific binder to the selected target. For example, iRGD, Lyp-1, TT1, PL1 and other tumor-targeting peptides are generated from the phage display technology for directing delivery of anti-tumor payloads (13–16).

In this study, we used a cyclic phage-displayed peptide library with 9 amino acids considering that the annular conformation of peptide might contribute to the affinity between binder and target (17). Through screening the phage-displayed peptide library against a recombinant human GPC-3 protein, we identified a targeting peptide F3 which recognized GPC-3 both in vitro and in vivo, showing great potential as a functional probe in HCC PET imaging and pathological examination.



Materials and Methods


Ethics

This study was performed in accordance with the Declaration of Helsinki. The work obtained ethics approval by Nanjing Drum Tower Hospital Ethics Committee. All patients included were consented to participate in the study and to use their tissue samples in research. The ethics approval statements for animal work were provided by the Institutional Animal Care and Use Committee of Nanjing Drum Tower Hospital. The procedures for animal experiments were carried out in accordance with the Guide of Care and Use of Laboratory Animals, 8th Edition (2011).



Cell Lines and Mice

The human hepatocellular carcinoma cell line HepG-2 (ATCC, Manassas, VA, USA, RRID: CVCL_0027) was cultured in DMEM medium (Thermo Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) at 37°C in an atmosphere containing 5% CO2. The human prostate cancer cell line PC-3 (ATCC, Manassas, VA, USA, RRID: CVCL_0035) was cultured in DMEM/F-12 medium (Thermo Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) at 37°C with 5% CO2.

In this study, all animal experiments were carried out according to the Institutional Animal Care and Use Committee (IACUC) guidelines and all studies followed the approved protocols by the IACUC at Nanjing Drum Tower Hospital. The male BALB/c nude mice (4–6 weeks old, male, 19–21 g) were purchased from Nanjing QingLongShan Laboratory Animal Technology Co., Ltd (Nanjing, China). Mice have free access to sterilized water and food, fed under a specific pathogen-free condition with controlled temperature (~25°C), humidity (50–70%) and circadian rhythm (a 12-h light/dark cycle). All essential procedures were performed to minimize discomfort and avoid waste of animals. HepG-2 and PC-3 tumor models were generated by subcutaneous injection of 7 × 106 cells into the front flank of male athymic nude mice. The length and width were measured every other day and tumor volume was calculated following the formula: volume = length × width × width × 0.5. The mice were subjected to bio-distribution studying or positron emission tomography imaging after the tumor volume reached 150 to 200 mm3.



In Vitro Phage Display

The Ph.D.-C7C phage display library was bio-panned following the manufacturer’s protocol (New England Biolabs, Ipswich, MA, USA) with moderate modification. The library displayed seven random peptides between two cysteine to form a cyclic loop and was ligated at the N-terminus of the minor coat protein (pIII) of M13 phage. Briefly, the recombinant human GPC-3 protein (Sino Biological, Beijing, China) as a target for bio-panning was immobilized on a polystyrene dish at a concentration of 100 μg/ml and shook gently at a temperature of 4°C overnight. Subsequently, the target protein immobilized on the dish was blocked by 0.5% (w/v) BSA at 37°C for 1 h. After being blocked, the dish was quickly washed with PBST containing 0.1% (v/v) Tween-20 for six times. And then, 10 μl primary phage-displayed peptide library (2 × 1013 pfu per ml) dissolved in 2 ml 0.1% PBST as input phages were incubated with GPC-3 protein for 2.5 h at room temperature. After incubation, unbound phages were washed off with 0.1% PBST for 10 times, and bound phages as output phages were eluted with 0.2M Glycine-HCl (pH = 2.2) containing 1 mg/ml BSA at 4°C for 20 min. After neutralized with 1 M Tris-HCl (pH = 9.1), 20 μl of eluted phages was collected and tittered by a blue plaque-forming assay on LB/IPTG/Xgal plates. The remaining phages were amplified and amplification was also tittered to decide the number of input phages for next round bio-panning. The enrichment rate was calculated from the output/input ratio of phages recovered after each round of bio-panning. This bio-panning procedure was performed repeatedly three more times. During four rounds of bio-panning, the concentration of Tween-20 in washing buffer was increased stepwise (0.1%–0.75%) to ensure reinforcement of affinity. Finally, foreign DNA regions of the bio-panned phages were sequenced using -96 gIII sequencing primer (5ˊ-HOCCC TCA TAG TTA GCG TAA CG-3ˊ), and corresponding sequences of phage-displayed peptides were analyzed based on a DNA map provided by manufacturer’s instruction.




Enzyme-Linked Immunosorbent Assay

The selected phages were amplified and purified for enzyme linked immunosorbent assay (ELISA). In protein ELISA, the recombinant human GPC-3 protein (10 μg/well) as the target protein was immobilized on a 96-well plate at 4°C overnight. Next day, the selected phages of eight gradients diluted titers (four fold between neighboring grades) were added into each well to incubate with GPC-3 protein at room temperature for 3 h (n = 3/titer). After washing steps, the anti-M13-horseradish peroxidase (anti-M13-HRP) (Sino Biological, Beijing, China, RRID: AB_10764206) was added and mixed with the selected phages. After the reaction between anti-M13-HRP and M13 phage at room temperature for 1 h, 100 μl 3,3ˊ,5,5ˊ-tetramethylbenzidine (TMB) (TransGen, Beijing, China, RRID: AB_2336758) was added to each well and kept in the dark for 2 min at room temperature. To stop the reaction, 100 μl of 1 M hydrochloric acid was added into each well, and then, the absorbance at 450 nm was measured by an automatic microplate reader (Tecan, Männedorf, Switzerland). In the cell ELISA, HepG-2 and PC-3 cells as targets were respectively seeded in a 96-well plate at a concentration of 2 × 105 cells/well. The subsequent procedures followed the protein ELISA described above. The affinity measurement was also performed following the ELISA procedures (15).



Fluorescent Cell Staining

To assess the binding ability of peptide, F3 cyclic peptide and C-G7-C cyclic peptide (sequence: CGGGGGGGC) were synthesized and labeled with Rhodamine B (RhoB) (ChinaPeptides, Shanghai, China). Briefly, peptides were synthesized with an automatic microwave assisted peptide synthesizer (ChinaPeptides, Shanghai, China) using standard solid-phase Fmoc/t-Bu chemistry and labeled with RhoB consequently. For cell immunofluorescence staining, HepG-2 and PC-3 cells were respectively seeded into a 12-well plate at the concentration of 1.5 × 104 cells/well. Next day, cells were fixed with 4% paraformaldehyde (PFA) for 25 min at room temperature. And then, the cells were blocked by 1% (w/v) BSA at 37°C for 1 h. To detect the expression of GPC-3 proteins, HepG-2 and PC3 cells were incubated with mouse anti-GPC-3 primary antibody (Abcam, Cambridge, MA, USA, RRID: AB_2476152) for 2 h at 37°C. After washing with PBS, HepG-2 and PC-3 cells were visualized with FITC-conjugated goat anti-mouse secondary antibody (Beyotime, Shanghai, China, RRID: AB_11187492). In a cell binding assay, HepG-2 and PC-3 cells were incubated with 10 μM RhoB-peptide at 37°C for 2 h after being fixed and blocked as described above. To further confirm the specific binding between F3 peptide and GPC-3 protein, the fixed HepG2 cells were blocked by 1% BSA containing anti-GPC3 primary antibody (Abcam, Cambridge, MA, USA, RRID: AB_2476152) for 1 h prior to RhoB-F3 incubation as a cell blocking assay. After labeling the nuclei with 4’, 6-diamidino-2-phenylindole (DAPI, Beyotime, Shanghai, China), the cells were observed with an EVOS fluorescence microscope (Thermo Scientific, Waltham, MA, USA). The semi-quantitative analysis of fluorescence presented as integrated optical density (IOD) was analyzed by Image J software (National Institutes of Health, Maryland, USA).


Bio-Distribution of F3 Peptide

Nude mice bearing HepG-2 or PC-3 tumor were established as described above. RhoB labeled F3 peptide was intravenously injected through tail vein and allowed to circulate for 1 h before scarification. After anesthesia, tumors and several major organs were harvested and prepared for sections. Subsequently, cryosections were made out of frozen tissues. After staining with DAPI for nuclei, fluorescence of sections were detected with an EVOS fluorescence microscope (Thermo Scientific, Waltham, MA, USA). The harvested tissues were also fixed in 4% PFA and sectioned for HE staining. HE images of each slice were obtained under a ZEISS microscope (ZEISS, Baden-Württemberg, Germany). The images of each slice were analyzed by Image J software (National Institutes of Health, Maryland, USA) as described above.



Construction of Radioactive Tracer Labeled With 68Ga

For labeling with radioactive 68Ga, F3 peptide modified with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was synthesized (Genscript, Nanjing, China). The 68Ga-DOTA-F3 probe was constructed according to the synthetic scheme shown in Figure 5A. Briefly, DOTA-peptide was dissolved in 0.25 M sodium acetate buffer, and then mixed with the 68GaCl3 eluted from a 68Ge-68Ga radionuclide generator (ITG, Germany) with 0.05 M HCl. The mixture was incubated at 95°C for 10 min and cooled gradually. The 68Ga-DOTA-F3 product was purified through a C18 plus light cartridge (Waters, Sep-Pak, Milford, USA) while free 68Ga was collected and dropped into waste tube. The product attached to C18 plus cartridge was eluted with 60% ethanol. After washing with saline solution, the 68Ga-DOTA-F3 product was collected in product tube. For purity evaluation, the radioactivity of the waste tube, C18 plus cartridge and product tube was individually measured by a CRC-15R radioactivity detector (CAPINTEC, New Jersey, USA). The labeling efficiency (Radio-chemical yield, RCY) was calculated following the formula: Radio-chemical yield (%) = Product radioactivity/Input radioactivity.



Positron Emission Tomography Imaging

HepG-2 xenograft mice were established as described above. The mice were intravenously injected with 7.40 MBq of 68Ga-DOTA-F3 tracer through the tail vein. During circulation, positron emission tomography (PET) imaging was acquired at different time points (30, 60, and 120 min after circulation). In a blocking assay, 100 µg of the unlabeled F3 peptide was intravenously injected at 60 min prior to the radioactive tracer injection. All PET scans were performed on the Inveon micro-PET/CT scanner (Siemens, Berlin, Germany). All PET images were analyzed by the Inveon Research Workplace (Siemens, Berlin, Germany). Region of interest (ROI) of each image was drawn using a three dimensional (3D) volume mode. All ROIs data was automatically normalized to %ID/g by Inveon Research Workplace.



GPC-3 Detection in Human Tissue Samples

All human tissue samples applied in this study were obtained from the Department of Pathology in Nanjing Drum Tower Hospital. This study was performed in accordance with the Declaration of Helsinki. All patients included were consented to participate in the study and to use their tissue samples in research. Our procedures were approved by the Ethics Committee of Nanjing Drum Tower Hospital. To detect the expression of GPC-3 protein in human tissue samples, tumor tissues from HCC, CCA, AFP-GC patients and several normal adult organ tissues were collected and diagnosed by pathologists. To evaluate the expression of GPC-3 in different cancer, all cancer tissues were immunohistochemically (IHC) stained with anti-GPC-3 antibody (Abcam, Cambridge, MA, USA, RRID: AB_2476152) and visualized by an ABC peroxidase standard staining kit (Thermo Scientific, Waltham, MA, USA). Expression levels of GPC-3 were evaluated according to the criterion of pathology. To assess the binding capacity of RhoB-F3, fluorescence staining was performed on the above tissue samples. Rho-G7 was also applied in staining as a negative control. Tissue slices were blocked by 5% BSA at room temperature for 1 h. After washing steps, tissue slices were incubated with 100 μM RhoB-peptide at room temperature for 2 h. To remove unbound fluorescent peptide, slices were washed by 0.5% (v/v) Tween-20 in PBS for five times. After mounting with DAPI, all slices were observed with an EVOS FL Auto fluorescence microscope (Thermo Scientific, Waltham, MA, USA). The images of each slice were analyzed by Image J software (National Institutes of Health, Maryland, USA) as described above.



Statistical Analysis

All data analysis in this study was performed on Graphpad Prism 6.0 (Graphpad software, San Diego, CA). The Student’s t test was used for analysis of each paired experiment. Data were presented as mean ± SD unless indicated specifically. P < 0.05 was considered statistically significant.




Results


Identification of the GPC-3 Specifically Binding Clones

To obtain a specific and high affinity GPC-3 binding peptide, four rounds of bio-panning were performed on the immobilized recombinant human GPC-3 protein (rhGPC-3) with the Ph.D.-C7C phage display library. With the increasing concentration of Tween-20 dissolved in PBST, the phage enrichment rate was improved gradually, suggesting that the GPC-3 binding phages were enriched effectively (Figure 1A). Subsequently, the fourth round of bio-panning was performed, and its enrichment rate showed a significant reduction compared to previous enrichment rates (Table S1). It indicated that the selection pressure reached its limitation through increasing concentrations of Tween-20 in PBST and three rounds of bio-panning were sufficient for the enrichment of GPC-3 binding phages. Phage clones recovered during Round 3 were randomly selected for DNA sequencing. The foreign cyclic peptide displayed on M13 phage was deduced from the DNA sequences based on triple-code theory. Analysis of the DNA sequencing data revealed that one cyclic peptide containing 7 amino acids restricted in two cystines was present at a high frequency, 42.9% among 93 individuals (Figure 1B), indicating its potential high affinity to rhGPC-3 protein for further research.




Figure 1 | Enrichment of positive phage clones specifically binding to the recombinant human GPC-3 protein. (A) Bio-panning via a M13 phage-displayed C7C peptide library on the immobilized GPC-3 protein resulted in ~50-fold enrichment in the Round 3 of selection. (B) Highly repeated peptide sequences were obtained from the third round of bio-panned phages. 93 individual phage clones were randomly selected for sequencing after the third round of screening. The proportion of each positive peptide was shown.





Peptide Characterization

Since we acquired a potential high affinity peptide, its homologous phage clone called Clone F3 was amplified and purified. The structure of the F3 peptide displayed as nine amino acids on the phage clone F3 was a cyclic peptide which contained 7 amino acids between two cystines forming a typical structure of a disulfide bond. To verify the binding affinity and specificity between the F3 peptide and GPC-3, the insertless (Int) M13 phage clone without displaying any foreign peptides were amplified and served as a control. Firstly, the expression of GPC-3 in HepG-2 and PC-3 cells was confirmed by immunofluorescence, and as shown in Figures 2A and B, higher expression of the GPC-3 protein was observed in HepG-2 cells while little GPC-3 protein in PC-3 cells was detected. Then, the HepG-2 and PC-3 cells were individually immobilized in the panel for the cell ELISA. As shown in Figure 2D, the phage clone F3 was able to bind HepG-2 cells instead of PC-3 cells in the ELISA test. Next, we performed another ELISA test between phage clones and the rhGPC-3 protein. With the lifting levels of the phage titer, Clone F3 was capable of strongly binding to the immobilized rhGPC-3 protein as present in Figure 2C. Meanwhile, Clone Int could barely bind to the same target protein. The binding affinity of F3 was 5.02 × 10−5 M (KD = 5.02 × 10-5 M) obtained in the ELISA test against the rhGPC-3 protein. Above all, Clone F3 showed great affinity to GPC-3 due to its corresponding phage-displayed cyclic peptide.




Figure 2 | ELISA  tests of phage clone F3 binding to GPC-3. (A) Immunofluorescence staining of GPC-3 expressed in the HepG-2 and PC-3 cell lines. Strong fluorescence was observed in HepG-2 cells, while barely signals were detected in PC3 cells as visualized by the anit-GPC-3 primary antibody and FITC-conjugated secondary antibody (green). Nuclei were stained with DAPI (blue). Scale bars: 200 µm. (B) Fluorescence signal of FITC in the PC-3 and HepG-2 cells was analyzed by the Image J software (n = 5 per group, p = 0.0002, ***p < 0.001, two-tailed Student’s t-test). (C) The ELISA test performed between phage clones and the recombinant human GPC-3 protein. The F3 phage showed high affinity to the GPC-3 protein. No concentration dependent binding between the insertless phage and the GPC3 protein was observed (n = 4 per group, p = 0.0255, *p < 0.05, two-tailed Student’s t-test). (D) The ELISA test performed between the F3 phage and cell lines. Stronger binding of the F3 phage was found in HepG-2 panels instead of PC-3 panels (n = 4 per group, p = 0.0001, ***p < 0.001, two-tailed Student’s t-test). All data represent the means ± standard error. P-value was calculated by two-tailed Student’s t-test.





Validation of F3 Peptide Binding to Cell Lines In Vitro

To confirm the binding capability of the F3 peptide to hepatoma cells, we synthesized F3 and C-G7-C peptide labeled with Rhodamine B (RhoB-F3 and RhoB-G7) for cell fluorescence staining. HepG-2 and PC-3 cells were incubated with RhoB-labeled peptides respectively at 37°C for 2 h. After washing off unbound peptides, the fluorescent signal of RhoB-labeled peptides binding to cells was detected and analyzed. As shown in Figure 3A, strong fluorescence was observed in HepG-2 cells incubated with RhoB-F3 while little fluorescence could be detected in PC-3 cells after incubation, indicating that the binding of F3 peptide to HepG-2 may depend on GPC-3 expression. The fluorescence intensity of RhoB-F3 attached to HepG-2 and PC-3 cells was significantly different as shown in Figure 3C. To further confirm the specificity of F3 peptide binding to GPC-3, a cell blocking assay was performed. The HepG-2 cells were previously incubated with an anti-GPC-3 primary antibody to block potential binding sites in the GPC-3 protein. After that, the RhoB-F3 peptides were added into the panel to compete with the primary antibody. The images of fluorescence detection in Figure 3B showed that the binding activity between RhoB-F3 peptides and HepG-2 cells could be effectively blocked by pre-incubation with the GPC-3 antibody (Figure 3D), suggesting that the specific binding target of F3 peptide is GPC-3.




Figure 3 | RhoB-F3 peptide targeting of GPC-3 (+) cell lines in vitro. (A) Fluorescent cell staining in the HepG-2 and PC-3 cell lines using the RhoB-conjugated F3 peptide. Specific binding of RhoB-F3 to HepG-2 cells could be observed as red fluorescence. Nuclei were stained with DAPI (blue). Scale bars: 200 µm. (B) The RhoB-F3 binding to HepG-2 cells could be blocked by the pre-incubated anti-GPC-3 primary antibody compared to the control group without being blocked. Nuclei were stained with DAPI (blue). Scale bars: 200 µm. (C) Quantification of RhoB fluorescence using the Image J in cell binding assay. F3 and G7 showed similar fluorescence intensity in PC-3 cells (n = 5, p = 0.0767, ns, not statistically significant, two-tailed Student’s t-test). The RhoB-F3 binding to the HepG-2 cells was much stronger than RhoB-G7 (n = 5 per group, p = 0.0001, ***p < 0.001, two-tailed Student’s t-test). (D) Quantification of RhoB fluorescence using Image J in the cell blocking assay. The binding activity between RhoB-F3 and HepG-2 cells could be effectively reduced by unlabeled F3 peptide (n = 5 per group, p = 0.0008, ***p < 0.001, two-tailed Student’s t-test). All data represent the means ± standard error. P-value was calculated by two-tailed Student’s t-test.





F3 Peptide Targeting to Hepatocellular Carcinoma In Vivo

To investigate the bio-distribution of F3 peptide, xenograft mouse models were established with the HepG-2 or PC-3 cells. After injection of RhoB-labeled F3 or G7 peptides through tail veins for 1 h, the tumor-bearing mice were sacrificed and major organs along with tumors were collected to study the distribution of the peptides in vivo. After the cryosections being made, a robust microscopic signal of RhoB-F3 was detected in HepG-2 tumors (Figure 4A), while minor fluorescent signal could be observed in other major organs, including the brain, lung, heart, digestive tracts, kidneys and bladder (Figure S1). Contrast to the strong fluorescent signal in HepG-2 tumors, significantly weaker signals of RhoB-F3 in the PC-3 tumors could be detected in tumor cryosections (Figure 4B). Meanwhile, as a control group, the RhoB-G7 peptide demonstrated almost no binding to the HepG-2 tumors (Figure 4A). In addition, the bio-safety of F3 peptide was preliminarily assessed as poisonless according to HE staining of major organs (Figure S2). Taken together, these results demonstrated that F3 peptide showed targeting accumulation in GPC-3 positive tumor tissues in vivo.




Figure 4 | In vivo tumor targeting of RhoB-F3 peptide. (A) Fluorescent staining for subcutaneous tumor cryosections after 1 h intravenous injection of RhoB labeling peptides (red). Accumulation of RhoB-F3 (red) in HepG-2 tumors was much stronger than that in PC-3 tumors. Nuclei were stained with DAPI (blue). Scale bars: 200 µm. (B) Analysis of RhoB fluorescence intensity using Image J software. Accumulation of RhoB-F3 in PC-3 tumors and RhoB-G7 in HepG-2 tumors relative to RhoB-F3 in HepG-2 tumors (n = 5 per group, HepG-2+F3 to PC-3+F3, p = 0.0018, **p < 0.01, two-tailed Student’s t-test) (n = 5 per group, HepG2+F3 to HepG-2+G7, p = 0.0011, **p < 0.01, two-tailed Student’s t-test). All data represent the means ± standard error. P-value was calculated by two-tailed Student’s t-test.





Micro-PET/CT Imaging With 68Ga-DOTA-F3 in HCC Mouse Models

To construct the 68Ga-DOTA-F3 as a radiotracer, the DOTA-F3 peptide was synthesized and labeled with radioactive 68Ga according to the structure shown in Figure 5A. The radioactivity of 68Ga-labeled peptide was steady at a concentration of 25.90 MBq/mg, and the labeling efficiency (RCY%) for 68Ga-DOTA-F3 was around 80% (Table S2) without the need for further HPLC (High Performance Liquid Chromatography) purification. Mice bearing HepG-2 tumors were intravenously injected with 7.40 MBq of 68Ga-DOTA-F3 via the tail vein. The Micro-PET/CT was performed after circulation of 68Ga-DOTA-F3 for 30 min, 60 min and 120min respectively. As the PET/CT images shown in Figure 5C, 68Ga-DOTA-F3 could accumulate in HepG-2 subcutaneous tumors with strong expression of GPC-3 during circulation. The highest uptake of tumors and the lowest uptake of background at the same time were observed at 60 min post injection, suggesting that it might be a appropriate timing for tumor imaging and diagnosis. Meanwhile, metabolic accumulation in the kidneys and the bladder indicated the major clearance of the radiotracer relying on the urinary system. After circulation for 60 min, radioactivity of accumulation in the tumor and major organs was quantified and analyzed by measuring the ROIs which encompassed the entire organ on coronal images of the control group. The HepG-2 tumor uptake of 68Ga-DOTA-F3 was calculated to be 4.50 ± 1.20%ID/g while the kidney uptake value was 5.90 ± 1.70%ID/g and the background level was considered to be 0.27 ± 0.14%ID/g (Figure 5B). To block the binding activity of radio-labeled F3 peptide to HepG-2 tumors, unlabeled F3 peptide was intravenously pre-injected allowing circulation for 60min before applying 68Ga-DOTA-F3. Consequently, a dramatic reduction of PET signal could be observed in the HepG-2 subcutaneous tumor (1.36 ± 0.35%ID/g) during circulation in the blocking assay (Figures 5B, C), suggesting that the specific uptake of the HepG-2 tumor was dependent on F3 peptide.




Figure 5 | Micro-PET/CT imaging of 68Ga-DOTA-F3 targeting HepG-2 tumor in vivo. (A) Chemical structure of 68Ga-DOTA-F3. F3 peptide containing 7 amino acids (represent as X) restricted in two cystine was modified with DOTA at the N-terminus. (B) Quantification of ROIs in HepG-2 xenografted mice after injection for 60 min presented as %ID/g. The uptake of 68Ga-DOTA-F3 could be sufficiently blocked by pre-injection of DOTA-F3 without radiation (n= 3 per group, p = 0.0121 in tumors of two groups, *p < 0.05, two-tailed Student’s t-test) (n= 3 per group, p = 0.4708 in kidneys of two groups, ns, not statistically significant, two-tailed Student’s t-test). All data represent the means ± standard error. P-value was calculated by two-tailed Student’s t-test. (C) The whole-body coronal micro-PET/CT images of HepG-2 tumor bearing mice at 30, 60 and 120 min pi. Metabolism of radiotracer by urinary system could be apparently observed at 120 min pi. Tumors are indicated by arrows.





Detection of GPC-3 With F3 Peptide Ex Vivo

To investigate the potential clinical application of the F3 peptide, we performed a fluorescence staining assay in various human tissue samples. Tumor tissues from HCC patients, CCA patients and AFP-GC patients were noted as HCC-PT, CCA-PT and AFP-GC-PT respectively, besides, the normal adult liver tissue was also named as NM-AT. First of all, the expression of GPC-3 protein was evaluated by IHC assays. As shown in Figure 6A, the GPC-3 protein was highly expressed in HCC-PT and AFP-GC-PT, but absent in CCA-PT and NM-AT. Next, the RhoB-F3 peptide was applied in fluorescence staining of cryosections. As demonstrated in Figures 6B, C, significant fluorescent signals of RhoB-F3 peptide were detected in the HCC-PT and APF-GC-PT, but absent in either CCA-PT or NM-AT. These results were consistent with corresponding levels of the GPC-3 protein expressed in various tissue samples, indicating a promising future of F3 peptide in clinical application. To further confirm the selective binding of Rho-F3 peptide, the RhoB-G7 peptide was also applied in fluorescence staining assays, which showed weak fluorescent signals close to background signals (Figure 6B). Based on the specificity and high affinity to GPC-3, the F3 peptide exhibits promising value in clinical application. To ensure the bio-safety of clinical application in the future, the selective binding to human normal organs, including the brain, heart, lung, digestive tract, spleen, bladder and artery, should be seriously considered in preclinical assessment. So we investigated the selective binding ability between the RhoB-P3 peptide and human normal tissues. As shown in Figure S3, no detectable signals of the RhoB-F3 could be observed in normal tissues, suggesting its weak affinity to human normal organs. In conclusion, the F3 peptide could bind to GPC-3 in human cancer tissues specifically and showed great potential for further translational research.




Figure 6 | Detection of GPC-3 in clinical samples ex vivo with RhoB-F3 peptide. (A) Immunohistochemical staining of GPC-3 in human tissues with anti-GPC-3 antibody. Expression levels of GPC-3 were evaluated as (–), (++), and (+++). Scale bars: 200 µm. (B) Fluorescent staining with RhoB labeling peptides (red) in sections. Strong binding of RhoB-F3 to AFP-GC-PT (++) and HCC-PT (+++) was noticed. Nuclei were stained with DAPI (blue). Scale bars: 200 µm. (C) Quantification of RhoB fluorescence using Image J. F3 peptide showed great affinity to AFP-GC-PT and HCC-PT relative to G7 peptide (n = 5 per group, F3 to G7 in HCC-PT (+++), p =0.0002, ***p < 0.001, two-tailed Student’s t-test) (n = 5 per group, F3 to G7 in AFP-GC-PT, p =0.0001, ***p < 0.001, two-tailed Student’s t-test). All data represent the means ± standard error. P-value was calculated by two-tailed Student’s t-test.






Discussion

HCC, a common malignancy in the digestive system, presents a rapid increase in incidence and mortality, which is often diagnosed at an advanced stage associated with poor prognosis (18). A variety of therapeutic strategies, including radiotherapy, chemotherapy and surgery, are working to improve the treatment of HCC patients. Although the revolution of immunotherapy has come and partial patients have benefited from the immune checkpoint blockades, five-year survival rate of HCC is unfavorable, suggesting that there are still great challenges in HCC diagnosis and treatment (19, 20). Recent studies focusing on targeting GPC-3 in HCC showed inspiring results in precise imaging and targeting therapy, eliciting great attention to biological agents aimed at GPC-3 (21–23). Phage display system, a powerful platform for obtaining high affinity peptides to a target, has been explored in recent decades for clinical application in precise diagnosis and treatment of various diseases (24, 25). Hence, the investigation of functional peptides generated from the phage display platform has attracted concerns from researchers.

In this study, we identified a specific phage clone binding to GPC-3 and found that the F3 peptide exhibited high affinity and specificity to the GPC-3 protein. F3 peptide could successfully distinguish GPC-3 in different cell lines and human tumor samples. More importantly, the F3 peptide labeled with radioactive 68Ga could successfully detect GPC-3-positive HCC tumors in vivo and the PET imaging analysis revealed a high uptake of tumor compared to the minor background accumulation (4.50 ± 1.20 to 0.27 ± 0.14% ID/g). These results indicated that this tumor-targeting peptide might contribute to precise imaging and targeting therapy in HCC patients, such as peptide-drugs conjugation, targeting-nanoparticles and other application.

In the past decades, several monoclonal and bispecific antibodies against GPC-3 have been developed for HCC imaging and therapy (26, 27). One preclinical study has been carried out by Waaijer SJ using a 89Zr-labeled bispecific antibody against CD3 and GPC-3, and a PET imaging was performed after 24 h for circulation of the radiotracer (28). Due to the massive molecular weight of the antibody, the detection of GPC-3 in HCC had to be delayed for an extended circulation time of the tracer for its background clearance. Such antibody-based imaging strategies may have several intrinsic drawbacks to overcome, including prolonged half-life time and metabolic accumulation in the liver. Additionally, the antibody-based imaging cost extra days to ensure sufficient clearance of background radioactivity for precise tumor imaging. As a result, patients preparing for imaging may suffer from time consuming and inconvenience, thus making poor compliance of patients. In contrast, our peptide-based PET imaging showed quick background clearance within 2 h depending on the metabolism of the urinary system, and could target the GPC-3 protein in HCC tumors. When it comes to targeting peptide applied in PET imaging, another peptide named TJ12P2 targeting GPC-3 has been successfully developed and applied in the Micro-PET/CT (29). Although the TJ12P2 peptide could greatly accumulate in GPC-3 positive tumor tissues, there was still some moderate diffusion of residue probes in the abdominal cavity which might be considered as background signals. Compared with the TJ12P2 peptide, our F3 peptide seemed to prefer accumulation more in tumors and showed less diffusion in other cavities. More importantly, we did a bio-safety assessment in normal adult tissues and the binding of the F3 peptide could be barely observed indicating its potential clinical safety. Besides, biological macromolecules like antibodies usually fail to diffuse freely in solid tumors, resulting in incomplete penetration (30, 31). Hence, inspired by tumor-penetrating peptide (32, 33), cyclic tumor-targeting peptide should be considered to provide high affinity accompanied by the penetration ability due to its low molecular weight and annular conformation. The penetration ability of the F3 peptide will be explored in 3D tumor spheroids and further modification of the peptide will be our focus.

In our study, the F3 peptide showed great affinity to GPC-3 positive tumor cells in vitro, ex vivo and in vivo. Meanwhile, highly selective binding to tumor tissues enabled the F3 peptide promising clinical application, reducing off-target side effects in normal organs. In conclusion, we identified a tumor-targeting peptide specific for GPC-3 with high affinity and specificity. The F3 peptide targeting GPC-3 could distinguish GPC-3 positive tumors in different cancer types. The 68Ga-labeled PET imaging tracer targeting GPC-3, 68Ga-DOTA-F3, might hold promise for peptide-based PET imaging in patients with HCC.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by Nanjing Drum Tower Hospital Ethics Committee. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Institutional Animal Care and Use Committee of Nanjing Drum Tower Hospital.



Author Contributions

Conceptualization, JW and BL. Methodology, JY, XY, and XC. Investigation, JY, FL, FC, and ND. Writing—review & editing, JY, JS, and BL. Funding acquisition, JW and BL. Supervision, LY, FM, JW, and BL. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by grants from the National Natural Science Foundation of China (no. 81930080), Program of Jiangsu Provincial Key Medical Center (no. YXZXB2016002), National Natural Science Foundation of China (no. 82072926), and National Natural Science Foundation of China (no. 81902911). The funding sources had no role in the study design, data collection, data analysis, data interpretation, or writing of the report.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.679336/full#supplementary-material



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Federico, P, Petrillo, A, Giordano, P, Bosso, D, Fabbrocini, A, Ottaviano, M, et al. Immune Checkpoint Inhibitors in Hepatocellular Carcinoma: Current Status and Novel Perspectives. Cancers (Basel) (2020) 12(10):3025. doi: 10.3390/cancers12103025

3. Kole, C, Charalampakis, N, Tsakatikas, S, Vailas, M, Moris, D, Gkotsis, E, et al. Immunotherapy for Hepatocellular Carcinoma: A 2021 Update. Cancers (Basel) (2020) 12(10):2859. doi: 10.3390/cancers12102859

4. Chen, Z, Xie, H, Hu, M, Huang, T, Hu, Y, Sang, N, et al. Recent Progress in Treatment of Hepatocellular Carcinoma. Am J Cancer Res (2020) 10(9):2993–3036. Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7539784/.

5. Cunha, GM, Fowler, KJ, Abushamat, F, Sirlin, CB, and Kono, Y. Imaging Diagnosis of Hepatocellular Carcinoma: The Liver Imaging Reporting and Data System, Why and How? Clin Liver Dis (2020) 24(4):623–36. doi: 10.1016/j.cld.2020.07.002

6. Chen, VL, and Sharma, P. Role of Biomarkers and Biopsy in Hepatocellular Carcinoma. Clin Liver Dis (2020) 24(4):577–90. doi: 10.1016/j.cld.2020.07.001

7. Zhou, F, Shang, W, Yu, X, and Tian, J. Glypican-3: A Promising Biomarker for Hepatocellular Carcinoma Diagnosis and Treatment. Med Res Rev (2018) 38(2):741–67. doi: 10.1002/med.21455

8. Ishiguro, T, Sano, Y, Komatsu, SI, Kamata-Sakurai, M, Kaneko, A, Kinoshita, Y, et al. An Anti-Glypican 3/CD3 Bispecific T Cell-Redirecting Antibody for Treatment of Solid Tumors. Sci Transl Med (2017) 9(410):eaal4291. doi: 10.1126/scitranslmed.aal4291

9. Ushiku, T, Uozaki, H, Shinozaki, A, Ota, S, Matsuzaka, K, Nomura, S, et al. Glypican 3-Expressing Gastric Carcinoma: Distinct Subgroup Unifying Hepatoid, Clear-Cell, and Alpha-Fetoprotein-Producing Gastric Carcinomas. Cancer Sci (2009) 100(4):626–32. doi: 10.1111/j.1349-7006.2009.01108.x

10. Ho, M. Advances in Liver Cancer Antibody Therapies: A Focus on Glypican-3 and Mesothelin. BioDrugs (2011) 25(5):275–84. doi: 10.2165/11595360-000000000-00000

11. Li, K, Liu, CJ, and Zhang, XZ. Multifunctional Peptides for Tumor Therapy. Adv Drug Deliv Rev (2020) 160:36–51. doi: 10.1016/j.addr.2020.10.009

12. Yang, Z, Heater, BS, Cuddington, CT, Palmer, AF, Lee, MMM, and Chan, MK. Targeted Myoglobin Delivery as a Strategy for Enhancing the Sensitivity of Hypoxic Cancer Cells to Radiation. iScience (2020) 23(6):101158. doi: 10.1016/j.isci.2020.101158

13. Lingasamy, P, Tobi, A, Haugas, M, Hunt, H, Paiste, P, Asser, T, et al. Bi-Specific Tenascin-C and Fibronectin Targeted Peptide for Solid Tumor Delivery. Biomaterials (2019) 219:119373. doi: 10.1016/j.biomaterials.2019.119373

14. Paasonen, L, Sharma, S, Braun, GB, Kotamraju, VR, Chung, TD, She, ZG, et al. New P32/Gc1qr Ligands for Targeted Tumor Drug Delivery. Chembiochem (2016) 17(7):570–5. doi: 10.1002/cbic.201500564

15. Sugahara, KN, Teesalu, T, Karmali, PP, Kotamraju, VR, Agemy, L, Girard, OM, et al. Tissue-Penetrating Delivery of Compounds and Nanoparticles Into Tumors. Cancer Cell (2009) 16(6):510–20. doi: 10.1016/j.ccr.2009.10.013

16. Laakkonen, P, Porkka, K, Hoffman, JA, and Ruoslahti, E. A Tumor-Homing Peptide With a Targeting Specificity Related to Lymphatic Vessels. Nat Med (2002) 8(7):751–5. doi: 10.1038/nm720

17. Koivunen, E, Wang, B, and Ruoslahti, E. Phage Libraries Displaying Cyclic Peptides With Different Ring Sizes: Ligand Specificities of the RGD-Directed Integrins. Biotechnol (N Y) (1995) 13(3):265–70. doi: 10.1038/nbt0395-265

18. Maluccio, M, and Covey, A. Recent Progress in Understanding, Diagnosing, and Treating Hepatocellular Carcinoma. CA Cancer J Clin (2012) 62(6):394–9. doi: 10.3322/caac.21161

19. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer Statistics, 2021. CA Cancer J Clin (2021) 71(1):7–33. doi: 10.3322/caac.21654

20. Patel, K, Lamm, R, Altshuler, P, Dang, H, and Shah, AP. Hepatocellular Carcinoma-the Influence of Immunoanatomy and the Role of Immunotherapy. Int J Mol Sci (2020) 21(18):6757. doi: 10.3390/ijms21186757

21. Fleming, BD, Urban, DJ, Hall, MD, Longerich, T, Greten, TF, Pastan, I, et al. Engineered Anti-GPC3 Immunotoxin, HN3-ABD-T20, Produces Regression in Mouse Liver Cancer Xenografts Through Prolonged Serum Retention. Hepatology (2020) 71(5):1696–711. doi: 10.1002/hep.30949

22. Sham, JG, Kievit, FM, Grierson, JR, Miyaoka, RS, Yeh, MM, Zhang, M, et al. Glypican-3-Targeted 89Zr PET Imaging of Hepatocellular Carcinoma. J Nucl Med (2014) 55(5):799–804. doi: 10.2967/jnumed.113.132118

23. Li, D, Li, N, Zhang, YF, Fu, H, Feng, M, Schneider, D, et al. Persistent Polyfunctional Chimeric Antigen Receptor T Cells That Target Glypican 3 Eliminate Orthotopic Hepatocellular Carcinomas in Mice. Gastroenterology (2020) 158(8):2250–65.e20. doi: 10.1053/j.gastro.2020.02.011

24. Pan, Q, Lin, S, Li, Y, Liu, L, Li, X, Gao, X, et al. A Novel GLP-1 and FGF21 Dual Agonist has Therapeutic Potential for Diabetes and Non-Alcoholic Steatohepatitis. EBioMedicine (2021) 63:103202. doi: 10.1016/j.ebiom.2020.103202

25. Saw, PE, and Song, EW. Phage Display Screening of Therapeutic Peptide for Cancer Targeting and Therapy. Protein Cell (2019) 10(11):787–807. doi: 10.1007/s13238-019-0639-7

26. Shiraiwa, H, Narita, A, Kamata-Sakurai, M, Ishiguro, T, Sano, Y, Hironiwa, N, et al. Engineering a Bispecific Antibody With a Common Light Chain: Identification and Optimization of an Anti-CD3 Epsilon and Anti-GPC3 Bispecific Antibody, ERY974. Methods (2019) 154:10–20. doi: 10.1016/j.ymeth.2018.10.005

27. Fu, Y, Urban, DJ, Nani, RR, Zhang, YF, Li, N, Fu, H, et al. Glypican-3-Specific Antibody Drug Conjugates Targeting Hepatocellular Carcinoma. Hepatology (2019) 70(2):563–76. doi: 10.1002/hep.30326

28. Waaijer, SJ, Giesen, D, Ishiguro, T, Sano, Y, Sugaya, N, Schroder, CP, et al. Preclinical PET Imaging of Bispecific Antibody ERY974 Targeting CD3 and Glypican 3 Reveals That Tumor Uptake Correlates to T Cell Infiltrate. J Immunother Cancer (2020) 8(1):e000548. doi: 10.1136/jitc-2020-000548

29. Qin, Y, Cheng, S, Li, Y, Zou, S, Chen, M, Zhu, D, et al. The Development of a Glypican-3-Specific Binding Peptide Using In Vivo and In Vitro Two-Step Phage Display Screening for the PET Imaging of Hepatocellular Carcinoma. Biomater Sci (2020) 8(20):5656–65. doi: 10.1039/d0bm00943a

30. Choyke, PL. Can Molecular Imaging Measure T-Cell Activation? Cancer Res (2020) 80(14):2975–6. doi: 10.1158/0008-5472.CAN-20-1146

31. Xiao, Z, Mayer, AT, Nobashi, TW, and Gambhir, SS. ICOS Is an Indicator of T-Cell-Mediated Response to Cancer Immunotherapy. Cancer Res (2020) 80(14):3023–32. doi: 10.1158/0008-5472.CAN-19-3265

32. Alberici, L, Roth, L, Sugahara, KN, Agemy, L, Kotamraju, VR, Teesalu, T, et al. De Novo Design of a Tumor-Penetrating Peptide. Cancer Res (2013) 73(2):804–12. doi: 10.1158/0008-5472.CAN-12-1668

33. Ruoslahti, E. Tumor Penetrating Peptides for Improved Drug Delivery. Adv Drug Deliv Rev (2017) 110-111:3–12. doi: 10.1016/j.addr.2016.03.008



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Yan, Yu, Chen, Liu, Chen, Ding, Yu, Meng, Shen, Wei and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-679336-g002.jpg
A int 4 b L]
v - -
- - -
- - -
: °
b = F3phage L. - HepG2
W] T e i pes
£on
i o
8o ’ gos P
0z o

Phage (pu/mt) Phage ptu L)





OEBPS/Images/fonc-11-679336-g005.jpg
Fr

e

ey

ié] -

ssen 0%

T20ma 0% i





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identification of a Glypican-3 Binding Peptide From a Phage-Displayed Peptide Library for PET Imaging of Hepatocellular Carcinoma

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics

          



          		

            Cell Lines and Mice

          



          		

            In Vitro Phage Display

          



        



        



        		

          Enzyme-Linked Immunosorbent Assay

        



        		

          Fluorescent Cell Staining

        

          		

            Bio-Distribution of F3 Peptide

          



          		

            Construction of Radioactive Tracer Labeled With 68Ga

          



          		

            Positron Emission Tomography Imaging

          



          		

            GPC-3 Detection in Human Tissue Samples

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Identification of the GPC-3 Specifically Binding Clones

          



          		

            Peptide Characterization

          



          		

            Validation of F3 Peptide Binding to Cell Lines In Vitro

          



          		

            F3 Peptide Targeting to Hepatocellular Carcinoma In Vivo

          



          		

            Micro-PET/CT Imaging With 68Ga-DOTA-F3 in HCC Mouse Models

          



          		

            Detection of GPC-3 With F3 Peptide Ex Vivo

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-679336-g003.jpg
oRP1

Rros

torge

Control

ey

[em—





OEBPS/Images/fonc-11-679336-g001.jpg
Sequence (%)

F 3 - peptide 429
G 2- peptide 143
J 2- peptide 57
G 4- peptide 29






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-679336-g006.jpg
HOGHT (o04) AFPGCPT (s4) HCCHT ()  COAPT()  NMAT ()

HeoeT () AFPOCRT (40






OEBPS/Images/fonc-11-679336-g004.jpg





OEBPS/Images/fonc.2021.679336_cover.jpg
’ frontiers
in Oncology

Identification of a Glypican-3 Binding
Peptide From a Phage-Displayed
Peptide Library for PET Imaging

of Hepatocellular Carcinoma





