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Editorial on the Research Topic
Imaging Technology in Oncology Pharmacological Research

Imaging technology is being recognized as an important tool for breaking through the bottleneck of drug development as it is able to provide great insights into the morphology or functionality of pharmacological models, including cell, tissue, and animal. Imaging has several advantages compared to traditional evaluation methods, which include high spatiotemporal resolution, imaging sensitivity, and tissue specificity. In addition, imaging can be utilized to determine the gene expression, metabolism of various substances, cancer detection, drug development, as well as other fields.
Imaging technology includes both microscopic and macroscopic imaging scales, and encompasses fluorescence-based microscopy (Weissleder and Pittet, 2008), Raman-based microscopy (Chen et al., 2017), targeted ultrasound imaging (Frangioni, 2008), photoacoustic imaging (Wang and Hu, 2012), SPECT, PET (Rahmim and Zaidi, 2008), and molecular MRI (Pichler et al., 2008), among others. These technologies can be utilized for imaging or analysis of living systems at various levels. Hence, imaging strategies are commonly applied across several research projects to evaluate the pharmacokinetics, activity, and mechanisms of cancer therapy through the use of small molecule drugs or prodrugs (Gillies, 2002; Wang et al., 2008; Gurny and Mader, 2010; Janib et al., 2010). In parallel, more specific imaging-based evaluation methods have been developed that can help improve the pharmacological studies of chemotherapy. Thus, in this special issue, we further emphasize and describe the research that has provided creative research ideas in this domain.
Two review articles demonstrated the role of one imaging technology in the treatment of cancer. Fang et al. systemically summarized the recent advances that have been made in the development of noninvasive imaging and radiotherapy agents for the different molecular subtypes of breast cancer in preclinical studies in their study, “Theranostics for the different molecular subtypes of breast cancer.” The researchers provided a conceptual examination of recent or current original articles that were published within the last decade in the field of preclinical breast cancer nuclear imaging. Data were extracted from the PubMed database and filtered according to the key words “breast cancer,” “preclinical,” “PET/SPECT,” and “targeted imaging.” In order to help guide future investigations of novel theranostic agents, they listed different imaging agents and cell lines that were tested in preclinical studies. They think molecular imaging can help with diagnosis, staging, guiding treatment, and predicting response to corresponding targeted therapy. The review of Zeng et al. which was titled “Treatment coherent Raman scattering microscopy in oncology pharmacokinetic research” highlighted coherent Raman scattering (CRS) microscopy as a novel emerging platform to facilitate oncology pharmacokinetic research. It would be of great importance to develop label-free optical microscopy that is able to assess stability and dissolution of drugs in the solid state, and uptake, distribution, interaction, and excretion of anticancer drug nanocarriers in a biological environment. Therefore, they summarized the recent technical advances and applications of CRS microscopy in the field of anticancer drug pharmacokinetics at the single cell level, drug stability and dissolution in the solid state, as well as the activities of anticancer drug nanocarriers in single cells. According to their review, there are several reasons to believe that CRS microscopy with label-free, chemically selective, high temporospatial resolution, and highly sensitive imaging can offer novel opportunities for investigation of anticancer drugs.
In order to explore a novel strategy of cancer treatment, imaging technology can be applied across several in vitro studies. Zhang et al. in the article “Metabolic reprogramming of sulfur in hepatocellular carcinoma and sulfane sulfur-triggered anti-cancer strategy” uncovered reprogramming of sulfur metabolism in hepatocellular carcinoma (HCC) and were able to provide a potential therapeutic strategy for HCC by donating sulfane sulfurs. Herein, the cell imaging assay was carried out to support their hypothesis. Their findings suggest that application of sulfane sulfurs may be an effective therapeutic strategy, particularly for HCC tumor cells that have reprogrammed the sulfur metabolism. Jin et al. in their article “Hirsutella sinensis fungus regulates CD8 + T cell exhaustion through involvement of T-Bet/Eomes in the tumor microenvironment” have provided insights into the application of Hirsutella sinensis fungus (HSF) in a tumor immune treatment. Their study demonstrated that HSF exerts antitumor effects mainly by reducing the expression of immune checkpoints by inhibiting T-bet in T cells, which lowers Tex cell production in the tumor microenvironment. Additionally, HSF could promote the Eomes expression in order to enhance T cell function. In vivo imaging technology was utilized to evaluate the effects of HSF on various tumor mouse models. Their findings were able to provide novel insights into the effect of HSF on tumor immune responses.
Imaging technology was a powerful tool for the in vivo evaluation of drugs. Xu et al. in their article “Bioluminescence imaging-based assessment of the anti-triple-negative breast cancer and NF-Kappa B pathway inhibition activity of britanin” were able to evaluate the anti–breast cancer activity of britanin. Their results demonstrated that britanin induces apoptosis via inhibition of the NF-κB pathways. The bioluminescence imaging screening system is useful for accelerating application of britanin in the antitumor field, which provides a useful tool for evaluating the efficacy of phytochemicals in inhibiting cancer cell proliferation in animal models. Zhan et al. in their article “Construction of biocompatible dual-drug loaded complicated nanoparticles for in vivo improvement of synergistic chemotherapy in esophageal cancer” developed a doxorubicin and β-elemene–loaded mesoporous silica nanoparticle system to exert inhibitory effects in esophageal cancer treatment. Fluorescence images were applied in order to validate efficacy of the combination therapy in vivo. Zhang et al. in their article “Terphenyllin suppresses orthotopic pancreatic tumor growth and prevents metastasis in mice” reported a novel marine-derived natural product terphenyllin with potent anti-pancreatic cancer (PC) activity. Herein, terphenyllin was found to significantly suppress PC cell growth and metastasis in vitro and in vivo. Terphenyllin induced PC cell apoptosis by increasing the expression of proapoptotic proteins and decreasing the expression of antiapoptotic proteins. The Panc1-Luc cell lines were utilized to develop an orthotopic mouse model, which may be able to closely mimic the original situation in human PC patients and may be better able to predict the therapeutic efficacy of the test compound. The in vivo imaging technique demonstrated significant inhibitory effects of terphenyllin on tumor growth. Their results reveal the therapeutic potential of terphenyllin in PC, which can help provide a basis for further developing this natural compound as an anticancer therapeutic agent.
The integrated diagnosis and treatment of nanoparticles will provide precise information for a cancer treatment strategy. In Li et al.’s “Manganese-based targeted nanoparticles for postoperative gastric cancer monitoring via magnetic resonance imaging,” an Mn-based contrast agent for MRI was synthesized to provide accurate evaluation of therapeutic effects and guide treatment strategy adjustment over time. A series of in vitro and in vivo imaging experiments were employed to assess the characters of Mn3O4@PEG-RGD NPs. Their results indicated that Mn3O4@PEG-RGD NPs likely have a great potential for the MRI postoperative monitoring of gastric cancer and give an appropriate strategy for following chemotherapy. Xu et al. in their research “Synthesis, characterization, cellular uptake, and in vitro anticancer activity of fullerenol-foxorubicin conjugates alpha 3 function by colchicines” designed and synthesized the fuller enol (FU)-DOX conjugates and folic acid (FA)-grafted FU-DOX conjugates in order to improve the selectivity and activity of DOX in cancer cells. They synthesized DOX and FU conjugates (FU-DOX) through the use of the acid-sensitive hydrazone bond and were further modified by FA in order to obtain FA-FU-DOX conjugates for improving tumor-targeting effects. In their study, fluorescent microscopy was utilized to monitor cellular uptake. Indeed, FA-FU-DOX conjugates may optimize the safety and efficacy profile of DOX. Zhou et al. also wrote another review article “pH-Sensitive and long-circulation nanoparticles for near-infrared fluorescence imaging-monitored and chemo-photothermal synergistic treatment against gastric cancer” which reported photothermal–chemotherapy combined nanoparticles (PCC NPs) that have functions of chemo-photothermal synergistic therapy and continuous imaging for gastric cancer. The PCC NPs consisted of dopamine, poloxamer, DOX, and IR-820 via π–π stacking and demonstrated good biocompatibility both in vitro and in vivo. Their study can offer a novel postoperative treatment for gastric cancer.
Moreover, imaging technology also plays a significant role in a clinical anticancer medication strategy. Zhao et al. in their article “Accuracy of endoscopic diagnosis of helicobacter pylori based on the Kyoto classification of gastritis: a multicenter study” provided evidence of clinical accuracy and robustness of the Kyoto classification of gastritis in the Chinese population. Furthermore, they discovered that the reappearance of two indicators (unclear atrophy boundary and unclear atrophy boundary) in atrophic mucosa could help sufficiently determine the presence of Helicobacter pylori (H. pylori) infection on an endoscopic basis. Their prospective and multicenter study was based on 650 Chinese patients. In order to prevent the occurrence and development of gastric cancer (GC) early on, their study offered an important novel finding for screening of early GC based on the close relationship between H. pylori and GC.
In conclusion, a collection of 11 articles contributed to this research topic, which covers two reviews and nine research articles. It is important to note that these published articles cover a wide spectrum of applications of imaging technology in oncology pharmacological research, which includes exploring a novel anticancer chemotherapy strategy in vitro, evaluating in vivo anticancer effects, and benefiting the clinical diagnosis. These articles provide deep insights into methodology and applications of imaging technology. We believe that imaging technology would be increasingly welcome in oncology pharmacological research.
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Pancreatic cancer (PC) is an aggressive and fatal disease with high incidences of metastasis and recurrence. However, there are no effective treatment options for the majority of PC patients, especially for those with locally advanced tumors and metastatic diseases. Therefore, it is urgently needed to develop safe and effective anti-PC therapeutic agents. We have recently identified a novel marine-derived natural product terphenyllin with potent anti-PC activity. The present study was designed to investigate the efficacy and mechanisms of action of terphenyllin in several human PC cell lines and an orthotopic PC mouse model. The results showed that terphenyllin significantly inhibited the viability of all PC cell lines with minimal effects on a normal human pancreatic cell line (HPNE). We next demonstrated the effects of terphenyllin on colony formation, apoptosis, migration, and invasion in both Panc1 and HPAC cell lines in a concentration-dependent manner. Terphenyllin also suppressed the tumor growth and metastasis in the Panc1 orthotopic mouse model. We further showed the profound effects of terphenyllin on the expression of apoptosis-associated proteins, including Bax, Bad, Puma, BimL, Bcl-2, phos-Bcl-2 (Ser70), Bcl-xL, caspase 7, and PARP, which contributed to its anti-PC activity. In summary, terphenyllin suppressed the PC cell growth and metastasis in vitro and in vivo and may be developed as an anti-PC therapeutic agent in the future.
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Introduction

Pancreatic cancer (PC) is one of the most aggressive and fatal types of cancer and ranks the fourth leading cause of cancer-associated death worldwide with a dismal 5-year survival rate of 9% (Siegel et al., 2020). Despite the advancement in the development of new treatments, the therapeutic options for PC patients remain limited (Strobel et al., 2019). Surgical resection combined with chemotherapy provides PC patients with the only hope of long-term survival and cure (Kleeff et al., 2016). However, the majority of patients with early-stage PC are clinically silent, and only about 10% of patients are diagnosed at the resectable stage (Hartwig et al., 2013). Among the remaining 90% of PC patients, about 30% of them are diagnosed with locally advanced tumors and 60% even have metastatic diseases and poor performance status, which are generally recalcitrant to all forms of cancer treatment (Strobel et al., 2019). Therefore, there is an unmet need to develop novel therapies for improving the survival outcomes of PC patients as well as the quality of life.

Over the last few decades, chemotherapy with gemcitabine or 5-fluorouracil only demonstrates modest clinical benefit for PC patients (Burris et al., 1997; Kleeff et al., 2016). Chemotherapy combinations, such as FOLFIRINOX and gemcitabine plus nab-paclitaxel have significantly increased the overall survival of PC patients with advanced diseases (Mcbride et al., 2017; Nguyen et al., 2017). However, FOLFIRINOX has recently been associated with increased toxicity, mainly febrile neutropenia and diarrhea (Lambert et al., 2017). Numerous studies have unraveled the common molecular alterations occurring in PC, such as mutations in Kras, p53, and BRCA1 (Nag et al., 2013; Cicenas et al., 2017; Waters and Der, 2018), aberrant activation of wnt/β-catenin signaling and keap1/Nrf2 signaling (Qin et al., 2018; Kuo et al., 2019; Qin et al., 2019), and amplification and overexpression of MDM2, cyclin D1, USP7, and MDR1 (Qie and Diehl, 2016; Robey et al., 2018; Wang et al., 2019b; Dong et al., 2020; Qi et al., 2020), which play critical roles in the initiation, progression, metastasis, and chemoresistance of PC. Many targeted agents have been developed and evaluated in the preclinical and clinical settings (Karandish and Mallik, 2016). While several preclinical studies showed positive results (Wang et al., 2014b; Leal et al., 2017; Wang et al., 2018b), only a few of them, e.g. erlotinib have proved successful in PC clinical trials (Mosquera et al., 2016). Herein, safe and effective therapeutics are still urgently needed for PC therapy.

Natural products remain one of the most important sources for drug discovery and development (Qin et al., 2017a; Davison and Brimble, 2019). We have initiated an ongoing project aiming at identifying novel anticancer natural products from medicinal plants and marine-derived fungi and characterized several natural compounds with promising efficacy and safety profiles (Wang et al., 2012; Chen et al., 2013; Qin et al., 2015; Wang et al., 2018a). In a recent cancer cell-based screen, we have identified a cytotoxic natural product terphenyllin from a coral-derived fungus (Wang et al., 2017). Terphenyllin and its analogs have shown potent apoptosis-inducing ability in cancer cells (Wang et al., 2017; Wang et al., 2020). However, their in vivo efficacy and the molecular mechanisms are yet to be determined. The present study was designed to evaluate the anticancer efficacy of terphenyllin and its underlying mechanisms of action in vitro and in vivo. Our results demonstrate the therapeutic potential of terphenyllin in PC, which would provide a basis for further developing this natural compound as an anticancer therapeutic agent.



Materials and Methods


Cell Lines and Cell Culture

Human pancreatic cancer Panc1, HPAC, and SW1990 cell lines were obtained from the Cell Bank of the Chinese Academy of Science (Shanghai, China). The immortalized normal human pancreas cell line (HPNE) and human pancreatic cancer AsPC1 and CFPAC1 cell lines were kind gifts from Dr. Zhi-Gang Zhang (School of Medicine, Shanghai Jiao Tong University, Shanghai, China). The Panc1-Luc cell line was purchased from Meixuan Biological Science and Technology LTD (Shanghai, China). Panc1, SW1990, and HPNE cells were cultured in the DMEM medium. AsPC1 and CFPAC1 cells were maintained in the RPMI 1640 medium. HPAC cells were cultured in the DMEM/F12 (1:1) medium supplemented with 2 mg/L insulin, 5 mg/L transferrin, 40 ng/ml hydrocortisone, and 10 ng/ml epidermal growth factor. All media were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.



Chemicals, Antibodies, and Other Reagents

The test compound terphenyllin (Figure 1A) was prepared in Dr. Weiyi Wang’s laboratory (Third Institute of Oceanography, Ministry of Natural Resources, Xiamen, China), and the structure was confirmed by NMR, MS, UV, and IR spectroscopy. The purity of terphenyllin was greater than 98%. All chemicals and solvents used were of the highest analytical grade available. The anti-rabbit Bax (D2E11), Bad (D24A9), Puma (D30C10), Bim (C34C5), Bcl-2 (D55G8), phos-Bcl-2 (p-Ser70) (5H2), Bcl-xl (54H6), caspase7 (D2Q3L), PARP (9542), and GAPDH (D16H11) antibodies were obtained from Cell Signaling Technology (Boston, USA). The goat anti-mouse IgG (H+L) and goat anti-rabbit IgG (H+L) antibodies were obtained from Bio-Rad (Hercules, CA, USA).




Figure 1 | Terphenyllin inhibits pancreatic cancer cell viability and colony formation in vitro. (A) The chemical structure of terphenyllin. (B) HPNE, Panc1, HPAC, SW1990, AsPC1, and CFPAC1 cells were treated with terphenyllin at the indicated concentrations for 72 h, followed by CCK8 assays. (C) Panc1 and HPAC cells were treated with terphenyllin at the indicated concentrations for 24 h, followed by 10-day colony formation assays. (D) Quantitative analysis of colony formation. Data are representative of at least three experiments. (*p < 0.05, **p < 0.01).





Cell Viability Assay

The effects of terphenyllin on the cell viability were determined by Cell Counting Kit 8 (Nuoyang Biotech, Hangzhou, China). Briefly, HPNE, Panc1, HPAC, SW1990, AsPC1, and CFPAC1 cells were cultured in 96-well plates (2–3 × 103 cells/well) overnight and then exposed to terphenyllin (3.125, 6.25, 12.5, 25, 50, 100, or 200 μM) or DMSO for 72 h. The treated cells were further incubated with CCK8 solution and the absorbance was measured at 450 nm by a Multiskan MK3 microplate reader (Thermo Scientific, USA). The cell viability and IC50 values were calculated as reported previously (Qin et al., 2016a).



Colony Formation Assay

The colony formation assay was performed as described previously (Qin et al., 2017b; Wang et al., 2019a). Briefly, Panc1 and HPAC cells were seeded in 6-well plates (500 cells/well) overnight and treated with terphenyllin (20, 50, or 200 μM) or DMSO. After 24 h of exposure, the terphenyllin-containing medium was replaced with fresh medium without the test compound. The cells were grown for another 10 days, followed by fixation and crystal violet (Solarbio, China) staining.



Apoptosis Assay

The effects of terphenyllin on cell apoptosis were performed as reported previously (Voruganti et al., 2015b). Briefly, 3 × 105 Panc1 and HPAC cells in 6-well plates were exposed to terphenyllin (20, 50, or 200 μM) or DMSO for 48 h. The treated cells were harvested, washed with pre-cooling PBS, and then re-suspended in the mixture of binding buffer and staining reagents from FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen, USA). The effects of terphenyllin on cell apoptosis were analyzed on a BD Accuri™ C6 flow cytometer (BD, Ann Arbor, MI, USA).



Transwell Migration and Invasion Assays

The effects of terphenyllin on cell migration and invasion were determined using the transwell migration and invasion assays according to the manufacturers’ protocols (Wang et al., 2019a). For the migration assay, 5 × 104 Panc1 and HPAC were suspended in 200 µl of serum-free medium, seeded in the upper compartment of the transwell chamber (Corning, USA), and incubated with terphenyllin (25 μM) or DMSO. Besides, 700 µl of complete medium with 20% FBS was added into the lower chamber. After 24 h of incubation, the cells on the upper surface of the membrane in the chambers were removed using cotton swabs whereas the cells migrated through the membrane were washed with PBS, stained with crystal violet (Solarbio, China), and analyzed under a microscope (Axio Observer A1, Zeiss, Germany). For the invasion assay, the upper surface of the membrane was covered with a layer of Matrigel (BD Biosciences, USA). The other procedures were similar to the migration assay.



Western Blotting

Panc1 and HPAC cells were seeded in 6-cm dishes (3–5×105 cells/well) overnight and exposed to terphenyllin (20, 50, or 200 μM) or DMSO for 24 h. The treated cells were then lysed with RIPA buffer (Absin Bioscience Inc, Shanghai, China) containing protease inhibitors (Solarbio Science & Technology Co., Ltd., Beijing, China) and phosphatase inhibitors (Roche, Switzerland). The cell lysates were centrifuged and the supernatants were collected, quantified, separated by an SDS-PAGE gel, and transferred to a PVDF blotting membrane (GE Healthcare, USA) for Western blot analysis following the manufacturer’s protocol (Xue et al., 2017; Qin et al., 2018). After blocking with 5% nonfat milk and incubation with primary and second antibodies, the blotting membranes were examined using ECL luminescence reagent (Absin, Shanghai, China), and the images were acquired on a FluorChem Q System (Alpha Innotech, Cell Bioscienes, USA).



Panc1 Orthotopic Pancreatic Cancer Model

The orthotopic pancreatic cancer mouse model was developed as reported previously (Wang et al., 2014b; Wang et al., 2018b). Female 4–5-week-old SCID mice were purchased from the Shanghai Laboratory Animal Center (Shanghai, China). The experimental animal protocols were approved by the Board of Animal Study of Zhejiang Chinese Medical University. Briefly, 50 µl of Panc1-Luc cell solution (1 × 106 cells in a 1:1 mixture of Matrigel and serum-free medium) was slowly injected into the head of the pancreas. Terphenyllin was dissolved in PEG400:ethanol:saline (57.1:14.3:28.6, v/v/v) and administered to mice by intraperitoneal injection at a dose of 20 mg/kg/day, 7 days/week for five weeks. For in vivo imaging, mice were administered intraperitoneally with fluorescein substrate (150 mg/kg) and anesthetized with isoflurane using an anesthesia machine (Summit Anesthesia, USA). The in vivo images for detecting the orthotopic tumor growth and metastasis were acquired on a Xenogen IVIS 200 imaging system (Caliper Life Sciences, USA). All the data analyses were performed using LT Living Image 4.3 Software. At the end of the experiments, all mice were examined for tumor metastasis to various organs.



Hematoxylin and Eosin (H&E) Staining

The hematoxylin and eosin (H&E) staining was performed as described previously (Voruganti et al., 2015a; Qin et al., 2016b). At the termination of the in vivo experiments using the Panc1 orthotopic model, various tissues (liver, lungs, kidneys, spleen, heart, and brain) were removed from the tumor-bearing mice, fixed in 10% formalin, and embedded in paraffin. These tissue blocks were processed and sectioned at a thickness of 5 µm. The tissue sections were deparaffinized in xylenes, rehydrated, washed with PBS, stained in Mayer’s Hematoxylin for 10 min, and then stained with eosin for less than 1 min. After staining, the slides were dehydrated, mounted, and analyzed using an inverted microscope (Axio Observer A1, Zeiss, Germany).



Statistical Analysis

All quantitative data were analyzed using the Prism software version 6 (Graph Pad Software Inc., San Diego, CA, USA) and are presented as means ± SEM derived from three or more independent experiments. The significance of differences for comparisons between two groups was analyzed using Student’s t-test. p < 0.05 was considered to be statistically significant.




Results


Terphenyllin Exerts Cytotoxicity in Human Pancreatic Cancer Cell Lines With Minimal Effects on Normal Pancreatic Cells

Terphenyllin (Figure 1A) was first tested for its cytotoxicity in five human PC cell lines (Panc1, HPAC, SW1990, AsPC1, and CFPAC1) and one normal human pancreatic cell line (HPNE) at various concentrations (0 to 200 μM) for 72 h. As shown in Figure 1B, terphenyllin significantly inhibited the growth of all the PC cell lines, with the IC50 values ranging from 35.4 to 89.9 μM. Among them, Panc1 and HPAC were the most sensitive cell lines with IC50 values of 36.4 and 35.4 μM, respectively. Of note, terphenyllin had minimal effects on the growth of the normal cell line HPNE, indicating the selective cytotoxicity of the compound against PC cells.



Terphenyllin Inhibits the Colony Formation of Pancreatic Cancer Cells In Vitro

Terphenyllin was further evaluated for its in vitro anticancer activity in the most sensitive cell lines Panc1 and HPAC. As shown in Figure 1C, terphenyllin inhibited the cell colony formation in both cell lines in a concentration-dependent manner. At a high concentration of 200 μM, terphenyllin markedly decreased the numbers of colonies by 56.5% (p < 0.01) and 68.5% (p < 0.01) in Panc1 and HPAC cells, respectively (Figure 1D).



Terphenyllin Induces Pancreatic Cancer Cell Apoptosis In Vitro

Terphenyllin was examined for its effects on cell apoptosis in Panc1 and HPAC cell lines. As shown in Figure 2A, terphenyllin induced significant apoptosis in both cell lines in a concentration-dependent manner. Panc1 cells were less sensitive to terphenyllin treatment than HPAC cells at lower concentrations (20 and 50 μM) but more sensitive at the higher concentration (200 μM). After exposure to 200 μM of terphenyllin for 48 h, 44.5% (p < 0.01) of Panc1 cells and 35.4% (p < 0.01) of HPAC cells underwent apoptosis, which were significantly higher than that of control cells (Figure 2B).




Figure 2 | Terphenyllin induces the apoptosis of pancreatic cancer cells in vitro. (A) Panc1 and HPAC cells were treated with terphenyllin at the indicated concentrations for 48 h, followed by the detection of apoptosis by FITC-Annexin V assay. (B) The percentages of apoptotic cells. (C) Panc1 and HPAC cells were treated with terphenyllin at the indicated concentrations for 24 h, and the levels of various proteins were detected using specific antibodies by Western blotting analysis. (D) Relative band densities of various proteins. The densities of the protein bands were analyzed using ImageJ and normalized to GAPDH. Data are representative of at least three experiments. (*p < 0.05, **p < 0.01).





Terphenyllin Modulates the Expression of Apoptosis-Related Proteins

To explore the mechanisms of action for the anticancer activity of terphenyllin, we examined its effects on the expression of key proteins involved in regulating cell apoptosis. As shown in Figures 2C, D, terphenyllin markedly increased the levels of pro-apoptotic proteins Bax, Bad, Puma, and BimL in both Panc1 and HPAC cell lines. The compound also decreased the levels of anti-apoptotic proteins Bcl-2 and Bcl-xL in both cell lines. It has been reported that the phosphorylation of Bcl-2 at Ser70 increases the anti-apoptotic activity of Bcl-2 by enhancing the dimerization with Bax (Deng et al., 2000; Deng et al., 2009). Terphenyllin reduced the expression of phosphorylated Bcl-2 (phos-Bcl-2) at Ser70, which may contribute to terphenyllin-induced apoptosis. The compound also cleaved and activated caspase 7 and PARP in both cell lines.



Terphenyllin Suppresses Tumor Growth in an Orthotopic Pancreatic Cancer Model

We further assessed the in vivo efficacy of terphenyllin in the Panc1 orthotopic mouse model. As shown in Figure 3A, SCID mice bearing orthotopic Panc1 tumors were treated with vehicle or terphenyllin at 20 mg/kg/day, 7 days/week for five weeks, resulting in 75.5% inhibition of tumor growth compared with the vehicle-treated mice (Figure 3B). Importantly, terphenyllin treatment did not affect the average body weight of the mice in comparison to that of vehicle-treated mice, suggesting that the compound did not cause significant host toxicity during the treatment period (Figure 3C). At the end of the experiments, the kidneys, spleen, heart, and brain were carefully dissected from all mice for histological examinations. No abnormalities were observed in the organs from both vehicle- and terphenyllin-treated mice, indicating the absence of host toxicity (Figure 3D).




Figure 3 | Terphenyllin suppresses the growth of Panc1 orthotopic tumors without causing any host toxicity. Panc1-Luc cells were implanted orthotopically into the pancreas of SCID mice. Mice were treated with terphenyllin by i.p. injection at doses of 20 mg/kg/d, 7 days/week for 5 weeks. (A) The luciferase signals in the mice bearing Panc1 orthotopic tumors were detected and images were obtained using an IVIS in vivo imaging system. (B) At the termination of the experiments, the average tumor mass (determined by the detected photons/sec) of the terphenyllin-treated mice was compared with that of the control mice. (C) The mice were monitored for changes in body weight as a surrogate marker for toxicity. (D) At the end of the experiments, the kidneys, spleen, heart, and brain were carefully removed from the mice bearing Panc1 orthotopic tumors, and H&E staining was performed on the paraffin sections of these tissues (all images represent serial sections; scale bar, 100 μm). (**p < 0.01).





Terphenyllin Prevents Pancreatic Cancer Cell Metastasis In Vitro and In Vivo

We investigated the effects of terphenyllin on PC cell metastasis in vitro. As shown in Figure 4A, in a 24-h treatment period, terphenyllin at a sub-lethal concentration of 25 μM significantly reduced the migration of Panc1 and HPAC cells in the transwell migration assay by 24.3% (p < 0.05) and 37.0% (p < 0.01), respectively (Figure 4B). In the transwell Matrigel invasion assay, terphenyllin at 25 μM exerted similar preventive efficacy (Figure 4C) and decreased the numbers of invaded Panc1 and HPAC cells by 24.6% (p < 0.01) and 31.6% (p < 0.01), respectively (Figure 4D). At the end of the in vivo studies of the Panc1 orthotopic model, we examined the metastatic lesions in the liver and lungs from all mice (Figure 5A). The results showed that 5 and 4 out of 6 vehicle-treated mice developed metastatic lesions in the liver and lungs, respectively, whereas the incidence of liver and lung metastasis in terphenyllin-treated mice was decreased to 2/6 and 1/6, respectively. The histological examinations further confirmed the inhibition of liver and lung metastasis by the compound in vivo (Figure 5B).




Figure 4 | Terphenyllin inhibits pancreatic cancer cell migration and invasion in vitro. (A) Transwell migration assay was performed in Panc1 and HPAC cells with or without terphenyllin treatment. Representative microscopic images of cells that migrated through the transwell. (B) The quantitation of cells that migrated through the transwell in the migration assay. (C) Transwell Matrigel invasion assay was performed in Panc1 and HPAC cells with or without terphenyllin treatment. Representative microscopic images of cells that invaded through the transwell. (D) Quantitation of cells that invaded through the transwell in the Matrigel invasion assay. Data are representative of at least three experiments. (*p < 0.05, **p < 0.01).






Figure 5 | Terphenyllin prevents pancreatic tumor metastasis in vivo. (A) At the termination of the experiments using the Panc1 orthotopic model, the livers and lungs were carefully removed from the mice and imaged to detect metastatic lesions. (B) H&E staining was performed on the paraffin sections of these tissues (all images represent serial sections; scale bar, 100 μm).






Discussion

Pancreatic cancer is a highly lethal and devastating disease with early metastasis and poor prognosis. Although the extensive molecular analyses of PC have indicated the strong genetic heterogeneity of this disease, some common molecular alterations have been characterized and validated as potential molecular targets for developing anti-PC therapeutic agents (Qie and Diehl, 2016; Cicenas et al., 2017; Waters and Der, 2018; Kuo et al., 2019; Qin et al., 2019). Despite the improvements in chemotherapy and targeted therapy and the considerable progress in increasing overall survival, there are very limited treatment options for PC patients, especially for those with locally advanced disease or metastasis (Werner et al., 2013; Rebelo et al., 2017; Neoptolemos et al., 2018).

Natural products provide a rich source of bioactive compounds with unique structures and diverse biological activities and play a crucial role in the discovery and development of anticancer therapeutics (Nag et al., 2012; Qian et al., 2013; Wang et al., 2014a; Kotecha et al., 2016; Kashyap et al., 2019). With a long-term goal of developing safe and effective anticancer agents, our laboratories have carried out cancer cell-based screenings of natural product libraries and identified several compounds with promising efficacy (Cheng et al., 2013; Li et al., 2013; Yao et al., 2017). The present study was designed to examine the anticancer efficacy of a novel marine-derived natural product terphenyllin and explore its molecular mechanisms in clinically relevant PC models in vitro and in vivo.

In the present study, we found that terphenyllin displayed significant cytotoxicity against human PC cell lines, while Panc1 and HPAC were the most sensitive cell lines. More importantly, we also observed that the normal HPNE cells were much less sensitive to the treatment of terphenyllin, suggesting the selective cytotoxicity toward cancer cells. Indeed, many natural products have potent cancer cell-killing properties; however, they also non-selectively kill normal cells, which largely limits their therapeutic value. In comparison to normal HPNE cells, terphenyllin displayed a selective growth inhibition of PC cancer cell lines, especially Panc1 and HPAC cell lines, which would be of great importance in the further development of this compound as an anticancer agent. In comparison to other PC cell lines, the selectivity indexes of terphenyllin against Panc1 and HPAC cells are relatively high. Therefore, we used Panc1 and HPAC as cell models for further evaluation of the compound. However, it should be noted that the selectivity index of terphenyllin against PC cell lines is still not good enough according to the “selectivity criteria”. Structural optimization of terphenyllin should be performed to improve its efficacy and selectivity in the future.

We further demonstrated that terphenyllin inhibited colony formation and induced apoptosis in PC cell lines in a concentration-dependent manner. To elucidate the molecular mechanisms for the anticancer activity of terphenyllin, we investigated its effects on apoptosis-related proteins. We found that terphenyllin induced PC cell apoptosis by increasing the expression levels of pro-apoptotic proteins (Bax, Bad, Puma, and BimL) and decreasing the expression levels of anti-apoptotic proteins (Bcl-2 and Bcl-xL). We also observed that the compound reduced the expression of phos-Bcl-2 (Ser70) and cleaved and activated caspase 7 and PARP. However, this compound did not show any significant effects on several other members of the caspase family, including caspase 3 (data not shown). Its molecular target(s) and detailed mechanisms of action should be further investigated.

To confirm the anticancer efficacy of terphenyllin in vivo, we developed the Panc1 orthotopic mouse model, which could more closely mimic the original situation in human PC patients and better predict the therapeutic efficacy of the test compound. Our results showed the significant inhibitory effects of terphenyllin on tumor growth, as illustrated by in vivo imaging. Besides, the compound exhibited preventive effects on PC cell metastasis in vitro, as demonstrated by transwell migration and invasion assays. These preventive effects were further supported by the in vivo studies using the Panc1 orthotopic model. Of note, terphenyllin treatment did not cause any significant loss of mouse body weight or organ damage, indicating that the compound was safe at the effective dose. Nevertheless, it is necessary to examine the in vivo toxicity of terphenyllin by assessing the pathological sections of various organs from the terphenyllin-treated mice in our future studies. It has been demonstrated that treatment with different compounds may result in different toxicological responses; they may cause specific toxicity in a single organ (e.g., liver or lungs) or affect the entire body systemically (e.g., the immune system). Therefore, the examination of the organ toxicity will provide important information on the toxicological properties of terphenyllin, which is critically needed before we can move this compound into clinical trials. More clinically relevant PC models, such as patient-derived tumor models and transgenic mouse models are also expected for the further evaluation of terphenyllin.

In summary, the present study has shown that the marine-derived natural product terphenyllin suppresses PC tumor growth and metastasis in vitro and in vivo without causing significant toxicity at the effective dose. Although this study has demonstrated its efficacy, safety, and possible molecular mechanisms in PC cell lines in vitro and in the Panc1 orthotopic mouse model in vivo, future studies are warranted to determine its molecular targets, precise mechanisms of action, efficacy, and pharmacological and toxicological properties.
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Britanin has been reported to have therapeutic effects on neurodegenerative and inflammation-based diseases. However, whether it is involved in the regulation of triple-negative breast cancer development has not been elucidated. In this study, we investigated the anti-tumor activity against triple-negative breast cancer tumor of Britanin by bioluminescence imaging in vivo using athymic (nu/nu) mice implanted with MDA-MB-231 and SUM-159 cells expressing a luciferase reporter gene, and explored the anti-tumor mechanism of Britanin. The results showed that Britanin treatment inhibited triple-negative breast cancer cell proliferation in vivo, and Cell Counting Kit-8 (IC50 values are 4.27 and 5.05 μM) and colony formation tests (P < 0.001) confirmed this result. Transwell assays were conducted to verify that Britanin treatment inhibited cell migration and invasion (P < 0.001). Apoptosis was determined by TdT-mediated dUTP nick-end labeling method. Western blot and qRT-PCR analysis showed that Britanin treatment caused a decrease in the member expression of NF-kappa B signaling pathway. Computational modeling showed that Britanin could directly bind to a p-65 core region composed of Cys38, Cys120, and Gln128 residues. The results showed that the inhibitory mechanisms of Britanin on cancer cells may be by ways of inhibiting the NF-kappa B pathway. In addition, bioluminescence imaging screening system is useful for accelerating the application of Britanin in the antitumor field, and provides a useful tool for evaluating the phytochemicals efficacy in inhibiting cancer cell proliferation in animal models.
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Introduction

In 2018 approximately 2.1 million newly diagnosed female breast cancer cases accounted for almost one in four cancer cases among women (Bray et al., 2018). There are many therapeutic approaches to treat breast cancer including chemotherapy to inhibit the growth of cancer cells. Most of the current chemotherapeutic agents, including anthracyclines, hormone drugs, aromatase inhibitors, and biological drugs, are antimetabolites or target specific hormone receptors (Carels et al., 2016). Researchers have found that sequential single-drug chemotherapy has an indefinite effect on progression-free survival, while combined chemotherapy has an increased the efficacy of chemotherapy (Dear et al., 2013). Experiments results proved that the application of natural product-based agents in combination with chemotherapeutic drugs is a productive approach to the treatment of breast cancer (Israel et al., 2018). Phytochemicals, such as isoflavones (Shao et al., 1998), epigallocatechin gallate (Sen and Chatterjee, 2011), resveratrol (Gomez et al., 2013), curcumin (Cheng et al., 2001), lignans (Saarinen et al., 2007), and carotenoids (Dorjgochoo et al., 2009), have proven effective at inhibiting tumorigenesis, suppressing breast cancer cell growth, and even increasing the apoptosis of breast cancer cells. The above experiments have shown that combining chemotherapeutic agents with phytochemicals is a plausible novel strategy for treating breast cancer patients. Some works suggest that in 50% of tumors, the nuclear factor-kappa B (NF-κB) pathway is constitutively activated in a variety of cancer types, including breast cancer. It is very meaningful to develop a new anti-cancer drug for the NF-κB pathway. Britanin is a guaiacyl-type sesquiterpene lactone extracted from Inula britannica. Previous studies have shown that Britanin inhibits the NF-κB pathway by inhibiting the degradation of IκB-α, nuclear translocation of NF-κB, and NF-κB/DNA binding activity (Park et al., 2014).

The pharmacological activity of phytochemicals has mainly been studied by cell-level methods or histopathological methods in vitro, but the traditional methods mentioned above still have some limitations. First, the amount of animal samples that the experiment needed is huge, the statistical results of the data are complicated and the workload is great (Johnson et al., 2001). Second, histopathological sections provide quantitative information on the section, and the measurement of the volume of the tumor cannot achieve the accuracy of three-dimensional analyses (Dear et al., 2013). Third, as traditional methods are invasive, which cannot allow for continuous studies in a single animal and cannot provide important information on the optimal timing and dosing of drugs (Rudin and Weissleder, 2003). In order to find more effective tumor inhibition natural phytochemicals, a range of imaging techniques for discovering new drug have been used. Optical imaging techniques, such as fluorescence imaging and bioluminescence imaging (BLI), are inexpensive, which have high-throughput capabilities, do not require the steps of radionuclides labeling and enable semiquantitative analyses via the measurement of fluorescence intensity per unit area, have been used to monitor tumor tissue growth and metastasis. It is also used to monitor the release and diffusion of trace drugs in vivo. Jenkins et al. (2003) injected human prostate cancer cells expressing the luciferase gene into mice and used an in vivo bio-optical imaging system to monitor the recurrence and metastasis of prostate cancer cells after chemotherapy in real-time and in vivo. Due to the subcellular resolution of optical imaging systems, cellular heterogeneity within organs can be quantified and monitored in drug screens (Walsh et al., 2014). These studies have identified that optical imaging techniques have the potential to increase the efficiency of drug screening, assess the pharmacokinetics of new drugs, and evaluate drug effects in vivo.

In this paper, the BLI method was used to assess whether Britanin has anti-breast cancer activity in vivo. To investigate the mechanism of the anticancer action of this compound, CCK-8 method and colony forming test were used to evaluate the effect of Britanin on inhibiting tumor cell proliferation. The effects of Britanin on cell migration and invasion were estimated by Transwell assays. The effect of Britanin on tumor cell apoptosis was evaluated by the TdT-mediated dUTP nick-end labeling (TUNEL) method. And the western blot and qRT-PCR method were performed to detect the expression of the proteins of related signaling pathways. A molecular docking simulation was performed to identify whether Britanin could bind to the NF-κB pathway protein p-65 via possible covalent binding sites.



Materials and Methods


Cell Lines and Reagents

Human breast cancer cells included MDA-MB-231 cells, MDA-MB-231 luc cells, SUM-159 cells, and SUM-159 luc cells (provided by Xi'an Medical University) were incubated at 37°C with 5% CO2 in RPMI-1640 (GIBCO) supplemented with 10% fetal bovine serum (FBS, HyClone, Thermo Scientific), penicillin (100 IU/ml), and streptomycin (100 mg/ml). Cells were passaged three times a week. The Britanin working solutions (10 mM Britanin dissolved in DMSO) provided by Shanghai Jiaotong University were prepared by dilution of the stock solution in fresh culture medium on the day of use. Britanin, as a natural product, was purified by high-performance liquid chromatography and characterized by nuclear magnetic resonance (NMR) spectroscopy. The purity of Britanin was greater than 95% (Figure S1). A Cell Counting Kit-8 (Dojindo), Hoechst staining kit (Beyotime), TUNEL Apoptosis Detection kit (Beyotime), D-Luciferin potassium salt (Sciencelight), and antibodies (Abcam) were used in this study. Total RNA RNA extraction and CDNA synthesis used RNAiso Plus and the Reverse Transcription System (TaKaRa, Tokyo, Japan). Quantitative RT-PCR (qRT-PCR) analysis was performed in a 7300 Real-Time System (ABI, New York, America) using the SYBR Green RealMasterMix (TIANGEN, Beijing, China).



Cell Viability Assay

Measurements of cell viability at different drug concentrations were performed. MDA-MB-231 cells, MDA-MB-231 luc cells, SUM-159 cells, and SUM-159 luc cells (1×104 cells/ml) were seeded in 96-well plates (100 μl) at 37°C overnight with 5% CO2 and then incubated with various concentrations of Britanin (0.33, 1, 3, 9, 27, and 81 μM) at 37°C for 72 h. Four wells containing only complete medium were used as blank control group, and four wells containing tumor cells suspended in the complete medium which were used as control group. Thiazolyl blue tetrazolium bromide (0.5 mg/ml, 10 μl) was added to each well. After incubation for 4 h, using a Multiskan Ascent microplate photometer, the absorbance was measured at 492 nm wavelength. The control group cells were regarded as having a 100% survival rate. And the percentage of growth inhibition was calculated as cell growth inhibition (%) = (treated OD-blank OD)/(control OD-blank OD) × 100%. The concentration required for a 50% inhibition of viability (IC50) was then determined.



Colony Formation Assay

MDA-MB-231 luc and SUM-159 luc cells (500 cells/well) were seeded in 12-well flat-bottomed plates and incubated for 24 h. Using the complete medium as the control group and different concentrations of Britanin as the experimental group, MDA-MB-231 luc cells and SUM-159 luc cells were tested. Cells were pretreated with different concentrations (2, 4, or 8 μM) of Britanin for 48 h. The treatment medium was replaced with normal growth medium and was replaced with normal growth medium every 3 d; After 2 weeks of incubation, formed colonies were fixed with 4% paraformaldehyde for 10 min, stained with 0.5% crystal violet for 10 min, washed again with PBS and photographed. The results were quantified with Adobe Photoshop Software.



Transwell Migration Assay

For the Transwell migration experiment, cells were seeded into the upper Matrigel filled chamber of a 24-well Transwell plate with 200 μl of serum-free medium. The MDA-MB-231 and SUM-159 cells density were adjusted to 2×105 cells/ml. Then, Britanin with different concentrations (2, 4, 6 μM) were added to the cells. Four wells containing the solution served as the control group. Simultaneously, 500 μl of 10% FBS-supplemented medium was added to the lower chamber. Cells were removed from the upper Matrigel chamber membrane using a cotton swab after 24 h of incubation and were attached to a glass slide, fixed with methanol and stained with Giemsa. Three fields per chamber were analyzed by light microscopy for migrated cell quantification. The experiment was repeated three times.



Animal Studies

All animal studies carried out in compliance with the Guide for the Care and Use of Laboratory Animal Resources and approved by the University of Xi'an Jiaotong Animal Care and Use Committee (number XY-AUC-2017-213). Two weeks after the implantation of cancer cells (5×106 cells/site), Britanin was intraperitoneally injected. Model mice were randomly divided into two or three groups (control group [0 mg/kg] and test group [5 mg/kg], or high dose group [10 mg/kg], low dose group [5 mg/kg] and control group [0 mg/kg]). Britanin dissolved in PBS. Mice were treated once every other day. The size of the tumor in vivo and the weight of mice were measured and compared with that of the xenograft tumors in mice of the placebo control. BLI was recorded during the experiment. D-luciferin (30 mg/ml−1, 100 μl) was injected with the mice 10 min before BLI. The animals were then anesthetized with 2% isoflurane and 0.3 L/min of oxygen. The area of regions of interest (ROIs) image processing and analysis visualized using Live Image 4.5 software. To quantitative analysis, the ROIs of the tumor were evaluated with a white light image, and muscle regions of similar size (opposite positioning with the tumor) were selected as muscle ROI. The background value is subtracted from each of the luminescence images. The average of the fluorescence signal within each ROI is then calculated. Simultaneously, tumor volume was also calculated in vitro using calipers. After the mice were sacrificed, tumor volume was calculated with calipers, tumors and organs were fixed with 10% formalin solution.



Histological Analysis

The in vivo toxicity of Britanin was analyzed through H&E histological staining of the major organs. The tumors, liver, hearts and kidneys were embedded in tissue freezing medium, frozen to −80°C and then cut into slices with a thickness of approximately 8 µm. These cell tissue slices were then stained using DAPI and imaged using confocal laser scanning microscopy.



TdT-Mediated dUTP Nick End Labeling Assay

The paraffin-embedded tumor tissue sections were treated with fresh xylene and a gradient ethanol solution several times for dewaxing and rehydration at room temperature. The slides were incubated with protease K (20 μg/ml) in PBS for 30 min and then immersed in 4% paraformaldehyde for 5 min at room temperature. The slides were rinsed twice with PBS for 5 min per rinse. Then, the slides were equilibrated with 100 μl of equilibration buffer at room temperature for 5 min, and the slides were incubated with 100 μl of rTdT reaction mix per slide at 37°C in a humidified chamber for 1 h. Next, the slides were immersed in 2×SSC at room temperature for 15 min. Each slide was incubated with 100 μl of streptavidin HRP solution for 30 min and washed twice in PBS for 5 min per wash at room temperature. The slides were washed twice again with PBS for 5 min per wash at room temperature. At the last step, diaminobenzidine peroxidase substrate was added, and the slides were analyzed by light microscopy. The excised tumors were also stained with hematoxylin-eosin (H&E).



Western Blot and Quantitative RT-PCR Analysis

The cells were cultured at 0 and 5 mg Britanin for 24 h respectively. The cells were subsequently lysed using buffer with protease inhibitors. Total protein (30 µg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%) and transferred to polyvinylidenedifluoride membranes. Membranes were blocked with 5% fat-free milk/TBST and incubated with primary antibodies and secondary antibodies. Antibodies against p-65, p150/p50, p-p65, and housekeeping gene, GAPDH were obtained from Abcam. Secondary antibodies were HRP-conjugated antibodies and visualized by a chemiluminescent reagent (The original data of Western Blot in Data Sheet 1).

The cells were cultured in 0 or 5 mg Britanin for 24 h respectively, homogenized and suspended with buffer for the RNA isolation and cDNA synthesis according to the manufacturer's instruction. The PCR parameters were same as manufacturer's instruction. Oligonucleotide primers for p-65, p-50, and GAPDH were as follows: oligonucleotide sequence of p-50 (217 bp), p50F: 5′-AGTAGCTGAGAGGCACATGG-3′, p50R: 5′-AGCGCACTCCAACCTTCTCA-3′, oligonucleotide sequence of p65 (256 bp), p65F: 5′-GCACTTACGGATTCTGGTGG-3′, p65R: 5′-GCACTTACGGATTCTGGTGG-3′, oligonucleotide sequence of GAPDH (252 bp), GAPDHF: 5′-CACTGGCATGGCCTTCCGTG-3′, GAPDHR: 5′-GAAATGAGCTTGACAAAGTG-3′. The quantification of each sample of cDNA was performed in triplicate, each PCR was replicated three times for verification, and the 2−ΔΔCT method was used to analyze the relative changes in gene expression from the qPCR experiments.



Molecular Docking Simulation Method

In this study, the monomer in the p-65 was used as the initial structure and receptor protein (PDB coded: 1IKN) (Huxford et al., 1998). Cys38 of p-65 was set as the center of the docking box, and the size of the box was set to 40 Å × 40 Å ×40 Å. Using the Tripos standard force field and Powell energy gradient method, the low energy stable conformation of the small molecule was obtained after 100 optimization iterations. All docking simulations were performed using AutoDock Vina software (Sanner, 1999).



Statistical Analysis

Data are presented as the mean values ± SD of independently repeated experiments, with values of P < 0.05 considered to represent a statistically significant difference between compared data.




Results


Cell Viability Assay

As indicated in Figure S2, Britanin had apparent antigrowth activity in the four cell lines in a concentration-dependent manner. At a 9 μM Britanin treatment concentration, the cell survival rates of MDA-MB-231 luc cells, MDA-MB-231 cells, SUM 159 luc cells, and SUM 159 cells were approximately 8.9%, 9.0%, 16.4%, and 22.0% after 72 h. The half-maximal inhibitory concentrations (IC50) of Britanin in MDA-MB-231 luc, MDA-MB-231, SUM 159 luc, and SUM 159 cell lines were 4.27, 4.41, 5.05, and 5.33 μM, respectively. Luc-labeled cells and non-Luc-labeled cells showed the same reactions to Britanin, so Luc-labeled cells were used in subsequent experiments.



The Antiproliferation Effect of Britanin

As shown in Figure 1, Britanin treatment significantly inhibited colony formation in two cell lines. The number of MDA-MB-231 luc and SUM-159 luc cell colonies decreased by more than 50% when cells were pretreated with 4 μM Britanin. Britanin pretreatment at 8 μM eliminated more than 90% of the colony formation in MDA-MB-231 luc cells and SUM-159 luc cells. The differences in numbers of cell colonies in the two groups were significant. Therefore, the results of the above test suggest that Britanin inhibits breast cancer cell proliferation in a dose-dependent manner in vitro.




Figure 1 | Representative images of MDA-MB-231 luc cells (A) and SUM-159 luc cells (B) treated with Britanin (2, 4, and 8 μM) or complete medium as the control group for 48 h and were stained with crystal violet. Data are expressed as the mean ± S.D. of three independent experiments. ***P < 0.001 vs. untreated cells.





Effect of Britanin on Migration and Invasion in Transwell Assays

As shown in Figure 2, the data revealed that Britanin treatment notably restrained MDA-MB-231 luc cell (48% inhibition at 2 μM, 83% inhibition at 4 μM) migration and markedly abated SUM-159 luc cell migration and invasion (41% inhibition at 2 μM, 80% inhibition at 4 μM). The differences in numbers of cell in the test group and control group were significant. Therefore, these data support the hypothesis that Britanin inhibits the migration of breast cancer cells.




Figure 2 | Effect of Britanin on the migration of MDA-MB-231 luc cells and SUM-159 luc cells. Transwell chambers were used to detect the ability of cells to migrate (×100, magnification). Cells were treated with 0, 2, 4, or 6 μM Britanin for 24 h. The percent cell migration is shown. The error bars represent three independent experiments and each experiment was repeated three times. ***P < 0.001 vs. untreated cells.





Britanin-Mediated Reduction of Tumor Growth In Vivo

The tumor tissues growth inhibition activity of Britanin on MDA-MB-231 luc cells transplanted in mice (n=6, two groups) was studied by BLI continuously in vivo. Initially, 1×105 cells were implanted into the bilateral legs of mice. At 2 weeks post-implantation, when the luminescence signal of cells reached 2×105 p/s/cm2/sr, the mice were injected with Britanin once every 2 d or the placebo. By the 14th day post-treatment, the growth of the luminescence signal of MDA-MB-231 luc cells implanted in mice treated with Britanin (the average was 2.02×105 p/s/cm2/sr, Figure 3C) was lower than that in mice of the placebo control group (2.27 ×105 p/s/cm2/sr, Figure 3A). By the 27th day post-treatment, the growth of the luminescence signal of MDA-MB-231 luc cells implanted in mice treated with Britanin (2.81×105 p/s/cm2/sr, Figure 3D) was significantly lower than that in mice of the placebo control group (5.31 ×105 p/s/cm2/sr, Figure 3B). The mice in the Britanin treatment group lost an average of 5.8% in weight during the treatment (Figure 3E). Another experiment was carried out at the same time. On the 27 day post-treatment, using the calipers to calculate with the tumor volume, the average volume of the MDA-MB-231 luc xenograft tumors in athymic nu/nu mice treated with Britanin (843.2 ± 34.2 mm3) was smaller than that of MDA-MB-231 luc tumors in the mice of the placebo control (1253.6 ± 48.0 mm3, Figure 3F). The differences in volume of tumors in the test group and control group were significant. The resulting showed that an average increasing in tumor volume of test group approximately 5.2 times and an average increasing in tumor volume of test group approximately 8.0 times, relative to the baseline volume. At the end of the 27th day, the excised tumors were weighed after euthanasia, and the average tumor volume of the Britanin-treated group was decreased by 53% compared to that of the control group (Figure 3G). By the measurement of the micrometer caliper in vitro, the differences in volume of tumors in the test group and control group were significant.




Figure 3 | The activity evaluation of Britanin on breast cancer model mouse in vivo. (A) Representative bioluminescence images in an untreated control group of MDA-MB-231 luc inoculated mice tumor model. (B) Quantification of bioluminescence intensity by ROIs that encompass the tumor. Data represent as the means ± S.D. (C) Representative bioluminescence images recorded before and after injection Britanin of 5 mg/kg every 2 d for 27 d by intraperitoneal injection in MDA-MB-231 luc inoculated mice tumor models as the test group. (D) Quantification of the tumor bioluminescence ROIs. Data represent as the means ± S.D. (E) The mouse was weighed before and after Britanin injections, and there was no significant difference with an untreated control group. (F) Tumor volume was calculated before and after Britanin injections. (G) Photograph of excised tumors from the control, test treatment group. The graph represents the average volume of the tumor. ***P < 0.001.



We performed the same experiments with a mouse xenotransplant model of SUM-159 luc cells. The results showed that the in vivo bioluminescence signal of the test group tumor was significantly lower than that of the placebo control group and suggested that the growth rate of tumors was inhibited by Britanin (Figure S3A). The daily bioluminescence signals were plotted to show that the bioluminescence signals in the high-dose group increased slowly over time, while those in the placebo control group showed an increased growth trend from 13th day (Figure S3B). The mice in the Britanin treatment group gained weight normally and showed no signs of discomfort during the treatment (Figure S3E). The tumors in athymic nu/nu mice treated with Britanin were significantly smaller than those in the mice of the placebo control group (P < 0.001, Figures S3D–F).



Histology

After 27 d of continuous treatment, involving the intraperitoneal injection of Britanin (5 mg/kg) into BALB/c mice xenotransplant model of SUM-159 luc cells or MDA-MB-231 luc cells, the major organs (heart, liver, and kidneys) were harvested for histopathological analysis. No noticeable tissue or cellular damage was observed in the H&E-stained organ slices from Britanin-treated mice compared to those from nude mice treated with saline as control, except for some binuclear nucleolar cells in the liver (Figure 4).




Figure 4 | Histological analysis of organs from mice in the control group and Britanin treatment group. (A) Histological analysis of major organs (including heart, liver and kidneys) from mice xenotransplant model of MDA-MB-231 luc cells in the control group (with saline as control) and Britanin treatment (5 mg/kg) group. (B) Histological analysis of major organs (including heart, liver and kidneys) from mice xenotransplant model of SUM-159 luc cells in the control group (with saline as control) and Britanin treatment (5 mg/kg) group.





TUNEL Assay, Immunohistochemical, and qRT-PCR Results

Five mg/kg of Britanin was injected into the tail veins of BALB/c mice in the low dose test group, 10 mg/kg of Britanin was injected into the mice in the high dose test group, and an equal volume of saline was injected into the tail veins of mice in the control group. Then, the tumor tissue was harvested for histopathological analysis after 72 h (Figures 5A, D). The TUNEL experiment results showed that Britanin treatment induced apoptosis in human breast cancer cells, and apoptosis was induced to a greater extent in the MDA-MB-231 cells than the SUM-159 cells (Figures 5B–F). The number of apoptotic cells tumors in athymic nu/nu mice treated with Britanin were significantly more than those in the mice of the placebo control group (P < 0.001). Furthermore, we used western blot and qRT-PCR to determine the effect of Britanin on the p-65, p105/p-50, and p-p65 in MDA-MB-231 luc cells and SUM-159 luc cells treated for 24 h. The p-50 protein expression concentrations decreased 24 h after the Britanin interventions when compared to non-treated group values (18.2% in MDA-MB-231 luc cells; 40.7% in SUM 159 luc cells, Figures 6A, B), although p-50 mRNA concentration levels increased 86.3% in MDA-MB-231 luc cells and 90.7% in SUM 159 luc cells by qRT-PCR analysis (Figures 6C, D). The p-p-50 protein expression levels decreased 24 h after the Britanin interventions when compared to non-treated group values (32.6% in MDA-MB-231 luc cells, 16.5% in SUM 159 luc cells) (Figures 6A, B). No significant differences in p-65 protein expression were observed after the Britanin intervention by western blot analyses (Figures 6A, B), although p-65 mRNA concentration levels increased 11.9% in MDA-MB-231 luc cells and 16.5% in SUM 159 luc cells by qRT-PCR analysis (Figure 6C).




Figure 5 | Pathological analysis of tumor tissue treated with or without Britanin using H&E staining and apoptosis assay with the TUNEL stain. (A) Histological analysis of tumor tissue from mice xenotransplant model of MDA-MB-231 luc cells in the control group, low dose (5 mg/kg), and high dose (10 mg/kg) Britanin treatment group. (B) TUNEL assay on the tissue-sample sections from mice xenotransplant model of MDA-MB-231 luc cells, where the apoptotic cells are stained brown. (C) TUNEL assay on the tissue-sample from mice xenotransplant model of SUM-159 luc cells in the control group, low dose (5 mg/kg), and high dose (10 mg/kg) Britanin treatment group. The graph represents the number of apoptotic cells on a high-power field (n = 6), data represent as the means ± S.D., ***P < 0.001. (D) Histological analysis of tumor tissue from mice xenotransplant model of SUM-159 luc cells in the control group, low dose (5 mg/kg), and high dose (10 mg/kg) Britanin treatment group. (E) TUNEL assay on the tissue-sample sections from mice xenotransplant model of SUM-159 luc cells, where the apoptotic cells are stained brown. (F) TUNEL assay on the tissue-sample from mice xenotransplant model of SUM-159 luc cells in the control group, low dose (5 mg/kg), and high dose (10 mg/kg) Britanin treatment group. The graph represents the number of apoptotic cells on a high-power field (n = 6), data represent as the means ± S.D., **p < 0.01, ***p < 0.001.






Figure 6 | Britanin regulates the proteins levels of NF-κB p-65, p105/50, p-p-65, and regulates the mRNA levels of NF-κB p-65, p105/50 from cells treated with or without Britanin for 24 h. (A) Western blots of proteins extracted from MDA-MB-231 luc cells treated with or without Britanin with the indicated antibodies: NF-κB p-65, p105/50 and p-p-65, GAPDH was used as a control. The data of relative protein expression of NF-κB pathway presented in bar charts. (B) Western blots of proteins extracted from SUM-159 luc cells treated with or without Britanin with the indicated antibodies: NF-κB p-65, p105/50, p-p-65, GAPDH was used as a control. The data of relative protein expression of NF-κB pathway presented in bar charts. (C) Relative mRNA concentrations of NF-κB p-65, p105/50 in MDA-MB-231 luc cells. Data represent as the means ± S.D. of three independent experiments (n=3). (D) Relative mRNA concentrations of NF-κB p-65, p105/50 in SUM-159 luc cells. Data represent as the means ± S.D. of three independent experiments (n=3).





Molecular Docking for Binding Mode Prediction

Britanin docked into the binding pocket of p-65 (PDB coded: 1IKN), and the optimal energy conformation was selected by analyzing the results of 100 docking iterations. Ligands enter the target protein active sites mainly through hydrophobic and van der Waals chemical forces and interact with amino acid residues, including Lys37, Cys38, Gln89, Gln119, Cys120, Val121, Lys122, Asp125, Gln128, and Ala129. The docking energy is −6.07, and the binding activity of the ligand to the target protein is noncovalent. Oxygen atoms in the five-membered ring of the ligand form hydrogen bonds with Gln128, and the hydrogen bond length is 3.1 Å. The formation of hydrogen bonds is beneficial to small molecule-targeting proteins, thus inhibiting p-65 activity (Figure 7).




Figure 7 | The interaction site of Britanin with p-65 by docking simulations. The p-65 is represented in the stick model and compound Britanin is drawn in green bold stick model.






Discussion

Triple-negative breast cancer (TNBC) is defined as a subtype of breast cancer and has the features of aggressive behavior, poor prognosis and no standard chemotherapy protocols. A comparison of TNBC with normal breast tissue showed substantial changes in the NF-κB signaling pathway that controls angiogenesis and tumorigenesis. Thus, NF-κB p-65 is a common and effective therapeutic drug target. Many plant-derived compounds inhibit the NF-κB pathway in breast cancer, such as triptolide parthenolide, hirsutine, and andrographolide. Britanin is a guaiacyl-type sesquiterpene lactone and an inhibitor of the NF-κB pathway that controls inflammatory responses. Therefore, we evaluated the anti-TNBC activity of Britanin using athymic nu/nu mice implanted with MDA-MB-231 luc and SUM-159 luc cells expressing a luciferase reporter gene in vivo by BLI and by measurement of tumor size in vitro. The results obtained from the BLI and measurement of the size of the tumors showed that Britanin inhibited the proliferation of tumor cells. Furthermore, the tumors in athymic nu/nu mice treated with Britanin were smaller than those in the mice treated with the placebo control. Thus, Britanin inhibited the proliferation of tumor cells effectively. Then, the mechanism of the anti-tumor activity of Britanin was studied by colony formation, Transwell migration. Britanin inhibited the proliferation of tumor cells. By western blot and qRT-PCR analysis, Britanin treatment inhibited the NF-κB pathway and reduced the metastatic and proliferative potential of TNBC cells. The anticancer mechanism was analyzed. The molecular docking results revealed that Britanin could covalently bind to the p-65 protein. These results of this study strongly support the investigation of Britanin as a promising new natural anticancer phytochemical for the treatment of TNBC refractory to currently available anticancer drugs.

In our study, the MDA-MB-231 cells derived from the pleural effusions of a Caucasian breast cancer patient and SUM-159 cells derived from a noninflammatory metaplastic patient selected for this screen were used to elucidate whether Britanin inhibits cell growth. In the in vivo BLI process, the luciferase report gene was transfected and used to label both of the above cell types. Cell lines stably expressing luciferase were established. The BLI in vivo results showed that there were no cell-specific effects by this method. The luminescence intensities of ROIs after treatment with Britanin were examined from the bioluminescence images continuously. And the trend in these results were similar with the trend in the tumor volume growth values. The experimental results show that there is a difference between tumor volume measured in vivo and tumor volume dissected. Because the tumor sizes of the experimental group and control group are different, their accurate measurement may be easily influenced by subjective factors. It is worth noting that by the traditional method the difference in tumor size between the test group and control group of mice was not evident on the 9th day and could not be observed until after the 14th day. However, from the first observation point (4th day or 9th day), the ROI value of the experimental group increased less than that of the control group. Meanwhile, real-time monitoring of BLI adds information to the effects of different Britanin concentrations and enables consecutive observation. Noninvasive examination in vivo combined with conventional and classical methods. The metabolically active cells in the BLI response, especially in small tumors, can be accurately detected, avoiding the impact of factors such as peritumoral edema for the traditional tumor volume measurement. Thus, Bioluminescence assays are more sensitive than traditional methods for detecting tumor size in vivo and vitro.

The TUNEL analysis revealed that compared to the control treatment, Britanin treatment markedly induced apoptosis in MDA-MB-231 and SUM-159 cells. The results herein indicate that Britanin markedly inhibits cell proliferation in MDA-MB-231 and SUM-159 human TNCB cancer cells in a dose- and time-dependent manner. The western blot and qRT-PCR analysis results showed that the expression of p-p65 of the test group cells was lower than that of the control group, and the total expression of p-65 has no difference between the test group and the control group. And NF-κB p-65 and p-50 mRNA levels had less than 10% increase. NF-κB is a dimeric form of transcription factor family ubiquitous in eukaryotes. In the cytoplasm, the NF-κB subunits p-65 and p-50 exist as heterodimers and form a complex with its inhibitory protein IκB. This complex in the cytoplasm covered the nuclear localization signal of the p-65, so the complex was in an inactive state. The p-65 was phosphorylated to exert its transcriptional effect. In addition, Britanin contains sesquiterpenoid lactones with α-methylene-γ-butyrolactone moiety. The binding mode prediction is that Michael-type thiols bind to cysteine sulfhydryl groups of p-65.

In conclusion, the results of the present study show a novel use of Britanin in mitigating human TNBC proliferation and inducing apoptosis via the inhibition of the NF-κB pathways. Another conclusion is that this bioluminescence evaluation method allows the simultaneous visualization of changes in tumor volume and could be applied to new types of drug screening, discovery, and development.
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Combination chemotherapy is a routine treatment for esophageal cancer, but some shortcomings, such as drug toxicity and side effects, greatly limit the clinical application of combination therapy. To overcome these shortcomings, we have developed a mesoporous silica nanoparticle system that was used to load doxorubicin and β-elemene. β-elemene was encapsulated in the pore of mesoporous silica nanoparticle and doxorubicin was electrostatically adsorbed on the surface of mesoporous silica nanoparticle by hyaluronic acid to construct dual drugs synergistic nanoparticles (bMED NPs, ~77.15 nm). In vitro studies demonstrated that bMED NPs had a good treatment effect in esophageal cancer cell lines. In vivo fluorescence imaging results demonstrated that bMED NPs could accumulate in tumor sites and achieve in vivo long-term circulation and continuous drug release. In addition, bMED NPs exhibited significant antitumor effects in the esophageal cancer mouse model, which may provide a great platform for esophageal cancer chemotherapy.
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INTRODUCTION

Esophageal cancer is the sixth leading cause of cancer deaths in the world (1). The incidence is higher in East Asia, southeastern Africa and northwestern Europe. In China, esophageal cancer is also one of the four major cancers (2). Most cases of esophageal cancer are diagnosed at an advanced stage and the 5-year survival rate is very poor (3). Surgery has a certain therapeutic effect in the clinic, however, surgery-caused damage is irreversible, and the patient quality of life is greatly reduced. Meanwhile, surgery may be followed by cancer recurrence and tumor metastasis (4, 5). Combination chemotherapy is a common method for the treatment of esophageal cancer and when compared with single drug treatment, this approach has an obvious superiority (6). By using several drugs, the possibility of a significant increase in single drug toxicity caused by drug overdosing can be avoided (7, 8). In addition, the long-term and repeated use of the same drug is one of the factors that lead to tumor resistance. Combination chemotherapy can prevent resistance factors, thereby reducing the possibility of cancer resistance (9).

The choice of drugs is critical for combination chemotherapy. In previous studies, many chemotherapeutic drugs were used in esophageal cancer therapy. Among them, cetuximab is one of the FDA-approved chemotherapeutic drugs that has a certain therapeutic effect on esophageal cancer (10). However, in previous reports, cetuximab has a marked increase of toxicity on 75 years of age or older patients and in 2011, DMC and NCI approved an amendment to limit cetuximab treatment to the under 75 years of age (11). Doxorubicin (DOX) is a commonly used chemotherapy drug for cancer (12, 13) and DOX is also widely used in the treatment of esophageal cancer (14, 15). However, DOX has an inevitable cardiotoxicity and severe side effects, resulting in a poor prognosis (16). There are many studies on the combination of DOX and other anticancer drugs for esophageal cancer that aim at improving the antitumor effect (17, 18). However, due to the differences in the metabolic timing, pathways and patterns of the two drugs, it was difficult to determine the optimal dose and ratio of the drug to exert optimal therapeutic effects at the tumor sites. Therefore, the drugs optimal ratio is critical for combination chemotherapy, and a more effective combination is essential. β-elemene is a natural drug that was shown to exert antitumor effects in a variety of tumors (19–23). It is mainly used as an adjuvant in cancer treatment to improve the efficacy of chemotherapy, reduce its toxicity and prevent drug resistance (24). In previous studies, it has been shown that DOX and β-elemene can be used in combination therapy for tumors (25). In addition, previous studies showed that the insertion of DOX into duplex DNA is the main reason for its anti-cancer activity through the inhibition of DNA replication (26), while, β-elemene may exert its antitumor effect by mediating via a mitochondrial cytochrome c release-dependent apoptotic pathway and downregulating the expression of Bcl-2 (27). Therefore, DOX and β-elemene may be able to cause apoptosis through different signaling pathways, which is of great significance for tumor combination chemotherapy.

Our previous studies demonstrated that DOX and β-elemene had synergistic effects. However, the physical and chemical properties of DOX and β-elemene are different, with in vivo differences in pharmacokinetics, which lead to decreased in accumulation, in an optimal ratio and with a certain concentration in vivo. Nanocarriers can load two or more chemotherapeutic drugs in an optimal ratio and achieve better therapeutic effects. In previous studies, a variety of nanocarriers have been reported as an option for combination therapy, such as micelle (28), nanoparticle (29, 30) and vesicular nanocarriers (31). Among these, the mesoporous silica nanoparticle has a large specific surface area and pore size, low toxicity and a surface which can be easily modified for common use as a nanocarrier (32).

To study the combination therapeutic effects of β-elemene and DOX on tumors, we synthesized biodegradable mesoporous silica nanoparticles (bMSN NPs) as nanocarrier for the dual-drug combination therapy and according to the previously described method (33). β-elemene is adsorbed in bMSN pores and the DOX surface is covered with hyaluronic acid (HA) using electrostatic adsorption. Both β-elemene and DOX are loaded on the bMSN NPs in an optimal ratio (bMED NPs) to improve the efficacy of the dual-drug nanoparticles. The bMED NPs based on the combination chemotherapy effects of β-elemene and DOX, can enhance their pharmacokinetic characteristics and promote their passive targeting via enhanced permeability and retention (EPR) effects, thereby, reducing their toxicity. The bMED NPs have been proven to have low toxicity, good biocompatibility and good targeting capabilities through a series of in vitro experiments. Furthermore, to verify the antitumor effect of bMED NPs in vivo, a subcutaneous tumor model of esophageal cancer was established, and the mice body weight and tumors size were monitored for 22 days. The results indicated that the synthesized bMED NPs exert excellent antitumor effects in vitro and in vivo and provide a novel drug choice for the treatment of esophageal cancer.



MATERIALS AND METHODS


Materials

β-elemene were purchased from Sigma. DOX (98%), HA, hyaluronidase (HAase), coumarin 6, crystal violet, Giemsa stain, 4′,6-diamidino-2-phenylindole (DAPI), propidium iodide (PI), annexin V-100 and triton X-100 were purchased from Aladdin (Shanghai, China). IR780 iodide (95%) were purchased from Sigma-Aldrich. Fetal Bovine Serum (FBS) was purchased from Biological Industries (Israel). Dulbecco's modified eagle medium (DMEM) was purchased from Hyclone. Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Shanghai, China). Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL) Apoptosis Detection Kit were purchased from Beyotime (Shanghai, China). The primary anti-Bcl-2, anti β-actin and anti-Bax antibody were purchased from Abcam (Shanghai, China). Goat anti-rabbit IgG (H+L), HRP-conjugated was purchased from Beijing TDY Biotech (Beijing, China).



Cell Lines and Esophageal Cancer Animal Model

Three esophageal cancer cells lines (K510, K30, K150) were provided by Procell Life Science & Technology Co., Ltd. (Wuhan, China). All cells lines were cultured in 10% (w/w) FBS medium and incubated in incubator under 5% CO2 at 37°C. Male nude mice (4 weeks, approximately 16 g) were purchased from the Experimental Center of Xi'an Jiaotong University. Mice were acclimatized for 1 week under SPF conditions. Approximately 100 μL DMEM medium, containing 5 × 105 K30 cells, was subcutaneously injected. The tumor-bearing mouse model was used in further experiments when the tumor grew to the appropriate volume. All animal experiments were carried out in compliance with the Guidelines for Use and Care of Animals at Xi'an Jiaotong University (Number XJTULAC 2016-412).



Determination of Drugs Combination Optimal Synergy

Three esophageal cancer cells (K510, K30, and K150) were cultured in DMEM with 10% (w/w) FBS and incubated at 37°C with 5% CO2. The cells were treated with DOX and β-elemene at different dilution ratios (1:5; 1:10 and 1:15) for 72 h. Cell growth inhibition was measured by the CCK-8 method. During the plating, all samples had 3 duplicated wells. A 100 μL of leuco medium was added to each well, containing 10% (v/v) CCK-8. After incubation for 2 h, the absorbance for each well (at 450 mm) was obtained using a microplate reader. The drug concentration was determined by IC50, calculated using the GraphPad Prism 5 software. The combination index (CI) value reflects the combinable effect of the drugs. CalcuSyn program was used to calculate the CI according to the previous research (34). When the CI value was <0.9, the two drugs were considered to have a synergistic effect. When the CI value was >0.9 and <1.1, it was considered as a superposition effect, and when >1.1, it was considered as an antagonistic effect.



Preparation and Characterizations of bMED NPs

β-elemene is adsorbed in the positively charged bMSN NPs to form bMSN@β-elemene and DOX forms a hybrid DOX@HA with the HA negatively charged surface. bMSN@β-elemene and DOX@HA are combined to form bMED NPs by electrostatic adsorption, which is negatively charged. The method for synthesizing bMED NPs was as follows: 9 mg of amino-modified bMSN NPs were dispersed in 5 mL of water, 1 mg β-elemene was slowly added and continuously stirred to prevent flocculent precipitation. React overnight. 0.1 mg of DOX was slowly added to the HA aqueous solution, and stirred for 10 min. Slowly added the synthesized bMSN@β-elemene to DOX@HA, and reacted for 2 h to obtain bMED NPs. All reactions were performed at room temperature. The size and potential of the bMED NPs were measured using a Malvern instrument and their morphology was measured by a transmission electron microscope (TEM). The encapsulation efficiency (EE) of β-elemene in bMED NPs was determined by high performance liquid chromatography and the drug loading (DL) of DOX was determined by fluorescence spectrophotometry. These values were calculated using the following formulas:

[image: image]
 

In vitro Drug Release of bMED NPs

DOX drug release by bMED NPs was studied using dialysis. β-elemene is insoluble in water and therefore cannot be detected in the experiment to determine whether bMED NPs released it. Thus, DOX is mainly used for this test as it is water-soluble and fluorescent. The same concentration of bMED NPs, with 10 U mL−1 HAase and free DOX, was dialyzed as a control and with same conditions.



In vitro Stability of bMED NPs

bMED NPs were dissolved in PBS (4 and 37°C), medium (37°C) and serum (37°C), to determine whether they were stable. This property was achieved by detecting the size of bMED NPs using a Malvern particle size analyzer.



In vitro Cytotoxicity of bMED NPs

K510, K30, and K150 cells (1 × 104) were seeded into 96-well sterile flat-bottomed culture plates (100 μL per well) and incubated for 24 h under a 5% CO2 atmosphere at 37°C. Then, bMSN NPs, bMED NPs and dual drugs solution was added to each well (DOX: 15 μg mL−1; β-elemene: 150 μg mL−1). The plates were incubated in an incubator for 48 h at 37°C with 5% CO2. Ten microliters of CCK-8 reagent was added to each well, and the plates were incubated for further 3 h. The optical density (OD) was measured at 450 nm using an ELISA plate reader (Infinite® 200 Pro, Tecan, Switzerland). The cell viability was calculated by the following formula:
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Colony Formation and Transwell Migration Assays

Colony formation assay: the ability of K30 cells to proliferate, under different drug treatments, was examined by the cell colony formation assay. The cells were uniformly dispersed, equal numbered and cultured into 5 culture dishes. After incubation at 37°C with 5% CO2 for 24 h, the medium was replaced and a new one was added with DOX, β-elemene, dual drug and bMED NPs (CDOX: 30 μg mL−1 and Cβ−elemene: 300 μg mL−1). DMSO was used as a control. The cell cultures were terminated when visible clones appeared in the culture dishes. The supernatants were discarded, and the cells carefully washed twice with PBS and fixed in 4% paraformaldehyde for 15 min. After fixative removal, the cells were stained with an appropriate amount of crystal violet for 10–30 min. Finally, the staining solution was washed away with PBS and photographed to calculate the number of clones using Image J.

Transwell migration assay: the amount of K30 migrating cells was used to evaluate the anti-migration ability of the drugs. The cells were treated with DOX, β-elemene, dual drugs, and bMED NPs (CDOX: 6 μg mL−1 and Cβ−elemene: 60 μg mL−1) with DMSO treated cells used as a control. The cells were suspended in serum-free medium and their number was adjusted to 4 × 104 cells. The medium with 10% serum was added in the lower chamber and at the bottom of the 24-well plate, and the cell suspension was added to the upper chamber. After 24 h incubation, the chamber was removed with forceps, the upper chamber fluid blotted, and transferred to a well containing 800 μL of Giemsa stain and incubated for 10–30 min at room temperature. Five visually selected fields were randomly determined, under the microscope, for statistical analysis.



Cell Uptake of bMED NPs

In order to detect the cell uptake behavior of bMED NPs, coumarin 6 replaced β-elemene in the pore of bMSN NPs (bMCD NPs) and HA was used as blocker. The samples were added and incubated with the cells for 48 h. The cells were fixed for 10 min with paraformaldehyde (4%) and the nuclei labeled with DAPI. The cell internalization of bMCD NPs was observed by confocal microscopy (TCS SP5 II, Leica, Germany).



Western Blot

After treating K30 cells with saline, DOX, β-elemene, dual drugs, bMED NPs for 48 h, the cells were collected by centrifugation and lysed with radio immunoprecipitation assay (RIPA, Beyotime) lysis buffer supplemented with 1% phenylmethylsulfonyl fluoride (PMSF). The proteins were separated by SDS-PAGE gel and semi-dry transferred to a nitrocellulose membrane. After washing the membrane with TBS-Tween-20 (TBST), to block proteins non-specific, the membrane was soaked in a 5% skimmed milk blocking solution at 4°C overnight. The membrane was washed and incubated with the primary antibody (in blocking solution) for 1 h with shaking. This step was followed by membrane washing and incubation with the secondary antibody was incubated (on a shaker) for 1 h. Finally, the reaction band was observed with an enhanced chemiluminescence reagent (Pierce).



Flow Cytometry Analysis

Apoptosis was detected using flow cytometry. The quantitative detection of phosphatidylserine on the surface of apoptotic cells was performed using Annexin-V-FITC and PI staining. The cells were incubated with DOX, β-elemene, dual drugs and bMED NPs for 48 h and the cells were treated with saline as control (CDOX: 3 μg mL−1 and Cβ−elemene: 30 μg mL−1), and the cells were harvested by centrifugation at 800 rpm for 5 min, washed with PBS, centrifuged again and resuspended in PBS. The cells were stained with Annexin-V-FITC for 1 h, stained with PI for 30 min and analyzed by a FACScan system.



Hemolysis Test

Mice whole blood were taken and the blood samples were divided into triton X-100 (1% v/v), bMSN NPs, bMED NPs, dual drug and DMSO (0.5% v/v) groups. After incubating for 2 h at 37°C, the blood samples were centrifuged at 13,000 rpm for 15 min and the supernatants were dissolved and measured by a UV-Vis spectrophotometer (UV 2900, Shanghai) at a wavelength of 394 nm. All animal experiments were approved by the Experimental Animal Management Committee of Xi'an Medical University.



In vivo Toxicity of bMED NPs

20 mice (10 males and 10 females) were randomly divided into two groups. After 3 days of feeding under SPF conditions, bMED NPs and dual drugs were intravenously injected (contained drug concentration: DOX: 15 mg kg−1, β-elemene: 150 mg kg−1). Two days after the administration, mice vital signs were observed. Mice weights and deaths were continuously recorded, and mortality was calculated within 14 days. Heart, liver and kidney tissues were collected for histopathology analysis.



In vivo Distribution of bMED NPs

The animal models were injected in the tail vein with IR780-loaded bMSN NPs (10 mg mL−1, 200 μL) and with the same amount of free IR780 for the control group. IR780 was adsorbed in the mesopores of bMSN NPs, which was achieved by hydrophobic adsorption, according to the synthesis method of bMSN@β-elemene. DOX was still adsorbed on the surface of bMSN NPs, through the electrostatic adsorption. The fluorescence distribution in mice was observed at different time points using the IVIS Imaging System with the excitation wavelength is 780 nm and the emission wavelength is 845 nm. At the end of imaging, all the mice were euthanized and the hearts, livers, spleens, lungs, kidneys and tumors were collected. The fluorescent signals in the tissues were detected under the same conditions.



In vivo Antitumor Effects of bMED NPs

The in vivo tumor inhibition effects of bMED NPs were studied using 30 tumor-bearing mice. Mice were randomly divided into 5 groups of 6 animals each. Mice treatments started when the tumor volume reached the appropriate level. Each group of mice was intravenously injected with the same dose of saline, β-elemene, DOX, dual drugs and bMED NPs twice a week for 3 weeks. During this period, body weight and tumors size were continuously recorded. After 3 weeks, removed all the tumor tissues from mice in each group and measured the tumor size and weight. The tumor tissues were embedded in paraffin and cut into 5 μm thick slices. Hematoxylin-eosin (H&E) staining and TUNEL staining were used to detect tumor cell morphology and apoptosis. TUNEL staining was conducted with a TUNEL apoptosis assay kit (Beyotime Biotechnology, Shanghai, China), and the experiment was performed according to the instructions. The paraffin sections were dewaxed and then 20 μg mL−1 of proteinase k was added and took effect at 37°C for 15 min. The excess proteinase k was washed away with PBS, and the sections were incubated in 3% hydrogen peroxide at room temperature for 20 min, and washed with PBS for three times. Fluorescence microscopy was used to analyze the results.



Statistical Analysis

Data are expressed as the mean ± SD of three independent replicates, which was calculated with the Graphpad Prism 5.0 software. When the P-value <0.05, it was considered to represent a statistically significant difference between comparative data. And the statistical differences between the means were analyzed by the Student's t-test. The significance was set to 5%.




RESULTS


Synergistic Effect of DOX and β-Elemene

The combination of DOX and β-elemene were incubated with the cells (K 510, K30, and K 150) at the proportion of 1:5, 1:10, and 1:15, and the cytotoxicity of all three cell lines was increased. The CI was calculated by the CompuSyn software. As shown in Table 1, the CI values of the three treated cell lines were <0.9, indicating that DOX and β-elemene have excellent synergistic effects. When DOX with β-elemene were mixed in proportion of 1:10, the CI value was the smallest, indicating that this concentration has the greatest cytotoxicity for the three cell lines. Therefore, when DOX and β-elemene were combined at a ratio of 1:10, the optimal synergistic ratio was achieved. The highest sensitivity was observed in the K30 cell line. The drugs CI values and concentrations for K510, K30, and K150 inhibition using the combinations DOX and β-elemene at the proportions of 1:5 and 1:15, are shown in Tables S1, S2.


Table 1. CI and dose reduction values for inhibition on K510, K30, and K150 by combining doxorubicin with β-elemene in proportion of 1:10.

[image: Table 1]



Preparation and Characterization of bMED NPs

The bMED NPs were prepared according to the protocol described in Figure 1. First, DOX@HA and bMSN@β-elemene were synthesized. Next, we assembled bMED NPs by electrostatic adsorption, in which β-elemene in the pore of bMSN NPs and DOX@HA was adsorbed around bMSN@β-elemene. As shown in Figure 2A, the shapes of bMSN NPs and bMED NPs were spherical and their particle sizes were 56.05 ± 5.78 and 77.15 ± 8.61 nm, respectively. And average hydrodynamic diameter were 59.19 ± 8.66 and 91.94 ± 13.46 nm, respectively. The nanocarriers showed uniform particle size distributions, as expected. The change of zeta potential proved to be a packaging process. The results showed that the zeta potentials of bMSN NPs and bMED NPs are 34.2 ± 1.06 and−17.1 ± 0.5 mV.


[image: Figure 1]
FIGURE 1. Synthesis of bMED NPs.
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FIGURE 2. Characterization of bMED NPs: (A) Morphology, size and zeta potential of bMSN NPs and bMED NPs; (B) In vitro DOX releasing of free DOX, bMED NPs, and bMED NPs with HAase; (C) In vitro stability of bMED NPs in different temperature and different solvent. The data reported are the mean ± SD for triplicate samples.


The bMED NPs EE and DL were measured and calculated using high performance liquid chromatography (HPLC). The maximum EE and DL of β-elemene were 96.7 ± 2.7% and 9.9 ± 1.4%; while, the EE and DL of DOX were 85.2 ± 6.2% and 1.1 ± 0.3%. Figure 2B showed the release curve of DOX in bMED NPs. The bMED NPs with HAase and free DOX were used as control. As shown, the free DOX group has a burst release with a rate of up to 92% at 12 h. The DOX release in the bMED NPs group was slower with only 46.89% of the DOX released at 72 h. Significantly, HAase could increase the ability of bMED NPs to release DOX. When HAase was added, DOX in bMED NPs was rapidly released, and at 24 h, the release rate increased to 88.79%. As shown in Figure 2C, the stability studies were performed by measuring changes in the hydrodynamic diameters of bMED NPs at different times. The bMED NPs remained stable in PBS at 4 and 37°C, and the size did not change. The nanoparticles also remained stable in complete medium and FBS at 37 °C.



Colony Formation and Transwell Migration Assays

We obtained images of the colony formation (Figure 3A) and counted the number of colonies (Figure 3B). As shown, the control cells had the highest colonies number. The β-elemene and DOX groups were relatively reduced, with fewer in dual drug groups and minimal bMED NPs groups. Moreover, the drug treated group was significantly different from the DMSO treated group. When treated with bMED NPs, the proliferative capacity of K30 cells was almost completely inhibited. As shown in Figures 3C,D, the migration ability of K30 cells, after treatment with the different samples, was significantly attenuated. The migration ability of cells became very low when treated with bMED NPs.


[image: Figure 3]
FIGURE 3. The anti-proliferation and anti-migration effect assay in K30 cells when treated with β-elemene, DOX, dual drugs and bMED NPs: (A) Clony images of cells; (B) Quantitative data on the relative colony number; (C) The images of cells in transwell migration assay; (D) Quantitative data on transwell migration. Error bars represent the SD of the mean. *p < 0.05, **p < 0.01, ***p < 0.001.




In vitro Cytotoxicity and Cellular Uptake of bMED NPs

The cytotoxicity of bMED NPs for K510, K30, and K150 cells was detected by the CCK-8 method. As shown in Figure S1, bMSN NPs has no obvious cytotoxicity and there was no significant difference in cytotoxicity between bMED NPs and dual drugs. In the cellular uptake experiment, coumarin 6 was used to replace β-elemene, and was loaded in the pore of bMSN NPs to form bMCD NPs with double fluorescence (DOX has red fluorescence). Figure 4 showed bMCD NPs internalization in the K30 cells. As shown in Figure 4A, the dynamic distribution of coumarin 6 and DOX, during the internalization process, was significantly different. In the first hour, the DOX and coumarin 6 mainly distributed in the cytoplasm. In the whole internalization process, the fluorescence of coumarin 6 was basically distributed in the cytoplasm and the fluorescence intensity gradually increased. However, the fluorescence signal distribution of DOX changed after 3 and 6 h. After 3 h, the DOX signal gradually spread from the cytoplasm to the whole cell. Six hours later, the fluorescence of DOX accumulated in the nucleus. Figure 4B showed the nucleus/cytoplasm fluorescence intensity ratio of DOX. With time, the ratio gradually increased, indicating that the DOX signal gradually accumulated and strengthened into the nucleus. Figure 4C showed a quantitative analysis of the fluorescence intensity of the coumarin 6 in the cytoplasm, which corresponded to the result of the confocal images shown in Figure 4A. Figure 5 showed an overall picture of cell uptake, with or without HA blocking. During the experiment, 1% HA was added to the medium before incubation with bMCD NPs and after 1 h of incubation, a distinct fluorescence was observed in the cytoplasm. On the contrary, only weak fluorescence was observed in the blocking group.


[image: Figure 4]
FIGURE 4. In vitro internalization of bMCD NPs: (A) The K30 cells were incubated with dual-fluorescence bMCD NPs for 1 h, 3 h and 6 h; (B) The ratio of the fluorescence intensity of the nucleus to the cytoplasm represents that DOX is released and enters the nucleus from the cytoplasm; (C) Changes in the fluorescence intensity of coumarin 6 in the cytoplasm over time. Error bars represent the SD of the mean. *p < 0.05, **p < 0.01, ***p < 0.001.



[image: Figure 5]
FIGURE 5. In vitro cell affinity of bMCD NPs: (A) Fluorescent images of cells before and after blocking with HA. Cell nucleus stained with DAPI. (B) Histogram showed cell fluorescence integrated density of bMCD NPs and bMCD NPs with HA blocking. The data reported are the mean ± SD for triplicate samples; ***p < 0.001.




Western Blot and Flow Cytometry Analysis

As shown in Figure S2A, K30 cells that were treated with the bMED NPs had an upregulation of Bax protein expression and a downregulation of Bcl-2 protein expression. Figures S2B–D showed quantitative analyses of Bax and Bcl-2 proteins expression, with the gradual decrease of Bcl-2 protein expression and increase of Bax protein expression in the bMED NPs groups. The results of flow cytometry (Figure S2E) showed a greater apoptosis in the dual drugs group compared to DOX and β-elemene groups. In the bMED NPs group, apoptosis was also greater than that in the dual drugs group.



In vivo Toxicity of bMED NPs

A major advantage of anti-tumor nanocarriers is their ability to reduce non-specific toxicity for normal organs and tissues. Figure 6A showed the acute toxicity results of bMED NPs and dual drugs. After 14 days, the survival rate of mice was 80% in the bMED NPs treatment group; while, the survival rate was only 40% in the dual drugs group. The acute toxicity of bMED NPs was significantly lower than that with dual drugs. Fourteen days later, the mice were euthanized and the hearts, kidneys and livers collected, sectioned and stained. As shown in Figure 6B, the organs of mice that were treated with bMED NPs had less damage compared to the dual drugs group. The result of the hemolysis test showed that bMED NPs had lower hemolytic toxicity relative to triton-X and the dual drugs treatment group (Figure 6C).


[image: Figure 6]
FIGURE 6. In vivo toxicity results of bMED NPs: (A) Survival rate of free dual drugs and bMED NPs; (B) The H&E staining results of pathological examination of the heart, kidney and liver treated with dual drugs and bMED NPs; (C) The results of hemolysis analysis.




In vivo Distribution and Antitumor Effects of bMED NPs

IR780 was attached to the surface of the bMED NPs. The esophageal cancer animal model was used to detect the in vivo distribution of bMED NPs. Figure 7A showed fluorescence images of mice at different time points after their injection with same amounts of IR780-loaded bMED NPs and free IR780. The arrow pointed to the tumors. At 6 h, the fluorescence was accumulated in the livers and tumors of the IR780-loaded bMED NPs mice group, and the fluorescence in the tumors was much stronger than in the livers. At 12 h, the fluorescence continued to accumulate in the tumor sites, and the fluorescence intensity of the livers gradually increased. The strongest fluorescence was at 12 h. In the free-IR780 group, no significant signal accumulation was observed in the tumors. Figure 7B showed that the bMED NPs significantly prolonged the in vivo circulation time of IR780. At the end of the imaging period, all mice were sacrificed and the hearts, livers, spleens, lungs, kidneys and tumors were taken. The fluorescence in the tissues was detected under the same conditions. As shown in Figure 7C, the fluorescence mainly accumulated in the tumors and there were few fluorescence signals in other organs, which could be ignored. Figure 7D showed the fluorescence intensity of the major organs, which is consistent with the in vivo imaging results.


[image: Figure 7]
FIGURE 7. In vivo distribution of bMED NPs. (A) Fluorescent images of mice within 96 hours. The right mouse was injected IR780-loaded bMSN NPs, meanwhile, the left mouse was injected free IR780 dye. The arrows were pointed to tumors; (B) Line graph of fluorescence intensity at tumor sites; (C) Fluorescent images of major organs and tumor tissues; (D) Quantification of fluorescence intensity in major organs and tumor tissues.


The tumor volume is intuitively a response to the in vivo antitumor effects. Therefore, tumors size and body weight of tumor-bearing mice were measured after injection. The tumor growth curve was shown in Figure 8C. The tumors were the smallest in the bMED NPs group. The tumor size of the dual drugs group was smaller than those in the single drug group. The mean tumor volume was the largest in the saline group. As shown in Figure 8D, the body weight of mice in the DOX treatment group was less than that in the β-elemene treatment group, due to DOX high toxicity; while, β-elemene was less toxic. There was no significant decrease in body weight and saline in the bMED NPs group, indicating that bMED NPs can reduce drug toxicity. Figure 8B showed the weight of the tumors corresponding to Figure 8A. Statistically, bMED NPs group was significantly different from saline group (***p < 0.001), the bMED NPs group showed a significant anti-tumor effect than in the dual drugs group and the dual drugs group was more effective than the DOX and β-elemene groups.


[image: Figure 8]
FIGURE 8. In vivo tumor inhibition of bMED NPs: (A) The tumors images in different groups; (B) The tumor weight curves of mice in each group; (C) Tumor size curves in each treatment groups; (D) The body weight curves of mice in each group. Error bars represent the SD of the mean. **p < 0.01, ***p < 0.001.




Pathological Section

To test the potential in vivo toxicity of bMED NPs, the mice were sacrificed and tumor tissues were taken and stained with H&E for histological analysis. As shown in Figure S3A, there was no significant damage in the saline group. The tissue necrotic area of the β-elemene, DOX and dual drugs groups increased. The organs in the bMED NPs treatment group were healthier than those in the dual drugs group. TUNEL staining was used to detect apoptosis and the results showed that treatment with bMED NPs could significantly induce apoptosis and inhibit tumor growth (Figure S3B). Quantification of TUNEL staining also showed the consistent results (Figure S4).




DISCUSSION

Esophageal cancer is one of the four major cancers in China that has high incidence and low five-year survival rate (2). Combination therapy is a very important tool in cancer treatment (35–37). Our previous studies have shown that β-elemene and DOX have a combination therapeutic effect. However, due to the difference in pharmacokinetics between the β-elemene and DOX, it is difficult to determine the optimal dose and drug ratio to exert optimal therapeutic effects at the tumor site. The combination of multiple drugs may produce better antitumor effects and the assessment of drug-drug interactions are critical (38). CI analysis is a common method for assessing the drugs interactions in combination therapy. The synergistic effect of DOX and β-elemene, as a dual drug delivery system, was verified by measuring CI. The CI value was <0.9 when the ratio of DOX to β-elemene was 1:10, which indicated that DOX and β-elemene had good synergistic effect and can be used as drugs of choice for combination therapy of esophageal cancer.

The bMSN NPs have larger pores size and specific surface areas, which make them good carriers for combination therapy (39). They can also be loaded with DOX and β-elemene in a determined ratio. Among bMSN NPs, the HA shell encapsulates DOX by electrostatic adsorption (DOX@HA). β-elemene is loaded into bMSN NPs pores by hydrophobic interaction. DOX@HA is then loaded onto the surface of the bMSN NPs by electrostatic adsorption. The synthesized bMED NPs have a particle size of 77 nm, which guaranteed an improved accumulation at the tumor sites through the EPR effect. The negative potential of bMED NPs also provides a better stability in the circulatory system in vivo. The drug loading of the nanocarriers is very important for a targeted delivery of the drug. The larger pore size and superficial area of the bMSN NPs allow the maximization of DOX and β-elemene loading, which leads to an efficient drug delivery in vivo, their larger particle size can also extend the time of in vivo drug delivery. To assess the drug delivery capacity of bMED NPs at the cellular level, cell uptake and affinity experiments were performed. To observe the cellular uptake of bMED NPs, the hydrophobic green fluorescent dye coumarin 6 was encapsulated into the pore of bMSN NPs. Coumarin 6 has a strong fluorescence and affinity to cell membranes (40) and can be used for dual fluorescence under a confocal microscope when used with DOX red fluorescence. The dual fluorescence signal of the coumarin 6 and DOX-loaded bMSN nanoparticles (bMCD NPs) can show cell uptake of the dual drug nanoparticles. Over time (0–6 h), bMCD NPs entered the cytoplasm by endocytosis, which was consistent with previous research results (41). As bMCD NPs decomposed, DOX was released and gradually entered into the nucleus. Since DOX binds mainly to the nuclear DNA, it could be observed that the fluorescent signal gradually shifts from the cytoplasm to the nucleus. After bMCD NPs decomposition, the coumarin 6 in the pore of bMSN NPs is gradually released, through the cell membrane and into the cytoplasm. Therefore, a gradual increase in the green fluorescence of coumarin 6 can be observed. These results indicated that bMED NPs could achieve efficient delivery of β-elemene and DOX based on their synergistic effect. The results of the affinity experiment showed that the green fluorescence of coumarin 6 was very weak compared with the control group after HA addition. The group without HA showed a strong fluorescent signal 1 h after bMED NPs treatment. These results indicated that bMED NPs had a good ability to target esophageal cancer cells and indicated that its targeting was caused by HA. This can be explained by HA function as CD44 protein receptor, which is highly expressed in various cancers, including esophageal cancer (42, 43). In addition, the release efficiency of DOX in bMED NPs has also been studied to assess the drug delivery capacity of bMED NPs. The addition of HAase mimics the in vivo environment and significantly increase the efficiency of DOX release; thereby, demonstrating that the presence of HA provides bMED NPs with good targeting and drug delivery capabilities. To verify the distribution and targeting ability of bMED NPs in vivo, the changes in fluorescent signals, provided by surface modified IR780, were monitored in a subcutaneous tumor model of esophageal cancer for 96 h. The results showed that bMED NPs were well-targeted to tumors and effectively prolonged the circulating time in vivo compared to small molecule drugs alone, which was demonstrated from the efficiency of bMSN nanocarriers. Up to 96 h, the tumor site showed a strong fluorescence intensity, demonstrating targeting by bMED NPs and an in vivo long-term circulation, which were also due to the effects of HA and the stability of bMED NPs. The results in vivo were consistent with those in vitro.

To further verify the antitumor effects of bMED NPs, three esophageal cancer cell lines were selected (K510, K30, and K150) and the cytotoxicity of bMED NPs was detected by CCK-8 analysis. For the three cell lines, there was almost no cytotoxicity detected; however, approximatively 50% of the cells died after administration of the dual drug and bMED NPs, suggesting that the cytotoxicity is due to the cytotoxicity of the dual drugs. To assess bMED NPs antitumor effects, it was necessary to detect the in vivo toxicity of bMED NPs. The results of in vivo acute toxicity did not show significant toxicity, demonstrating that bMSN nanocarriers were effective in reducing the non-specific toxicity of DOX and β-elemene to normal tissues and organs. Tissue sections staining also showed no significant tissue damage compared to the dual drugs treatment group. These results further indicated that bMED NPs could be used for tumors combined treatment.

To study the in vivo antitumor effects of bMED NPs, changes in mice body weight were monitored within 22 days, and the results showed that the mice in the bMED treatment group had substantially no change in body weight compared with the dual drugs treatment and the single drug treatment groups. This may be due to the cardiotoxicity of DOX and the liver metabolism of the hydrophobic β-elemene. In addition, from the tumor size of each group of mice dissected after 22 days, the tumors of the bMED treatment group were the smallest and the therapeutic effects were the best. The dual drug treatment group also showed good antitumor effects by inhibiting tumor growth. However, due to the rapid metabolism rate of small molecule drugs, it was difficult for the dual drugs therapy to continue exerting antitumor effects; thereby, a weaker tumor suppressing effect was observed compared with the bMED NPs treatment group. Tumor weighing and volume calculation also showed similar results. The in vivo efficient antitumor effect was also attributed to the targeted drug delivery of bMED NPs, whose sustained and effective drug delivery may help deliver the drugs to the tumor site for better antitumor effects. These results indicated that bMED NPs had good antitumor effects in vivo. The results of the studies on the antitumor mechanism of bMED NPs showed that bMED can downregulate the expression of Bcl-2, increase the ratio of Bcl-2/Bax and cause apoptosis. This is consistent with the results of previous studies. H&E and TUNEL staining of tumor tissues also showed that bMED NPs had the best therapeutic effects. The above results indicated that bMED NPs had good antitumor effects in vitro and in vivo and could provide a good nanodrug platform for the treatment of esophageal cancer.
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Imatinib mesylate (IM) is highly efficacious in the treatment of chronic myeloid leukemia (CML). Therapeutic drug monitoring and pharmacogenetic screening are affirmed for better management of IM therapy. The goal of this study was to gain a greater mechanistic understanding of the factors controlling variability in IM level and its relation to the response. One hundred and two patients with CML at chronic phase were recruited in this study. Blood samples were withdrawn at least 30 days after drug administration, and trough and peak concentrations of imatinib, N-des-methyl imatinib, and pyridine-N-oxide imatinib were determined by HPLC/MS/MS. Genetic polymorphism of the genes ABCG2 SNPs 34 G>A and 421C >A; ABCB1 SNPs 2677 G>A/T, 1236 C>T, 3435 C>T; SLCO1B3 SNPs 334 T>G and CYP3A5 were studied using PCR-RFLP technique. Our study presented significant higher trough IM (1,281 ± 578 ng/ml), lower Peak/Trough ratio, clearance (Cl), and elimination rate constant, ke, among patients who achieved favorable responses (N = 64) than those for patients who suffered unfavorable response (N = 37). The P/T ratio was the only significant independent factor affecting response, as the P/T ratio increased by one, the risk of unfavorable response increased by more than double as compared to favorable response with 95% CI (1.28–3.92, P = 00.005). Moreover, like the results of IM, the trough concentration of Pyridine-N-oxide imatinib was significantly higher (P = 0.01) and its P/T ratio was significantly lower (P = 0.008) in patients achieved favorable response than those without. The wild GG genotype of the ABCG2.34 G>A gene was associated with favorable response (P = 0.01), lower Cl, Ke and high plasma IM trough level than both (AA+GA) genotypes. ABCG2.421C >A (CC) genotype had a significantly higher plasma peak of IM, N-des-methyl imatinib and higher Css. The GG and TG alleles of the SLCO1B3.334 T>G gene were significantly correlated to favorable response, while the wild allele TT was linked to unfavorable response (P = 0.03). In conclusion, the trough and P/ T ratio for both IM and Pyridine-N-oxide imatinib, in addition to Polymorphism of ABCG2 SNPs 34 G>A and SLCO1B3.334 T>G gene, is a good predictor for response of IM in CML Egyptian patients.

Keywords: imatinib, pyridine-N-oxide imatinib, P/T ratio, response, SNP, ABCG2, CML


INTRODUCTION

Chronic myeloid leukemia (CML) is characterized by a chromosomal abnormality, the Philadelphia [Ph] chromosome, which resulted in a unique molecular event, BCR-ABL1 oncogene, which encodes the chimeric BCR-ABL1 protein with constitutive kinase activity (1, 2). In the absence of treatment, CML is an unavoidable and fatal disease. Imatinib mesylate (IM) is a tyrosine kinase inhibitor that selectively inhibits the BCR-ABL1 oncoprotein and induces effective and safe durable cytogenetic responses in most patients (3). Imatinib has been found effective in the chronic and accelerated phases of CML, as well as in blast crisis (4). The estimated rate of complete cytogenetic response (CCyR) to IM at 18 months was 76%. The 5-year follow-up analysis specified an estimated 87% cumulative CCyR and an estimated overall survival of 89% among 553 patients who received IM as first-line therapy (5).

Imatinib pharmacokinetics (PK) is characterized by rapid and complete oral bioavailability (98%) and a proportional dose-exposure relationship. It is used once daily as its terminal half-life is ~20 h (6). Despite the significant efficacy and better clinical responses and the favorable pharmacokinetic properties of IM, there are cases of suboptimal responses, developing drug resistance, or undergoing relapse after initial success. Therefore, understanding the key contributors to interpatient variability in imatinib disposition is essential for better treatment outcome. Data indicate the important roles of pharmacokinetic, pharmacogenetic in IM efficacy, as well as the initial therapeutic response, and for the time to progression (7). Imatinib is mostly metabolized by hepatic cytochrome P450 enzymes system, mainly CYP3A4 and CYP3A5, which exhibit widely variable activity among different individuals leading to high interpatient variability during IM exposure in CML patients (8). N-des-methyl imatinib is an active metabolite of IM, which is pharmacologically active but 3–4 times less cytotoxic than IM, and its plasma level in patients represents ~20% of the parent drug (9). Two N-oxide metabolites of IM, imatinib pyridine-N-oxide, and imatinib piperdine-N-oxide, have also been identified in patient urine 2 h post-dose but were not observed at 24 h after dosing (10).

One of the patient factors that are probable to be relevant for the observed differences in IM pharmacokinetics is the contribution of single nucleotide polymorphisms in genes related to IM absorption, distribution, metabolism, and excretion. Imatinib uptake is mediated by the human organic anionic transporter OATP1B3 (SLCO1B3 gene product) (11). It is a substrate of adenosine triphosphate binding cassette ATP as efflux transporters such as ABCB1 and ABCG2 (12). Imatinib is mostly metabolized by the cytochrome P450 (CYP) proteins CYP3A4 and CYP3A5 (13). This study aimed at investigating the impact of pharmacokinetic and pharmacogenetic in the clinical response of IM in Egyptian patients with CML.



PATIENTS AND METHODS


Design and Sampling

This study was designed as an observational study. A total of 102 patients from the Hematological Outpatient Clinic of the National Cancer Institute, Cairo University, were recruited in this study. The eligible patients were diagnosed with CML, age ≥ 18 years, on IM treatment for at least 30 days (to reach the steady state), and not more than 38 days, with mean and standard deviation of the timepoint of sample collection at 32 ± 2.44 and median (range) 31 (14–22) days. The excluded patients include those with known sensitivity to IM and patients with a severe medical condition that prohibited participation in the study. Plasma level of peak, trough, and peak/trough (P/T) ratio of IM, and its main metabolites, N-des-methyl imatinib, and Pyridine-N-oxide imatinib were determined. Single nucleotide polymorphisms (SNP) of genes involved in IM uptake and efflux transporters and metabolism genes were assessed using restriction fragment length polymorphism (RFLP). In addition, different types of toxicities were monitored. The time of the study was continued for 2 years from the start of sampling time. The study protocol was approved by the Institution Review Board (IRB) of the National Cancer Institute of Cairo University, Egypt, and written informed consent was obtained according to the Declaration of Helsinki from all patients with acceptance number IRB00004025.



Response Assessment

Pretreatment, cytogenetic analyses of bone marrow or peripheral blood for Philadelphia [Ph] chromosome was done. A minimum of 20 metaphases was required to be examined for a patient to be classified as Ph-positive. The response of the patient to the treatment can be tracked by cytogenetic (karyotype and/or Fish) and molecular (by detecting the presence of BCR-ABL1 mRNA metaphases) that identify the optimal and suboptimal response, and treatment failure, based on molecular and cytogenetic response over the course of treatment (23). According to ELN guidelines, the clinical effect was evaluated at 12 months after IM therapy. Patients with favorable responses include those who achieved either complete cytogenetic response (CCyR) or major molecular response (MMR). The CCyR is defined as 0% Ph metaphase cells of 20 examined field and MMR, subjects who achieved CCyR as 3 or more log reduction in BCR-ABL/BCR ratio by polymerase chain reaction (PCR) assay relative to a standardized baseline derived from the median ratio for 30 untreated patients with chronic-phase CML (24).



Chemicals

Imatinib mesylate (Enzo, NY, USA), N-des methyl imatinib, Pyridine-N-oxide imatinib, palonosetron hydrochloride were purchased from Santa Cruz Biotechnology (TX, USA), methanol for HPLC 99.9%, 2-propanol (Riedel-deHaën, Honeywell, Germany), formic acid for mass spectrometry, 98%, ethanol (Sigma-Aldrich, Steinheim, Germany), Agarose A (Biobasic, Ontario, Canada), Tris-acetate -EDTA(TAE) (Invitrogen Life Technologies, NY, USA). In addition, DNA ladder (Solis BioDyne, Estonia), PCR Master Mix kit (2X) (Thermo Scientific, IL, USA), Restriction enzymes: RsaI, Acl I, Dde I, Mbo I, AluI (Promega, Madison, MI, USA), and Bse3D I, Bsu R I, Bst 4C I, Bse 3D I (SibEnzyme Ltd, Russia) were obtained.



Pharmacokinetic Analysis


Samples Preparation

After approval of IRB and the individual consent, whole blood samples were collected into EDTA-containing tubes just before drug administration (trough sample), and 2 h after IM administration (peak sample). The plasma was separated by centrifugation at 2,500 × g for 10 min, 400 ul of plasma was transferred to a glass tube and was spiked with 40 μL of the internal standard (IS) stock solution (2 ug/ml), then 1,200 ul of methanol was added. The mixture was mixed by vortex and then centrifuged at 10,000 × g at 4°C for 10 min. The clear supernatant was transferred to HPLC autosampler vials and 10 μl was injected onto the LC/MS/MS system following the method of Titier et al. (25).



LC-MS-MS Instrumentation and Operating Conditions

The LC-MS-MS system consisted of a ABSCIEX Q TRAP 3200 mass spectrometer (ABSCIEX, Germany) equipped with an electrospray ionization (ESI) interface coupled to an Agilent 1200 HPLC system (Agilent Technologies, CA, USA) with a quaternary gradient pump (Agilent 1,260 infinity) and an autosampler (Agilent 1,260 infinity). Data acquisition was performed with analyst 4.0 software (ABSCIEX). The separation was performed using Agilent pro shell EC, C18 (5 μm, 50 × 4.6 mm) reversed-phase analytical column (Agilent, CA, USA). The mobile phase consisted of 0.1% formic acid in methanol/water (55:45, v/v) and pumped at a flow rate of 700 μl/min. The overall run time was 6 min. The mass spectrometer was operated in the positive ESI mode at a temperature of 350°C. The calculation is done by the Multiquant software program. Quantification was performed with multiple reaction monitoring (MRM) and the following ion transitions: m/z 494:394, 480: 394, 510:217, and 297:110 for IM, N-des-methyl imatinib, pyridine–N-oxide imatinib and palonosetron (IS), respectively.




Calibration Curve

Stock solutions of IM, N-des-methyl imatinib, pyridine-N-oxide imatinib, and palonosetron as internal standard (IS) were prepared by dissolving 1 mg of each drug in 1 ml methanol/water (50:50). Serial dilutions were prepared at concentrations that ranged from (4.8–5,000) ng/ml for IM, (2.7–700) ng/ml for N-des-methyl imatinib, and (5.4–700) ng/ml for pyridine-N-oxide imatinib in drug-free plasma and spiked with the known concentration of the IS as previously described in sample predation calibration plasma standards of imatinib and its metabolites were constructed and used for sample calculation.



Pharmacogenetic Analysis


Preparation of DNA

For determination of polymorphism, Leukocyte cell pellets were isolated using hemolysis buffer (8.46 g ammonium chloride, 1 g ethylene diamine disodium salt, and 1 g potassium bicarbonate dissolved in 1 L at the pH = 7–7.2). The whole-cell pellet was used for the extraction of genomic DNA using the Gentra Puregene Blood Kit (Qiagen Inc, Minneapolis, MN, USA) following the manufacturer's instructions. The DNA was stored at −80°C until analysis.

Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method was adopted for the genotyping of ABCG2 SNPs 34 G>A (rs2231137) and 421C >A (rs2231142), ABCB1 SNPs 2677 G>A/T (rs2032582), 2677 G> T/A (rs2032582), 1236 C>T (rs1128503), 3435C>T (rs60023214), the solute carriers OATP1B3 (SLCO1B3) SNPs 334T>G (rs 4149117) and CYP 450 3A5 (rs776746). Thermal cycling was started using a thermocycler (Biometra, Germany) according to parameters described in Supplement 1.

Ten μl of each sample was analyzed, along with a suitable DNA size marker, by electrophoresis on 2.5% agarose/ethidium bromide gel. The gel was photographed by (Uvitec, Cambridge, UK) (26, 27).




Assessment of Drug Adherence

MMAS is a validated, self-reported questionnaire that is a commonly used tool to assess a person's medication adherence behavior. The MMAS is a 4–8 question survey that is designed to measure a specific medication-taking behavior. The use of the modified MMAS is common in the biomedical and professional literature and is customized to address circumstances surrounding adherence behavior related to a particular disease state. Scoring is based on yes/no answers that are then scored by an administrator. Score and intent to adhere to a prescribed medication regimen share a direct relationship (28).



Statistical Method

Genotype distribution was tested for Hardy-Weinberg equilibrium (HWE) using Fisher's exact test. Quantitative variables were described by mean ± standard deviation and median with range are used when distribution did not follow normality. Qualitative data was described by number and percentages and Chi-square or Fisher exact tested proportion independence. For comparing mean values of 2 independent groups, a t-test was used, and for more than 2 groups, we used a one-way analysis of variance (ANOVA) test followed by Bonferroni test for “pairwise group comparisons.” Relation analysis was used to show the strength and significance of the association between quantitative variables. Logistic regression analysis showed which of the variables that relate to unfavorable response has an independent effect on the response to chemotherapy. P-value is always 2 tailed and significant at 0.05 level. Graphs were performed using Prism software program (GraphPad prism software, version 5, CA, USA).




RESULTS


The Demographic Characteristics and Treatment Response of CML Patients

Table 1 shows the demographic characteristics of 102 CML patients, and the study includes 47 males and 55 females with a mean age of 40.6 years with performance status (0 and 1) with normal liver and kidney laboratory functions. Only 7.8% of the patient has Eutos score ≥87 which indicating high risk. When correlating the demographic characteristics with the response, the only significant relation was between blood platelets and the response (P = 0.047). During the two years follow-up, 37 (36.6%) patients showed an unfavorable response (includes patients who do not achieve a molecular response and the patients who develop a progressive disease as an accelerated phase or blast crises). While the favorable responses were achieved in 64 (63.6%) patients and include patients who achieved complete molecular response (CMR), major molecular response (MMR) or complete cytogenetic response (CCyR) (Table 2).


Table 1. Patient characteristics and response to therapy.
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Table 2. Drug Doses and Response.
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Drug Level and Pharmacokinetic Data

The IM pharmacokinetic is considered as a one-compartment model. This model considers all body tissues and fluids as a part of this compartment. It assumes that the dose of drug distributes instantaneously to all body areas and a rapid drug equilibrium between the blood and tissue distribution and elimination occurs. In this study we used the formulae to calculate pharmacokinetic parameters using two points, the trough and the peak (29). Table 3 shows the levels of pharmacokinetic parameters of IM. The plasma IM peak level was 2,423 ± 902 ng/ml (mean ± SD), while the trough plasma level was 1,199 ± 506 ng/ml and peak/trough ratio (P/T) ratio were 2.4 ± 1.5. The peak concentration of the active N-des-methyl imatinib plasma level was 311.1 ± 129.2 ng/ml; the trough concentration was 208.8 ± 98.2 ng/ml. The second metabolite, pyridine -N-oxide imatinib, had a peak concentration of 37.0 ± 22.0 ng/ml and the trough concentration was 16.7 ± 12.6 ng/ml. Following the one-compartment model, the pharmacokinetic parameters of IM were the median (range), 0.034 (0.0005–0.11), the mean concentrations of steady (CSS), volume of distribution (Vd) and clearance (Cl) of IM were 1,769 ± 689 ng/ml, 186 ± 81.7 L and 158 ± 147 L/h., respectively, Table 3.


Table 3. Relation of Response with Pharmacokinetic Parameters.
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Relation of Pharmacokinetic Parameters and Clinical Response

Logistic regression analysis was done where the favorable or unfavorable response was as the dependent variable and age, sex, IM dose, and trough level P/T ratio of IM and pyridine -N- oxide, Ke, and clearance as prognostic variables. The relation between different pharmacokinetic parameters and the clinical response to IM therapy is presented in Table 3 and Figure 1. There was an insignificant relation between the demographic characteristics and IM dose with the response. The IM trough level among patients who achieved favorable response (N = 64) was significantly higher than those for patients who did not achieve favorable response (N = 37). The mean values of the trough level were 1,281 ± 578 ng/ml for responders vs. 935 ± 559 ng/ml for non-responders, respectively (P = 0.006). The P/T ratio of patients who achieved favorable response was significantly lower (2.06 ± 0.8) than those for patients who had an unfavorable response (2.8 ± 2.1) (P = 0.001) (Table 3 and Figure 1). Similarly, the trough concentration of pyridine-N-oxide was significantly higher in patients who had favorable responses (P = 0.01). The elimination rate constant and the clearance are significantly higher in patients who achieve unfavorable responses (P = 0.001 and 0.004), respectively. After logistic regression analysis, the only significant independent factor affecting the response was the P/T ratio of IM. As the peak/trough ratio increased by one, the risk of bad response increased by more than double as compared to favorable response with 95% CI (1.28–3.92, P = 0.005).


[image: Figure 1]
FIGURE 1. Relations express the relation between response and pharmacokinetic parameters. (A) Plasma IM trough concentration (ng/ml) (P = 0.006), (B) IM peak/trough ratio (P/T) (P = 0.001), (C) Elimination rate constant (Ke) (P = 0.001), (D) IM clearance (ml/min) (P = 0.004), (E) Plasma trough of Pyridine-N-oxide imatinib (P = 0.01), and (F) Peak/Trough ratio (P/T) Pyridine-N-oxide imatinib (P = 0.008).




Relation Between Genetic Polymorphism and Clinical Response

One hundred and two DNA samples were analyzed using PCR-RFLP displayed in Supplement 2 and Logistic regression analysis was done where favorable or unfavorable response as was the dependent variable and gene polymorphism were the prognostic variables in the model, Table 4; Figures 2, 3. The frequency distribution of the genes and their relation with response is illustrated in Table 4. The frequency distribution of the gene variant of the efflux transporter ABCG2.34 G>A among our patients was 81.4% with homozygous wild type GG allele, 16.7% with heterozygous GA allele, and 2% with the variant type AA, Table 4. Regarding the relation of the variant ABCG2. 34 G>A gene with response, it was found the patients with the wild allele GG had higher IM trough level (P = 0.01) lower Ke (P = 0.005) and clearance (Cl) (P = 0.02) Figure 3 and linked to favorable response compared to (GA and AA alleles) (Table 4).


Table 4. Relation between Genetic Polymorphism and Clinical Response.
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FIGURE 2. Relation of relative frequency of the gene variant ABCG2. 34 G>A and SLCO1B3. 334 T>G with response. (A) ABCG2. 34 G>A gene, (B) SLCO1B3. 334 T>G gene.



[image: Figure 3]
FIGURE 3. Relation of the genotype variant ABCG2. 34 G>A gene with pharmacokinetic parameters. (A) IM clearance (P = 0.02), (B) Ke, elimination rate constant (P = 0.005), (C) IM trough plasma concentration (P = 0.01).


On the other hand, the frequencies of ABCG2. 421C >A were 89.2, 9.8, and 1% for the CC wild type, the CA heterozygous, and the AA variant, respectively. Concerning the genotype 421C >A, the homozygous CC had significantly higher peak, and CSS of IM as well as higher peak level of desmethyl imatinib compared to the allele AA and CA (P = 0.03, P = 0.05, P = 0.02, respectively), Figure 4.


[image: Figure 4]
FIGURE 4. Relation of the genotype variant ABCG2. 421C >A with pharmacokinetic parameters. (A) Plasma IM peak concentration (ng/ml) (P = 0.03), (B) IM steady state concentration (ng/ml) (P = 0.05), (C) Peak of N-des-methyl IM (ng/ml) (P = 0.02).


The frequency distribution of the efflux transporter gene variant of ABCB1. 3435C>T was 37.3% for the homozygous wild type CC, 47.1% for the heterozygous (CT), and 15.7% for the TT variant type. The wild allele CC of ABCB1.3435C>T gene had significantly higher steady-state concentration compared to the two allele TT and CT (P = 0.038), Figure 5A.


[image: Figure 5]
FIGURE 5. Relation of ABCB1. 3435C>T and 1236 C>T gene with pharmacokinetics of Imatinib. (A) Association of ABCB1. 3435C>T with the steady state concentration (ng/ml) (P = 0.038). (B) Association of ABCB1. 1236 C>T gene with trough concentration of N-des-methyl imatinib (ng/ml) (P = 0.004).


In addition, the distribution of ABCB1. 1,236 C>T was 35.3% for TT allele, 48% CT, and 16.7% for CC allele. The relation of 1,236 C>T gene polymorphism with pharmacokinetic parameters, a significant lower N-des-methyl imatinib trough plasma level in heterozygous CT genotype compared to homozygous CC and TT (P = 0.004), Figure 5B.

On the other hand, the frequency distribution of homozygous wild type GG of ABCB1.2677 G>A/T was 99%, and the heterozygous frequency GT was 1%, and no patients with the homozygous variant type (AA or TT) were detected, Table 4.

The intake transporter SLCO1B3.334 T>G, known as organic anion-transporting polypeptide 1B3 (OATP1B3), had the following distribution: 7.1% TT, 31.3% TG, and 61.6% GG. The alleles GG and TG of the gene variant SLCO1B3. 334 T>G were significantly correlated to favorable response while wild allele TT was linked to unfavorable response (P = 0.03), Figure 2.

In the genotypes of metabolizing enzyme CYP3A5, the frequency distribution was as follows: the homozygous wild variant (*1) 5.9%, heterozygous (*1/3) 27.5%, and the homozygous variant (*3) 66.7%.

Our results did not detect association of the three variants of ATP-binding cassette, subfamily B1 and ABCG2 421C >A, and metabolizing enzyme CYP3A5 with IM response.



Relation of Adherence and Response

Parametric relation analysis of drug response according to adherence score was illustrated in Supplement 3. The median (range) of MMAS knowledge in the patients who achieved favorable response and the patients who suffering unfavorable response was the same 3 (1–3), the MMAS motivation was 3 (1–3), and 2 (1–3), respectively, and the total adherence score was the same 5 (2–6) with no statistical significance.



The Most Recorded Side Effects of IM

The recorded side effects of the administered dose of IM was illustrated in Supplement 4. Our result showed 29 (28.4%) patients did not suffer from any side effect; however, the most common side effects were gastrointestinal disorder 24 (23.4%), followed by musculoskeletal disorders 21 (20.5%) and nervous system disorders 21 (20.5%). The gastrointestinal disorders include heartburn 3.0 (2.9%), tooth pain 4.0 (3.9%), visceral pain 15.0 (14.7%), and vomiting 2.0 (1.9%). In addition to fatigue, inflammation disorders, weight were recorded in 7 (6.8%), 4 (3.9%), and 4 (3.9%), respectively.




DISCUSSION

Imatinib is the current treatment standard of care for CML disease; it induces durable responses and prolongs event and progression-free survival (30). The individual variability in IM pharmacokinetics often leads to an unsatisfactory clinical outcome in patients with CML (31). The results of the present study added a great value to the importance of implementing routine therapeutic drug monitoring (TDM) for better management of CML patients treated with IM for dose adjustment. Data of the present study showed a significant higher trough IM (1281 ng/ml) (P = 0.006), lower P/T ratio (P = 0.001), lower clearance (Cl) (P = 0.004), and elimination rate constant, ke (P = 0.001), among patients who achieved favorable responses (N = 64) than those for patients who suffered unfavorable responses (935 ng/ml) (N = 37). It was reported that patients with trough concentration over 1,002 ng/ml of IM were good responders and were significantly associated with achieving MMR (32–34). Contrary to the previous studies, IM trough concentration was not significantly associated with the molecular response in Chinese CML patients (35) that was referred to ethnic metabolic distinction of Chinese compared to Caucasian CML patients group (36).

The present study is the first to report an association of Peak/Trough ratio of IM with the response. The P/T ratio was the only significant independent factor affecting the response, as the P/T ratio increased by one, the risk of unfavorable response increased by more than double as compared to favorable response with 95% CI (1.28–3.92, P = 0.005). Moreover, like our results of IM, the trough concentration of Pyridine-N-oxide imatinib was significantly higher (P = 0.01) and its P/T ratio was significantly lower (P = 0.008) in patients achieved favorable response than those without. Up until now, we did not find any previous data about the biological activity or the relation of the level of this metabolite with the response to IM. However, limited information about the biological activity of pyridine-N-oxide metabolite as it has some activity, we suggest that the Pyridine-N-oxide imatinib may be a final product due to the action of other types of cytochromes on IM or it may pass certain pathways that lead to its activation. In addition, great variability in Cl, the volume of distribution, and elimination half-life (T1/2) of IM were reported in previous studies as well as in our study. The variability in Cl of IM was ~73% and the volume of distribution was 63% (37). These differences in pharmacokinetics parameters may be related to demographic covariates as hepatic and renal dysfunction, body weight, age, sex, and disease state (38).

The interindividual Pharmacogenetic variability can affect IM disposition and its metabolism leading to differences in drug responses (7). The ABCG2 gene encodes a membrane-bound protein and acts as a xenobiotic transporter which may have a role in drug resistance to chemotherapeutic agents, including IM (14). In this study, the distribution frequency of ABCG2 the genotype 34 G>A was GG (81.4%), GA (16.7%), and AA (2%), and the GG allele was associated with favorable response (P = 0.01), lower Cl, Ke, and higher trough IM than both (AA+GA) alleles. Our result was supported by the study of Delord et al. (15) who reported the GG genotype had favorable response compared to genotypes AA and GA. On the other hand, a Canadian study found that the GG genotype 34 G>A was significantly correlated with unfavorable response to IM especially for CCyR (16). These diversities of findings may be due to ethnic variability.

The current data showed that the wild allele (CC) of the genotype ABCG2 421C >A had significantly higher plasma peak of IM (P = 0.03), higher Css (P = 0.049), and higher N-des-methyl imatinib (P = 0.02). However, a previous study found that the CC genotype was higher significantly in IM resistant group (P = 0.004), and the CA genotype was higher with favorable response (P = 0.0001) (26). Moreover, Takahashi et al. (13) found that AA of the genotype had significantly higher IM trough concentration (P = 0.015), while Jiang et al. (34) disclosed a relation of patient with AA genotype and higher rate of MMR.

The ABCB1 gene, one of the ABC superfamily, encodes for a transmembrane glycoprotein (P-glycoprotein) capable of pumping IM out of the tumor cell (12). Its overexpression may offer resistance to IM in the cell lines model and at the clinical level (17). In the current work, the distribution frequency of the gene ABCB1.3435C>T among our patients was 37.3% (CC), 47.1% (CT), and 15.7% (TT), and the variant TT and CT had significantly lower Css IM compared to CC genotype (P = 0.038). No significant relation was detected between the ABCB1 3435C>T and response. Similarly, previous studies of Kim et al. (16), Polillo et al. (18), and Jiang et al. (34) did not find a relation of the genotype 3435C>T and response. Contrary to the previous studies and our results, Angelini et al. (19) denoted a significant association of (CC) genotype with CMR in Caucasians patients while the TT genotype was higher in IM resistant CML patients (26). Moreover, patients with the (CC) genotype were found to have significantly higher IM clearance (P = 0.035) (20) and had a poor cytogenetic response (21).

Our data revealed the variant ABCB1.1236 C>T had a distribution frequency of 16.7% (CC), 48%CT, 35.3%TT, a significantly higher Css (ng/ml) in CC carriers than those carrying the homozygous TT genotype and the heterozygous CT genotype (P = 0.038). The heterozygous CT variant of ABCB1. 1236 C>T, had significantly lower N-des-methyl imatinib trough than CC and TT (P = 0.004). On the other hand, a previous study reported an association between 1236 C>T (TT/CT) and higher MMR rates (22). The variations in frequencies are ethnically related (39).

Concerning the frequency distribution of the ABCB1 2677 G>A/T gene, it showed 99% (GG), and 1% (GA). Our result is in agreement with a previous study that revealed a significantly lower frequency of TT genotype in Egyptian CML patients. On the contrary to our results, they reported optimal and suboptimal responses in patients with TT genotype; however, GG genotype had no association with drug response (40). It was suggested that these contradictions may be due to the presence of different amino acids at position 893. The SNP 2677 G>A/T (TT) in exon 21 (893 codon) results in substitution of alanine lipophilic residue to serine/threonine hydrophilic residue resulting higher resistance to various drugs such as Adriamycin and vinblastine (41).

The organic anion transporting polypeptides OATP1B3 was suggested to mediate the uptake of IM into cells. Therefore, it is suggested that SLCO1B3.334 T>G genotype may have a clinical importance in IM treatment outcome prediction. Our data showed a significant association of the genotype TT of SLCO1B3 334 T>G with higher risk of unfavorable response (P = 0.03), while the patients with (GT/GG) genotypes showed a higher probability of achieving a favorable response (P = 0.03). Our finding agrees with the study of Nair et al. (42). Contrary to the previous result, the (TT) genotype was more frequent in the responder group (P = 0.042) and carriers of (TG/GG) genotypes were more frequent in the non-responder group (43). Moreover, no association was found between SLCO1B3.334 T>G polymorphism and response to IM therapy (P = 0.938) (27).

The genotype frequency fraction of the CYP3A5 gene is different in different ethnic populations. In Japanese it was 23.25% (1*), 76.75% (3*), in Caucasian it was 14.81% (1*), 85.19% (3*). In our study, the genotype distribution of CYP3A5 was 5.9% for (1*) allele, 27.5% for (1/3*) allele, 66.7% for (3*) allele. Our data are supported by previous Egyptian study found that the fraction of (*3) allele was (50%) and the (*1) allele was the least frequent (12.5%). Although the authors found that the CYP3A5*3 gene polymorphism was linked to unfavorable outcome (P < 0.001) (27), contrary to our result that did not detect an association between CYP3A5 gene as and pharmacokinetic parameters or response. Similarly, to our data, Takahashi et al. (13) and Ankathil et al. (44) reported insignificant relations between CYP3A5 gene polymorphism and IM trough concentration (P = 0.645). Despite the important role of CYP activity in the regulation of IM metabolism, it may be due to its activity and not the rate-limiting step in IM metabolism and excretion (45).

In conclusion, the current study is the first to disclose the novel relations of the high trough, a low P/T ratio of IM and its metabolite, pyridine -N-oxide imatinib to good IM response, as well as to reveal that the only independent prognostic marker IM response is P/T ratio of IM. Moreover, the association of the genotypes ABCG2.34 G>A and SLCO13.334 T>G with IM favorable response in Egyptian CML patients.

Future studies with larger patients' numbers are necessary to validate these findings, including the assessment of patients' compliance with more than one method, confirmation of the different types of genotypes of polymorphism by gene expression, as well as recording the drug toxicity and its relation with IM kinetics and polymorphism.
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Metabolic reprogramming is a cancer hallmark. Although the reprogramming of central carbon has been well documented, the role of sulfur metabolism has been largely overlooked. Additionally, the effects of sulfur are sometimes contradictory in tumorigenesis. In this study, we aimed to investigate the gene expression profile in hepatocellular carcinoma (HCC) and the effects of reactive sulfur species (RSS) on HCC tumor cells. Furthermore, the cell imaging technology was applied to discover some potential anti-cancer compounds. Gene Set Enrichment Analysis (GSEA) of Gene Expression Omnibus (GEO) dataset (GSE102083) revealed that sulfur amino acid-related metabolism and vitamin B6 binding activity in HCC tissues were downregulated. Calculation of the interaction network identified nine hub genes, among which eight were validated by differential expression and survival analysis in the TCGA_LIHC cohort, and two (CSE and CBS) had the highest enrichment degree. The metabolomics analysis suggested that the hub genes were associated with RSS metabolism including H2S, H2S2, cystine, cysteine, homocysteine, cystathionine, and methionine. The cell viability assay demonstrated that H2S2 had significant anti-cancer effects in HCC SNU398 tumor cells. The cell imaging assay showed that treatment with H2S2 remarkably increased intracellular sulfane sulfur content. On this basis, the anti-cancer activity of some other sulfane sulfur compounds, such as DATS and DADS, was further verified. Lastly, according to the fact that HCC tumor cells preferentially take in cystine due to high expression of SLC7A11 (a cystine/glutamate transporter), persulfided cysteine precursor (PSCP) was tested for its sulfane sulfur release capability and found to selectively inhibit HCC tumor cell viability. Collectively, this study uncovered sulfur metabolism in HCC was reprogrammed, and provided a potential therapeutic strategy for HCC by donating sulfane sulfur.
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Introduction

In liver cancer, hepatocellular carcinoma (HCC) is the most common primary malignancy, which has been the leading cause of cancer-related death globally. Surgical resection was considered to be the standard and first option treatment of HCC, because of its resistance to radiotherapy or chemotherapy (Lohitesh et al., 2018). Unfortunately, many HCC patients may not have the chance of surgical resection because the diagnosis usually occurs at the late stage. Therefore, revealing the altered cell biological behavior with the gene expression profile at the early stage will contribute to the discovery of potential targets that are of therapeutic significance.

It has been known for decades that plants carrying organosulfur-containing compounds, like garlic, have anti-cancer effects (Weisberger and Pensky, 1957). Studies supported that many of garlic’s effects are attributed to the generation of sulfane sulfur, a reactive sulfur species (RSS) (Iciek et al., 2001; Iciek et al., 2012). For human beings, persulfide (RSSH), polysulfide (RSSnR), and thiosulfate (RSSO3) are major forms of sulfane sulfur in the body (Yuan et al., 2017; Akaike et al., 2017; Alvarez et al., 2017; Yang et al., 2019a; Liu H. et al., 2019). Additionally, some endogenous RSS, like cystine, cysteine, homocysteine, methionine, glutathione, and hydrogen sulfide (H2S), are not sulfane sulfur per se, but can be metabolized to produce sulfane sulfur (Jackson et al., 2012). However, the effects of these RSS on cancer therapy including HCC are contradictory, as both anti-cancer (Iciek et al., 2001; Iciek et al., 2012) and pro-cancer (Pan et al., 2014; Zhen et al., 2018; Yang et al., 2019b) activities have been reported, which hinders the sulfur-based HCC therapy.

Metabolic reprogramming is an important cancer hallmark that has been studied over a century but is still of research significance (DeBerardinis et al., 2008; Faubert et al., 2020; Zhou et al., 2020). In tumor cells, a variety of metabolic processes, such as aerobic glycolysis, glutamine catabolism, macromolecular synthesis, and redox homeostasis, are distinctively different from that in normal cells. This metabolic flexibility is believed to fuel tumor fast proliferation (Kim and DeBerardinis, 2019). However, the metabolism of RSS in HCC tissues has often been overlooked. Additionally, it is unclear whether the different therapeutic outcomes of sulfur compounds are associated with the reprogramed RSS metabolism. A recent study showed that the diet restriction of methionine (a sulfur amino acid) was able to inhibit tumor growth in colorectal cancer (Gao et al., 2019). On the other hand, the elevated level of homocysteine (Wu and Wu, 2002), or decreased level of vitamin B6 (Galluzzi et al., 2013), could promote tumorigenesis. As known, vitamin B6 (pyridoxal 5’-phosphate) is a cofactor of cystathionine-β-synthase (CBS) or cystathionine-γ-lyase (CSE/CTH) in the generation of RSS including H2S and H2S2 (Renga, 2011; Gregory et al., 2016). These studies inspired us to explore the overall difference between HCC and normal liver tissues in the RSS metabolism, by which some useful therapeutic strategies may be uncovered.

Transcriptomics analysis of high throughput RNA sequencing is a highly efficient means to discover the potential causes of unique HCC phenotype. Gene Set Enrichment Analysis (GSEA) is one of the most popular computational tools for transcriptomics analysis. Therefore, in this work, GSEA was used to demonstrate whether the sulfur metabolism was reprogrammed in HCC tissues. Then, through the bioinformatics analysis, the involved hub genes were revealed, their significance was verified, and the interacted RSS were discovered. With the cell imaging and viability assay, some RSS that have anti-HCC activity were suggested. Lastly, based on the enhanced cystine transport capacity in HCC tumor cells, persulfided cysteine precursor (PSCP) and a series of esterase-triggered sulfane sulfur donors were synthesized and their anti-HCC effects were evaluated.



Materials and Methods


Materials

Sodium sulfide (Na2S), sodium persulfide (Na2S2), sodium trisulfide (Na2S3), and Cell Counting Kit (CCK)-8 were purchased from Dojindo Lab (Kyushu, Japan). N-acetyl cysteine (NAC), cystine, cystathionine, and GSSG were bought from Thermo Fisher Scientific Co. (Pittsburgh, PA, USA). Gemcell™ fetal bovine serum (FBS) was supplied by Gemini Company (Woodland, CA, USA). SSP4, PSCP, and the controllable sulfane sulfur donors were synthesized following the literature procedure and their characterization matches reported data (Rietman et al., 1994; Chen et al., 2013; Artaud and Galardon, 2014).



Cell Culture and Viability Assay

HCC (SNU387 and SNU398) tumor cells, lung adenocarcinoma A549 cells, prostate cancer PC3 cells, cervical cancer Hela cells, breast MDA-MB-231 cells, raw-blue macrophages, LO2 liver cells, and H9c2 cardiomyocytes were obtained from ATCC. The cells were maintained in DMEM-F12 medium supplemented with 10% FBS at 37°C under an atmosphere of 5% CO2 and 95% air. They were passaged and harvested with 0.25% trypsin.

Cell viability was measured with the CCK-8 kit. The cells were plated in 96-well plates at a density of 7,000 cells/well. When grown to approximately 60~70% confluence, they were treated correspondingly for 48 h. Then, the plates were washed and 100 μl of CCK-8 solution diluted with FBS-free medium was added. The cells were incubated for a further 2 h at 37°C. The absorbance was measured at 450 nm with a microplate reader (Molecular Devices, USA).



Data Collection

The microarray data of four normal mouse liver tissues and four HCC tumor tissues were downloaded from Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=%20GSE102081) (Chiyonobu et al., 2018). For the Cancer Genome Atlas (TCGA) data, the analysis of differential expression was downloaded from GEPIA2 (http://gepia2.cancer-pku.cn/#analysis), and the survival data were downloaded from the Human Protein Atlas (https://www.proteinatlas.org/).



Gene Set Enrichment Analysis

The expression dataset from GSE102081 was converted as follows: According to the probes of Agilent Sureprint G3ge8x60k in the first column, a column of gene symbol (mgi_symbol) was added. The subsequent columns were named C1, C2, C3, and C4 for the normal liver tissues, while H1, H2, H3, and H4 for the HCC tumor tissues. The data file was imported into Gene Set Enrichment Analysis (GSEA) 4.0.3 software for further calculation and illustration according to the protocol (Subramanian et al., 2005).



Prediction of Hub Genes

The interaction of the leading-edge genes identified by GSEA was subjected to STRING analysis (https://string-db.org/) by constructing a protein-protein interaction (PPI) network. The disconnected nodes were not involved in this network. The data were downloaded and imported to Cytoscape 3.7 software for further calculation, visual analysis, and hub gene prediction.



Observation of Intracellular Sulfane Sulfur Levels

HCC SNU398 tumor cells were inoculated in 24-well plates and grown to 60∼70% confluence. After treatment with the indicated RSS for 1 h, intracellular sulfane sulfur was measured with SSP4 fluorescent probe (Chen et al., 2013; Bibli et al., 2018). Briefly, the treated cells were incubated with 10 μM SSP4 in the presence of 20 μM cetyl trimethyl ammonium bromide (CTAB) in 1% FBS medium for 20 min in the dark. The cell imaging was carried out after a slight wash with PBS buffer. The intracellular fluorescence signal was visualized under the Nikon E600 Fluorescence microscope (Walpole, MA, US).



Chemical Synthesis and Characterization

PSCP was synthesized following reported procedure (Rietman et al., 1994). NMR matches the reported data. 1H NMR (400 MHz, Methanol-d4) 4.24 (m, 1H), 3.93 (s, 3H), 3.44–3.47 (dd, 2H), 3.21–3.27 (m, 2H).

Compounds 1, 3, 5, 7, and 9 were synthesized by treating protected cysteine/penicillamine (10) with the corresponding tosylated para-substituted benzyl mercaptans (11). Briefly, to a solution of 10 (2 mM) in dichloromethane (10 ml) was added 11 (1.8 mM) and triethylamine (4 mM). Reaction was stirred under room temperature overnight. The mixture was then purified by column chromatography (Scheme 1).

Compounds 2, 4, 6, and 8 were synthesized by (10) with the corresponding para-substituted benzyl bromides (12). Briefly, under argon, to a solution of 12 (1.9 mM) and triethylamine (5 mM) in dichloromethane (5 ml) was added a solution of 10 (2 mM) in dichloromethane dropwise. Reaction was stirred under argon overnight. The mixture was then purified by column chromatography (Scheme 1).




Scheme 1 | Synthesis of esterase-activated sulfane sulfur donors and their controls.





Measurement of Sulfane Sulfur Content

SSP4 and CTAB were dissolved in DMSO and ethanol respectively to make 1 mM and 5 mM stock solutions. To initiate the experiment, 2 mM PSCP was prepared with PBS buffer (pH 7.4, 50 mM, 10 ml). At 5 min, 10 min, 20 min, 1 h, 1.5 h, 2 h, 4 h, 6 h, and 12 h, 80 µl of the above solution was aliquoted into a testing solution containing CTAB stock solution (80 µl), SSP4 stock solution (40 µl) and PBS buffer (pH 7.4, 50 mM, 3,800 µl), making the concentration of PSCP, SSP4, and CTAB 40, 10, and 100 µM, respectively. The resulting solution was incubated under room temperature for 10 min and fluorescence was analyzed by a fluorometer (Cary Eclipse, Agilent, USA).



Statistical Analysis

The experiment data are presented as mean ± standard deviation (SD). Significance between groups was evaluated by one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls Test using GraphPad Prism 8 software (SanDiego, US). A probability <0.05 was considered statistically significant.




Result


Sulfur Metabolism Is Reprogrammed in HCC Tissues

To dissect the difference of sulfur metabolism between normal liver and HCC tumor tissues, the gene expression profile was screened using the GSEA tool. As presented in Figure 1, compared with the normal liver tissues, in HCC tumor tissues 12 out of 16 genes were negatively expressed in sulfur amino acid metabolism GO geneset (Figures 1A, D), 17 out of 32 genes were negatively expressed in cysteine and methionine metabolism KEGG geneset (Figures 1B, E), and 26 out of 48 genes were negatively expressed in vitamin B6 binding activity GO geneset (Figures 1C, F). The result indicates that sulfur-related metabolism is distinctively disturbed in the HCC phenotype.




Figure 1 | Functional enrichment analysis of genesets in HCC tumor tissues. A microarray dataset (GSE102081) of HCC tumor tissues and normal liver (NL) tissues was analyzed using the GSEA tool. (A–C) The enrichment indexes of three genesets are shown in (A) (sulfur amino acid metabolism), (B) (cysteine and methionine metabolism), and (C) (vitamin B6 binding activity), respectively. The genesets were considered to be significantly enriched at NES (normalized enrichment score) >1, Nom P (nominal p-value) <0.05, and FDR q-value <0.25. (D–F) Heatmaps of the enriched genes in (A–C) were created to display their relative expression.





Prediction of Hub Genes in Leading-Edge Sets

To visualize the inter-relationships between these enriched genesets, a chord diagram was drawn. As shown in Figure 2A, 10 mutual genes were found, i.e. AHCY, BHMT, GOT2, MAT1A, MPST, NFS1, SDS, TAT, CBS, and CTH, among which CTH and CBS were shared by three genesets. Additionally, after the genes were sorted by expression level, which was displayed as log2 (Fold of Change), CTH was found to be dramatically downregulated.




Figure 2 | Analysis of the interaction among the leading-edge genes. (A) The ownership and relative expression of the leading-edge genes from three genesets (sulfur amino acid metabolism GO set, cysteine and methionine metabolism KEGG set, and vitamin B6 binding activity GO set) were presented through a chord diagram, which was drawn using the GOPlot R package. (B) The interaction of the genes was analyzed with the STRING online tool. The PPI network was constructed and the interaction degrees were calculated with Cytoscape 3.7 software.



In order to reveal the interaction of leading-edge genes, 12 enriched genes in sulfur amino acid metabolism GO set, 17 enriched genes in cysteine and methionine metabolism KEGG set, and 26 enriched genes in vitamin B6 binding activity GO geneset were subjected to the PPI analysis. As shown in Figure 2B, nine genes, i.e. CBS, CTH, SHMT1, MAT1A, SDS, BHMT, TAT, GLDC, and GOT2 had significantly high interaction degrees (>15), thereby being considered as hub genes responsible for the unique HCC phenotype.



Expression and Significance of Hub Genes in HCC Patients

To verify whether the hub genes were downregulated in HCC tumor tissues, the TCGA cohort (368 tumor samples vs. 50 normal liver samples) and GTEx dataset (110 normal liver samples) were applied for differential expression analysis. As shown in Figures 3A–H, all the hub genes except GOT2 (Figure 3I) were significantly downregulated in HCC tumor tissues compared with normal tissues (P < 0.001). Additionally, importance of the hub genes was evaluated by observing their influence on HCC patient survival in the TCGA cohort. As shown in Figures 3J–R, the downregulation of CBS, CTH, SHMT1, MAT1A, SDS, BHMT, TAT, and GOT2 could significantly reduce the survival rate, instead of GLDC (Figure 3Q). Therefore, GLDC was not involved in the following investigation.




Figure 3 | (A–I) Expression of the hub genes between 160 normal liver tissues (50 samples of TCGA_LIHC cohort and 110 samples in GTEx dataset) and 368 HCC tumor tissues of TCGA_LIHC cohort were observed. Data are shown as median ± quartile, *P < 0.001 vs. Normal liver tissues. (J–R) Analysis of the survival rate of HCC patients in TCGA_LIHC database between high expression (red lines) and low expression (blue lines) of the hub genes. The number of patients in either group and the Log-rank test’s P are shown in each panel.





Identification of RSS That Interact With Hub Genes

To find out which RSS were potentially affected by the aforementioned hub genes, the metabolomics was investigated with the Metscape 3.0 tool, which is used to show the interaction of genes and compounds. As presented in Figure 4, the metabolism of methionine, cystine, cysteine, homocysteine, cystathionine, H2S, and H2S2 was found to be closely associated with the above hub genes. Therefore, the imbalance of these compounds is probably responsible for the development of HCC, and their application may affect the growth of HCC tumor cells.




Figure 4 | Identification of RSS affected by the hub genes. The hub genes and RSS compounds were imported into Metscape 3.0 software. The construction of network type was set as compound-gene, and the network was created. Hub genes (Dark blue ○), Related genes (Light blue ○), Interacted RSS compounds (Dark red hexagon).





Effects of Identified RSS on Viability in HCC SNU398 Tumor Cells

With the identified RSS compounds that can interact with the hub genes, we investigated their influence on the viability in HCC SNU398 tumor cells. This cell line has relatively low CTH expression among 25 HCC tumor cell lines (Figure 5A), which is consistent with the discovery of reprogrammed sulfur metabolism in HCC tissues. Therefore, SNU398 tumor cells were applied in the following experiments. As shown in Figure 5, comparing with H2S (in the form of Na2S) (Figure 5B), treatment of the cells with H2S2 (in the form of Na2S2) (Figure 5C) or H2S3 (in the form of Na2S3) (Figure 5D) for 48 h remarkably decreased SNU398 cell viability, and the effect of H2S3 was much stronger. On the contrary, treatment with 200 μM H2S increased cell viability (Figure 5B). Additionally, RSS, such as sulfur-containing amino acids (NAC, homocysteine, and cystine), as well as derived peptide (cystathionine and GSSG), did not show inhibitory effects on the cell viability (Figures 5E–I).




Figure 5 | Effects of RSS on viability in HCC SNU398 tumor cells. (A) Expression of CTH in various common HCC liver cancer cell lines. (B–I) After treatment with increasing concentrations of Na2S (B), Na2S2 (C), Na2S3 (D), NAC (E), Homocysteine (F), Cystine (G), GSSG (H), or Cystathionine (I) for 48 h, the cell viability was tested with CCK-8 assay. Data are expressed as mean ± SD of four independent experiments. *P < 0.05, **P < 0.01 vs. Control group.



To examine whether the effects of H2S2 and H2S3 were associated with reactive sulfane sulfur, the cell imaging technology was applied to observe intracellular sulfane sulfur content. As shown in Figure 6, the treatment with H2S2 or H2S3 could clearly enhance the intracellular sulfane sulfur content, while other RSS compounds did not show significant effects (Figure 6). Moreover, scavenging sulfane sulfur with excess GSH remarkably attenuated Na2S3-induced anti-HCC effects (Supplementary Figure 1). The data indicate that among RSS, sulfane sulfur may be important for HCC therapy.




Figure 6 | Effects of RSS on intracellular sulfane sulfur content in HCC SNU398 cells. After treatment with 400 μM of Na2S, Na2S2, Na2S3, NAC, Homocysteine, Cystine, GSSG, or Cystathionine for 1 h, the intercellular sulfane sulfur was observed with fluorescent probe SSP4 staining followed by photofluorography, and the cell nuclei were labeled through Hoechst 33324 staining.





Sulfane Sulfur Mediates RSS-Induced Anti-HCC Effects in SNU398 Tumor Cells

Since H2S2 and H2S3 could reduce SNU398 cell viability and increase intracellular sulfane sulfur content, and scavenging sulfane sulfur could attenuate H2S3-induced anti-HCC effects, we further validated this finding by sulfane sulfur-containing compounds. As shown in Figure 7A, exposure of SNU398 cells to diallyl trisulfide (DATS) significantly reduced cell viability. Such inhibitory effects were also observed in dimethyl trisulfide (DMTS), although only under high concentrations (Figure 7B). Additionally, the treatment with DATS or DMTS could increase intracellular sulfane sulfur contents (Figure 7C). The result supports the significance of sulfane sulfur in HCC therapy.




Figure 7 | Anti-cancer effects of sulfane sulfurs in HCC SNU398 cells. (A, B) The cells were treated with increasing concentrations of DATS or DMTS for 48 h. The cell viability was measured with CCK-8 assay. Data are expressed as mean ± SD of four independent experiments. *P < 0.05, **P < 0.01 vs. Control group. (C) After the treatment with 400 μM DATS or DMTS, the intercellular content of sulfane sulfur was observed with SSP4 staining followed by photofluorography, and the cell nuclei were labeled using Hoechst 33324.





Design, Synthesis, and Evaluation of Controllable Sulfane Sulfur Donors

Although Na2S2 and Na2S3 could inhibit the viability of SNU398 cells by producing sulfane sulfur, their usage probably has some problems. First, they are difficult to handle due to fast decomposition. Additionally, they may contain impurities like Na2S, further complicating the situation. Especially, Na2S2 and Na2S3 have limited trans-membrane ability. In the TCGA dataset, SLC7A11 was found to be a pivotal risk for the poor survival of HCC patients (Figure 8A). This gene is highly expressed in HCC tumor tissues, as well as some tumor cell strains including SNU398 and SNU387 liver cancer cells (Figure 8B). Since SLC7A11 protein is responsible for the transport of cystine or cysteine, we envisioned sulfane sulfur donors with a structure similar to cystine/cysteine might have better efficiency for HCC’s therapy. Additionally, they would be more stable and flexible due to the absence of free persulfide (R-SSH). As such, we prepared and tested S-(methoxycarbonylsulfenyl) cysteine hydrochloride, a persulfided cysteine precursor (PSCP). Under physiological pH, PSCP can undergo an intramolecular acyl transfer reaction to release cysteine persulfide (Cys-SSH), which eventually degrades to form polysulfides (Figure 8C), similar to a known design (Artaud and Galardon, 2014). Additionally, mass spectroscopy identified cysteine di-, tri-, and tetrasulfide derivatives in the solution (Supplementary Figure 2). These compounds are not only evidence of the persulfide formation, but also are sulfane sulfur themselves for tri- and tetrasulfide. Both persulfides and polysulfides belong to sulfane sulfur, so PSCP can be considered as the precursor of cysteine-derived sulfane sulfur. As expected, under physiological pH, sulfane sulfur formed from PSCP (2 mM) reached the maximum concentration in 120 min. Significant amounts of sulfane sulfur were still detectable after 720 min (Figure 8D). The cell imaging assay showed that treatment with PSCP was able to increase intracellular sulfane sulfur contents in SNU 398 cells (Figure 8E).




Figure 8 | Development of a sulfane sulfur donor-specific to tumor tissues. (A) With TCGA cohort, effects of SLC7A11 on HCC patient survival between high (red line) and low (blue line) expression groups were examined using Log-rank test. (B) Analysis of TCGA cohort and Cancer Cell Line Encyclopedia for SLC7A11 expression in HCC patient tissues and tumor cell lines, respectively. (C) Mechanism underlying sulfane sulfur generation from PSCP. (D) The generated sulfane sulfur in PBS buffer was measured with a spectrophotometer. (E) After treatment of SNU398 cells with 200 μM PSCP for different times, intracellular sulfane sulfur was observed with SSP4 staining followed by photofluorography, and the cell nuclei were labeled using Hoechst 33324 staining.



However, as found in Figures 8C, D and Supplementary Figure 1, the generation of sulfane sulfur from PSCP was spontaneous and the effect of sulfane sulfur was dramatically attenuated by GSH, which may impede its future application. Therefore, we have attempted to develop donors triggered by physiological stimuli, like enzymes. As such, four esterase-triggered donors were designed and synthesized (1, 3, 5, and 7), which consisted of a cleavable ester trigger, a self-immolative linker, and a sulfane sulfur-releasing moiety. These donors can theoretically release protected cysteine or penicillamine persulfide, a form of sulfane sulfur, upon reaction with intracellular esterase. Meanwhile, four control compounds (2, 4, 6, and 8), which should only release protected cysteine/penicillamine, were also prepared. The characterizations of Compound 1-8 can be found in Supplementary Figure 3. Additionally, we have made a compound, which has no ester trigger and is therefore not able to release persulfide (9). As shown in Figure 9, treatment with these esterase-triggered donors (1, 3, 5, and 7) significantly inhibited SNU398 cell viability (Figures 9A, C, E, G), while no obvious inhibitory effects in the control compounds (2, 4, 6, and 8) was found (Figures 9B, D, F, H). Although these results are promising, compound 9, which theoretically cannot generate sulfane sulfur, also reduced cell viability. Additionally, we were not able to detect sulfane sulfur generation from these donors using SSP4. The data suggest that inhibitory effects of (1, 3, 5, and 7) may not come from sulfane sulfur. Although it is still not clear how these compounds achieved inhibitor effects, the present design of esterase-triggered sulfane sulfur donor should be improved.




Figure 9 | Controllable sulfane sulfur compounds-mediated inhibition of cell viability. HCC SNU398 cells were treated with esterase-triggered sulfane sulfur donor 1 (A), 3 (C), 5 (E), or 7 (G), their control compounds 2 (B), 4 (D), 6 (F), or 8 (H), as well as 9 (I), which does not generate sulfane sulfur. After 48 h, the cell viability was tested with CCK-8 assay. (J) Sulfane sulfur generated from the 1, 3, 5, and 7 was measured at 1 and 12 h with a fluorescence probe SSP4. Data are expressed as mean ± SD of four independent experiments. *P < 0.05, **P < 0.01 vs. Control group.





Evaluation of PSCP’s Anti-Cancer Effects in Various Cells

As shown in Figure 10, in HCC SNU398 cells (Figure 10A) and another liver cancer cell line SNU387 (Figure 10B), PSCP could exert obvious anti-cancer effects. However, in other tumor cell strains, including lung cancer A549 cells (Figure 10C), prostate cancer PC3 cells (Figure 10D), cervical cancer Hela cells (Figure 10E), and breast MDA-MB-231 cells (Figure 10F), remarkable anti-cancer effects were not observed. Notably, in normal cells, such as Raw-blue macrophages, H9c2 cardiomyocytes, as well as normal liver cells, PSCP did not show severe toxicity. The result suggests that sulfane sulfur (PSCP) is able to inhibit tumor cell viability in a liver cancer-specific manner.




Figure 10 | Effects of PSCP on viability in various cell strains. (A) Liver cancer SNU398 cells, (B) Liver cancer SNU387 cells, (C) Lung cancer A549 cells, (D) Prostate cancer PC3 cells, (E) Cervical cancer Hela cells, (F) Breast MDA-MB-231 cells, (G) Raw-blue macrophages, (H) H9c2 cardiomyocytes, and (I) Liver LO2 cells. Different types of cell strains were treated with increasing concentrations of PSCP for 48 h. The cell viability was tested with CCK-8 assay. Data are expressed as mean ± SD of four independent experiments. *P < 0.05, **P < 0.01 vs. Control group.






Discussion

Metabolic reprogramming is a distinctive hallmark of cancer. The reprogrammed glucose metabolism in tumorigenesis has been studied for many years (Kato et al., 2018; Lin et al., 2019). Additionally, the metabolism of amino acids, such as cysteine, homocysteine, glutamine, and methionine, are attracting increased attention in recent years (Gao et al., 2019; Lieu et al., 2020). Through metabolic reprogramming, tumor cells can generate large amounts of acids, reduced compounds, as well as one-carbon units, to support their rapid growth (Pavlova and Thompson, 2016; Sun et al., 2020).

Sulfur metabolism in HCC tumor tissues is still a novel field of research. In this work, we observed the sulfur metabolism was reprogrammed in HCC through the bioinformatic GSEA screening. The scanning revealed that the gene sets of sulfur amino acid metabolism, cysteine and methionine metabolism, and vitamin B6 binding activity were remarkably impaired in HCC tissues. The further PPI analysis suggested that CBS, CTH, SHMT1, MAT1A, SDS, BHMT, TAT, and GOT2 were significant hub genes. Importantly, the TCGA analysis validated their significance in HCC patients. Through these data, we believe that the genes related to sulfur metabolism should be dysregulated in HCC tissues, which may be responsible for the low survival of patients. Recently, some studies demonstrated that high levels of methionine and homocysteine were able to promote tumorigenesis (Sun et al., 2002; Gao et al., 2019), while the methionine-restricted diet arrested tumor growth and increased chemotherapy sensitivity (Hoffman, 2019). Moreover, a previous study showed that the content of vitamin B6 pyridoxal phosphate and the activity of pyridoxine kinase in Morris hepatomas were lower than those in normal liver tissues (Meisler et al., 1982). The antioxidant NAC, a cysteine equivalent, was reported to accelerate lung cancer progression (Sayin et al., 2014). These studies support that the increased methionine, homocysteine, and cysteine, as well as the decreased vitamin B6 binding activity, are probably important causes for HCC tumor growth, which is consistent with the present analyses. For this reason, metabonomic analysis can bring to light the potential interaction between RSS and the hub genes in HCC tissues. Meanwhile, the findings provide a reasonable explanation that through sulfur metabolic reprogramming, HCC tumor cells can raise the content of methionine, homocysteine, or cysteine to fuel their fast proliferation.

Reprogrammed sulfur metabolism is likely to make HCC tumor cells adapt to a new sulfur environment. Since the metabolism of RSS was impaired, we scanned the effects of RSS on HCC tumor cell viability. It was found that Na2S2 and Na2S3 remarkably inhibited cell viability, while the other RSS compounds did not exert such effects. It is worth noting that Na2S2 and Na2S3 are sulfane sulfur donors (Jiang et al., 2019). Also, DATS and DMTS belong to sulfane sulfurs, which could also attenuate HCC tumor cell viability in the present study, consistent with the previous reports (Weisberger and Pensky, 1957; Liu X. et al., 2019). Some researchers considered that anti-cancer effects from garlic-derived compounds were attributed to H2S generation. However, in this study, we did not observe that H2S had anti-cancer effects at the same treatment profile. In recent years, the studies of H2S on HCC tumorigenesis are conflicting, i.e. anti-cancer vs. pro-cancer (Wu et al., 2017; Yang et al., 2019b; Wu et al., 2019). Those studies on H2S’s anti-HCC activity, we think, are probably due to the generation of sulfane sulfur from Na2S/NaHS.

To support the above hypothesis, the cell imaging assay was performed and the results demonstrated that the treatment with Na2S2 or Na2S3 was able to enhance the intracellular sulfane sulfur levels, so did DATS and DMTS. Importantly, their treatment all showed anti-HCC effects. Moreover, scavenging of sulfane sulfur with excess GSH significantly attenuated sulfane sulfur-induced anti-HCC effects. These findings support the notion that the application of sulfane sulfurs may be an effective therapeutic strategy, especially for the HCC tumor cells with reprogrammed sulfur metabolism.

Notably, Na2S2 and Na2S3 are unstable chemicals, while commercial DATS is highly volatile, which will hinder their applications. Through the TCGA cohort analysis, it was shown that SLC7A11 (xCT) is upregulated in HCC tissues, indicating an increased cystine transportability. We then synthesized PSCP and found it was able to produce cystine sulfane sulfurs including per-, tri-, and tetrasulfide. The continuous monitoring indicated that the content of sulfane sulfur could keep stable for at least ten hours in aqueous solution. Additional cell experiments showed that the treatment with PSCP did not only enhance intracellular sulfane sulfur, but also inhibited cell viability. Furthermore, we tested the effects of PSCP in other cancer cells like lung cancer A549 cells, prostate cancer PC3 cells, cervical cancer Hela cells, and breast MDA-MB-231 cells, and did not find remarkable inhibitory activity. We surmise that the sulfur metabolism may not be reprogrammed, although some of these cells have high cystine transportability, for example the increased SLC7A11 expression in A549 cells. Interestingly, in H9c2 cardiomyocytes and normal liver LO2 cells, the cytotoxicity was not very high, indicating its safety for the future in vivo application. Lastly, because of the spontaneous release of sulfane sulfur from PSCP and the influence of GSH, we synthesized esterase-triggered sulfane sulfur donors. Although the donors may produce sulfane sulfur theoretically and showed promising inhibition on cell viability, we were not able to observe the generation of sulfane sulfur from them. Therefore, the present design of enzyme-triggered sulfane sulfur donors should be improved in the future.

In conclusion, we have discovered that sulfur-related metabolism in HCC is reprogrammed. The RSS screening indicates that HCC tumor cells are sensitive to sulfane sulfur. The selective inhibition of HCC cell viability from PSCP, a sulfane sulfur donor, further validates this finding. This study provides a basic evidence for the treatment of HCC that has sulfur metabolic reprogramming.
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Postoperative recurrence is a common and severe problem in the treatment of gastric cancer; consequently, a prolonged course of chemotherapy treatment is inevitable. Monitoring by imaging could provide an accurate evaluation of the therapeutic effects, which would be beneficial to guide a treatment strategy adjustment over time. However, current imaging technologies remain insufficient for the continuous postoperative monitoring of gastric cancer. In this case, molecular imaging offers an efficient strategy. Targetable contrast agents are an essential part of molecular imaging, which could greatly enhance the accuracy and quality of monitoring. Herein, we synthesized a Mn-based contrast agent for magnetic resonance imaging (MRI) of gastric cancer monitoring. Initially, small-sized Mn3O4 nanoparticles (NPs) were synthesized. Then, a functionalized polyethylene glycol (PEG) lipid was attached to the surface of the Mn3O4 NPs, to improve biocompatibility. The targetable MRI contrast agent (Mn3O4@PEG-RGD NPs) was further prepared by the conjugation of the arginine-glycine-aspartic acid (RGD) peptides. The completed Mn3O4@PEG-RGD NPs had the small size of 7.3 ± 2.7 nm and exhibited superior colloidal stability in different solution environments. In addition, Mn3O4@PEG-RGD NPs exhibited reliable biotolerance and low toxicity both in vitro and in vivo. Imaging experiments amply demonstrated that Mn3O4@PEG-RGD NPs could efficiently accumulate in gastric cancer tissues and cells via RGD mediation, and immediately significantly increased the MRI effects. Through this study, we can conclude that Mn3O4@PEG-RGD NPs have the potential to be a novel MRI contrast agent for the postoperative monitoring of gastric cancer.
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Introduction

Gastric cancer currently represents one of the highest incidences of malignant gastrointestinal tumors worldwide. Moreover, the mortality of this disease has increased year over year, with more than approximately 980000 new cases and 730,000 mortalities occurring annually (1–3). Complete prevention of gastric cancer is difficult to achieve. A multitude of factors are related to the disease, such as genetics, dietary habits, environmental elements and bacterial infection (4, 5). The majority of patients with gastric cancer do not exhibit obvious symptoms until the cancer is advanced and cannot be treated effectively. In the clinic, gastrectomy, chemotherapy and radiotherapy are still the main treatments of gastric cancer (6). However, it is important to point out that early diagnosis provides the best opportunity for the effective treatment of gastric cancer because it would provide certain information, such as the location and stage, for initial surgery and radiation treatment. Currently, the methods for the accurate diagnosis of gastric cancer primarily include imaging, detection of biomarkers and tissue biopsy (7, 8). However, postoperative recurrence is very common in mid- and late- stage gastric cancer. This means that a prolonged intense course of chemotherapeutic treatment is necessary. Hence, an accurate assessment of tumor progress is the most significant element to determine the appropriate chemotherapeutic schedule (9, 10). However, some impenetrable limitations and defects in monitoring remain and seriously influence the prognosis (11).

Currently, in the clinical diagnosis of gastric cancer, many imaging technologies, such as endoscopic ultrasonography, computerized tomography (CT), single-photon emission computed tomography (SPECT), positron emission tomography (PET), and MRI, have been demonstrated to be very useful (12, 13). Imaging can reveal the location and border of tumor tissues, which will be used to guide surgery and radiotherapy. However, ionizing radiation, invasive injury, and an expensive cost are inescapable problems during monitoring. Moreover, these defects are more severe in the postoperative monitoring of patients with gastric cancer. Compared with other imaging methods, MRI has certain advantages for the postoperative monitoring of gastric cancer. MRI itself is especially applicable to detection in soft tissues, is a main method in clinical inspection and is characterized by its non-invasiveness, high spatial resolution and radiationless nature (14). This technology could be used to locate and distinguish various tissues for the diagnosis of gastric cancer, but it also has limitations (15). For example, normal MRI lacks the ability to effectively distinguish between food and tumors in the stomach (16). However, molecular imaging provides a novel means to visually access to a tumor at the ultramicro level. This technique has brought significant value gastric cancer monitoring because of its ability to accurately map out tumor tissues in the whole body at the molecular level (17–19). Moreover, molecular imaging not only allows finding the accurate location of the tumors but also possesses the ability to monitor the biological processes of tumor proliferation, metastasis, and response to therapy (20–22). Molecular MRI combines MRI with molecular imaging and has emerged as a novel tool to monitor cancer (23, 24). Functional contrast agents can efficiently enhance the sensitivity of MRI, thereby hopefully solving the present problems (25). Based on the mechanism, the existing MRI contrast agents have broadly been divided into two categories: T1 and T2 contrast agents. T1 contrast agents mainly utilize Gd and Mn. T2 agents are superparamagnetic Fe3O4 nanoparticles (NPs) (26). Gd-based contrast agents are widely used in clinical MRI. However, there have been some reports of brain deposition and renal fibrosis after the clinical application of Gd-based contrast agent (27, 28). These defects limit the utility of T1 contrast agent for the postoperative monitoring of gastric cancer. Additionally, superparamagnetic Fe3O4 NPs are being evaluated in clinical tests. However, magnetic susceptibility artifacts and dark signals impede the clinical promotion of T2 contrast agents (29, 30). Mn is a necessary trace element that has a high relaxation spin and bright signal; thus, Mn-based contrast agents have attracted considerable attention in recent decades (31). However, Mn is difficult to use in MRI directly. A suitable Mn preparation might help overcome this limitation.

NPs could provide an effective opportunity to address the above-mentioned problem. The NPs could be loaded with a functional agent as an enhanced beacon for imaging. A novel NPs-based contrast agent could improve the MRI effects for the diagnosis of gastric cancer, which allows earlier and more accurate detection of tumor tissues and improves the prognosis of the disease. Mn3O4 can be used to synthesize NPs with favorable monodispersity. The synthesis conditions are mild and have high yields (32). Many Mn3O4-based contrast agents have been reported for tumor imaging, including MRI, a combination of fluorescence and MR and an MR/PET combination (33–35). Currently, there are researchers who are exploiting more effective Mn3O4 NPs contrast agents. In this study, we synthesized small-scale Mn3O4 NPs to monitor gastric cancer in vivo. However, Mn3O4 NPs cannot disperse in the aqueous phase and lack a positive tumor target. In order to overcome these defects, we applied functionalized polyethylene glycol (PEG) lipids to modify the Mn3O4 NPs. PEG was modified on the surface of Mn3O4, which allowed the NPs to stably disperse in water. The functional groups in PEG also allow for the further conjugation of targeting molecules. The RGD peptide was employed as the targetable component in this case. The RGD peptide possesses ligand-receptor interaction with αvβ3 integrin, which is a transmembrane protein that mediates interactions between the inside and outside of living cells (36). Integrin αvβ3 is expressed at low level in normal cells but is usually over-expressed in a wide variety of cancer cells, such as gastric cancer, breast cancer and hepatic cancer (37–40). Thus, RGD-based targeted nanocarriers have been developed for tumor treatment (41). It is crucial for Mn3O4 NPs to actively target gastric tumor for MRI. The synthetic process is exhibited in Figure 1A, and the final MRI contrast agent was named Mn3O4@PEG-RGD NPs. The NPs possess low toxicity, effective biocompatibility and T1-weighted imaging, which could be utilized for the postoperative monitoring of gastric cancer.




Figure 1 | Synthesis and characteristics of Mn3O4@PEG-RGD NPs. The preparation scheme of Mn3O4@PEG-RGD NPs (A), TEM observations of Mn3O4 NPs (B), and Mn3O4@PEG-RGD NPs (C); Distributions of hydrodynamic size of Mn3O4 NPs and Mn3O4@PEG-RGD NPs (D).





Materials and Methods


Materials

Manganese (II) acetate (98%), oleic acid, oleylamine, and fluorescein isothiocyanate isomer (FITC) were purchased from Aladdin Inc. (Shanghai, China). DSPE-PEG-NH2, DSPE-PEG-Mal, and SCM-PEG-Mal and supplied by Creative PEGworks (NC, USA). Core molecule was PEG5000. Traut’s reagent and RGD antibody were bought from Thermo Fisher Inc. (MA, USA). RGD peptide was purchased from Haode Peptide Co., Ltd. (Wuhan, China). Human umbillical vein endothelial cells (HUVECs), human embryonic lung fibroblast cells (IMR-90), human gastric adenocarcinoma cells (SGC-7901), human gastric carcinoma cells (BGC-823), DMEM high glucose medium, and foetal bovine serum (FBS) were purchased from Procell Inc. (Wuhan, China). The CCK-8 kit, DAPI kit, antibiotics and trypsin (0.25%) were ordered from Beyotime Inc. (Shanghai, China). Other chemical reagents were purchased from Sinopharm Corp. (Beijing, China). BALB/c mice and BALB/c-nu/nu mice were purchased from Peking HFK Biotech Corp. (Beijing, China).



Synthesis of Mn3O4 NPs

The synthesis of Mn3O4 NPs was described in Yu’s report (32). First, 1 mmol of manganese acetate (0.17 g), 640 μl of oleic acid and 3.28 ml of oleylamine were added to 15 ml of xylene, and the mixture was heated to 90°C with stirring. The mixture reacted for 10 min. Then, 1 ml of ultrapure water was added to the mixture, and the reaction continued for another 2.5 h with vigorous stirring. When the reaction was complete, 40 ml of ethyl alcohol was added to the mixture. The powdered Mn3O4@PEG-Mal NPs were obtained via centrifugation.



Synthesis of Mn3O4@PEG-RGD NPs

Ten milligrams of Mn3O4 NPs powder were dispersed into 3 ml of chloroform, and 25 mg of DSPE-PEG5000-Mal was added. The mixture stirred for 4 h after which chloroform was removed via rotary evaporation. The mixture was eluted with 10 ml of ultrapure water under sonication for 30 min, and excess DSPE-PEG-Mal was removed via centrifugation. Thus, Mn3O4@PEG-Mal NPs was obtained. In the next step, Traut’s reagent and a solution of the peptide RGD (molar ratio of 1:25) were co-incubated at pH 8.0 for 2 h. Then, the Mn3O4@PEG-Mal NPs were added to the solution dropwise and the mixture was further incubated with stirring under the same conditions for 1 h. Excess peptide and Traut’s reagents were removed by 3 cycles of centrifugation. Thus, complete Mn3O4@PEG-RGD NPs were obtained for further experiments.

FITC-labeled Mn3O4@PEG-RGD NPs were also synthesized. In the first step, Mn3O4@PEG-NH2 NPs was prepared by the same process of Mn3O4@PEG-Mal NPs. Then Mn3O4@PEG-NH2 NPs were conjugated with FITC at pH 8.5 for 3 h. The molar ratio of FITC to Mn3O4@PEG-NH2 NPs was 1:10. The NPs were further conjugated with SCM-PEG-Mal under the same conditions as those of DSPE-PEG-NH2 conjugation. Finally, FITC-Mn3O4@PEG-Mal NPs was obtained. The RGD peptide was then conjugated onto the NPs via the same method which mentioned previously.



Characterization of Mn3O4@PEG-RGD NPs

The hydrodynamic sizes of the Mn3O4 NPs and Mn3O4@PEG-RGD NPs were measured with a Malvern Zetasizer Nano ZS (Malvern, UK). Transmission electron microscopy (TEM) was used to investigate the morphologies and sizes of the NPs. The X-ray diffraction (XRD) pattern of the Mn3O4 NPs was investigated with Cu Kα radiation (λ = 0.15405) with a Bruker D8 diffractometer (MA, USA). The T1-relaxivities and T1-weighted images of Mn3O4 aqueous solution were observed and measured by a 0.5 T mouse MRI scanner (Niumag Corp., Shanghai, China). The conventional spin-echo acquisition sequence was as follows: TE = 18.2 ms, TR = 350 ms, Slice Thickness = 4 mm, and Slice Gap = 0.8 mm. The stability of the NPs was evaluated by measuring their hydrodynamic sizes under different conditions. In order to detect whether the NPs could be used in further in vitro or in vivo investigations, the dispersion solutions included PBS, complete medium, and FBS.



Cell and Animal Models

Two normal human cell lines (HUVECs and IMR-90 cells) and two human gastric cancer cell lines (SGC-7901 and BGC-823 cells) were utilized in the study. All cell lines were incubated in DMEM high glucose medium with 10% of FBS, 1% of antibiotics at 37°C under 5% CO2. Logarithmic phase cells were seeded into dishes or plates for further utilization in in vitro experiments.

BALB/c-nu/nu mice were used to establish xenograft animal model. Four-week-old male mice were fed under SPF conditions 5 days for acclimation. If the physiological status of the mice was normal, they could be used for model. First, 100 μl of a SGC-7901 cell suspension containing 1 ×106 cells was subcutaneously injected into the right crotch of each mouse. When the tumor grew to a sufficient size, the animal could be used for in vivo experiments. All animal experiments were supervised by the Laboratory Animal Administration Committee of Xi’an Medical University. Animal experimental protocols followed by the Guidelines for the Use and Care of Experimental Animals at Xi’an Medical University.



Cytotoxicity Tests

The in vitro cytotoxicity of Mn3O4@PEG-RGD NPs was evaluated by CCK-8 assay. Four human cell lines (HUVECs and IMR-90, SGC-7901 and BGC-823 cells) were used for the evaluation of the in vitro cytotoxicity. Mn3O4@PEG NPs and RGD peptide were used as controls. During the logarithmic growth phase, cells were seeded into 96-well plate at a density of 8 × 104 cells/well. Subsequently, samples at different concentrations were added. After 72 h, when the cells in the untreated wells grew to 90% confluence, the medium was replaced with fresh colorless medium containing 10% CCK-8 agent. The plate was further incubated for 2 h, and the absorbance at 450 nm of each well was measured with a microplate reader (Infinite® 200 Pro, Tecan, Switzerland). The cell viability was calculated.



Cell Internalization and Affinity Assay

FITC-labeled Mn3O4@PEG-RGD NPs were prepared for evaluation by internalization and affinity assays. SGC-7901 cells were incubated in confocal dishes for 24 h. Then, the NPs were added to the dishes. Subsequently, the cells were fixed with a 4% paraformaldehyde solution for 0.5 h, 2 h and 4 h, and then the cell nuclei were stained with a DAPI kit. The dishes were observed via a confocal microscope (TCS SP5 II, Leica, Germany). The affinity assay was utilized to evaluate targeted delivery in vitro. The RGD peptide was the competitive agent of NP endocytosis. Cells were again incubated in confocal dishes for 24 h. Half of the dishes were supplemented with the RGD peptide as a blocking agent. After 1 h, the NPs were added. After incubation, the dishes were fixed with a 4% paraformaldehyde solution, and the cell nuclei were stained with DAPI. The dishes were observed by confocal microscopy. All fluorescent signals were quantified by ImageJ software.



Hemolysis Assay

The primary route of administration of the Mn3O4@PEG-RGD NPs is intravenous injection. Therefore, the influence of the NPs on erythrocytes should be evaluated. Whole blood was drawn from the mice, and heparin was immediately added. The red blood cells were collected by centrifugation. The cells were then resuspended in PBS at 2% concentration. The red blood cell suspension was infused into a 6-well plate, and then Mn3O4@PEG-RGD NPs, Mn3O4@PEG NPs and RGD were added. Trition X-100 (1%, v/v) and saline were the positive and negative controls, respectively. The plates were incubated at 37°C for 2 h. Subsequently, the cell suspensions were centrifuged, and then the supernatant was collected for determination of the absorbance at 394 nm.



In Vivo Acute Toxicity

Thirty of BALB/c mice (15 females and 15 males, with an average weight of 20 g) were fed under SPF conditions for 5 days to acclimatize themselves, and then, they were randomly divided into 3 groups. The three groups were intravenously injected with Mn3O4@PEG-RGD NPs, Mn3O4@PEG NPs or RGD peptide. The doses of both the Mn3O4@PEG-RGD NPs and Mn3O4@PEG NPs groups were 100 mg/kg, and the dose of RGD peptide was 2 mg/kg. The survival rate was recorded within 14 d. Subsequently, the remaining mice were euthanized, and their organs were collected for pathological evaluation.



In Vivo MRI Investigation

Three xenograft mice were used for the MRI experiment. Two mice were intravenously injected with either Mn3O4@PEG-RGD NPs or Mn3O4@PEG NPs. The third mouse was administrated 2 mg of the RGD peptide intratumorally for blocking and then intravenously injected with Mn3O4@PEG-RGD NPs. The doses of both the Mn3O4@PEG-RGD NPs and Mn3O4@PEG NPs groups were 30 mg/kg. T1-MRI was performed with a 0.5 T mouse MRI scanner (Niumag Corp., Shanghai, China). The sequential time points of imaging were 0, 0.5, 1, 2, 4, and 8 h. The MRI system parameters were as follows: TE = 18.2 ms, TR = 350 ms, Slice Thickness = 4 mm, Flip Angle = 90°, FOV = 100, NEX = 2, Matrix: 256 × 256, Axial images.



Histology Assay

A xenograft mouse was intravenously injected with Mn3O4@PEG-RGD NPs at a dose of 30 mg/kg. After 4 h, the mouse was euthanized, the liver, kidney, spleen and tumor were collected. All tissues were frozen and immunofluorescent staining for histological assays. The RGD antibody and FITC-labeled second antibody were used to mark the Mn3O4@PEG-RGD NPs. The slides were observed with an inverted fluorescence microscope (DP72, Olympus, Tokyo, Japan).



Statistical Analysis

GraphPad Prism 5.0 software was employed to calculate the data. The data of independently repeated experiments are presented as the mean values ± standard deviation (SD). Statistical differences between the groups are indicated p < 0.05.




Results


Preparation and Characterization of the Mn3O4@PEG-RGD NPs

The process of Mn3O4@PEG-RGD NPs preparation is exhibited in Figure 1A. The synthesis included three steps: synthesis of the Mn3O4 NPs, modification with functional PEG and then conjugation with the RGD peptide. Figures 1B, C are TEM images of the Mn3O4 NPs and Mn3O4@PEG-RGD NPs. Both kinds of NPs were spherical and showed good monodispersity. The diameters of the Mn3O4 NPs and Mn3O4@PEG-RGD NPs were 5.4 ± 1.4 nm and 7.3 ± 2.7 nm, respectively. The increase in size preliminarily indicated that the surface modification was successful. Further, the hydrodynamic diameters of Mn3O4 NPs and Mn3O4@PEG-RGD NPs were measured with a Malvern instrument. The average sizes of the NPs are shown in Figure 1D. The size of the Mn3O4 NPs was 5.9 ± 1.9 nm, showing no obvious differences between the TEM observation. Nevertheless, in the measurement of Mn3O4@PEG-RGD NPs, the hydrodynamic size was 28.5 ± 7.4 nm, which was more than 4 times that of the TEM observation. The primary reason for this result is that the hydrated PEG layer of the Mn3O4@PEG-RGD NPs evaporated during sample preparation and TEM observation. The Mn3O4 NPs were dispersed in cyclohexane since the NPs could not be dispersed in aqueous solution. By comparison, PEG modified NPs could be effectively dispersed in water. The results also indicated that PEG successfully crosslinked onto the surface of the Mn3O4 NPs.

The XRD pattern indicates that the Mn3O4 NPs were well-crystallized. The Joint Committee on Powder Diffraction Standard (JCPDS) card number 24-0734 was used to contrast the diffraction peaks. The results are shown in Figure S1. The Mn3O4 NPs peaks coincide with the standard. The stability of the NPs was evaluated by changing the hydrodynamic size under different conditions. Mn3O4 NPs were dispersed in cyclohexane as the control. The results are shown in Figure 2. Both the Mn3O4@PEG NPs and Mn3O4@PEG-RGD NPs could be stably dispersed in PBS. Compared with the control, the size distributions of Mn3O4@PEG NPs and Mn3O4@PEG-RGD NPs at 37°C were significantly broader than those at low temperature. The possible reason for this result is that an increase in temperature promotes PEG to form a thicker hydrated rete. Similarly, the Mn3O4@PEG NPs and Mn3O4@PEG-RGD NPs, which were dispersed in medium and FBS, also showed broad size distribution curves. Beside temperature factor, proteins in solution appear to have an impact on hydrated retia. Overall, Mn3O4@PEG NPs and Mn3O4@PEG-RGD NPs could be effectively dispersed in various conditions, indicating good colloidal stability of the NPs.




Figure 2 | Colloidal stability of Mn3O4@PEG-RGD NPs. The NPs were dispersed in PBS, complete medium and FBS, respectively. Mn3O4 NPs and Mn3O4@PEG NPs were employed as control. Mn3O4 NPs was dispersed in cyclohexane.



A 0.5 T MRI scanner was utilized to evaluate magnetic resonance contrast performance of Mn3O4@PEG-RGD NPs in aqueous solution. As shown in Figure 3A, Mn3O4@PEG-RGD NPs exhibited a significant reinforcement effect on T1-MRI. The concentration-response relationship is remarkable. The relaxation rate (r1) of the Mn3O4@PEG-RGD NPs was calculated by measuring the proton relaxation time. The results are shown in Figure 3B. The data also correspond to the concentration of the NPs. The r1 value was determined to be 0.35 mmol/L·s.




Figure 3 | Relaxation performances of Mn3O4@PEG-RGD NPs. T1-weighted MRI of the NPs in aqueous phase (A). Calculation of Relaxation rate (r1) of Mn3O4@PEG-RGD NPs (B).





In Vitro Cytotoxicity and Internalization Assay

The cytotoxicity of Mn3O4@PEG-RGD NPs was evaluated by CCK-8 assay, which used two normal human cell lines (HUVECs and IMR-90 cells) and two of human gastric cancer cell lines (SGC-7901 and BGC-823 cells). Mn3O4@PEG NPs and the RGD peptide were used as the control. Mn3O4 NPs were not applicable in this experiment due to their water-insoluble nature. As shown in Figure 4, all of those treatments exhibited low cytotoxicity in 4 cell lines. More than 90% of the cells survived at the highest concentration of Mn3O4. The cell viabilities did not exhibit significant difference between treatment with the Mn3O4@PEG-RGD NPs and Mn3O4@PEG NPs. The results preliminarily indicate that Mn3O4@PEG-RGD NPs have good biocompatibility in vitro.




Figure 4 | In vitro cytotoxicity of Mn3O4@PEG-RGD NPs. Cell viabilities of HUVECs, IMR-90, BGC-823, and SGC-7901, which were incubated with different concentrations of the NPs. Mn3O4@PEG NPs and RGD peptide were used as control. The concentration of NPs was set by quantity of Mn3O4.



The internalization process of Mn3O4@PEG-RGD NPs is shown in Figure 5. The green and blue fluorescence originates from FITC-labeled Mn3O4@PEG-RGD NPs and DAPI-labeled cell nuclei respectively. An enhancement in cellular green fluorescence reflects the internalization process. After the initial 0.5 h, the green fluorescent signal appeared in the cytoplasm. Then the fluorescence intensity gradually increased in cells. After 2 h, the cell image appeared completely. At 4 h, the fluorescent signal strength in the cell accumulated to a higher level. The RGD peptide provided the NPs cancer cell targeting function, which was achieved by the interaction with the integrin receptor. In order to verify the effect of targeted delivery, we used the RGD peptide as a competitive inhibitor to block Mn3O4@PEG-RGD NPs endocytosis. The results are shown in Figure 6. The green fluorescent intensity in blocking group was significantly lower than that in the untreated group, which means the RGD peptide could effectively block the internalization of Mn3O4@PEG-RGD NPs. This result indicates that the transmembrane transport of Mn3O4@PEG-RGD NPs is mediated by RGD-integrin receptor interactions and preliminarily suggests that Mn3O4@PEG-RGD NPs could achieve tumor-targeted delivery.




Figure 5 | Internalization of Mn3O4@PEG-RGD NPs in SGC-7901 cell line. Confocal imaging of cell co-incubation in different time points (A). Quantitation of fluorescent intensity in cell (B). Error bars represent the SD of the mean. The ** indicated p < 0.01, *** indicated p < 0.001.






Figure 6 | RGD blocking test of Mn3O4@PEG-RGD NPs. Confocal imaging of cell in different treatments (A). Quantitation of fluorescent intensity in cell (B). Error bars represent the SD of the mean. The ** indicated p < 0.01.





In Vivo Toxicity Evaluation

The route of administration of Mn3O4@PEG-RGD NPs is intravenous injection. Therefore, the erythrocyte impact of the NPs should initially be evaluated. The hemolysis results are shown in Figure 7C. Triton X-100 caused severe red blood cell plasmorrhexis, and the lysis rate was over 70%. By comparison, the samples in the Mn3O4@PEG-RGD NPs, Mn3O4@PEG NPs, and RGD treatment groups exhibited low lysis rates, all of which were less than 5%. The results indicate that Mn3O4@PEG-RGD NPs have little impact on erythrocytes. The safety of intravenous injection is guaranteed.




Figure 7 | In vivo toxicity of Mn3O4@PEG-RGD NPs. Survival rate of mice in different treatments (A). Pathological sections of heart, liver and kidney (B). Results of hemolytic assay (C).



Subsequently, an acute toxicity test was further employed to evaluate the in vivo toxicity of the Mn3O4@PEG-RGD NPs. As Figure 7A shows, no mice died in the RGD peptide treatment group, and most of the mice survived in the Mn3O4@PEG-RGD NPs and Mn3O4@PEG NPs groups, which did not exhibit prominent toxic effects at a high dose. The pathological sections further demonstrated the results. The NPs treatments did not obviously injure the main organs. Histological evaluation of the heart, liver and kidney did not show pathological injury (Figure 7B). These results amply demonstrated that Mn3O4@PEG-RGD NPs had excellent biocompatibility.



In Vivo MRI Evaluation

The BALB/c nu/nu mouse xenograft model was utilized to evaluate the T1-weight effect of Mn3O4@PEG-RGD NPs in MRI. First, the NPs were intravenously injected into each mouse. The images were then successively captured in sequential time points. The MRI images are shown in Figure 8A, and the MR signal intensity was calculated and is exhibited in Figure 8B. In the Mn3O4@PEG-RGD NPs group, the signal was observed immediately. The reason for this result is that the scanning time of MRI needs approximately 25 min; and at this time, the NPs have accumulated in the tumor tissues. After 1 h, the signal in the Mn3O4@PEG-RGD NPs group reached its maximum, and then fell gradually. Mn3O4@PEG NPs did not show positive targeted performance, and the accumulation quantity in the tumor was obviously lower than that of the Mn3O4@PEG-RGD NPs group. Nevertheless, both NPs treatment groups exhibited similar trends. The curve in the RGD-blocking treatment group showed difference that the peak appeared in 2 h, and the intensity was stronger than that in the Mn3O4@PEG NPs group in subsequent 6 h. This trend indicates that RGD could initially block the positive tumor target of Mn3O4@PEG-RGD NPs. When the RGD peptide is metabolized, the targeted delivery of Mn3O4@PEG-RGD NPs is regained.




Figure 8 | In vivo T1-weighted MRI of Mn3O4@PEG-RGD NPs at different time points. White circles points location of tumor (A). Quantitation of MR intensity in tumor at different time points (B). Error bars represent the SD of the mean.



Immunofluorescence analysis was further employed to verify the targeted delivery of the Mn3O4@PEG-RGD NPs. As shown in Figure 9, green fluorescent spots were observed in tumor tissues from the Mn3O4@PEG-RGD NPs treated mouse obviously. However, the fluorescent spot was almost invisible in the normal organs after Mn3O4@PEG-RGD NPs treatment and in the tumor after Mn3O4@PEG NPs treatment. These results further demonstrate that Mn3O4@PEG-RGD NPs have an excellent tumor targeting function.




Figure 9 | Immunofluorescent assay of Mn3O4@PEG-RGD NPs in various tissues via RGD antibody. Green fluorescent signal derives Mn3O4@PEG-RGD NPs (Pointed by white arrow). Blue fluorescent signal is from DAPI, which indicates nuclei. Scale bar: 50 μm.






Discussion

Worldwide, gastric cancer has become one of the most common malignant gastrointestinal tumors and displays high mortality (1). In gastric cancer, radical surgery can lead to a positive curative effect. However, postoperative recurrence is an unavoidable problem in the majority of patients. If recurrence occurs, chemotherapy is the primary treatment, and the therapy must be long-term. How effectively patients continue their therapy can also depend on the evaluation of the therapeutic effect, especially the imaging-guided monitoring. To prolong survival in patients with gastric cancer, researchers employed various imaging technologies for diagnosis. Although, gastroscopy, CT, PET, and SPECT exhibit accuracy in the early diagnosis of gastric cancer, radioactivity and invasive injury severely limit their applications in continuous monitoring. By comparison, MIR, a non-invasive and non-radiological imaging method, is an important iconography for gastric cancer diagnosis (14). Contrast agents can be used to further improve clarity in MRI scans of the cancer tissues. However, there are currently still several problems with the administration of contrast agents in clinical MRI. In order to increase the efficiency of the MRI in continuous postoperative monitoring, we prepared Mn3O4@PEG-RGD NPs, which could be used for in vivo gastric cancer MRI observation. The core of the contrast agent is a Mn3O4 NPs. Synthesis of the NPs was based on the thermal decomposition reaction of water and manganese acetate in the presence of oleylamine. During the synthesis, water promoted the nucleation of nanocrystals, and oleylamine was used as catalyst (32). As the results show, Mn3O4 NPs were spherical and appeared to be monodispersed in an excellent manner. The average size of the NPs was approximately 5 nm. This result was also verified by XRD. However, the relatively low biocompatibility of Mn3O4 NPs was a problem. The NPs dispersed in cyclohexane, meaning that they could not be used in the aqueous phase. In order to compensate for this limitation, we employed PEG to modify the Mn3O4 NPs (25, 42, 43). Moreover, for further modification, a functionalized PEG lipid was used in the hydrophilization of the Mn3O4 NPs. The Mn3O4@PEG NPs also exhibited good monodispersity and aqueous stability. Their size in TEM observation increased by approximately 2 nm, which indicated that PEG successfully covered the surface of Mn3O4 NPs. In the next step, the RGD peptide was further conjugated to the PEG layer, which provided a tumor-targeting function. The hydrodynamic size of the Mn3O4@PEG-RGD NPs also increased nearly quintuple. This phenomenon was due to the expansion of the PEG hydration layer in the DLS measurements (44, 45). Colloidal stability is a critical performance indicator of the NPs (46). Dispersed in PBS, medium and FBS, the sizes of the Mn3O4@PEG-RGD NPs or Mn3O4@PEG NPs were sequentially measured. The Mn3O4@PEG-RGD NPs did not show flocculation and precipitation throughout the experiment. More notably, the data indicated that the hydrodynamic size of the NPs was very stable in different solutions and under various temperature conditions. These results amply demonstrated that the NPs exhibited excellent stability under physiological conditions. Importantly, the manufacturing process and cost of the Mn3O4@PEG-RGD NPs are efficient enough for mass production and application. These NPs will be more beneficial for the continuous postoperative monitoring in patients with gastric cancer.

Biotolerance, which ensures safe in vivo application, is a necessary feature for MRI agents. In order to evaluate whether the Mn3O4@PEG-RGD NPs could be used as an MRI contrast agent, a series of experiments were conducted. Initially, the in vitro cytotoxicity of the NPs was evaluated in four cell lines, including HUVECs and IMR-90, SGC-7901 and BGC-823 cells. HUVECs are human umbilical vein endothelial cells and used to evaluated the impact of the NPs on the blood vessel endothelium. Originating from human embryonic lung fibroblast tissues, IMR-90 cells were used to verify the cytotoxicity of Mn3O4@PEG-RGD NPs in normal cell. Both SGC-7901 and BGC-823 cells were employed to investigate their influence on gastric cancer cells. The results of the CCK-8 assay indicated that the Mn3O4@PEG-RGD NPs did not show obvious cytotoxicity in any of the four cell lines. The cell viabilities were over 90%, even at maximum concentration of the Mn3O4@PEG-RGD NPs. A similar result appeared after treatment with Mn3O4@PEG NPs. Therefore, the low cytotoxicity of the Mn3O4@PEG-RGD NPs was verified. Subsequently, we evaluated in vivo toxicity of Mn3O4@PEG-RGD NPs. Initially, a hemolysis assay was applied to investigate whether the Mn3O4@PEG-RGD NPs could impact red blood cells. The lysis rate after treatment with Mn3O4@PEG-RGD NPs was less than 5%. Then, we further evaluated the in vivo acute toxicity in animals. Mn3O4@PEG-RGD NPs, Mn3O4@PEG NPs and RGD peptide were injected into BALB/c mice, respectively. The intravenous injection dose was 100 mg/kg, which is well above the dose for practical imaging applications. After two weeks of observation and recording, 80% of the mice in Mn3O4@PEG-RGD NPs treatment groups were survived. By comparison, the survival ratios in the Mn3O4@PEG NPs and RGD peptide groups were also impressive. In addition, pathological analysis further verified that there were no obvious injuries to the major organs. Based on these results, the biotolerance of the Mn3O4@PEG-RGD NPs was amply demonstrated. And it indicated that the NPs could be safely utilized in long-term for MRI in vivo. The excellent performance suggests that Mn3O4@PEG-RGD NPs could be used for the continuous postoperative monitoring in gastric cancer patients, without cumulative toxicity.

MR imaging of Mn3O4@PEG-RGD NPs is the essential endpoint of this study. A series of in vitro and in vivo imaging experiments were employed to evaluate whether Mn3O4@PEG-RGD NPs could be used as an MRI contrast agent for the postoperative monitoring of gastric cancer. In the evaluation of magnetic resonance contrast performance, Mn3O4@PEG-RGD NPs showed a remarkable concentration-response relationship. As the concentration increased, the MRI signal was enhanced. The r1 value was 0.35 mmol/L·s. The data are much lower than that of Gd-based MR contrast agents. The probable reason for the low r1 value might be due to the valences of Mn3O4. Mn3O4 contains two trivalent Mn atoms and one bivalent Mn. The paramagnetic strength of the ions depends on the number of unpaired electrons in the 3d orbital. Thus, more unpaired electrons will have stronger paramagnetic strength (31). The unpaired electron number of the trivalent Mn is less than that of divalent Mn; therefore, the r1 value of Mn3O4 is relatively low. Besides, PEG modification also probably contributes to this result. PEG provides hydrophilia to the Mn3O4 NPs. At the same time, it forms a thick hydrophobic layer, which hinders the chemical exchange between magnetic ions and protons (47, 48). However, Mn3O4@PEG-RGD NPs still exhibited obvious T1-weighted effects both in vitro and in vivo. It can fully meet the demands of the monitoring of gastric cancer. The gastric tumor target of Mn3O4@PEG-RGD NPs was mediated by RGD-integrin receptor interaction (36). The integrin receptor is widely expressed on the cytomembrane of various tumor cells, such as in gastric cancer, hepatic cancer, pulmonary cancer and colon cancer (37, 39, 40). In this study, fluorescently labeled NPs were used for the observation of internalization (49, 50). Under normal conditions, FITC-labeled Mn3O4@PEG-RGD NPs gradually accumulated in the cytoplasm of SGC-7901 cells. However, competitive suppression with the RGD peptide could block the endocytosis of Mn3O4@PEG-RGD NPs. The results preliminarily demonstrated that the NPs possess gastric tumor targeted delivery. Subsequently, the in vivo MRI evaluation of Mn3O4@PEG-RGD NPs was performed in a gastric cancer xenograft mouse model. In Mn3O4@PEG-RGD NPs-treated mouse, the MR signal was rapidly observed in tumor tissues after intravenous injection. After 1 h, the intensity of MR signal reached its peak, and then gradually decreased. The signal in Mn3O4@PEG NPs was significantly lower than that in the targeted NPs. Remarkably, intratumoral injection of the RGD peptide could effectively blocking accumulation of Mn3O4@PEG-RGD NPs. Thus, Mn3O4@PEG-RGD NPs have an excellent in vivo gastric tumor-targeting ability and can effectively perform in vivo MR imaging. Moreover, immunofluorescence analysis verified that Mn3O4@PEG-RGD NPs could accumulate in gastric tumor in the mouse model, meanwhile, barely exhibited accumulation in normal organs and tissues. The results indicate that Mn3O4@PEG-RGD NPs can rapidly penetrate into the gastric tumor, and then be gradually metabolized. In principle, the metabolites are safe and non-toxic. The RGD peptide will be hydrolyzed in the same manner as other amino acids. PEG is widely used in medicine and food. Mn is a necessary element in the body that can effectively be metabolized and excreted out of the body. Throughout the whole monitoring process, the Mn3O4@PEG-RGD NPs did not cause obvious side effects, which could certify their long-term reliability. All of these results indicated that Mn3O4@PEG-RGD NPs may have great potential for the MRI postoperative monitoring of gastric cancer.



Conclusion

In the present study, we demonstrated that Mn3O4@PEG-RGD NPs could be a reliable MRI contrast agent for monitoring gastric cancer in vivo, due to its possession of obvious advantages, such as simple preparation, low cost, effective T1-weighted, rapid metabolism, and low toxic. All of these attributes are suitable for the long-term monitoring of gastric cancer. Initially, Mn3O4 NPs were synthesized followed by modification with PEG and conjugation of the RGD peptide to prepare the targeted T1-MRI contrast agent. Within these NPs, the Mn3O4 NPs are the core for MRI. An appropriate size and shape make the NPs usable in MRI and suitable for further modification and functionalization. PEG modification makes these NPs to disperse in aqueous solution, thus resolving the problem of biocompatibility. The RGD peptide provides the NPs with a gastric tumor-targeting function, which allows the NPs to rapidly accumulate in gastric tumor tissues in vivo. Moreover, a series of evaluations verified that Mn3O4@PEG-RGD NPs have excellent biosecurity and colloidal stability. In conclusion, Mn3O4@PEG-RGD NPs were amply demonstrated to be a potential nano contrast agent for postoperative monitoring of gastric cancer via MRI.
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Gastrectomy is the primary therapeutic option for gastric cancer. Postoperative treatment also plays a crucial role. The strategy to improve the postoperative prognosis of gastric cancer requires a combined system that includes a more efficient synergistic treatment and real-time monitoring after surgery. In this study, photothermal-chemotherapy combined nanoparticles (PCC NPs) were prepared via π-π stacking to perform chemo-photothermal synergistic therapy and continuous imaging of gastric cancer. PCC NPs had a spherical morphology and good monodispersity under aqueous conditions. The hydrodynamic diameter of PCC NPs was 59.4 ± 3.6 nm. PCC NPs possessed strong encapsulation ability, and the maximum drug loading rate was approximately 37%. The NPs exhibited extraordinary stability and pH-response release profiles. The NPs were rapidly heated under irradiation. The maximum temperature was close to 58°C. PCC NPs showed good biocompatibility both in vitro and in vivo. Moreover, the NPs could effectively be used for in vivo continuous monitoring of gastric cancer. After one injection, the fluorescent signal remained in tumor tissues for nearly a week. The inhibitory effect of PCC NPs was evaluated in a gastric cancer cell line and xenograft mouse model. Both in vitro and in vivo evaluations demonstrated that PCC NPs could be used for chemo-photothermal synergistic therapy. The suppression effect of PCC NPs was significantly better than that of single chemotherapy or photothermal treatment. This study lays the foundation for the development of novel postoperative treatments for gastric cancer.
Keywords: gastric cancer, photothermal therapy, chemotherapy, synergistic treatment, continuous imaging
INTRODUCTION
Gastric cancer has one of the highest incidences of malignant gastrointestinal tumors worldwide. Globally, the morbidity and mortality of gastric cancer rank fifth and third, respectively (Song et al., 2017; Sigel et al., 2020). Effectively early diagnosis of gastric cancer is difficult to achieve. Multiple factors are related to gastric cancer (Yang et al., 2017). The therapeutic strategy for gastric cancer mainly depends on surgical treatment, which includes local excision, partial gastrectomy, and total gastrectomy. Chemotherapy is primary supplementary treatment postoperatively. Currently, surgery combined with postoperative chemotherapy for gastric cancer patients improves prognosis in early stage gastric cancer; however, the prognosis of intermediate and advanced gastric cancer remains unsatisfactory (Kang et al., 2015; Zuo et al., 2017). The strategy of further improving the comprehensive efficacy of gastric cancer involves a synergistic system that includes more efficient early diagnosis, monitoring, and synergistic treatment after surgery. Local thermotherapy is an adjuvant method to treat cancer. The majority of cancers are heat sensitive, and apoptosis is triggered at temperatures over 43°C (Hildeberandt et al., 2002). Photothermal therapy (PTT) is a novel noninvasive therapeutic technology. Photothermal agents are heated under irradiation and cause ablation of tumor tissues (Shibu et al., 2013). In addition, PTT can be used in combination with other treatments, such as chemotherapy, photodynamic therapy, immunotherapy, and radiotherapy (Sherlock et al., 2011; Sahu et al., 2013; Wang et al., 2013; Guo et al., 2014; Yi et al., 2015). Photothermal therapy combined with chemotherapy is an effective method to achieve synergistic therapy of gastric cancer because heat can promote release and endocytosis and reduce resistance (Shi et al., 2012). Moreover, dynamic monitoring postoperatively is also an important part of the synergistic system and can be used to assess tumor to guide the appropriate treatment schedule (Dhar et al., 2000; Zhang et al., 2004).
The functional agent is the core of the thermal therapy, and various materials are used for thermal therapy (Huang et al., 2006; Abadeer and Murphy, 2016; Liu et al., 2016). However, in recent decades near-infrared (NIR) dyes have been of interest in PTT against cancer, because they have strong photothermal effects, low toxicity, and appropriate excitation wavelengths (Zheng et al., 2011). Furthermore, the fluorescence of the NIR fluorescent dye also allows excellent real-time monitoring of tumor progress. At present, many NIR fluorescent dyes are used in clinical medicine and achieve a certain effect. Among them, indocyanine green (ICG) has been approved by the FDA for clinical application. However, defects ultimately limit the further utilization of ICG, including its poor solubility, low bioavailability, and concentration-related aggregation (Bahmani et al., 2013). Anthocyanin dye has been used as a fluorescent probe for in vivo tumor imaging (Wang et al., 2016; Li et al., 2017). IR-820 is a novel anthocyanin with properties similar to those of IGC but exhibits better stability and photothermal effects; thus, IR-820 can be used for tumor photothermal therapy. In addition, IR-820 can emit NIR fluorescence under irradiation, indicating that the dye can be used for tumor monitoring (Li et al., 2016; Zhang et al., 2018; Dong et al., 2019). However, IR-820 is also problematic in clinical applications. When IR-820 is combined with other medicines, such as chemotherapeutic agents, it may have an efficient synergistic antitumor effect. Doxorubicin (DOX) is commonly used in clinical cancer chemotherapy and also in combination with other drugs or agents for synergistic treatment (Bao et al., 2016; Zhao et al., 2016). Mechanistically DOX and IR-820 have great potential and complementarity in the treatment of gastric cancer. First, DOX has severe systemic toxicity and susceptibility to drug resistance (Xiong et al., 2010). IR-820 can be heated under irradiation; the hyperthermy can promote the accumulation of the drug and reduce the occurrence of resistance. Thus, the effective dosage of DOX can be significantly decreased in treatment and its side effects can be reduced. However, DOX and IR-820 possess distinct pharmacokinetic properties that are difficult to achieve simultaneously with good accumulation and performance in tumor tissues and will be an insurmountable limitation in clinical applications. Therefore, in vivo codelivery and long-term stability of the two agents are crucial technical issues to be solved in synergistic treatment of gastric cancer.
Developing and applying nanotechnology bring great benefit to medicine. However, the drug loading of common nanocarriers is often less than 10%. This disadvantage limits the further development of nanocarriers (Choi et al., 2011; Chen et al., 2015). Some physical bonding effects have been attempted to strengthen the effect on the construction of nanocarriers (Ke et al., 2014; Zhang et al., 2017). π-π stacking, which is similar to hydrogen bonding, is a noncovalent interaction between aromatic nuclei. Recently, π-π stacking technology has become an attractive method for molecular assembly, especially in the self-assembly of nanoparticles and drug delivery systems. This method does not destroy the properties of drugs and can improve their bioavailability (Shi et al., 2015). The majority of antitumor drugs are known to contain complex aromatic structures, which lead to poor water solubility and low bioavailability. Hence, π-π stacking can be used to assemble drug-loaded complexes for these drugs (Wei et al., 2016; Wang et al., 2017; Zhuang et al., 2019). Hennink and colleagues prepared a polymeric micelle via π-π stacking for paclitaxel delivery; the drug loading rate reached 23%, which is well above that of the clinical paclitaxel medicine Genexol-PM (Shi et al., 2013). He et al. developed a series of micelles via π-π stacking and found that their ability for DOX loading was proportional to the aromatic ring (Liang et al., 2015). Zhang et al. prepared multidrug loading nanocarriers via π-π stacking for combination chemotherapy (Zhang et al., 2015). Both DOX and IR-820 have aromatic nuclei in their molecular structures, which means that these agents can assemble via π-π stacking. For the assembly material, we considered dopamine. Dopamine is a small compound with a benzene ring and possesses excellent biocompatibility and stability. Dopamine can combine with DOX and IR-820 in an alkaline aqueous solution through π-π stacking and form stable drug-loaded NPs. The prepared NPs not only extend the circulation time of the payloads, but also perform tumor targeted delivery through enhanced permeability and retention (EPR) effects (Peer et al., 2007; Jain and Stylianopoulos, 2010).
In the present study, a multifunctional nanocarrier was constructed for chemo-photothermal synergistic therapy and dynamic monitoring in gastric cancer. The materials that were used are dopamine and poloxamer F127, which is a surfactant for hydrotropy. The agents were DOX and IR-820, which have chemotherapeutic effects and can be used for simultaneous photothermal treatment and in vivo fluorescent imaging. The morphology, encapsulation, and stability were initially of the PCC NPs evaluated. Subsequently, the toxicity, targeted delivery, and tumor suppression of the PCC NPs were determined in cell lines and a BALB/c mouse model. The results could provide a theoretical foundation for the postoperative treatment of gastric cancer.
MATERIALS AND METHODS
Materials
Dopamine hydrochloride (98%), poloxamer F-127, DOX, and tris(hydroxymethyl)aminomethane (Tris) were purchased from Sigma-Aldrich Corp. (MO, USA). IR-820 was purchased from Aladdin Crop. (Shanghai, China). The antibiotics, trypsin, CCK-8 kit, Annexin V-FITC apoptosis kit, and DAPI kit were purchased from Beyotime Co., Ltd. (Shanghai, China). HL-7702 (human normal liver cells), IMR-90 (human embryonic lung fibroblast cells), and HUVECs (human umbilical vein endothelial cells) were purchased from Tongpai Co., Ltd. (Shanghai, China). Human gastric cancer cell lines (MKN45, BGC-823 and SGC-7901) were purchased from Huiying Co., Ltd. (Shanghai, China). DMEM high glucose medium and fetal bovine serum (FBS) were purchased from Thermo Fisher Inc. (MA, USA). Other reagents were supplied by Sinopharm Crop. (Beijing, China). BALB/c mice and BALB/c-nu/nu mice were purchased from Tengxin Co., Ltd. (Chongqing, China).
Preparation of PCC NPs
Construction of PCC NPs is a self-assembly process that depends on π-π stacking of dopamine, DOX, and IR-820 under alkaline conditions. The methods were reported by Wang et al. (2018). Initially, 18 ml of Tris solution, pH 8.8, was poured into a flask. Subsequently, 18 mg of dopamine and 1 ml of a poloxamer and IR-820 mixed solution (DMSO; poloxamer, 10 mg/ml; IR-820, 20 mg/ml) were dropped into the flask under stirring. The 100 μL of DOX solution (20 mg/ml) was added to the mixture solution, and stirring was maintained for 3 min. The mixture was ultrasonically treated for 10 min. Then, mixture was incubated for 72 h at 28°C in a rotary stirrer, and PCC NPs were obtained. The NPs were further purified by dialysis and centrifugation to remove unreacted materials. The PCC NPs dispersed liquid was concentrated to 10 mg/ml by centrifugation.
Characterization of PCC NPs
The hydrodynamic diameter of PCC NPs was initially measured by dynamic light scattering using a Malvern instrument (Malvern, Ltd., UK). The morphology and size of PCC NPs were observed by TEM (JEOL Corp., Japan). The encapsulation ability of PCC NPs was further evaluated. The total mass of PCC NPs was measured by residue of freeze-drying method. The DOC or IR-820 in residue was redissolved by DMSO and the concentrations were measured via fluorescence spectrometry. The encapsulation rate (ER) and drug loading rate (DL) of DOX and IR-820 were calculated by total mass of PCC NPs and input and remaining mass of agents. The in vitro stability of PCC NPs was evaluated according to the changing of hydrodynamic size under various conditions, including PBS, complete medium, and FBS at 4°C or 37°C. In vitro drug release was evaluated by dialysis. The PCC NPs dispersion liquid was enclosed in dialysis bags, with a molecular weight cutoff of 2000 Da. Then the dialysis bags were assigned in various experiments. First, the release of PCC NPs was tested in PBS at 4°C and free DOX at the same concentration as the control. The pH-response of PCC NPs was measured in acetate buffered saline at pH 7.4, pH 6.5, and pH 5.2. The effect of temperature on the release of DOX was evaluated in PBS at 4, 37, 45, and 58°C. The release rates were determined and calculated by concentrations of DOX in the outer phase of dialysis.
Photothermal Conversion of PCC NPs
The PCC NPs dispersion liquid (500 μl, 50 μg/ml) was added to a 1.5 ml tube. Then the tube was continuously irradiated with 808 nm laser at a power density of 1 W/cm2, and the temperature change was measured using an infrared thermometer at 0, 1, 2, and 3 min. The photothermal conversion in different concentrations of PCC NPs was also evaluated in a 1.5 ml tube with the same laser irradiation parameters. The concentrations of PCC NPs were 10, 20, 30, and 40 μg/ml. To evaluate the photothermal effect of PCC NPs under different conditions, the NPs were dispersed in PBS, complete medium, and FBS, and irradiation was performed at a power density of 1 W/cm2 for 3 min. The temperature changes were also determined using an infrared thermometer. The photothermal effect was further evaluated in mouse. Fifty microliters of the PCC NPs dispersion liquid at a concentration of 40 μg/ml was subcutaneously injected into the right crotch of a BALB/c-nu/nu mouse. Then the injection area was irradiated by the laser at a power density of 1 W/cm2, and the temperature change was determined at different time points. Moreover, the photothermal conversions of the materials were also measured. The photothermal curve of PCC NPs was plotted according to the temperature values before and after switching off the laser.
Cell Internalization of PCC NPs
DOX emits red fluorescence, which could be used to directly observe internalization and intracellular release of PCC NPs. SGC-7901 cells were seeded into 3.5 cm confocal dishes at a density of 1.5×105 cells/dish and incubated at 37°C under 5% CO2 for 24 h. When cell adherence and growth were good, PCC NPs were added to dishes. Subsequently, the cells were treated with a 4% paraformaldehyde solution for different times, and cell nuclei were stained with a DAPI kit. All samples were observed with a confocal microscope (TCS SP5 II, Leica, Germany). The fluorescent intensities in cells were measured using ImageJ software.
Cytotoxicity of PCC NPs
A CCK-8 assay was employed to evaluate the cytotoxicity of PCC NPs in various cells, including normal human cells (HUVECs, IMR-90, and HL-7702) and human gastric cancer cell lines (BGC-823, SGC-7901, and MKN45). The logarithmic phase cells were seeded into 96-well plates at a density of 8 × 103 cells/well. Subsequently, PCC NPs, IR-820, and DOX at different concentrations were added to the wells. The plates were incubated at 37°C under 5% CO2. The cell densities were continuously observed via microscopy (Nikon, Japan). After 24 h of coincubation, the wells were replaced with a fresh colorless medium containing 10% CCK-8 solution. The incubation was extended for 2 h, and then the wells were measured at 450 nm absorbance with a microplate reader (Varioskan LUX, ThermoFisher, USA). The cell viabilities were calculated with GraphPad Prism 5.0 software.
In vitro Antitumor Effect of PCC NPs
SGC-7901 cells were seeded into 3.5 cm dishes at a density of 2×105 cells/dish. When the cells in the dish grew to over 90% confluence, PCC NPs were added. The dish was then incubated at 37°C under 5% CO2 overnight. Then stale medium was replaced by fresh colorless medium, and aluminum foil was used to cover half of the dish. Then the dish was exposed to 808 nm laser irradiation at a power density of 1 W/cm2 for 8 min. The cellular morphology on both sides of the cover line was observed with a microscope (Nikon, Japan). Meanwhile, a CCK-8 assay was also used to evaluate the effects of the photothermal treatment in SGC-7901, BGC-823, and MKN45 cells. Logarithmic phase cells were seeded into 96-well plates at a density of 8 × 103 cells/well. Subsequently, PCC NPs at different concentrations were added to the wells and incubated at 37°C under 5% CO2 for 24 h. The wells were replaced with fresh colorless medium, and an 808 nm laser was used at a power density of 1 W/cm2 for 5 min in each well. After incubation for 1 h, the cell viabilities were measured and calculated with the method described above.
A colony formation assay was used to evaluate cell proliferation under photothermal treatment. SGC-7901, BGC-823, or MKN45 cells were seeded into 6 cm dishes at a density of 500 cells/dish. Then PBS, IR-820, DOX, and PCC NPs were added to dishes. The dishes were incubated at 37°C under 5% CO2 for 48 h. In the photothermally treated group, PCC NPs or IR-820 were added to the cells and incubated for 8 h. Then the cells were suspended at a density of 500 cells/ml. One milliliter of the cell suspension was added to a 1.5 ml tube and 808 nm laser irradiation was performed at a power density of 1 W/cm2 for 5 min. Then, the cells were seeded into a 6 cm dish and incubated for 48 h. Subsequently, stale medium was replaced with fresh medium containing 20% FBS. Cells were incubated for another 5 d and treated with fix-stain buffer (5% Coomassie brilliant blue in methanol) for 15 min. The stained cell colonies were counted.
Flow cytometry was used to determine the apoptosis of SGC-7901 cells under treatments. The cells were seeded into 24-well plates at a density of 1 × 105 cells/well. PCC NPs were added to the dish and incubated for 8 h. Then the dish was treated with 808 nm laser irradiation for 3 min and further incubated for 4 h. The cells were collected and stained with an Annexin V-FITC apoptosis kit. In the control groups, the dishes were treated with DOX or IR-820. The cells were analyzed using flow cytometry (Accuri C6, BD, USA).
Hemolysis Assay
PCC NPs were administered via intravenous injection. Therefore, toxicity was initially evaluated via a hemolysis assay. Red blood cells of mice were collected for the experiment. The cells were dispersed in PBS at a density of 2% and infused into 1.5 ml tubes. Subsequently, Triton X-100 (10 mg/ml), PCC NPs (30 mg/ml), DOX (1 mg/ml), and IR-820 (10 mg/ml) were added to the tubes. All tubes were placed in a 37°C water bath for 2 h. Then, the cell suspensions were centrifuged. The supernatants were used to measure absorbance at 394 nm and the lysis ratio was calculated.
In vivo Acute Toxicity of PCC NPs
Fifteen female and fifteen male BALB/c mice were utilized to evaluate the acute toxicity of PCC NPs in vivo. The mice were fed in a SPF animal room for 1 week to acclimate. Then, the mice were randomly divided into three groups of five females and five males in each group. The PCC NPs, IR-820, and DOX were intravenously injected into respective groups. The dose of PCC NPs was 100 mg/kg, DOX was 3 mg/kg, and IR-820 was 30 mg/kg. The survival rate was recorded during 2 weeks. After euthanasia, the hearts, livers, and kidneys of mice were collected for pathological analysis. All animal experiments in this study were approved by the Laboratory Animal Administration Committee of Xi’an Medical University. The protocols for animal experiments followed the Guidelines for the Use and Care of Experimental Animals at Xi’an Medical University. The Animal Ethics Approved Document Number is XY-AUC-2019-168.
Xenograft Mouse Model
Male BALB/c-nu/nu mice were used for the preparation of the gastric cancer xenograft model. The mice were fed in a SPF animal room for 1 week to acclimate. SGC-7901 cells were digested with 0.25% trypsin and cell suspension was prepared at a density of 5 × 106 cells/ml. One hundred microliters of the cell suspension was subcutaneously injected into the crotch of the mouse. When the tumor grew to an appropriate size, the mice were used as a xenograft model for in vivo experiments.
In Vivo Distribution of PCC NPs
IR-820 is a NIR fluorescent dye that can be used to monitor PCC NPs. Two xenograft models were chosen to determine the in vivo distribution of PCC NPs. Two hundred microliters of the PCC NPs dispersed liquid with 20 μg/ml IR-820 was intravenously injected into mice. Another mouse was injected with an equal concentration of IR-820 solution as the control. Fluorescent signals were observed with an IVIS instrument (Perkin Elmer, MA, USA) at sequential time points after injection. Mice were euthanized after observation, and their organs and tumors were collected. The tissues were observed using an IVIS instrument with the same parameters.
In Vivo Antitumor Evaluation of PCC NPs
Twenty xenograft models with average tumor volume of approximately 100 mm3 were utilized to evaluate the in vivo antitumor effect of PCC NPs. The mice were randomly divided into four groups. These groups were treated with 1) saline; 2) DOX; 3) IR-820 + laser; and 4) PCC NPs + laser. The dose of DOX was 0.5 mg/kg, IR-820 was 5 mg/kg, and dose of PCC NPs was 15 mg/kg. Laser irradiation was performed at a power density of 1 W/cm2 for 3 min and the irradiating distance was 5 cm. The irradiation intensity was verified to not cause obvious burns on the mouse skin in experiment. The route of administration of the PCC NPs was intravenous injection. The interval time of laser treatment was based on the results of the in vivo distribution. The tumors were photographed and their size was measured every 5 days. After 30 days, the mice were euthanized by CO2 overdose. Tumor tissues were collected and weighed.
Statistical Analysis
Two-way ANOVA and Student’s t-test were used in statistical analyses performed using GraphPad Prism 5.0 software. The data are presented as the mean values ± standard deviation (SD) of independently repeated experiments. A p value <5 indicated that the data were significantly different.
RESULTS
Preparation and Characterization of PCC NPs
PCC NPs exhibited a spherical morphology and good monodispersity in TEM observation. The average size of the NPs was approximately 60 nm (Figure 1A). The hydrodynamic diameter was 59.4 ± 3.6 nm, which was mutually confirmed by TEM observation. Figures 1C–F show the stability of PCC NPs under different conditions. The colloidal stability was evaluated by the change of hydrodynamic diameter. Within 8 weeks, the size of the PCC NPs did not exhibit an obvious change in PBS at 4°C. The results indicated that PCC NPs could be effectively stored in PBS. Subsequently, PCC NPs were evaluated in PBS, complete medium, and FBS at 37°C. The aim was to determine whether the NPs could be used in further in vitro and in vivo experiments. The hydrodynamic size was extremely stable in all the solution environments. Although the average diameters were not significantly changed, an increase in the size distribution interval was the only matter worthy of attention. This phenomenon indicated that PCC NPs efficiently disperse under physiological conditions and could be utilized in subsequent experiments. The encapsulation ability of PCC NPs was evaluated via ER and DL. The maximum ER and DL of DOX were 96.7 ± 2.4 and 3.6 ± 0.9%, respectively. Meanwhile, the maximum ER and DL of DOX were 97.2 ± 1.8 and 34.1 ± 2.5%, respectively. The mass ratio of DOX and IR-820 in PCC NPs was approximately 1:10. The proportion was consistent with the input of DOX and IR-820, which further demonstrated that the NPs possess a superior encapsulation ability.
[image: Figure 1]FIGURE 1 | Characterization of PCC NPs. Morphology of PCC NPs under TEM observation (A); hydrodynamic size of PCC NPs (B); in vitro stability of PCC NPs in PBS at 4°C (C); in vitro stability of PCC NPs in PBS at 37°C (D); in vitro stability of PCC NPs in completed medium at 37°C (E); in vitro stability of PCC NPs in FBS at 37°C (F); in vitro drug release of PCC NPs (G); in vitro pH-response drug release of PCC NPs (H); in vitro temperature-related drug release of PCC NPs (I). Error bars represent the SD of the mean.
In Vitro Release Profile of PCC NPs
To verify control and sustained release of PCC NPs, we determined the release profile. Figure 1G shows the normal release process in PBS at room temperature. Free DOX was used as the control and exhibited obvious burst release characteristics, with the majority of DOX released within 8 h. By comparison, DOX in PCC NPs showed a very sustained release profile. Less than 10% of the payloads were released into the outer phase of dialysis. Then, the pH-response release of PCC NPs was evaluated. The results are shown in Figure 1H. PCC NPs exhibited a significant distinction of release under different pH conditions. As mentioned above, π-π stacking can only occur under alkaline conditions. When the pH was 7.4, the release of PCC NPs was obviously slower than at pH 6.5 and pH 5.2. These two pH values match the tumor microenvironment and interior of the lysosome. A pH 7.4 is a common physiological condition in vivo. The results indicated that PCC NPs undergo a pH-response release. As photothermal NPs, PCC NPs will appear at high temperatures. As shown in Figure 1I, the release of PCC NPs at 58°C was much faster than that at 4, 37, and 45°C. Moreover, even at 58°C, the release rate was still lower than 50%. Among the temperatures, 4°C is commonly used in storage, and 37°C is the normal physiological temperature in vivo. The temperature of 45°C is usually used for tumor thermotherapy, while 58°C is the maximum photothermal conversion temperature of PCC NPs. The results indicated PCC NPs can be stably released at different temperatures.
Photothermal Conversion of PCC NPs
Photothermal conversion is another core performance of PCC NPs and is combined with chemotherapy for the synergistic treatment of gastric cancer. Figure 2 shows the in vitro photothermal effect of PCC NPs. Figure 2A shows the temperature increase of 50 μg/ml PCC NPs under 808 nm laser irradiation. PCC NPs exhibited a rapid heating effect under irradiation. The maximum temperature reached 58°C over 3 min. The concentration-related photothermal effect is shown in Figure 2B. Photothermal effect of PCC NPs exhibited an obvious correlation with concentration. Nevertheless, the increase was not obvious at low concentrations. This phenomenon was further verified in the temperature curve (Figure 2G). The increase in temperature only reaches 45°C under 30 μg/ml. The primary reason of this result is that the maximum temperature of PCC NPs was only approximately 58°C. However, the temperature increase is very appropriate, as it fits the requirements for in vivo tumor thermotherapy well. PCC NPs were verified to be effectively dispersed in various solutions. The effects of photothermal conversion in the different aqueous conditions were evaluated. The results are shown in Figures 2C,D. There was no significant difference between PCC NPs dispersed in PBS, medium, and FBS. All groups could approximately reach the maximum temperature. Subsequently, the temperature increase of transdermal irradiation was determined in a BALB/c-nu/nu mouse. As shown in Figure 2E, the temperature in the PCC NPs injection area was obviously increased under irradiation at a power density of 1 W/cm2 for 2 min. The maximum temperature reached approximately 47°C, which is well suited for in vivo tumor thermotherapy. Figure 2F shows the difference between PCC NPs and other materials. DOX and poloxamer do not have photothermal effects; thus, there were no obvious temperature increases in either group. The temperature slightly increased in the DOX solution under laser irradiation. The increase in temperature occurred more significantly in PCC NPs than in the IR-820 group. The primary reason for this difference is that polydopamine (PDA) also has a certain effect on photothermal conversion. Figure 2H indicates that the temperature increase was caused by irradiation. When the laser irradiation was switched off, the temperature rapidly decreased. The results amply demonstrate that PCC NPs possess excellent photothermal effects, which are appropriate in the treatment of gastric cancer.
[image: Figure 2]FIGURE 2 | Photothermal conversion of PCC NPs. Infrared thermal imaging of PCC NPs under irradiation at different times (A); infrared thermal imaging of PCC NPs under irradiation at different concentrations (B); photothermal effect of PCC NPs in different solution with irradiation time of 3 min (C and D); infrared thermal imaging of mouse that was subcutaneously injected PCC NPs under irradiation (E); photothermal performance of PCC NPs and compositions (F); temperature changing curves of PCC NPs at different concentrations (G); temperature change of PCC NPs before and after switching off the irradiation (H). All of the samples were irradiated with 808 nm laser at a power density of 1 W/cm2. Error bars represent the SD of the mean.
In vitro Internalization of PCC NPs
The cell internalization profile is shown in Figure 3. The red and blue fluorescence originated from DOX and DAPI-stained cell nuclei, respectively. As shown in Figure 3A, the fluorescent signal of DOX was gradually enhanced in cells, especially in nuclei. Initially, after 1 h, there was scarce red fluorescence accumulated in the cell, concentrated mainly in the cytoplasm. After 3 h, the red fluorescent signal was spread all throughout the cell, and more remarkably, some nuclei exhibited higher accumulation than the cytoplasm. At 6 h of treatment, the red fluorescent signal was more obvious and mainly accumulated in cell nuclei. Quantitative analysis of the fluorescent signal further verified this phenomenon. The mean fluorescence intensity gradually increased in the cell (Figure 3B). However, a different increase of the signal occurred between the nuclei and cytoplasm. As Figure 3C shows, the fluorescence ratio between nuclei and the cytoplasm exhibited a different variation trend compared with the fluorescent signal. The ratio indicated that more DOX accumulated in cell nuclei over time. This phenomenon suggested that PCC NPs could steadily release the payloads in the cell.
[image: Figure 3]FIGURE 3 | Internalization and intracellular release profile of PCC NPs in SGC-7901 cells. The distribution of fluorescence in cells (A); average fluorescence intensity in cell (B); ratio of the fluorescence intensity between nuclei and cytoplasm (C). Error bars represent the SD of the mean. * indicates p < 0.05, *** indicates p < 0.001.
In Vitro Cytotoxicity and Suppression Effect of PCC NPs
To evaluate the cytotoxicity of PCC NPs without laser irradiation, a CCK-8 assay was employed in the experiment. Three normal human cell lines: HUVECs, IMR-90, and HL-7702, were initially incubated for determination of cytotoxicity. These cell lines were derived from the vascular endothelium, lung, and liver and were used to evaluate potential toxicity in normal organs and tissues. Meanwhile, three gastric cancer cell lines (BGC-823, SGC-7901, and MKN45) were also utilized in the measurements. The results are shown in Figure 4. The concentration ratio of DOX and IR-820 was 1:10, meeting the proportion in PCC NPs. All of the cells were insensitive to IR-820 treatment. This result indicated that IR-820 has low cytotoxicity. DOX treatments exhibited more cytotoxicity than the PCC NPs treatment groups. However, there was no significant difference between the two groups. The results suggested that PCC NPs could perform chemotherapeutic effect of DOX. The possible reason for the lower cytotoxicity of PCC NPs than DOX is that DOX in PCC NPs is more slowly released in cells. Their biocompatibility was initially verified by these in vitro experiments.
[image: Figure 4]FIGURE 4 | In vitro cytotoxicity of PCC NPs. Human umbilical vein endothelial cell, HUVECs (A); human normal liver cell, HL-7702 (B); human embryonic lung fibroblasts cells, IMR-90 (C); human gastric cancer cell, BGC-823, SGC-7901, and MKN45 (D–F). Error bars represent the SD of the mean.
In vitro photothermal treatment was evaluated using the gastric cancer cell lines SGC-7901, BGC-823, and MKN45. Figure 5A shows direct SGC-7901 cell damage with PCC NPs under laser irradiation. The morphology of cells in the untreated area showed obvious abnormalities. By comparison, a significant morphological change did not occur in cells in the covered area. Subsequently, the treatment effects under different concentrations of PCC NPs were evaluated by the CCK-8 assay. The results are shown in Figure 5B and Supplementary Figures S1A, C. There was no obvious cytotoxicity in 40 µg/ml PCC NPs without irradiation. However, once irradiation was applied, cell viability showed a significant negative correlation with the concentration of PCC NPs. A colony formation assay further demonstrated the in vitro antitumor effect in three gastric cancer cell lines. The colony number in the treatment of PCC NPs was significantly less than that in photothermal treatment or chemotherapy (Figures 5C, D and Supplementary Figures S1 B, D). Flow cytometry was used to evaluate the effects of triggering apoptosis under different treatments. Figure 6E shows the flow cytometry result for the treatments. The PCC NPs treated group exhibited more significant apoptosis in SGC-7901 cells than the other group. The results indicated that PCC NPs could efficiently exert photothermal-chemotherapeutic synergy in gastric cancer cells.
[image: Figure 5]FIGURE 5 | In vitro antitumor effect of PCC NPs. Directly damage cells under photothermal treatment, the cells on the left of the yellow line were untreated, and the right side was treated with PCC NPs under irradiation (A); the cell viability at different concentrations of PCC NPs under photothermal treatment (B); the results of colony formation assays. Cells in the PCC NPs and IR-820 treated groups were irradiated after the administration of samples (C, D); flow cytometry assay of cells treated with PCC NPs, IR-820, or DOX (E). Error bars represent the SD of the mean. ** indicated p < 0.01.
[image: Figure 6]FIGURE 6 | In vivo toxicity evaluation of PCC NPs. The hemolysis ratio in the PCC NPs, IR-820, and DOX treated groups (A); survival rate of mice in the different treatment groups (B); pathological characteristics of the heart, liver, and kidney in the different treatment groups (C). Error bars represent the SD of the mean.
In Vivo Toxicity Evaluation of PCC NPs
PCC NPs were administrated via intravenous injection. Initially, the impact of PCC NPs in red blood cells was evaluated. The results of the hemolysis assay are shown in Figure 6A. Triton X-100 as the positive control caused more than 70% of red blood cells to hemolyze, which indicated that severe plasmorrhexis occurred under the treatment. The lysis rates of DOX and PCC NPs were both lower than 10%. This result suggests that PCC NPs do not cause hemolysis. Lysis in the IR-820 treatment accounted for nearly 20% of the total. One possible reason of this result is that the solvent of IR-820 was DMSO, which caused a degree of lysis. Then, the acute toxicity of PCC NPs was evaluated in BALB/c mice. The survival rate is shown in Figure 6B. Although the dose of DOX was only 3 mg/kg, it still exhibited obvious toxicity. Mortality was 60%. Two mice died after IR-820 treatment on day 1, possibly due to the solvent. IR-820 was dispersed in a mixture of DMSO and saline. The injection dose of PCC NPs was 100 mg/kg, but mice in the group still showed the highest survival rate. Pathological sections are displayed in Figure 6C. The results further demonstrated the safety of PCC NPs. DOX could cause severe myocarditis. Pathological slides of the heart in the DOX treated group show obvious typical characteristics of myocarditis. In the area where the arrow points, myocardial tissues were filled with lymphocytes. Moreover, hepatic tissue was also damaged by DOX treatment. The PCC NPs treated group also exhibited slight lymphocyte infiltration in cardiac and hepatic tissues. In vivo toxicity demonstrated that PCC NPs possess excellent biocompatibility.
In Vivo Distribution of PCC NPs
The in vivo distribution of PCC NPs was investigated using the Caliper IVIS Lumina II system (PE, USA). The results are shown in Figure 7. The continuous observation is exhibited in Figure 7A. The tumors of the control mouse were filled with a low fluorescent signal. In PCC NPs treated mouse, fluorescent signal initially appeared in the thorax and epigastrium and was then observed in the tumor area. Subsequently, the fluorescence continuously increased in the lung, liver, and tumor areas. The cumulative peak of the fluorescent signal in the tumor area appeared at approximately 24 h. Subsequently, fluorescence has declined across the whole body. Remarkably, the fluorescent signal remaining in tumor tissue was much more stable than that in other areas. The signal was continuously monitored in the tumor until 144 h, which means that PCC NPs could extend the circulation time of the payloads. The organs and tumor tissues were collected and observed. All tissues of control mouse had very low fluorescent signals, while the signals in PCC NPs treated mouse were still dense, especially in tumor. The results are shown in Figures 7C,D. The results amply demonstrate that PCC NPs could effectively increase accumulation of payload in tumor.
[image: Figure 7]FIGURE 7 | In vivo distribution and long-circulation of PCC NPs. The distribution of the NIR fluorescent signal in mouse (A); the fluorescent intensity in tumor at different time (B); the distribution of NIR fluorescent signal in organs and tumor tissues (C); the fluorescent intensity in organs and tumor tissues (D). Error bars represent the SD of the mean.
In Vivo Antitumor Evaluation of PCC NPs
To demonstrate the synergistic antitumor effect of PCC NPs, we randomly divided twenty gastric cancer xenograft models into four groups, which included the PCC NPs treated group, chemotherapeutic group, photothermal treatment group, and untreated group. The visual effects and tumor growth curves of the treatments are shown in Figures 8A, B. The untreated group was injected with saline, and the tumor rapidly grew to a large volume within a month. The average size of tumors increased almost 9-fold. The tumors in the chemotherapeutic group also grew quickly. The suppression effect was hardly discernible. The primary reason was that dose of the DOX in the treatment was low and could not inhibit proliferation. The single photothermal treatment was also ineffective. Although tumor under the skin area exhibited slight injury, the average tumor volume was increased nearly 6-fold. It is worth noting that the PCC NPs treatment greatly suppressed the growth of gastric tumors. As shown in Figure 8A, the tumor in the PCC NPs treated group exhibited slight burn after the first treatment, and the burn wound gradually increased until the tumor area was completely necrotic. The sizes of the tumors in the PCC NPs group were decreased under treatment and three tumors were eliminated. The suppression effect of PCC NPs was significantly better than that of the DOX or IR-820 treatment (Figures 8B,D). The weights of tumors exhibited identical results. The results indicated that PCC NPs could effectively treat gastric cancer in vivo.
[image: Figure 8]FIGURE 8 | In vivo antitumor evaluation of PCC NPs. Mice photos under continuous monitoring (A); the average volume of tumor in different treatment groups during the experiment (B); the average weight of mice in different treatment groups during the experiment (C); the tumor tissues from each treated group (D); the average weight of tumor tissues from each treated group (E). Error bars represent the SD of the mean. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.
Moreover, the weights of mice reflect the advantage of PCC NPs. The average weight of mice in the PCC NPs treated group underwent a rebound in the fourth week. By comparison, the mice in the DOX treated and untreated groups suffered constant emaciation. The average weight of mice in the IR-820 treated group increased in the first ten days and then gradually decreased until the experiment was completed. The results further demonstrated that PCC NPs possess superior in vivo biosecurity.
DISCUSSION
Early gastric cancer clinically has no obvious characteristic manifestations and diagnosis is difficult; the 5-year survival rate of patients with advanced gastric cancer is lower than 20% (Song et al., 2017). Gastrectomy is a primary mode of therapy for gastric cancer. However, postoperative recurrence is the most common form of problem and the most important cause of death in advanced gastric cancer after radical dissection. Adjuvant chemotherapy is a major part of the comprehensive treatment for gastric cancer; however, insufficient effect still impedes improvements in prognosis (Lazar et al., 2018). Therefore, an effective treatment combined with an accurate assessment of tumor progression is the most beneficial method in continuous therapy of gastric cancer. The combination of chemotherapy, photothermal therapy, and real-time monitoring can enhance curative effects in tumor treatment (Liu et al., 2011; Zheng et al., 2013; Chen et al., 2016; Li et al., 2016). For this purpose, a multifunctional nanoparticle, consisting of DOX and IR-820, was prepared via π-π stacking of PDA. PCC NPs have a distinctly spherical morphology and could be monodispersed under various aqueous conditions, such as PBS, FBS, and medium. The hydrodynamic diameter was 59.4 ± 3.6 nm, which allows tumor targeting via the EPR effect (Iyer et al., 2006). PCC NPs possess a superior encapsulation ability, which increased the bioavailability of the agents. The maximum ER of DOX and IR-820 were both over 96%, and the total DL was more than 37%. PCC NPs efficiently dispersed under physiological conditions and exhibited extraordinary stability. The release profile is another advantage of PCC NPs. There is a problem in pharmaceutical research, which is the trouble of the initial burst release of drugs. π-π stacking can realize sustained and controlled release of a loaded agent while ensuring better encapsulation and effectively avoiding burst release. The payload in PCC NPs could be stably encapsulated under the neutral conditions. Once the NPs enter an acidic environment, such as tumor tissues or lysosomes, the drugs will be released gradually (Wang et al., 2018). Meanwhile, when photothermy triggered, the payloads are also released from the NPs. The photothermal effect is crucial component of PCC NPs that not only directly injure tumor, but can also improve chemotherapy to meet the synergistic treatment of gastric cancer. In this study, PCC NPs have been proven to have superior photothermal conversion under laser irradiation. The NPs exhibited a rapid heating effect under irradiation. The maximum temperature was approximately 58°C and exhibited an obvious concentration dependence. The photothermal effect of PCC NPs was not impacted by the dispersed conditions. Moreover, the maximum temperature under the skin of the mouse reached approximately 47°C which is well suited for in vivo tumor thermotherapy and does not injure normal tissues (Hildebrandt et al., 2002). These results amply verify that PCC NPs possess excellent synergistic effect, which are appropriate in the treatment of gastric cancer.
Toxicity is the overriding factor regarding whether PCC NPs can be used in the treatment of gastric cancer. A series of evaluations were employed to verify the safety of PCC NPs. Initially, the cytotoxicity of the NPs was evaluated in six cell lines. PCC NPs were given as an injection through a vein. Thus, HUVECs, human umbilical vein endothelial cells, were used to initially evaluate injury to blood vessels. HL-7702 and IMR-90 are human normal liver cells and human embryonic lung fibroblast cells, respectively. These cells were employed to preliminarily evaluate whether PCC NPs could injure the liver and lung, which are most common cumulative organs of NPs. Moreover, three gastric cancer cell lines (BGC-823, SGC-7901, and MKN45) were used to determine the essential cytotoxicity of PCC NPs without irradiation. The results indicated that IR-820 has low cytotoxicity and DOX treatments exhibited more cytotoxicity than the PCC NPs treated groups; however there was no significant difference between the two treatments. Sustained release of DOX caused slightly low cytotoxicity of PCC NPs. Thus, biocompatibility was preliminarily verified in vitro. Subsequently, in vivo toxicity was evaluated using a hemolysis assay and according to acute toxicity. The NPs enter the circulation system first; thus, a hemolysis assay was used to measure the impact of PCC NPs in red blood cells. The lysis rate in the PCC NPs treated group was lower than 10%, suggesting that the NPs do not cause severe hemolysis. After the acute toxicity test, only two mice died in the PCC NPs injected group after 2 weeks. By comparison, the dose of DOX was only 3 mg/kg, but mortality reached 60% in DOX treated mice. Pathological analysis of the main organs further verified the safety of PCC NPs. Moreover, continuous in vivo administration also proves that PCC NPs possess superior in vivo biosecurity. The weights of the mice increased after PCC NPs treatment for 3 weeks. In contrast to the PCC NPs treated group, the mice in the DOX, IR-820, and saline treated groups suffered varying degrees of emaciation. These results indicated that PCC NPs could decrease systemic toxicity in vivo and exhibited excellent biocompatibility.
Continuous monitoring of gastric cancer is one of the main functions of PCC NPs. In vitro and in vivo imaging experiments were used to demonstrate whether PCC NPs could be used as probes for postoperative monitoring of gastric cancer. The cell internalization process showed that the PCC NPs could stably deliver dyes into the cell and then undergo intracellular release. The in vivo monitoring effect of PCC NPs was investigated by live imaging technology. The time-intensity curve, peak time, and tissue accumulation of the mouse were analyzed. At 30 min, the fluorescent signal synchronously appeared in the thorax, epigastrium, and tumor area of PCC NPs treated mouse and then continuously increased in these areas. After 24 h, the fluorescent peak in the tumor area appeared. Subsequently, the fluorescence gradually decreases. It is worth noting that the fluorescent signal was continuously observed in tumor over 6 days, and by comparison, the fluorescent signal remaining in tumor tissue was more stable than that in thorax and epigastrium. Subsequently, the main organs and tumors were observed and measured. The fluorescent signal in PCC NPs treated mouse was still dense, especially in tumor tissue. The results mean that PCC NPs could extend the circulation time of the payloads to large degree. Wang et al. reported ultralong circulating lollipop-like NPs, which are constructed with polydopamine, DOX, and gossypol via π-π stacking. The fluorescent signal remained in tumor tissues for 8 days. And the in vivo pharmacokinetic parameters of agents were greatly enhanced by the NPs (Wang et al., 2018). Postoperative continuous monitoring of gastric cancer could be performed by PCC NPs via NIR fluorescent imaging. Therefore, PCC NPs could be used to probe for accurate assessment of tumor progression. The ability will provide reliable information on the dynamic process of treatment, which can be used to determine or modify the appropriate therapeutic schedule against gastric cancer.
Many researchers have focused on chemo-photothermal combinations in cancer therapy (Hauck et al., 2008; Zhang et al., 2014). The suppression of PCC NPs was finally evaluated in a gastric cancer cell line and xenograft mouse model. SGC-7901 cells exhibited obvious damage after treatment with PCC NPs. The cellular morphology rapidly changed under irradiation; the vast majority of cells were abnormal. By comparison, the cells did not exhibit significant morphological changes in the unirradiated area. Meanwhile, the results indicated that cell viability showed a significant negative correlation with the concentration of PCC NPs under irradiation. Both colony formation and flow cytometry assays demonstrated that treatment with PCC NPs was significantly stronger than single photothermal treatment or chemotherapy. The results indicated that PCC NPs could effectively exert synergistic effects of chemotherapy and photothermal therapy against gastric cancer cells. Subsequently, in vivo antitumor evaluation was further employed to determine the synergistic effect of PCC NPs. Satisfyingly, PCC NPs treatment greatly suppressed the growth of gastric cancer in xenograft models. After treatment with PCC NPs, the tumor exhibited a slight burn within a short time; and then the burn wound gradually increased to fill the entire tumor area; finally, the tumor tissues became completely necrotic. Following continuous treatment with PCC NPs, the average volume of the tumors gradually decreased, and three tumors eliminated. The in vivo suppression effect of PCC NPs was also significantly better than that of single chemotherapy or photothermal treatment. The results amply demonstrated that PCC NPs could effectively treat gastric cancer.
CONCLUSION
In conclusion, multifunctional NPs consisted of dopamine, poloxamer, DOX, and IR-820 via π-π stacking for the synergistic treatment of gastric cancer. PCC NPs possess a spherical morphology and good monodispersity. Meanwhile, the NPs exhibit a superior encapsulation ability, extraordinary stability, and pH-response release. In vitro photothermal conversion indicated that PCC NPs could effectively heat up under irradiation, and the temperature was suited to photothermal therapy. The biosecurity of the NPs was verified on six cell lines and BALB/c mice. The in vivo imaging results demonstrate that PCC NPs can perform continuous monitoring of gastric cancer. The fluorescent signal in tumor tissues was maintained for nearly 1 week after one injection. In vitro and in vivo antitumor experiments finally verified that PCC NPs possess an effective synergistic effect against gastric cancer. The present study can provide a theoretical basis for the development of a novel postoperative treatment method for gastric cancer.
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Background

There is lack of clinical evidence supporting the value of the Kyoto classification of gastritis for the diagnosis of Helicobacter pylori (H. pylori) infection in Chinese patients, and there aren’t enough specific features for the endoscopic diagnosis of past infections, which is of special significance for the prevention of early gastric cancer (GC).



Methods

This was a prospective and multicenter study with 650 Chinese patients. The H. pylori status and gastric mucosal features, including 17 characteristics based on the Kyoto classification and two newly-defined features unclear atrophy boundary (UAB) and RAC reappearance in atrophic mucosa (RAC reappearance) were recorded in a blind fashion. The clinical characteristics of the subjects were analyzed, and the diagnostic odds ratio (DOR), sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), area under the receiver operating characteristics curve (ROC/AUC), and 95% confidence intervals were calculated for the different features, individually, and in combination.



Results

For past infection, the DOR of UAB was 7.69 (95%CI:3.11−19.1), second only to map-like redness (7.78 (95%CI: 3.43−17.7)). RAC reappearance showed the highest ROC/AUC (0.583). In cases in which at least one of these three specific features of past infection was considered positive, the ROC/AUC reached 0.643. For current infection, nodularity showed the highest DOR (11.7 (95%CI: 2.65−51.2)), followed by diffuse redness (10.5 (95%CI: 4.87−22.6)). Mucosal swelling showed the highest ROC/AUC (0.726). Regular arrangement of collecting venules (RAC) was specific for no infection.



Conclusions

This study provides evidence of the clinical accuracy and robustness of the Kyoto classification of gastritis for the diagnosis of H. pylori in Chinese patients, and confirms UAB and RAC reappearance partly supplement it for the diagnosis of past infections, which is of great benefit to the early prevention of GC.
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Introduction

Gastric cancer (GC) is a highly lethal malignancy, with only one in five patients surviving longer than five years after diagnosis (1). Most gastric adenocarcinomas, particularly those of the intestinal type, are associated with a sequence of phenotypic changes of the native mucosa triggered by long-standing inflammation, induced mostly by H. pylori (2). Approximately 89% of all gastric cancers can be attributed to H. pylori infection. It has been reported that 14.2% of gastric cancers occur in patients with past H. pylori infections, while only 0.42% of gastric cancers occur in uninfected patients (3). Therefore, clarifying the H. pylori infection status of patients is of great importance for the detection of early GC.

Different invasive and non-invasive tests are available to detect H. pylori infection. Invasive methods are based on gastric biopsy samples and include H. pylori culture, histological staining, rapid urease test (RUT) and PCR methods. Non-invasive methods include the urease breath test, H. pylori stool antigen test and serum IgG tests (4). The accuracy of the invasive methods is affected by inevitable external factors, like the location, size, and quantity of biopsy samples, the staining method, use of proton pump inhibitors, antibiotic administration, and experience of the examiners (5). Non-invasive examinations are cheap, fast, and easy to perform, but there are also factors that can affect their diagnostic accuracy, such as the use of antibiotics, bismuth agents, some traditional Chinese medicines for the treatment of H. pylori, as well as the test reaction time (6).

H. pylori infection triggers inflammation, and its eradication diminishes inflammation, which is manifested histologically as aggregation, infiltration, and disappearance of multinuclear and mononuclear cells, destructing and restoring the microstructure of the gastric mucosa. Increasingly advanced endoscopic techniques have made it possible to visualize minute mucosal structures, such as the patterns of gastric pits and microvascular branching, raising the possibility of diagnosing H. pylori infection by endoscopy (7).

Conventional endoscopy, the most widely used endoscopic technique, was thought to be a poor method to diagnose the H. pylori status, since H. pylori gastritis does not produce specific manifestations detectable under conventional endoscopy, and infection is usually distributed in multiple foci (8, 9). However, this view changed when the Kyoto classification was published in Japan in 2014. This classification permits the diagnosis of H. pylori gastritis and an evaluation of gastric cancer risk under endoscopic examination (10). Nevertheless, endoscopic features may differ based on the geographic location and the ethnicity of patients. For example, some features which are typical of GC in Asian patients may not be present in Caucasian patients (11). It has been reported that there are significant differences in gastric mucosa of gastric cancer patients from different countries and regions in Asia. Therefore, endoscopic features associated with the H. pylori status may also differ between Chinese and Japanese patients, despite the high incidence of GC in both populations. This indicates that more evidence is needed to conclude that the Kyoto classification-based conventional endoscopic features are clinically effective for determining the H. pylori status in different populations. Moreover, there are rare specific signs of past infection in the Kyoto classification, making it difficult to distinguish these cases from uninfected patients. As mentioned earlier, patients with past H. pylori infection and uninfected ones have a different risk of GC. Hence, another aim of this study was to clarify the usefulness of two new features, “unclear atrophy boundary (UAB)” and “RAC reappearance in atrophic mucosa (RAC reappearance)”, for the diagnosis of past infections. These signs were first noticed in patients with past infections in our clinical practice and have not been studied before.



Materials and Methods


Subjects

This was a prospective, multicenter study, in which four facilities (the Second Affiliated Hospital of Xi’an Jiaotong University, Shaanxi Provincial People’s Hospital, Ankang Central Hospital and Weinan Central Hospital) participated. A total of 650 patients >18 years old who had undergone upper gastrointestinal endoscopy) were consecutively recruited in the four facilities between July 2018 and December 2019 (202 in the Second Affiliated Hospital of Xi’an Jiaotong University, 120 in the Shaanxi Provincial People’s Hospital, 157 in the Ankang Central Hospital and 171 in the Weinan Central Hospital). The exclusion criteria were as follows: severe brain, liver, or cardiopulmonary dysfunction, end-stage renal disease requiring dialysis, schizophrenia, or other mental diseases interfering with patient cooperation, pregnancy, patients with pyloric obstruction or poor preparation (who had to withdraw due to excessive food residue interfering with the endoscopy), treatment with antibiotics or proton pump inhibitors (PPIs) four weeks prior to study initiation, previous diagnosis of early or advanced gastric cancer, gastrectomy, or hemorrhagic tendency.

Assuming 80% sensitivity/specificity, the required sample size was 264 to keep the 95% confidence interval within ±5%. If the prevalence of H. pylori is 50% (estimated at 55.8% in China (1)), the total sample size needed to be 528. We finally set the final sample size at 581, taking into consideration the possibility of incomplete or incorrect data in 10% of the subjects.

This study was approved by the ethics committee of The Second Affiliated Hospital of Xi’an Jiaotong University (Ethics approval No.2018076). All participating subjects signed an informed consent.



Procedures

In this study we investigated the association between endoscopic features and a positive diagnosis of H. pylori infection made by traditional detection methods (urease breath test and rapid urease test), as well as the patient’s past history. Blindness method was used to collect data, and control information bias. The endoscopic examiner was blinded to the H. pylori test results and to the past history of patients, which were both accurately recorded by a separate investigator before the endoscopy. The primary endpoint was the diagnostic value of each endoscopic feature for H. pylori infection, determined individually. The secondary endpoint was the diagnostic value of endoscopic features for H. pylori infection, determined in combination.



Diagnosis of H. pylori Infection

A specific interviewer was responsible for recording the patients’ responses to an inquiry of past history of H. pylori infection at each facility. Every patient was required to undergo at least one of the diagnostic tests [urease breath test (13C-UBT or 14C-UBT) or rapid urease test (RUT)], within two weeks of the gastroscopy, and these results were also recorded by the interviewer.

The following methods and equipment were used to determine the H. pylori status of the participants: HY-IREXB Helicobacter pylori detector (Guangzhou Huayou Mingkang Photoelectric Technology Co., Ltd.), urea [13C] breath test diagnostic kit (Beijing Huabo Medical Technology Co., Ltd.); YH04F H. pylori detector, YH04 series H. pylori breath card (Anhui Yanghe Medical Equipment Co., Ltd.), 14C capsule (Shanghai Xinke Pharmaceutical Co., Ltd.); and Helicobacter pylori rapid detection test (Guangzhou beisiqi Diagnostic Reagent Co., Ltd.) for rapid urease test.

Based on the above results, the H. pylori status of the participants was divided into the following three types: 1) “Past infection” (eradicated): When more than four weeks had elapsed after a single and only H. pylori eradication event, subjects who were currently confirmed negative by either RUT or 13C-UBT/14C-UBT tests. 2) “No infection”: Subjects without a history of H. pylori eradication who were confirmed negative by any of the three testing methods. 3) “Current infection”: Subjects without a history of eradication who were confirmed positive by any of the three methods.

The endoscopists were blinded to the H. pylori status of each subject before and during the operation.



Endoscopic Assessment of Different Features

Five endoscopists performed endoscopy in the study (two in the Second Affiliated Hospital of Xi’an Jiaotong University and one in each of the other three centers). To improve diagnostic accuracy among participating facilities, all endoscopists were experienced, having performed over 5,000 gastroscopies and were familiar with the Kyoto classification of gastritis after twice pre-study training. In order to obtain uniform endoscopic diagnoses and to avoid inter-operator variability, abstracts summarizing typical images of endoscopic features were distributed to each endoscopist before study initiation.

All procedures were performed by well-trained endoscopists using high-resolution electronic endoscopes (GIF-HQ 260, Olympus Medical Systems) which allowed clear visualization of the collecting venules. Oxybuprocaine hydrochloride gel (30 mg, Shenyang Oasis Pharmaceutical Co., Ltd, China) and dimethylsilicone oil powder (0.5−1%, Jianheng, Zigong Honghe Pharmaceutical Co., Ltd) were used before and during endoscopy.

The following 17 distinctive endoscopic features related to H. pylori status (uninfected, infected, or eradicated) were defined based mainly on the Kyoto classification of gastritis (10): 1) sticky mucus, 2) atrophy, 3) diffuse redness, 4) spotty redness, 5) mucosal swelling, 6) hyperplastic polyp, 7) xanthoma, 8) enlarged fold/tortuous fold, 9) nodularity, 10) regular arrangement of collecting venules (RAC), 11) fundic gland polyp (FGP), 12) red streak, 13) hematin, 14) raised erosion, 15) map-like redness, 16) cobblestone-like mucosa, and 17) multiple white and flat elevated lesions. In addition, UAB was defined as atrophy without a clear line of separation between redness and whiteness, but with a spot-like appearance instead. RAC reappearance was defined as reappearance of typical or atypical RAC in atrophic gastric mucosa. Patients with both atrophy (graded C2 or higher), and RAC were defined as positive for “RAC reappearance”. These features were divided into three categories (10), as follows: 1−9) are reported to be strongly associated with current infection with H. pylori, 10−13) with non-infection and 14−17) plus the new features (UAB and RAC reappearance) with past infection. Because of the multiple diagnostic significance of some features, the diagnostic odds ratios for each feature were calculated in relation to the three H. pylori states, as a supplement to the Kyoto classification of gastritis. Based on the results, the features were further classified into categories defined by their highest diagnostic tendency, and on this basis further statistical analyses were carried out. Intestinal metaplasia in the Kyoto classification of gastritis was not included because it itself is difficult to be accurately diagnosed by conventional endoscopy. Hence, it was usually considered as a histological diagnosis rather than an endoscopic diagnosis in clinics in China. Typical endoscopic images are shown in Figures 1–3. The presence or absence of each feature was evaluated during the endoscopy based on the diagnostic criteria. Immediately after the examination, the endoscopist recorded whether the features were present or not.




Figure 1 | Evaluated endoscopic features for H. pylori current infection. (A) Sticky mucus: present. (B) Sticky mucus: absent. (C) Atrophy. (D) Diffuse redness. (E) Spotty redness. (F) Mucosal swelling. (G) Spotty redness, along with mucosal swelling. (H) Hyperplastic polyp. (I) Xanthoma. (J) Enlarged fold/tortuous fold: present. (K) Enlarged fold/tortuous fold: absent. (L) Nodularity.






Figure 2 | Evaluated endoscopic features for H. pylori no infection. (A) Normal mucosa of gastric corpus. (B) Normal mucosa of gastric gastric angle. (C) Normal mucosa of gastric antrum. (D) Regular arrangement of collecting venules (RAC). (E) Fundic gland polyp (FGP). (F) Red streak. (G) Hematin.






Figure 3 | Evaluated endoscopic features for H. pylori past infection. (A) Raised erosion. (B) Map-like redness of gastric corpus. (C) Map-like redness of gastric antrum. (D) Multiple white and flat elevated lesions. (E) Unclear atrophy boundary in lesser curvature of the stomach. (F) Unclear atrophy boundary in greater curvature of the stomach. (G) RAC reappearance in atrophic mucosa after H. pylori eradication.





Quality Control

To ensure the authenticity and validity of the statistical analyses, we designed the recording form with opposing groups, like “RAC present” and “RAC absent”. Forms in which none of the items were selected were considered invalid. In addition, we also included a supplementary group classification, with categories like “atrophy” and “UAB”. Forms in which “UAB” was selected but “atrophy” was not were likewise considered invalid.



Statistical Analysis

The diagnostic odds ratios (DORs) and 95% confidence intervals of the endoscopic features for the three H. pylori status were calculated. One-way ANOVA was used to distinguish age differences between the three different H. pylori status groups. Chi-squared test was used to analyze gender and features differences. P < 0.05 was regarded as significant. Sensitivity, specificity, PPV, NPV, ROC/AUC, and 95% confidence intervals were calculated for those features showing significant statistical differences. All statistical analyses were performed using IBM SPSS Statistics 21.




Results


Patient Characteristics

A total of 650 patients were consecutively recruited. Those who didn’t have a recent H. pylori test result (n = 12) and those with an unclear past history of H. pylori infection (n = 36) were excluded. Next, we verified whether there were accurate records of the endoscopic features we defined. A total of 583 patients were finally included in the study, after excluding those with incorrect records based on quality control (n = 8) and those who had other characteristics in addition to the 19 defined features, or other typical lesions such as gastric ulcer, early GC or other (n = 11) (Figure 4).




Figure 4 | Schematic view of subjects screening.



Regarding the baseline characteristics of the patients, 226 (38.8%) were classified as “no infection” patients, 246 (42.2%) as “current infection” patients, and 111 (19.0%) as “past infection” patients. Their mean ages (SD) were: 47.9 (13.4), 45.9 (13.9), and 49.1 (13.6) years, respectively, with no significant difference between groups (P = 0.082). Among 278 (47.7%) male patients, 95 (34.2%) were classified as “no infection”, 116 (41.7%) as “current infection” and 67 (24.1%) as “past infection”. Among 305 (52.3%) female patients, the corresponding numbers were 131 (43.0%), 130 (42.6%), and 44 (14.4%), respectively. No infection and past infection patients showed significant difference in terms of gender (P = 0.007).

18 features were further analyzed (excluding cobblestone-like mucosa, which was not observed in any of the subjects). The DORs of the individual endoscopic features for the three H. pylori status are shown in Table 1 (Supplementary Material). In contrast to the overwhelming majority of features which showed the same diagnostic tendency (as expected), atrophy showed the same DOR (1.91) for current infection and past infection. In addition, the DOR of RAC for no infection was 4.64, and for past infection 1.74. As expected, the DOR of UAB for past infection was as high as 7.69, second only to map-like redness (7.78), and its DOR for current infection was 0.137, meaning that it was unlikely to be present in current infection cases. Another newly defined sign, RAC reappearance, showed similar diagnostic efficacy.



Diagnostic Efficacy of Features for Current Infection

Associations between endoscopic features and current H. pylori infection are shown in Table 2 (Supplementary Material). Among the nine features which are supposed to suggest “current infection”, atrophy, mucosal swelling and spotty redness appeared most frequently, in 266/583 (45.6%), 203/583 (34.8%), and 184/583 (31.6%) of the cases, respectively. The frequency of the other features was less than 10% of the total.

Regarding single features, sticky mucus, atrophy, diffuse redness, spotty redness, mucosal swelling and nodularity showed significant differences between “current infection” and the other two groups (“no infection” and “past infection”). The ROC/AUCs of the first five showed statistical significance, but this was not true in the case of nodularity. Mucosal swelling showed the highest ROC/AUC (0.726), and its sensitivity (61.0%) and NPV (74.7%) were also the highest. On the other hand, nodularity showed the highest specificity (99.4%) and PPV (88.9%).

When the nine individual signs were analyzed together, the ROC/AUC of only one positive feature wasn’t statistically significant. The ROC/AUC of two or more positive features showed the highest value (0.723), followed by one or more, in which case the sensitivity and NPV showed the highest values (94.3 and 91.3%, respectively). According to the DOR value, there was a close relationship between nodularity, diffuse redness, mucosal swelling and “current infection” among the single features. When cases testing positive for at least one of the three previously mentioned endoscopic findings were classified as current infection, the sensitivity was 69.1%, the specificity was 82.5%, the PPV was 74.2%, the NPV was 78.5%, and the ROC/AUC was 0.758 (95% CI:0.717–0.799); these were the highest values for all single and combined features. When cases which were positive for at least two of these features were classified as “current infection”, the sensitivity was 17.1% and the specificity was 98.8%. When the number reached three, the sensitivity and specificity were 1.63% and 100%, respectively.



Diagnostic Efficacy of Features for No Infection

Among the four features suggestive of “no infection” (Table 3, Supplementary Material), RAC and hematin were most frequently observed, in 235/583 (40.3%) and 80/583 (13.7%) of the cases, respectively, while the rest were below 10% of the total. RAC, red streak, and hematin showed significant differences between “no infection” and the other two groups (“current infection” and “past infection”), with all three showing statistically significant ROC/AUCs. RAC showed the highest ROC/AUC (0.680), the highest sensitivity (62.4%), and the highest NPV (75.6%), but the lowest specificity (73.7%).

Regarding combined features, one or more positive features showed the highest ROC/AUC (0.701), the highest sensitivity (94.3%), and the highest NPV (91.3%). When cases testing positive for at least three features were classified as “no infection”, the specificity and PPV showed the highest values (99.7 and 94.4%, respectively).



Diagnostic Efficacy of Features for Past Infection

Six features for “past infection” were included in the study, including atrophy (Table 4, Supplementary Material). The frequency of these signs was low, with the exception of atrophy (n = 266). RAC reappearance (n = 58), came after atrophy, representing only 9.95% of the total.

RAC reappearance, atrophy, map-like redness, UAB, and raised erosion showed significant differences between “past infection” and the other two groups (“current infection” and “no-infection”). The ROC/AUCs of the first three features showed statistical significance, but this was not the case for the last two. Among all the single features, RAC reappearance showed the highest ROC/AUC (0.583, 95%CI: 0.520−0.646). UAB showed the highest PPV (61.9%) and the second highest specificity (98.3%). However, it was observed in only 21 patients (3.60%) and its ROC/AUC was low (0.550, 95% CI: 0.488−0.613), making it difficult to evaluate in this study. The sensitivity and NPV of atrophy showed the highest values (58.6 and 85.5%, respectively).

The results of the combined analysis of these six signs are as follows: When the number of combined positive features was increased (from one or more features to three or more), the sensitivity and NPV decreased, while the specificity and PPV increased. In general, when cases testing positive for at least two features were classified as “past infection”, the ROC/AUC was the highest (0.617). The distribution and diagnostic performance of atrophy combined with UAB were the same as that of UAB alone, since atrophy necessarily had to be present when UAB was detected. In addition, the ROC/AUC of either map-like redness positive or atrophy positive was 0.597 (95%CI: 0.539−0.655), while its sensitivity and specificity were 62.2 and 57.2%, respectively. When cases testing positive for at least one of the three features (map-like redness, UAB or RAC reappearance) were classified as past infection, the sensitivity was 37.8%, the specificity was 90.7%, the PPV was 48.8%, the NPV was 86.1%, and the ROC/AUC was 0.643 (95%CI: 0.580–0.705); these were the highest values in the analysis for all single and combined features of past infection. Moreover, the ROC/AUC of either UAB positive or RAC reappearance positive was 0.614 (95%CI: 0.551−0.677), higher than any other single feature.




Discussion

H. pylori has been identified as a Group I carcinogen by the International Agency for Research on Cancer. Timely endoscopic identification of current infection and past infection is of great benefit to the monitoring of high risk population of early GC. This was a prospective, multicenter study to evaluate the diagnostic value of endoscopic features for H. pylori infection status, mainly based on the Kyoto classification of gastritis. In addition, two new features, “UAB” and “RAC reappearance”, were investigated, which were beneficial for the diagnosis of past infection.

We divided the H. pylori status of the participants into three categories: H. pylori positive (“current infection”), H. pylori negative (“no infection”) and H. pylori negative after eradication (“past infection”). Of note, the risk of GC is far greater in patients who are H. pylori negative after successful eradication than in uninfected patients (3). Traditional testing methods such as the urease breath test, rapid urease test, and others cannot make a direct, accurate diagnosis of “past infection”. Hence, in cases in which the patient’s past history is unknown, it would be clinically important to be able to determine past infection endoscopically. Importantly, the H. pylori status and endoscopic features were recorded separately in this study, avoiding subjective influence. Additionally, cooperation between multiple centers improved the comprehensiveness and integrity of the data.

Swelling and redness of the gastric mucosa have been endoscopically confirmed in cases with H. pylori -induced inflammation (12, 13). Mucosal swelling has become the most valuable feature for the diagnosis of H. pylori-infection of the gastric mucosa, with a ROC of 0.726 in published studies. Nowadays, high-resolution endoscopy permits the detection of mucosal unevenness and swelling of the areae gastricae, even without the use of the indigo carmine contrast (IC) method, as in former studies (14). Diffuse redness is considered to be a marker of histologic mucosal hyperemia, and this feature strongly associates with the hemoglobin index (IHb), an objective index of redness (12). In Kato’s study, it was concluded that diffuse redness was a diagnostically useful endoscopic finding in H. pylori-infected stomachs (14). Consistent with previous studies, we found diffuse redness to be highly associated with current H. pylori infection, with a ROC/AUC of 0.590 (13, 14). Nodularity is the result of lymphofollicular hyperplasia, and it is considered strong evidence in favor of H. pylori infection (15–17). Our results are in agreement with these conclusions since nodularity showed the highest DOR (11.7), although its ROC/AUC was low because of its low frequency (only observed in 18 patients). Based on the DORs, we found there was a close relationship between nodularity, diffuse redness, mucosal swelling and “current infection” among the single features. When cases testing positive for at least one of these three endoscopic features were classified as “current infection”, the ROC/AUC was 0.758, which was the highest in the study, underscoring the importance of paying attention to these three features during evaluation.

On the other hand, consistent with previous studies, sticky mucus, atrophy, spotty redness, hyperplastic polyp, xanthoma and enlarged/tortuous folds were suggestive of current H. pylori infection (14, 18, 19). Considering all nine features, if only one is present, it is insufficient to diagnose a current H. pylori infection (see Table 2). But when two or more are positive, all these features are useful for evaluation (ROC/AUC 0.723). Early detection of H. pylori gastritis and prompt eradication are an effective therapeutic strategy for the prevention of gastric cancer (20, 21). From this point of view, our results are promising, contributing to the early detection of H. pylori gastritis.

In contrast, RAC, red streak, hematin, and FGP have been reported to be correlated with an H. pylori-negative, normal stomach (14, 18, 19). In accordance with previous studies, RAC showed a good diagnostic value for non-infected patients in this study, with a ROC of 0.680 (22). Consistent with previous studies, the other three features also showed a certain diagnostic value, but their frequency was low, so two or more seldom appeared simultaneously. Cases positive for one or more of these features and diagnosed as “no infection” showed the highest ROC/AUC (0.701). Undoubtedly, the more these features are present simultaneously, the more likely the gastric mucosa will be H. pylori negative.

Successful eradication of H. pylori improves gastritis and may prevent various diseases associated with H. pylori infection (23). The diagnosis of past H. pylori infection is especially important for the early monitoring of gastric cancer. It is well documented that H. pylori eradication alleviates histologic gastritis (24). In terms of histological parameters, most studies report similar trends, such as disappearance or reduction of inflammatory cells, including both polymorphonuclear cells and mononuclear cells (24). However, due to a lack of specific endoscopic signs, previous studies usually diagnosed H. pylori eradication based on an improvement of signs of “current infection”. For example, Kato et al. found that regression of spotty redness after eradication suggested past infection (25). Using magnifying endoscopy, Yagi et al. concluded that mucosal swelling disappeared and mucosal redness improved after eradication (26). However, strict and continuous endoscopic monitoring of the gastric mucosa before and after H. pylori eradication is too difficult and expensive to achieve in real clinical situations in China. In this regard, map-like redness as well as cobblestone-like mucosa have been reported to be specific for past infection in the Kyoto gastritis classification, and this undoubtedly constitutes a great breakthrough in endoscopic diagnosis (18, 27, 28).

No cobblestone-like mucosa was seen in all cases in this study. However, map-like redness was indeed an effective diagnostic index, with a DOR of 7.78 (which was the highest) and a significant ROC/AUC of 0.561. But more important were the other two specific features investigated in this study, UAB and RAC reappearance. Previous long-term follow-up studies of patients showed that the degree of atrophy of the gastric mucosa can be reduced after H. pylori eradication, but whether the atrophic boundary becomes blurred due to the disappearance of inflammation has not been determined (29). We detected and defined this finding as “unclear atrophy border (UAB)”. In this study, UAB was highly correlated with past infection (DOR 7.69). Its sensitivity was low (11.7%), but its specificity (98.3%) was very high and its accuracy similar to that of map-like redness (81.8%). However, low frequency prevented an accurate evaluation of its diagnostic efficacy. More samples and renewed focus on this new specific feature are warranted. Moreover, RAC reappearance, which has often been ignored in previous traditional endoscopic studies, also effectively indicated past H. pylori infection, a finding that is in agreement with the results of Yagi et al. using magnifying endoscopy (26). H. pylori-infected and inflamed gastric mucosa, characterized by the continuous breakdown and regeneration of blood vessels due to severe inflammation, will show remarkable changes in these gastric mucosal patterns if successfully treated (24, 30). The density of fine irregular vessels will decrease, and RAC may reappear, even in atrophic mucosa resulting from persistent inflammation. Although it was observed in only 21 cases in this study, its specificity was 93.2% and its ROC/AUC (0.583) was the highest for a single sign. Hence, this feature will be of great benefit for the diagnosis of past infection. When cases testing positive for at least one of these two features (UAB and RAC reappearance) were classified as past infection, the ROC/AUC was 0.614, suggesting that these two features may be unique indicators of past H. pylori infection in Chinese patients. When cases testing positive for at least one of these two features or map-like redness were classified as past infection, the ROC/AUC reached 0.643, which was the highest score, a rare finding, since all of these features of “past infection” are uncommon.

Atrophy, which is caused by H. pylori infection, is certainly observed in the gastric mucosa with current infection (31). After eradication, the atrophy improves in degree, but usually still persists, even if the boundary becomes unclear (29). Because it is present in patients in whom H. pylori has been eradicated, atrophy is not specific for either current infection or past infection. As in previous studies, raised erosion and multiple white and flat elevated lesions suggested past H. pylori infection to some extent (10). When analyzing these six features together, the ROC/AUC was a significant 0.617, highlighting the importance of paying attention to all these features during evaluation.

For the diagnosis of H. pylori status, it is first necessary to assess the presence or absence of atrophy. This was the most common feature in nearly half of the samples. The presence of atrophy is rarely indicative of “no infection”. Therefore, if it occurs, further careful observation of whether there is RAC reappearance in the atrophic background or unclear atrophy boundary is the key to determine whether it corresponds to “past infection”. With the exception of atrophy, features of past infection like these two usually appear with low frequency but have high specificity; that is, once any appears, the diagnostic accuracy for determining past infection is very high. On the contrary, if there is no such feature, but mucosal swelling, diffuse redness, and other signs appear together with atrophy, then the diagnosis of “current infection” is more likely. In general, a single feature indicative of current infection can achieve relatively ordinary diagnostic value, but the more features, the higher the accuracy. On the other hand, if the patient does not have atrophy, it is very likely that he has never been infected with H. pylori (“no infection”). If specific features of no infection such as RAC, red streak, and others can also be observed, “no infection” can be diagnosed. The probability of two or three kinds of correlating features appearing at the same time is small, so judgment is usually made according to the features which appear more frequently. On the other hand, it is also possible to combine the patient’s past history to assist in the diagnosis and even return to the traditional methods like urease breath test, rapid urease test and others to diagnose the more difficult cases. After all, the ultimate goal is to reach the best clinical diagnosis.

We acknowledge that our study has some limitations. First of all, although abundant time was devoted to studying the Kyoto classification of gastritis and each feature was defined uniformly and strictly before study initiation, the assessment of these features depended on the endoscopists themselves during examination, so there may have been some inter- and intra-observer variability. Second, natural elimination of H. pylori infection or unintentional H. pylori eradication may have been underestimated; that is, patients with no history of eradication and negative test results were classified as “no infection” according to the classification, but features like UAB, RAC reappearance and so on may have appeared due to “past infection”; third, traditional detection methods, considered the gold standard in this study, may have produced false negative or false positive results, leading to some degree of error in the actual classification of H. pylori status.

In conclusion, this is the first study that provides evidence of the clinical accuracy and robustness of the Kyoto classification of gastritis in the Chinese population and provides two new indicators of past H. pylori infection, UAB and RAC reappearance in atrophic mucosa as the supplement, giving the judgment of H. pylori sufficient endoscopic basis. We believe that, despite its limitations, our study offers important new findings for screening of early GC based on the close relationship between H. pylori and GC.
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Background: Targeting exhausted T (Tex) cells is a promising strategy for anti-tumour treatment. Previously, we demonstrated that Hirsutella sinensis fungus (HSF) could significantly increase T cell infiltration and the effector T cell ratio in the tumor microenvironment, activating systemic immune responses. However, we do not know how HSF regulates Tex cells in the tumor microenvironment. Here, we explored the mechanism underlying HSF inhibition of Tex cells and tumor growth and metastasis in breast cancer.
Methods: We examined the effects of HSF on various tumor mouse models using in vivo imaging technology. Lung metastasis was detected by H&E staining and the T cell subsets in the tumor microenvironment were assayed with flow cytometry. The in vitro proliferation, function and apoptosis of CD8+ T cells were measured, as well as the T-bet and PD-1 mRNA expressions.
Results: HSF inhibited tumor growth and lung metastasis in the mice, and had significantly higher CD44LowCD62LHi and CD44HiCD62LLowpopulations in the tumour-infiltrating CD8+ T cells. However, HSF significantly reduced levels of inhibitory receptors, such as PD-1, TIGIT, CTLA-4, and regulatory T cells. In vitro, HSF inhibited the CD8+ T cell apoptosis rate, and promoted CD8+ T cell proliferation and secretion of interferon (IFN)-γ and granzyme B. Furthermore, HSF treatment both in vivo and in vitro significantly increased Eomes expression, while decreasing T-bet expression.
Conclusion: HSF exerted anti-tumour effects mainly through the immune system, by promoting effector/memory T cells and reducing Tex cell production in the tumor microenvironment. The specific mechanisms involved inhibiting T-bet and promoting Eomes to decrease the expression of immune inhibitor receptors and enhance the T cell function, respectively.
Keywords: Cordyceps sinensis, in vivo imaging technology, exhausted T cells, Inhibitory receptors, T-bet/Eomes
INTRODUCTION
During acute infection or vaccinations, partly functional effector CD8+ T cells are naturally transformed into memory CD8+ T cells after viral clearance. In contrast, during chronic infections or cancers, the presence of persistent antigens hampers the proper development of CD8+ memory T cells, generating exhausted T (Tex) cells instead (Wherry, 2011; Jiang et al., 2015; Mclane et al., 2019; ; Philip and Schietinger, 2019). Tex cells have a unique differentiation, phenotype, and function, along with stable epigenetic inheritance. The action of the transcription factor Tox partially locks Tex cells during the early stages of infection (Mann and Kaech, 2019). Specific deletion of Tox in tumour-specific T cells eliminates the T cell exhaustion program, as inhibitory receptors (e.g. Pdcd1, Cd244, and Tigit) (Khan et al., 2019; Alfei et al., 2019) can no longer be upregulated. However, tumour-specific T cells lacking Tox fail to persist in the tumor. Therefore, in conditions such as cancer with chronic antigen stimulation, T cell exhaustion appears to be a self-protection measure that prevents excessive stimulation and activation-induced T cell death (Mclane et al., 2019). However, Tex cells restrict pathogen infections and immune responses to tumors, thereby limiting immune-mediated pathological damage to cancers (Mann and Kaech, 2019). This response often leads to continuous disease progression, meaning that Tex cells play a central role in the development of cancer and chronic infections (Khan et al., 2019). Fortunately, this exhaustion can be reversed, at least in part, mainly by blocking inhibitory pathways such as PD-1 (Wherry, 2011). Thus, how to better and reverse the Tex cells is currently a key issue in tumor immunotherapy.
Hirsutella sinensis fungus (HSF) is an artificial fermentation product of Cordyceps sinensis and is widely used in China as a substitute for the latter Li et al., 2020 and Zhang et al., 2020. The fermentation product can improve immunity and enhance disease resistance in postoperative or chemoradiotherapy patients (Liu et al., 2017; Yan et al., 2020). Our previous studies proved that HSFs can significantly increase T cell infiltration and effector T cell ratio in tumors and improve the immunosuppressive tumor environment that is considered to be the key factor of immunotherapy tolerance (Fu et al., 2018; Yan et al., 2020). Additionally, HSF can activate systemic immune responses, suggesting it as a useful drug in combination with immunotherapy, as effective cancer immunotherapy requires systemic immunity (Spitzer et al., 2017; Allen et al., 2020). However, we currently have little insight regarding how HSF regulates Tex cells in the tumor microenvironment and its potential active mechanism.
In this study, we investigated whether HSF inhibited tumor growth and metastasis through the immune system using imaging technology in vivo. We also analyzed the T cell subsets and the relationship to HSF mechanisms in the tumor microenvironment and in vitro. Our results provide insights into the applications of HSF in tumour-immune treatment.
METHODS
Reagents and Chemicals
HSF was provided by Hangzhou KSBIO Science and Technology (BinJiang, Zhejiang, China). Quality control was performed following published methods (Fu et al., 2011).
The anti-mouse antibodies for fluorescence-activated cell sorting (FACS) were as follows: anti-CD45 FITC, anti-CD8 APC-H7, anti-Eomes PE-Cy7, anti-T-bet BV421, anti-PD-1 BV605, anti-CD4 PE, anti-CD44 BV510, and anti-CD62L PE-Cy7 from BD Biosciences.
Cell Culture and CD8+ T Cells Isolation
The 4T1-Luc cells were cultured in IMDM medium supplemented with 10% fetal bovine serum, 50 IU/ml penicillin, and 50 μg/ml streptomycin (Hyclone, Logan, UT, USA) in a 5% CO2 incubator at 37 °C.
CD8+ T cells were isolated from splenocytes in C57/BL mice. Cells were magnetically labeled with anti-CD8a beads and isolated from spleen cell suspension using an LS Column (Miltenyi Biotec) placed in the magnetic field of a MACS separator. The process retained magnetically labeled CD8+ T cells in the column, and was then rinsed vigorously using 5 ml MACS buffer. CD8+ T cells were used for CFSE proliferation assays.
Animal Experiments
We investigated HSF anti-breast cancer activity using spontaneous, postoperative metastasis and subcutaneous inoculation models. The protocol was approved by the Committee on the Ethics of Animal Experiments of Zhejiang Chinese Medical University (Number of resolution: ZSLL-2017–178). Spontaneous PyMT mice were obtained from Jackson Labs and bred at the Animal Center of Zhejiang University of Traditional Chinese Medicine. Twenty 6–8-week-old female PyMT mice (18–20 g) were randomly divided into two groups: model (distilled water) and HSF (6 g/kg, refer to our previously published article by Fu et al.). Animals were given HSF and water daily for 44 days. On days 0, 7, 15, 22, 29, 37, 44, and 47, tumor measurements were taken with Vernier calipers. Tumor volume was calculated as V = (length × width2)/2. Mice were sacrificed with CO2 asphyxiation on day 47 for lung collection.
To generate a postoperative metastasis breast cancer model, 20 female BALB/C mice (6–8-week-old, 18–20 g) were obtained from the Shanghai Laboratory Animal Center (Shanghai, China). They were housed under standard conditions. Their bottom-right second mammary fat pad was orthotopically injected with 5 × 105 4T1-luc cells in 100 µL PBS. After 3 weeks, tumors grew to an average volume of 250 mm. The mice were divided into model and HSF groups (n = 10 per group) based on their tumor volume. Tumors in situ were then surgically removed. On the following day, distilled water and HSF (6 g/kg) were intragastrically administered to the model and HSF groups, respectively, for four weeks.
To generate the subcutaneous inoculation model, 20 6–8-week-old female nude mice (18–20 g in weight) were injected with 4T1-luc cells (5 × 105) in 100 µL PBS into the left armpit. On the following day, mice were randomly divided into model (distilled water) and HSF (6 g/kg HSF) groups. The mice were imaged on days 0, 4, 7, 11, and 14 for each group. Before imaging, mice were intraperitoneally injected with fluorescein substrate (150 mg/kg). At 8 min after the injection, the mice were anesthetized with isoflurane using an anesthesia machine (Summit Anesthesia, Salt Lake, UT, USA). They were then placed on a Xenogen IVIS 200 imaging system (Caliper Life Sciences, Hopkinton, MA, USA) to acquire in vivo images for measuring the primary-breast-cancer tumor size. Data analysis was performed using LT Living Image 4.3.
Apoptosis Assay in vitro
Apoptosis experiments were performed using the Annexin V-FITC Apoptosis Detection Kit (BD Biosciences). Briefly, activated CD8+ T cells were cultured in vitro for one or 3 days. Cells were washed twice with pre-cooled PBS, then centrifuged at 300 g for 5 min, and 300 μL 1x binding buffer was added to the suspended cells. Cells were stained with 5 µL Annexin V-FITC for 15 min (in darkness, at 25 °C). Next, 5 μL PI stain was added, followed by washing twice with PBS. Before apoptosis detection, 200 μL 1x binding buffer was added to resuspend cells.
CFSE Proliferation Assay in vitro
CD8+ T cells were purified and resuspended in PBS, then stained with carboxyfluorescein succinimidyl ester (CFSE; ThermoFisher Scientific) for 10 min at 37 °C. The reaction was stopped with CTL medium (RPMI 1640, 10% heat-inactivated fetal calf serum, 1% penicillin/streptomycin, 1% l-glutamine, 1% nonessential amino acids, 1% sodium pyruvate, and 0.1% β-mercaptoethanol), then resuspended in CTL medium. Cells were seeded (1 × 105 cells/well) in 96-well plates coated with CD3 antibodies, and then HSF (0.2 mg/ml) was added to the medium. After culturing for 3 days, cells were collected for detection by flow cytometry.
Functional Assay of CD8+ T Cell in vitro
CD8+ T cells (1 × 105/well) were seeded in 96-well plates coated with CD3/CD28 antibodies and cultured for 3 days. Cells were then treated with PMA (40 ng/ml), ionomycin (2 μmol/L), and monensin (1.4 μL/ml) for 4 h at 37 °C with 5% CO2. They were then collected and fixed with Cytofix/Cytoperm (BD Bioscience) for 40 min at 4 °C. After washing twice, cells were stained with granzyme B and IFN-γ for 30 min at 4 °C, and resuspend in FACS buffer to assay.
Flow Cytometry Assay
Tumor or spleen samples were placed into a six-well plate containing 2 ml of Harvest medium (RPMI 1640, 2% heat-inactivated fetal calf serum, 1% penicillin/streptomycin), and then ground into a single cell suspension using a grinding rod. After filtering with a 70 mM strainer, cells were placed on ice in FACS buffer (PBS, 2% heat-inactivated fetal calf serum, 1% penicillin/streptomycin, and 0.1% sodium azide) for 30 min of staining with surface antibodies. For intranuclear staining, cells were fixed with Cytofix/Cytoperm (BD Bioscience) for 40 min at 4 °C and then stained with intracellular antibodies (T-bet, Eomes). After washing twice with FACS buffer, samples were detected with FACS Canto II Cytometry (BD, USA), and the data were analyzed in FlowJo.
Hematoxylin-Eosin Staining of Lung Tissues
Lung tissue was dissected and embedded in paraffin, cut into 4 μm sections, and stained with hematoxylin and eosin (H&E). Sections were imaged using a NanoZoomer Digital Slice Scanner (NDP; Nikon, Tokyo, Japan) and analyzed in NDP. view.
RNA Purification and Quantitative PCR
CD8+ cells were treated with HSF (0.2 mg/ml) for 3 days before detection by qPCR. Total RNA was extracted using TRIzol (Invitrogen), then reverse-transcribed to cDNA using the PrimeScript RT Reagent Kit (Takara, USA). Samples were amplified using the TB Green PCR Master Mix kit (Takara) on an ABI 7900HT Fast Real-Time PCR System (Applied Biosystems, USA). Relative mRNA expression was normalized to β-actin and calculated using the 2−ΔΔCt method. The primer sequences were as follows: T-bet Forward: GAT​CAC​TCA​GCT​GAA​AAT​CGA​C, T-bet Reverse: AGG​CTG​TGA​GAT​CAT​ATC​CTT​G; PD-1 Forward: ATG​ACT​TCC​ACA​TGA​ACA​TCC​T, PD-1 Reverse: CTC​CAG​GAT​TCT​CTC​TGT​TAC​C; β-actin Forward: GTG​ACG​TTG​ACA​TCC​GTA​AAG​A; β-actin Reverse: GCC​GGA​CTC​ATC​GTA​CTC​C.
Statistical Analysis
Data are shown as means ± SEM. Between-group differences were determined using unpaired t-tests in SPSS 18.0. Significance was set at p < 0.05.
RESULTS
HSF Inhibited Tumor Growth and Lung Metastasis in Mice Through the Immune System
As shown in Figure 1, in a breast cancer model of mouse mammary tumor virus-polyomavirus middle T-antigen (MMTV-PyMT), tumor volume were significantly lower in the HSF-treated group than in the control group (Figures 1A,B), and tumors had more fluid-like substances in the control group, tumor weight were lower in the HSF-treated group. In addition, lung metastasis was significantly alleviated in the HSF-treated PyMT mice (Figure 1C) and postoperative metastasis mice (Figure 1E). These results were further confirmed with lung weight (Figures 1D,F). These results were consistent with the luciferase assay (Figures 1G,H). However, HSF treatment did not alter tumor volume, tumor weight, or lung weight in nude mice (Figures 1I–K), which was further confirmed by in vivo imaging technology (Figures 1L,M).
[image: Figure 1]FIGURE 1 | Anti-tumour effects of HSF in different mouse models of breast cancer. (A) Tumor volumes in PyMT mice over time. (B) Tumor weights in PyMT mice. (C) Representative image of pathological H&E staining in the lung tissue of control and HSF-treated PyMT mice. (D) Lung weights in PyMT mice. (E) Representative image of pathological H&E staining in the lung tissue from the postoperative metastasis mice. (F) Lung weights of the postoperative metastasis mice. (G) Representative luciferase image of 4T1-Luc tumor cell lung metastasis. (H) Quantitative statistics of lung metastasis luciferase imaging. (I) Tumor volumes in nude mice over time. (J) Tumor weights in nude mice. (K) Lung weights in nude mice. (L) Representative luciferase image of 4T1-Luc subcutaneous tumor. (M) Quantitative statistics of subcutaneous tumor luciferase imaging. Statistical analysis was performed with unpaired t-tests. Values are means ± SEM; n ≥ 6 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001.
HSF Increased Effector/Memory T Cells and Decreased Regulatory T Cells in the Tumor Microenvironment
As showed in Figure 2, HSF markedly increased the percentage of CD44Low CD62LHi and CD44Hi CD62LHi to CD4+ T cell populations in the postoperative metastasis mice (Figures 2A,B), and also significantly increased the proportion of CD44Low CD62LHi and CD44Hi CD62LLow CD8+ T cell populations (Figures 2C,D). Additionally, HSF significantly decreased the CD4+CD25+CD127- population (regulatory T cells) in the tumor environment (Figures 2E,F).
[image: Figure 2]FIGURE 2 | Effect of HSF on CD4+, CD8+, and regulatory T cells in the lung tumor microenvironment of postoperative metastasis mice. (A) Representative image of CD4+ CD44HiCD62LLow, CD4+ CD44HiCD62LHi, CD4+ CD44LowCD62LHi, CD4+ CD44LowCD62LLow population. (B) Flow cytometry results of CD4+ CD44HiCD62LLow, CD4+ CD44HiCD62LHi, CD4+ CD44LowCD62LHi, CD4+ CD44LowCD62LLow, expressed as percentage of tumour-infiltrating CD4+ T cells. (C) Representative image of CD8+ CD44HiCD62LLow, CD8+ CD44HiCD62LHi, CD8+ CD44LowCD62LHi, CD8+ CD44LowCD62LLow population. (D) Flow cytometric results of CD8+ CD44HiCD62LLow, CD8+ CD44HiCD62LHi, CD8+ CD44LowCD62LHi, CD8+ CD44LowCD62LLow, expressed as percentage of tumour-infiltrating CD8+ T cells. (E) Representative image of CD4+CD25+CD127− population. (F) Flow cytometric results of CD25+CD127-, expressed as percentage of tumour-infiltrating CD4+ T cells. Values are means ± SEM; n = 10 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired t-tests).
HSF Inhibited CD8+ Tex Cells in the Tumor Microenvironment
As shown in Figure 3, the inhibitory receptors of the CD8+ T cells from blood, such as PD-1, TIGIT, and CTLA-4, were not significantly different between the HSF and control groups (Figures 3A,B). However, HSF significantly reduced the expression of inhibitor receptors in the CD8+ T cells from the lung tumor microenvironment compared to that of the control (Figures 3C,D), and markedly decreased PD-1Int and PD-1Hi CD8+ T cell populations. In addition, the results also showed that the inhibitor receptor expression in CD8+ T cells was enhanced from the blood to tumor microenvironment.
[image: Figure 3]FIGURE 3 | Effect of HSF on PD-1, TIGIT, and CTLA-4 in the blood and lung samples of the breast cancer postoperative metastasis mice. (A) Representative image of PD-1, TIGIT, and CTLA-4 population in the blood. (B) Flow cytometry of PD-1, TIGIT, and CTLA-4, expressed as percentage of CD8+ T cells in the blood. (C) Representative image of PD-1, TIGIT, and CTLA-4 population in the lungs. (D) Flow cytometry of PD-1, TIGIT, and CTLA-4, expressed as percentage of tumour-infiltrating CD8+ T cells in the lungs. Values are means ± SEM; n = 10 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired t-tests).
HSF Regulated the Expression of the Transcription Factors T-Bet and Eomes in CD8+ T Cells
T-box transcription factors (T-bet) and Eomesodermin (Eomes) are key to regulating CD8+ T cell differentiation and function. We found a very high proportion of Eomes+T-bet- expression, while there was a decreased proportion of Eomes−T-bet+ expression in total CD8+ T cells after HSF administration (Figures 4A,B). We further detected Eomes and T-bet expression on PD-1 subpopulations. HSF increased Eomes expression in PD-1Low, PD-1Int, and PD-1Hi three cell populations, whereas decreased the T-bet expression in PD-1Low and PD-1Int cell populations (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Effect of HSF on Eomes and T-bet expression in exhausted CD8+ T cells. (A) Representative image of T-bet and Eomes expression on CD8+T cells. (B) Flow cytometry of T-bet and Eomes, expressed as percentage of lung CD8+ T cells. (C) Representative image of T-bet and Eomes expression on lung PD-1Lo, PD-1Int, and PD-1Hi cells. (D) Flow cytometry of T-bet and Eomes, expressed as percentage of lung PD-1Lo, PD-1Int, and PD-1Hi cells. Values are means ± SEM; n = 10 mice/group; *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired t-tests).
HSF Inhibited CD8+ T Cell Apoptosis and Promoted Proliferation and Function in vitro
The first day after treatment, apoptotic CD8+ T cell rate showed no obvious difference between the control (19.5%) and HSF groups (14.7%). However, after 3 days, the HSF group had a significantly lower rate of apoptotic cells (15.2%) than that of the control group (25.5%) (Figures 5A,B). We also found that HSF significantly promoted cell proliferation (Figures 5C,D), and secretion of IFN-γ (Figures 5E,F) and granzyme B (Figures 5G,H) compared to the control.
[image: Figure 5]FIGURE 5 | Effect of HSF on the apoptosis, proliferation, and function of CD8+ T cells in vitro. (A) Representative image of apoptotic cells. (B) Flow cytometry showing percentage of apoptotic cells among the CD8+ T cells. (C) Representative image of FACS detecting cell proliferation. (D) Statistical analysis of the proliferation percentage of CD8+ T cells. (E) FACS detection of GzmB production by CD8+T cells after 3 days of HSF treatment. (F) Flow cytometry of GzmB, expressed as percentage in CD8+ T cells. (G) FACS detection of IFN-γ production by CD8+ T cells after 3 days of HSF treatment. (H) Flow cytometry of IFN-γ, expressed as percentage in the CD8+ T cells. Values are means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired t-tests).
HSF Inhibited the Transcription Factor T-Bet in CD8+ T Cells in vitro and in vivo
HSF decreased the PD-1+ levels of CD8+ T cells activated with CD3 for 3 days (Figures 6A,B), this result was also confirmed by the mRNA expression assay using qPCR (Figure 6C). Additionally, HSF treatment significantly increased the Eomes+T-bet- cell population in CD8+ T cells, while it decreased Eomes−T-bet+ cell population and T-bet mRNA expression (Figures 6D–F).
[image: Figure 6]FIGURE 6 | Effect of HSF on PD-1, T-bet, and Eomes expression in CD8+ T cells in vitro. (A) Representative image of PD-1+ expression. (B) Flow cytometry of PD-1+ population, expressed as percentage on the surface of CD8+ T cells. (C) qRT-PCR of PD-1 expression on CD8+ T cells. (D) Representative image of T-bet and Eomes expression in CD8+ T cells. (E) Flow cytometry of Eomes+T-bet- and Eomes−T-bet+ populations as percentage in CD8+ T cells. (F) qRT-PCR of T-bet expression in HSF-treated CD8+ T cells. Values are means ±SEM; *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired t-tests).
DISCUSSION
Preventing T cell exhaustion and enhancing CD8+ T cell function has become one of the most urgent issues in immunotherapy (Mclane et al., 2019). Our study found that HSF inhibited tumor growth in mice with spontaneous PyMT breast cancer and reduced orthotopic lung metastasis with in situ resection of 4T1-luc tumors. These results are consistent with our previous study showing that HSF has anti-tumour effects on lung cancer (Fu et al., 2018). Notably, we also found that HSF has no effect on immunodeficient nude mice. Our results suggest that HSF exerts an anti-tumour effect mainly through the immune system.
Accordingly, we further analyzed the T cell subgroups in the tumor microenvironment. CD4 and CD8 memory T cells can be divided into different subgroups according to homing characteristics and effector functions. Central Memory cells (CD44HiCD62LHi, TCM) effectively promote the homing of memory T cells to lymphoid organs and respond to antigen secondary stimulation by proliferating and rapidly differentiating into effector T cells. In contrast, effector memory cells (CD44Hi CD62LLow, TEM) lack lymphoid homing receptors and migrate to non-lymphoid tissues to mediate the ultimate effector function, also called Terminal Teff-like cells (Figure 7). In addition to TCM and TEM, recent studies have shown the presence of another type of memory cell in both humans and mice: T memory stem cells (TSCM) (Farber et al., 2014; Boudousquié et al., 2014; Chiu et al., 2020). The phenotype of TSCM is CD44Low CD62LHi SCA-1Hi CD122Hi, with strong self-renewal abilities and potential to transform into TCM, TEM and effector T cells (Boudousquié et al., 2014; Chiu et al., 2020). In our study, it was found that HSF significantly increased the percentages of effector (CD44LowCD62LHi) CD4+ TSCM cells, and central memory (CD44HiCD62LHi) CD4+ TCM cells, as well as the percentages of (CD44LowCD62LHi) CD8+ TSCM cells and central memory (CD44Hi CD62LLow) CD8+ TEM cells, while inhibiting the portion of Tex cells. These effects may be the key mechanism underlying HSF’s ability to significantly improve patient immunity after chemotherapy or surgery.
[image: Figure 7]FIGURE 7 | Schematic showing HSF mechanisms involved in regulating exhausted T cells in the tumor microenvironment. By inhibiting transcription factor T-bet, HSF reduces PD-1 expression on T cells and decreases Tex cell formation (including Tex progenitor cells and Terminal Tex cells). Additionally, HSF promotes transcription factor Eomes to increase the secretion of IFN-γ and granzyme B, thereby enhancing the cytotoxic capacity among effector T cells (including Terminal Teff-like cells and Terminal Tex cells).
Tex cells gradually lose effector function and memory T cell characteristics due to prolonged exposure to persistent antigens and inflammation. PD-1 overexpression on CD8+ T cells is an important sign of T exhaustion (Pauken and Wherry, 2015a; Wherry and Kurachi, 2015). Tex cells lose their effector function in a progressive and hierarchical manner, depending on antigen levels and disease environment. There is evidence that intermediate PD-1 (PD-1 Int) is expressed in early Tex cells and further differentiated into terminal Tex cells (PD-1 Hi) with a high expression of PD-1 under continuous antigen stimulation, and it is believed that only the PD-1 Int Tex cells can respond to immune checkpoint inhibitors. Our results showed HSF significantly decreased inhibitory receptor molecules, such as PD-1, Tigit, and CTLA-4, and inhibited these two percentages of PD-1 Int and PD-1 Hi CD8+ T cell populations. Additionally, our in vitro experiments showed HSF promoted T cell expansion, increased IFN-γ and granzyme B secretion, reduced apoptosis, and inhibited PD-1 expression in activated T cells. These results indicate that HSF directly inhibits T cell exhaustion.
Eomes and T-bet are transcription factors that regulate T cell differentiation (Pauken and Wherry, 2015a; Sen et al., 2016). Eomes upregulation is necessary for the formation of long-term memory-like cytotoxic T cells (Pearce et al., 2003). Eomes loss causes defects in memory T cell populations (Chen et al., 2019). In contrast, T-bet induces the production of inhibitory receptor molecules, such as PD-1 and Tigit (Doering et al., 2012). Some evidence has revealed that the Tex cells contain two subpopulations: Tex progenitor cells and terminal Tex cells. Tex progenitor cells highly express T-bet (T-betHi PD-1Int), which regenerates and maintains virus-specificity through splitting. However, they could differentiate into mature terminal Tex cells expressing Eomes (EomesHiPD-1Hi). This subgroup is more effective against viruses, but cannot self-replicate (Pauken and Wherry, 2015b; Paley et al., 2012; Beltra et al., 2020). Consistent with available literature, we showed that PD-1Int CD8+ T cell populations highly expressed T-bet both in vivo and in vitro. Treatment with HSF then inhibited T-bet expression in CD8+ cells, as well as PD-1Lo and PD-1Int cell populations. Thus, HSF regulation of PD-1 is related to T-bet. However, we also found that Eomes was highly expressed in PD-1Lo and PD-1Hi cell populations. Moreover, HSF promoted Eomes expression in CD8+ T cells, PD-1Lo, PD-1Int, and PD-1Hi cell populations. These findings indicate that HSF increases T cell function mainly related to promoting the expression of Eomes (Figure 7).
CONCLUSION
Our study demonstrated that HSF exerted anti-tumour effects mainly through effects on the immune system. Specifically, HSF reduced the expression of immune checkpoints through inhibiting T-bet in T cells. This then lowered Tex cell production in the tumor microenvironment. Additionally, HSF promoted Eomes expression to enhance T cell function. These finding provided a new insight into the effects of HSF on tumor immune responses, we recommend that future research investigate the ability of HSF to synergize its effects on immune checkpoint inhibitors.
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Doxorubicin (DOX) is one of the most commonly used chemotherapeutic agents for treating human cancer. However, its clinical use has been limited by DOX-induced cardiotoxicity as well as other side effects. In the present study, we designed and synthesized the fullerenol (FU)-DOX conjugates and folic acid (FA)-grafted FU-DOX conjugates for improving the selectivity and activity of DOX in cancer cells. We further characterized the physicochemical properties and examined the release kinetics, cellular uptake, and in vitro anticancer activities of FU-DOX and FA-FU-DOX. The results showed that FU-DOX and FA-FU-DOX had a mean diameter of <200 nm and a low polydispersity. Both FU-DOX and FA-FU-DOX exhibited pH sensitivity and their DOX release rates were higher at pH 5.9 vs. pH 7.4. The cellular uptake studies indicated that FU conjugation enhanced the intracellular accumulation of DOX in human hepatocellular carcinoma (HCC) cell lines (BEL-7402 and HepG2) and the immortalized normal human hepatocytes (L02). The conjugation of FA to FU-DOX further promoted the drug internalization in an FR-dependent manner and enhanced the cytotoxicity against HCC cells. In conclusion, the newly prepared FA-FU-DOX conjugates can optimize the safety and efficacy profile of DOX.
Keywords: fullerenol-doxorubicin conjugates, cancer, cellular uptake, microscopic imaging, targeted delivery
INTRODUCTION
Doxorubicin (DOX, also named adriamycin), as a broad-spectrum anticancer drug, is widely used in leukemia, lymphomas, and solid tumors such as liver cancer, breast cancer, ovarian cancer, etc. (Kalyanaraman, 2020). However, the side effects of DOX, such as life-threatening cardiotoxicity, hepatotoxicity, and bone marrow suppression limit its clinical application (Gonçalves et al., 2020). The development of drug delivery system is considered as an effective and feasible strategy to enhance the efficacy of chemotherapeutic drugs and reduce its side effects (Raj et al., 2019; Ouyang et al., 2020). In recent years, numerous studies have shown that a variety of nanocarriers can improve the bioavailability and therapeutic efficacy of anticancer drugs while providing preferential accumulation at the target site (Tan et al., 2020). Among them, fullerenes and their derivatives are also attracting more attention for their unique physicochemical properties and biological activities (Kumar and Raza 2018).
Fullerene is a series of cage-like, spherical nano-molecules formed by carbon atoms, which have been found to have some excellent biological activities, such as antioxidant, antiviral, anticancer, and immunomodulatory effects, etc. (Xu et al., 2011; Martinez et al., 2016; Hao et al., 2017; Xu et al., 2019). Besides, fullerenes have the ability to accumulate in the tumor mass; based on the enhanced permeability and retention (EPR) effect, they penetrate easily through the less-tight blood vessels nourishing cancer (Kepinska et al., 2018a; Kepinska et al., 2018b). In addition, fullerene and hydroxylated fullerene (fullerenol, FU) have also been reported to have the cardioprotective and hepatoprotective effects (Borović et al., 2014; Elshater et al., 2018; Petrovic et al., 2018). The administration of fullerene alone before DOX administration or complexed with DOX via non-covalent bonds could diminish DOX-induced acute toxicity in the heart or liver (Borović et al., 2014; Seke et al., 2016; Jacevic et al., 2019; Petrovic et al., 2018). More importantly, fullerene can act as a transporter for anticancer drugs, such as DOX (Grebinyk et al., 2019; Kazemzadeh and Mozafari, 2019). These biological properties of fullerenes and the potential ability to carry drugs make it attractive to be applied in the drug delivery system.
Tumor targeted drug delivery systems (TTDDSs) can selectively deliver cytotoxic substances to tumor tissues, thus minimizing the side effects of patients and improving the treatment index (Xiao et al., 2020). Folate receptor (FR) has attracted considerable attention in this field. Its expression is limited in normal cells but overexpressed in most tumor cells, such as liver cancer, lung cancer, breast cancer, and so on (Boss and Ametamey, 2020). More importantly, in the receptor-mediated internalization pathway, FR interacts with TTDDSs and rapidly recycles back to the cell surface for the maximum delivery of targeted therapeutics (Fernández et al., 2018). Researchers have grafted folic acid (FA) to the surface of various drug delivery systems, which has significantly increased the drug accumulation in tumors (Su et al., 2020; Tie et al., 2020).
Since cardiotoxicity and hepatotoxicity are the main reasons for restricting the application of DOX, FU with cardioprotective and hepatoprotective effects is increasingly being developed as a drug delivery system for DOX. Several recent studies have indicated that the non-covalent nanocomplex of DOX and fullerene or FU can significantly increase the cytotoxicity of DOX and reduce its side effects on the heart and liver (Seke et al., 2016; Petrovic et al., 2018;Maleki et al., 2020). However, other studies have shown that the loading of DOX onto FU nanoparticles with non-covalent bonds or the conjugated complex of DOX and FU with ester bonds might be unstable in the body and cannot deliver drugs efficiently (Chaudhuri et al., 2009). In the present study, DOX and FU conjugates (FU-DOX) were synthesized by using an acid-sensitive hydrazone bond and further modified by FA to obtain FA-FU-DOX conjugates for improving the tumor-targeting effects. Besides, the cellular uptake and cytotoxicity of FU-DOX and FA-FU-DOX were also examined.
MATERIALS AND METHODS
Materials
Doxorubicin hydrochloride (DOX, also named adriamycin, Shanghai Jizhi Biochemical Technology Co., Ltd.), fullerenol (FU, Suzhou Hengqiu Technology Co., Ltd.), folic acid (FA), N-hydroxysuccinimide (NHS), N1-((ethylimino)methylene)-N3,N3-dimethylpropane-1,3-diamine (EDC), oxalohydrazide, dimethyl sulfoxide (DMSO), acetic acid, ethanol, methanol, etc. were obtained commercially and used without further purification.
Synthesis of Folic Acid-Grafted Fullerenol-Doxorubicin Conjugates (FA-FU-DOX).
Preparation of Hydrazinated Fullerenol (FU-CONHNH2)
As shown in Figure 1, oxalohydrazide (100 mg) was added to a solution of fullerenol (100 mg, 87 μmol) in purified water (10 ml). The reaction mixture was stirred at 50°C for 5 days. Then, it was subjected to dialysis through a cellulose membrane (MW 1000) against deionized water for three times. After 2 days of lyophilization, a dark brown product FU-CONHNH2 was obtained.
[image: Figure 1]FIGURE 1 | Reaction route for the synthesis of FA-FU-DOX.
Synthesis of Fullerenol-Doxorubicin Conjugates (FU-DOX)
Doxorubicin hydrochloride (30 mg, 50 μmol) and acetic acid (1 drop) as a catalyst were added to the solution of FU-CONHNH2 (70 mg, 50 μmol) in water (10 ml) (Figure 1). The reaction solution was stirred for 2 days in the dark at room temperature. When the thin-layer chromatography (TLC) showed little DOX left, the reaction mixture was poured into methanol (30 ml) to precipitate the products. The precipitation was filtrated and washed by methanol three times and dried under reduced pressure to give 58 mg dark red solid with 69% yield.
Preparation of Folic Acid Succinimidyl Ester (FA-NHS)
Folic acid (38 mg, 86 μmol) and DMSO (2 ml) were put into a round bottom flask and sonicated until completely dissolved (Figure 1). Then, NHS (11 mg, 95 μmol) and EDC (33 mg, 172 μmol) were added and the reaction mixture was stirred under nitrogen protection in dark at room temperature overnight. An orange-red solution was obtained, which was the activated folic acid (FA-NHS).
Synthesis of Folic Acid-Grafted Fullerenol-Doxorubicin Conjugates (FA-FU-DOX)
The prepared FA-NHS solution (19 mg, 43 μmol, 1 ml) was added into a solution of fullerenol-doxorubicin conjugates (85 mg, 43 μmol) in a mixed solvent of water and DMSO (1:1) (20 ml). The reaction solution was stirred in dark at room temperature for 8 h (Figure 1). The products were precipitated upon treatment with ethanol and filtered to give a brown solid with 64% yield.
Characterization of FA-FU-DOX
Nuclear Magnetic Resonance, Infrared Spectroscopy, and Differential Thermal Analysis
The NMR spectra were recorded on a Bruker advance 500 nuclear magnetic resonance (NMR) spectrometer, using tetramethylsilane (TMS) as an internal reference. D2O was used as a solvent for fullerenol and deuterated DMSO was used as a solvent for FA, DOX, and FA-FU-DOX. The infrared (IR) spectra were recorded on a Fourier-transform infrared (FTIR) spectrometer (Thermo Fisher Nicolet iS50). KBr tablets of DOX and DOX derivatives were used in the IR instrument. The IR spectra were acquired after 16 scans with a scanning range of 400–4,000 cm−1. Differential thermal analysis (DTA) was done in Mettler Toledo DSC. The detection conditions were 30–300°C, the heating rate was 15°C/min, and the N2 flow was 100 ml/min.
Transmission Electron Microscope and Dynamic Light Scattering
The diameter and morphology of FU, FU-DOX, and FA-FU-DOX were obtained by a transmission electron microscope (TEM, H-7650, Hitachi, Japan). Dispersions of particles were dropped onto a carbon-coated copper grid, dried in air at room temperature, and imaged immediately. The size distribution of the FU-DOX and FA-FU-DOX complexes was determined by dynamic light scattering (DLS) using Zetasizer Nano ZS-90 (Malvern, United Kingdom). Data were recorded at 25°C with a detection angle of 173° (Voruganti et al., 2015).
Release Kinetic Studies of FU-DOX and FA-FU-DOX
Preparation of a Standardization Curve
To obtain a 100 mg/L stock solution of DOX, the accurately weighed DOX (5.0 mg) was put in a 50 ml volumetric flask, to which DMSO was added to dissolve and dilute to the set volume. To prepare the DOX series solutions with concentrations of 2, 5, 10, 20, and 40 mg/L, 0.2, 0.5, 1.0, 2.0, and 4.0 ml of the stock solutions were added into a 10 ml volumetric flask, diluted with DMSO to a constant volume, and recorded on a UV-2550 spectrophotometer (Shimadzu, Japan). The regression equation was A = 0.022C − 0.027 (r = 0.999), indicating that the peak area of DOX has a good linear relationship within the concentration of 0–40 mg/L region.
Drug Release Studies
Portions (2.0 mg) of FU-DOX or FA-FU-DOX were put into dialysis bags (MW 1000), which were placed into the releasing medium of phosphate buffer (30 ml) at a pH of 7.4 or 5.9, in vials respectively. The closed vials were then placed in the water bath and incubated at 37°C. The concentration of released DOX was determined by the UV spectrophotometer at predetermined time points. The rate of drug release was calculated by dividing the concentration of DOX (released from FU-DOX or FA-FU-DOX) at a certain time by the initial concentration of FU-DOX or FA-FU-DOX (Voruganti et al., 2015).
Cell Lines and Cell Culture
Human hepatocellular carcinoma (HCC) cell lines (BEL-7402 and HepG2) and the immortalized normal human hepatocytes (L02) were obtained from the Cell Bank of the Chinese Academy of Science (Shanghai, China). All cell lines were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin as described previously (Wang et al., 2019).
Cellular Uptake Studies of DOX, FU-DOX, and FA-FU-DOX
Fluorescence Microscopic Imaging
The cellular uptake of DOX, FU-DOX, and FA-FU-DOX was examined by fluorescence microscopic imaging as reported previously (Qin et al., 2016). In detail, a piece of coverslip was put into each well of 6-well plates. Cells were seeded on the coverslips in 6-well plates at a cell density of 3 × 105 cells/well in 2 ml of culture medium. After 24 h of incubation, cells were treated with DOX, FU-DOX, or FA-FU-DOX at equivalent concentrations of 3 μM DOX. After 1, 2, and 4 h of incubation, the drug-containing medium was discarded. The cells were washed with PBS three times, fixed with 75% ice-cold ethanol for 30 min, and analyzed under a Fluorescence Microscope Axio Observer A1 (Zeiss, German).
Flow Cytometry Analysis
Cells were incubated in 6-well plates (3 × 105 cells/well) for 24 h and then treated with DOX, FU-DOX, or FA-FU-DOX at equivalent concentrations of 3 μM DOX for 1, 2, and 4 h. The treated cells were washed with PBS, harvested, measured by an FACS Calibur flow cytometer (BD, United States), and analyzed with the CytExpert software (Beckman Coulter, United States) (Wang et al., 2020b).
In Vitro Anticancer Activity Evaluation
The cell viability assay was performed as described previously (Wang et al., 2020a; Zhang et al., 2020). Briefly, cells were grown in 96-well plates (3 × 103 cells/well) for 24 h and incubated with DOX, FU-DOX, or FA-FU-DOX at equivalent concentrations for 72 h. Then, 10 μL of CCK-8 solution (Beyotime, CA) was added to each well. The cells were further incubated at 37°C for 2 h and examined by measuring absorption at 450 nm with an MK-3 microplate reader (Thermo Fisher Scientific, United States) (Li et al., 2013; Qin et al., 2013).
Statistical Analysis
All data were generated from three or more independent experiments and presented as means ± SD. The data were analyzed using Student’s t-test by Prism software version 6 (Graph Pad Software Inc., United States) and the critical level of significance was set at p < 0.05.
RESULTS
Preparation and Characterization of FA-FU-DOX
As shown in Figure 1, FA-FU-DOX was successfully synthesized and characterized using NMR spectroscopy. The NMR spectrum of FA-FU-DOX (Figure 2) showed signals at 8.64, 7.64, 6.94, 6.65, 4.48, and 4.33 ppm, representing H-carbon units of FA, and signals at 7.90, 5.47, 5.30, 4.94, 4.85, 4.57, 4.20, and 3.98 ppm, belonging to H-carbon units of DOX, which indicated that FA and DOX had been successfully linked to FU carrier. The formation of FA-FU-DOX was further validated by IR spectroscopy (Supplementary Figure S1). Except for the characteristic peaks belonging to DOX (1,615, 1,584, 1,283, 1,211, and 1,115 cm−1), FA (1,512 and 1,407 cm−1), and FU (1,380 and 1,081 cm−1) in the IR spectrum of FA-FU-DOX, the absence of the carbonyl peak of DOX at 1730 cm−1 and the presence of the -C=N peak of the hydrazone bond at 1,638 cm−1 were observed, indicating the successful coupling of the carbonyl group of DOX with the amine group of FU-CONHNH2. The large endothermic peak at 67°C in the DSC spectrum of FA-FU-DOX also confirmed the formation of this conjugate (Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | The 1H NMR spectra of (A) FU, (B) FA, (C) DOX, and (D) FA-FU-DOX.
The TEM images of FU, FU-DOX, and FA-FU-DOX are shown in Figure 3. Compared to FU, FU-DOX and FA-FU-DOX were larger in diameters, indicating the coupling of DOX and/or FA with FU. DLS established that the mean diameters for FU-DOX and FA-FU-DOX conjugates were about 199 nm (PDI = 0.123) and 195 nm (PDI = 0.108), respectively. The diameters are suitable for efficient targeting in circulation.
[image: Figure 3]FIGURE 3 | The characterization of FU-DOX and FA-FU-DOX. (A) Transmission electron microscopy (TEM) images of FU, FU-DOX, and FA-FU-DOX. (B) Particle size distributions of FU-DOX and FA-FU-DOX.
Drug Release Study of FA-FU-DOX
The stabilities of FU-DOX and FA-FU-DOX were examined by evaluating the cumulative release of DOX at physiological (pH 7.4) and endolysosomal pH conditions (pH 5.9). As shown in Figure 4, after 96 h of incubation, the cumulative release rates of DOX from FA-FU-DOX were found to be 32% (pH 7.4) and 42% (pH 5.9), respectively, while that from FU-DOX were 34% (pH 7.4) and 41% (pH 5.9), respectively. These results were consistent with the degradation characteristics of the hydrazone bond. The introduction of FA did not significantly alter the release kinetics. Both FU-DOX and FA-FU-DOX are expected to release DOX more rapidly in cancer cells after endocytosis than in circulation (Gao et al., 2017).
[image: Figure 4]FIGURE 4 | The cumulative release kinetics of DOX from FU-DOX and FA-FU-DOX in PBS at a pH of 7.4 or 5.9 at 37°C.
Cellular Uptake of FA-FU-DOX
The cellular uptake of DOX, FU-DOX, and FA-FU-DOX was investigated in the HCC cell lines BEL-7402 (FR-positive) (Dai et al., 2011) and HepG2 (FR-negative) (Gao et al., 2015) and the normal human hepatocytes L02 (FR-negative). As shown in Figure 5, the fluorescence microscopy images exhibited that DOX, FU-DOX, and FA-FU-DOX (shown as the red dots) were uptaken by all three cell lines in a time-dependent manner. The FU-DOX and FA-FU-DOX conjugates exhibited higher fluorescence intensity than free DOX, especially at 1 h incubation time, indicating a higher amount of cellular uptake than that for free DOX. It may be explained that the intracellular drug accumulation was efficiently promoted by the FU carrier at the experimental conditions (Grebinyk et al., 2019). Moreover, FA-FU-DOX showed the best cellular uptake in FR-positive BEL-7402 cells but it did not exhibit significant higher accumulation than FU-DOX in FR-negative HepG2 and L02 cells (Figure 5), which suggested that the attachment of FA to FU-DOX enhanced the uptake of the conjugates into FR-positive cells via an FR-mediated endocytic process. Similar results were also obtained by flow cytometry analyses, confirming the important roles of FA and FU in enhancing the cellular uptake of DOX (Figure 6).
[image: Figure 5]FIGURE 5 | Cellular uptake of FU-DOX and FA-FU-DOX. (A) HepG2, (B) BEL-7402, and (C) L02 cells were incubated with DOX, FU-DOX, or FA-FU-DOX for 1, 2, and 4 h, then the cellular uptake was monitored by a fluorescent microscopy (scale bar, 20 μm).
[image: Figure 6]FIGURE 6 | Flow cytometry analyses of the intracellular accumulation of DOX, FU-DOX, and FA-FU-DOX in HepG2, BEL-7402, and L02 cells after 1-, 2-, or 4-h incubation.
In Vitro Anticancer Activity of FA-FU-DOX
We further compared the in vitro anticancer activities of DOX, FU-DOX, and FA-FU-DOX in HepG2, BEL-7402, and L02 cell lines. As shown in Figure 7, all cell lines were more sensitive to DOX than FU-DOX or FA-FU-DOX, which could be attributed to the slow release of DOX from FU-DOX and FA-FU-DOX after endocytosis. Importantly, DOX did not show any selective cytotoxicity against cancer cells but exhibited more potent inhibitory effects on the viability of normal human hepatocytes L02. However, FU-DOX and FA-FU-DOX showed significantly weaker cytotoxicities against L02 cells, especially at lower concentrations (32 and 64 nM), suggesting that the conjugations of FU and FA to DOX could improve the safety profile of DOX. Furthermore, FA-FU-DOX exhibited more potent cytotoxicity than FU-DOX in FR-positive BEL-7402 cells (at 160 and 400 nM), further supporting the inference of FA-mediated endocytosis and FU-mediated transportation.
[image: Figure 7]FIGURE 7 | In vitro cytotoxicity of DOX, FU-DOX, and FA-FU-DOX. (A) HepG2, (B) BEL-7402, and (C) L02 cells were exposed to various concentrations of DOX, FU-DOX, and FA-FU-DOX for 72 h for determination of cell death by CCK-8 assays. Data represent mean ± SD from three independent experiments (*p < 0.05 and #p < 0.01).
CONCLUSION
In the present study, we designed, synthesized, and characterized the FA-FU-DOX conjugate as a new delivery system for the commonly used chemotherapeutic agent DOX. FA-FU-DOX has a diameter of around 190–200 nm, beneficial to the targeting of tumor tissues in the circulation. Our results have shown that the cumulative release rates of DOX from FU-DOX and FA-FU-DOX are similar at both physiological (pH 7.4) and endolysosomal pH conditions (pH 5.9), which is in line with the degradation features of the hydrazine group (Liu et al., 2014; Rezaian et al., 2018). We have also shown that FU-DOX and FA-FU-DOX have a higher release rate in an acidic environment, suggesting that DOX may release from these conjugates faster in the tumor microenvironment (acidic environment) (Seyfoori et al., 2019;Maleki et al., 2020).
Because FR is overexpressed in tumor tissues but restricted in normal tissues, it has been considered as a promising target for developing efficient TTDDSs. FA and methotrexate (MTX) through ethylenediamine have been attached to the surface of functionalized multi-walled carbon nanotubes by Karimi et al., which improves the cancer cell-targeting ability of MTX and enhances its anticancer activity (Karimi et al., 2019). Moreover, the modification of nanomaterials with FA terminated-polyglycol as well as the subsequent loading with DOX improve the biocompatibility and selectivity against cancer cells, consequently improving its ability to eradicate tumors in vivo with negligible systemic toxicity (Wang et al., 2018). Besides, Yan et al. have used FA-modified multi-walled carbon nanotubes to deliver DOX to tumor sites, which not only enhanced the suppression of tumor growth but also decreased the side effects of DOX (Yan et al., 2018).
In this study, the cellular uptake and cytotoxicities of FU-DOX and FA-FU-DOX have been investigated in BEL-7402 (HCC, FR-positive), HepG2 (HCC, FR-negative), and L02 (normal, FR-negative) cells. It has been observed that the attachment of FA to FU-DOX increases the cellular uptake in FR-positive BEL-7402 cells in an FR-dependent manner. As expected, FA-FU-DOX has also exhibited more potent cytotoxicity than FU-DOX in BEL-7402 cells but not in FR-negative HepG2 and L02 cells. Besides, FU-DOX and FA-FU-DOX have shown relatively weak cytotoxicities against normal L02 cells. Taken together, the FA-FU-DOX conjugate has a better selectivity against cancer cells and a more promising safety profile.
In conclusion, our studies have demonstrated that the FA-FU-DOX conjugate has the potential to be developed as an effective approach for enhancing the efficacy and reducing the toxicity of chemotherapeutic drugs. Further investigations are warranted to examine the tumor-targeting efficacy and safety in clinically relevant animal models, especially liver cancer models.
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The high attrition rates of anti-cancer drugs during clinical development remains a bottleneck problem in pharmaceutical industry. This is partially due to the lack of quantitative, selective, and rapid readouts of anti-cancer drug activity in situ with high resolution. Although fluorescence microscopy has been commonly used in oncology pharmacological research, fluorescent labels are often too large in size for small drug molecules, and thus may disturb the function or metabolism of these molecules. Such challenge can be overcome by coherent Raman scattering microscopy, which is capable of chemically selective, highly sensitive, high spatial resolution, and high-speed imaging, without the need of any labeling. Coherent Raman scattering microscopy has tremendously improved the understanding of pharmaceutical materials in the solid state, pharmacokinetics of anti-cancer drugs and nanocarriers in vitro and in vivo. This review focuses on the latest applications of coherent Raman scattering microscopy as a new emerging platform to facilitate oncology pharmacokinetic research.
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INTRODUCTION
Although tremendous efforts have been made to promote anti-cancer drug development (Falzone et al., 2018) (Nass et al., 2018), the high attrition rates of anti-cancer drugs during clinical development remains a bottleneck problem in pharmaceutical industry (Liu et al., 2017). Over the past decade, only 5% of clinically tested anti-cancer drugs have successfully obtained FDA approval (Hay et al., 2014). Considering that anti-cancer drug development is an expensive, time-consuming, and high-risk endeavor, it is necessary to develop novel strategies to identify promising drug candidates and remove ill-fated compounds earlier in the development pipeline.
Imaging has been widely used in anti-cancer drug assessment (Mouras et al., 2010). Due to cell heterogeneity in complex tumor microenvironment, it has become increasingly important to achieve quantitative, selective, and rapid imaging of anti-cancer drug activity in situ with high resolution (Vinegoni et al., 2015). Fluorescence microscopy has helped direct visualization of fluorescently labeled molecules, including proteins, antibodies and small molecules such as drugs or their metabolites. Intravital fluorescence microscopy was developed to study anti-cancer drug action in vivo at the single-cell level (Thurber et al., 2013), which has been extensively reviewed by Weissleder (Miller and Weissleder 2017).
Although fluorescence microscopy has been commonly used in oncology pharmacological research, fluorescent labels are often large in size relative to small drug molecules, and thus may perturb the activity of these drug molecules. Thus, label-free optical microscopy that generates signals based on intrinsic molecular contrast would be desirable to study uptake, distribution, and metabolism of small drug molecules.
The efficacy of anti-cancer drugs also largely relies on drug delivery vehicles (e.g., tablets and nanocarriers) (Shi et al., 2017), which are formulated to enhance drug bioavailability, biocompatibility, and targeting to cancer tissues. Thorough understanding of the drug stability and activity within the final dosage form is required to optimize the dosing strategy and reduce toxic effects prior to regulatory approval. Encapsulation of fluorescent dyes has been commonly used to monitor nanocarriers, but this is limited by occasional loss and photobleaching of the dyes. Thus, it would be of great importance to develop label-free optical microscopy that can assess stability and dissolution of drugs in the solid state, and uptake, distribution, interaction, and excretion of anti-cancer drug nanocarriers in a biological environment.
Based on intrinsic contrasts from molecular vibrations, infrared absorption and Raman scattering offer attractive means for label-free chemical-selective imaging. Compared to infrared absorption, Raman scattering based imaging would have higher spatial resolution by use of visible/near-infrared light excitation. Moreover, different from infrared absorption, Raman scattering does not have background from water, which makes it much more suitable to study live biological systems. Despite that spontaneous Raman microscopy has been used in oncology pharmacokinetic research (Gala and Chauhan 2015), small cross section of Raman scattering makes it difficult to acquire strong enough signals for fast chemical imaging, which significantly hinders its application in dynamic readouts of anti-cancer drug activity in situ.
In order to enhance the Raman scattering signal, coherent Raman scattering (CRS) microscopy has been developed (Cheng and Xie 2012). When tuning the beating frequency to match a molecular vibration frequency, the CRS signal can be markedly boosted and so enables high-speed imaging, which is 104–106 times faster than spontaneous Raman microscopy (Cheng and Xie 2015) (Figure 1). Raman tags with distinct Raman peaks in cellular “silent region” have been shown to enhance molecular selectivity of CRS microscopy without perturbing biological activities (Wei et al., 2016). Owing to these unique advantages, CRS microscopy offer a powerful platform to study anti-cancer drug stability and activity within the final dosage form.
[image: Figure 1]FIGURE 1 | Schematic showing coherent Raman scattering (CRS) microscopy and its application in oncology pharmacokinetics. When tuning the beating frequency (ωp-ωs) to match molecular vibration frequency Ω, multiple Raman transitions were excited simultaneously, including stimulated Raman gain (SRG), stimulated Raman loss (SRL), and coherent anti-Stokes Raman scattering (CARS). ωp, ωs, and ωas denote the frequencies of the pump, Stokes, and anti-Stokes beam, respectively. CRS microscopy has shown great potential in the investigation of anti-cancer drug pharmacokinetics, anti-cancer drug stability and dissolution in the solid state, and activities of anti-cancer drug nanocarriers in single cells.
Here, we review the recent technical advances and applications of CRS microscopy in the study of anti-cancer drug pharmacokinetics at the single cell level, drug stability and dissolution in the solid state, and activities of anti-cancer drug nanocarriers in single cells (Figure 1). We then conclude with the discussion on the potential of CRS microscopy to promote oncology pharmacokinetic research.
CRS MICROSCOPY
In CRS microscopy, two ultra-short pulse excitation beams are used, denoted as pump (ωp) and Stokes (ωs) respectively. When the beating frequency (ωp − ωs) is in resonant with a molecular vibration frequency (Ω), the Raman scattering signal can be dramatically increased in coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS) processes (Cheng and Xie 2012). The advantages of SRS over CARS lie in the fact that the SRS signal is completely free of non-resonant background, which makes SRS microscopy a highly sensitive method for biochemical imaging (Freudiger et al., 2008). In an effort to gain spectral information, hyperspectral CRS microscopy has been developed based on frame-by-frame wavelength scanning, which may take seconds to minutes to obtain an entire stack of images for reconstruction and leads to some spectral distortions. To avoid such distortion, multiplex CRS microscopy, where a CRS spectrum is instantaneously recorded at each pixel (microseconds per pixel), has been developed. These instrumental advancements and accompanied improvements in chemical map decomposing algorithms have been extensively reviewed in (Zhang et al., 2014; Cheng and Xie 2015; Fu 2017). Owing to the fast, label-free, and chemical-selective imaging capability, CRS microscopy has been widely used in biomedical research, as reviewed in (Min et al., 2011; Pezacki et al., 2011; Streets et al., 2014; Camp and Cicerone 2015; Schie et al., 2015; Winterhalder and Zumbusch 2015; Zhang et al., 2015; Yue and Cheng 2016; Zhang and Cheng 2018; Hill and Fu 2019; Hu et al., 2019).
The molecular selectivity and detection sensitivity of CRS microscopy can be further enhanced by small-sized Raman tags (e.g., deuterium, alkyne, and diyne), which show strong Raman peaks well separated from endogenous cellular signals without perturbing biological activities of small molecules. Based on this method, cellular uptake, distribution, and metabolism of small molecules can be monitored with high temporospatial resolution and high detection sensitivity (micromolar level) in vitro and in vivo, as reviewed in (Wei et al., 2016; Hu et al., 2019).
PHARMACOKINETIC STUDY OF ANTI-CANCER DRUGS BY CRS MICROSCOPY
Raman spectroscopy and microscopy can be used to investigate pharmacokinetics in living cells with high resolution and in a label-free manner. El-Mashtoly and co-workers have made tremendous efforts to push the study of pharmacokinetics via label-free molecular fingerprint (El-Mashtoly et al., 2014; El-Mashtoly et al., 2015; Aljakouch et al., 2018; Yosef et al., 2018; El-Mashtoly 2020). More recently, CRS microscopy has been increasingly employed for high-speed imaging of the uptake, distribution, and metabolism of anti-cancer drugs in single live cells in vitro and in vivo (Tipping et al., 2016). As discussed below, these studies show great impact on mechanistic understanding of the anti-cancer drug activity and may significantly accelerate the preclinical medicinal chemistry optimization pipelines.
Study of Drug Pharmacokinetics in Single Cells by CRS Microscopy
In 2014, Xie group, for the first time, demonstrated that hyperspectral SRS microscopy enabled label-free visualization and quantification of tyrosine-kinase inhibitors (imatinib and nilotinib) (Figure 2A), which are the front-line therapies for chronic myelogenous leukemia, inside living cells (Fu et al., 2014). Both tyrosine-kinase inhibitors were shown to enrich over 1,000-fold in lysosomes, probably due to low solubility. Moreover, this work unraveled a new mechanism by which chloroquine could increase the efficacy of tyrosine-kinase inhibitors, that is, lysosome-mediated drug-drug interaction.
[image: Figure 2]FIGURE 2 | The representative applications of coherent Raman scattering (CRS) microscopy in oncology pharmacokinetics. (A) Representative SRS images at 1305 cm−1 of BaF3/BCR-ABL1 cells treated with 20 mM nilotinib for 4 h. SRS spectra of selected ROI in the left image (yellow polygon). Reprinted with permission from Ref. (Fu et al., 2014). Copyright 2014 Nature Publishing Group. (B) SRS imaging of ponatinib uptake in KCL22Pon−Res cells. KCL22Pon−Res cells were treated with DMSO (0.0003%, v/v) or ponatinib (500 nM) for 1, 6, 24, or 48 h. SRS images acquired at 2940 cm−1 (CH3, proteins), 2221 cm−1 (C≡C, ponatinib), Scale bars: 10 μm. Reprinted with permission from Ref. (Sepp et al., 2020). Copyright 2019 American Chemical Society. (C) Large area SRS imaging of tablets. Green, blue, red, yellow/orange, and magenta colors represent microcrystalline cellulose, dibasic calcium phosphate anhydrous, Amlodipine besylate (API), sodium starch glycolate, and magnesium stearate, respectively. In case of tablet from Apotex the yellow color corresponds to lactose monohydrate and corn starch. Inserts are four times magnified areas of the images indicated by dashed squares. Scale bar: 200 μm. Reprinted with permission from Ref. (Slipchenko et al., 2010). Copyright 2021 Royal Society of Chemistry (D) SRS imaging of nanoparticles (NPs) in microglia. Microglia were incubated with PLGA-CD NPs or PLGA-alkyne NPs. Scale bars: 20 μm. Reprinted with permission from Ref. (Vanden-Hehir et al., 2019a). Copyright © 2019 American Chemical Society.
Recently, Raman tagging strategies have been shown to enhance early stage drug discovery programmes. In 2014, Min group, for the first time, imaged the delivery pathways of alkyne-bearing terbinafine hydrochloride, a US Food and Drug Administration-approved antifungal drug, inside mouse ear skin tissue (Wei et al., 2014). Subsequently, Min group and collaborators used a Raman tag to determine the subcellular localization and mechanism of action of ferrostatins in suppressing ferroptosis, a form of nonapoptotic cell death (Gaschler et al., 2018). Min and coworkers further employed a Raman tag to study the intracellular enrichment and distribution of the anti-cancer antimycin-type depsipeptides in single live cells (Seidel et al., 2019). Hulme group demonstrated the feasibility of SRS microscopy to evaluate subcellular distribution of Phenyl-based Raman tag labeled anisomycin, and cellular response to the drug simultaneously (Tipping et al., 2017). Huang group reported hyperspectral SRS imaging of Diyne-based Raman tag labeled Triphenylphosphonium, a commonly used mitochondria-targeting agent, to track the dynamics of mitochondria in live cells (Bae et al., 2020). More recently, Hulme group took advantages of alkyne-based SRS imaging to assess label-free uptake and distribution of ponatinib, another tyrosine kinase inhibitor approved for chronic myeloid leukemia treatment, in cellular models of ponatinib resistance (Sepp et al., 2020) (Figure 2B). This study achieved at biologically relevant, nanomolar concentrations, allowing determination of changes in uptake and sequestration of ponatinib during the development of acquired drug resistance. Taken together, these works highlight the great potential of bioorthogonal chemical imaging (CRS microscopy of Raman tags) in anti-cancer drug pharmacokinetics research.
Study of Drug Delivery in the Skin by CRS Microscopy
The effective treatment of diseases of the skin remains an important unmet medical need, primarily because of poor drug delivery. To address this challenge, SRS microscopy has been used to visualize and characterize the diffusion of topically applied drugs into mammalian skins in real time. Ten years ago, Xie group developed video-rate SRS microscopy to study the penetration pathways of topically applied drugs in mice and humans non-invasively without any labeling (Saar et al., 2010). Their later study further revealed different rates of drug penetration via hair follicles as compared to the intercellular pathway across the stratum corneum (Saar et al., 2011). The high-speed three-dimensional imaging capability allowed SRS microscopy to provide mechanistic insight into the (trans)dermal drug delivery process. Similarly, Guy group studied diffusion of deuterated water, propylene glycol, and dimethyl sulfoxide in the human nail by SRS imaging of the O-D, -CD2, and -CH2 bond, respectively (Chiu et al., 2015). Taking advantage of alkyne-bearing drug, Min group imaged the delivery pathways of terbinafine hydrochloride, an antifungal skin drug, inside mouse ear tissue to a depth of about 100 μm (Wei et al., 2014). More recently, Evans group made use of deep learning-based computational methods to analyze SRS images, which help to quantify the flow and flux of small molecule drugs through the layers and structures of nude mouse ear skin (Feizpour et al., 2020; Pena et al., 2020). Although current in vivo pharmacokinetic studies by CRS microscopy are not directly related to anti-cancer treatment, the strategies demonstrated in these studies may open a new avenue for skin cancer pharmacokinetics in vivo.
Taken together, CRS microscopy provides unprecedented capabilities in dynamic visualization of drug activity in single cells and offer new insight into drug discovery and development.
PHARMACOKINETIC STUDY OF ANTI-CANCER DRUG DELIVERY VEHICLES BY CRS MICROSCOPY
Modern regulations demand thorough knowledge of drug stability and activity within the final dosage form (Yu et al., 2014). Thus, it is essential to assess drug delivery vehicles (e.g., tablets and nanocarrier) that are made to ensure the prolonged stability and bioavailability of the drug. The non-destructive and label-free features of Raman and infrared imaging make them desirable analytical tools to assess drug delivery vehicles, as reviewed in (Gowen et al., 2008; Gordon and McGoverin 2011). Owing to the advantage of high-speed imaging compared to spontaneous Raman microscopy, CRS microscopy has been increasingly used for pharmacokinetic study of anti-cancer drug delivery vehicles, in order to meet the quality by design demands in the modern pharmaceutical industry.
Anti-Cancer Drug Stability and Dissolution in the Solid State
Pharmaceutical tablets are composed of biologically active pharmaceutical ingredients (API) and inert excipients that ensure the pharmacological properties of the API. The therapeutic performance and stability of the final dosage form are affected by the spatial distribution and phase of API and excipients. Due to heterogeneous nature of solid drug formulations, it is essential to characterize the distribution and dissolution of drug formulations noninvasively at high temporospatial resolution. Below we will review the applications of CRS microscopy in assessment of API crystallization and polymorphism, chemical mapping of final dosage forms, and in-situ chemical imaging during dissolution.
Polymorphism refers to the ability of a molecule to crystallize into multiple crystal structures. In the development of an API, it is critical to identify polymorphic forms to ensure API stability, dissolution kinetics, and bioavailability. Cicerone group, for the first time, used broadband CARS microscopy with much higher speed and spatial resolution compared to spontaneous Raman imaging, allowing identification of three crystalline polymorphs and an unanticipated API phase within a tablet (Hartshorn et al., 2013). Slepkov group implemented spectral-focusing-CARS microscopy, with broadband hyperspectroscopy and rapid single vibrational frequency imaging, to discriminate ibuprofen, common polymorphs of acetaminophen, and starchy binders on tablet samples (Porquez and Slepkov 2018).
Chemical mapping of final dosage forms is essential to validate a uniform distribution of ingredients within the tablet for reliable product performance. In 2010, Cheng group, for the first time, demonstrated SRS microscopy could map API (amlodipine besylate, a widely used drug for lowering the blood pressure) and a variety of excipients, including microcrystalline cellulose, dibasic calcium phosphate anhydrous, sodium starch glycolate, and magnesium stearate, with high chemical selectivity and high temporospatial resolution (Slipchenko et al., 2010) (Figure 2C). More recently, Rigneault group showed that few SRS images at selected wavenumbers could retrieve molecular maps of both API (clopidogrel and amibegron) polymorphs and excipients (polyethylene glycol, corn starch, and mannitol) over millimeter-size areas within compact tablets (Sarri et al., 2019).
Dissolution testing, which monitors API dissolution kinetics under conditions mimicking those in vivo, is an indispensable step in drug product development and quality control. As early as 2006, Cheng group and Park group demonstrated CARS microscopy could be used to examine distribution of anti-cancer drug paclitaxel based on its specific Raman peaks in polyethylene glycol (PEG) and poly (lactic-co-glycolic acid) (PLGA) films with high spatial resolution (Kang et al., 2006). This study further monitored the dynamic release of paclitaxel from a polymer matrix during dissolution in situ. Strachan group used CARS microscopy to monitor the dissolution of the model drug theophylline in lipid-based oral dosage forms, and found the drug tended to form the less soluble monohydrate during dissolution (Windbergs 2009). Their later study used hyperspectral CARS to monitor the solid-state change in oral dosage forms containing theophylline anhydrate during dissolution and found that theophylline anhydrate converted to theophylline monohydrate resulting in a reduction in the dissolution rate (Fussell et al., 2013).
More recently, SRS microscopy has been utilized for in situ chemical imaging of drug release and interaction with formulations. Fu group made use of SRS microscopy for chemical mapping of entecavir, a hepatitis B antiviral drug, embedded in a slow release poly (D,l-lactic acid) formulation. High spatial resolution of SRS microscopy allowed quantitative profiling of dissolution of single crystalline particles in implant formulations in situ (Francis et al., 2018). Their later work demonstrated chemical imaging of salt disproportionation reaction of pioglitazone hydrochloride (PIO-HCl) at a very low drug loading (1% w/w) by SRS microscopy (Figueroa et al., 2019). Huang group utilized Raman-tagged hyperspectral SRS microscopy to study dynamic interplay between antibiotics and biofilm, which is crucial for understanding of antibiotics resistance (Bae et al., 2019).
Furthermore, CRS microscopy can be integrated with other nonlinear optical (NLO) microscopy modalities, such as two- and three-photon fluorescence, second- and third-harmonic generation, on the same platform. Such multimodal NLO microscopy combined advantages of each phenomenon for imaging complex pharmaceutical systems. More details can be found in (Strachan et al., 2011; Novakovic et al., 2017; Schmitt 2017; Ojarinta et al., 2018).
Activities of Anti-Cancer Drug Nanocarriers in Single Cells
Nanocarriers are designed to enhance drug bioavailability, biocompatibility, and targeting to cancer tissues, which may lead to more effective and safer cancer treatment. The field of cancer nanomedicine has gained considerable technological success (Doane and Burda 2012; Wicki et al., 2015; Shi et al., 2017; Begines et al., 2020), but is currently facing several obstacles for clinical translation, especially little knowledge about nano-bio interactions (Shi et al., 2017). Raman microscopy has been utilized for noninvasive imaging of pharmaceutical nanocarriers (Chernenko et al., 2012; Chernenko et al., 2013; Vanden-Hehir et al., 2019b), and high chemical selectivity and high temporospatial resolution make CRS microscopy a more attractive way to study activities of anti-cancer drug nanocarriers in single cells and cellular response to the drugs.
As early as 2009, Yeo and Cheng groups used label-free CARS microscopy to reexamine cellular uptake of poly (lactic-co-glycolic acid) (PLGA) nanoparticles (NPs), and discussed the utility and limitations of PLGA NP as an intracellular drug delivery system (Xu et al., 2009). Garrett et al. presented CARS as a novel tool for label-free imaging of polymeric NPs in biological cells and tissues (Garrett et al., 2012a). Van den Mooter group showed the potential of CARS to investigate drug nano-/microcrystal–cell interactions in cell cultures and ex vivo in histological sections without labeling (Darville et al., 2015). Tolstik et al. used CARS for precise detection of the uptake of biodegradable non-toxic silicon NPs by cancer cells (Tolstik et al., 2016).
Recently, Wang group, for the first time, used hyperspectral SRS to investigate the subcellular distribution of NPs in the protozoan Tetrahymena thermophila, and found the two frequently studied nanoparticles, polyacrylate-coated alpha-Fe2O3 and TiO2, had significant uptake competition and different subcellular distribution pattern (Huang et al., 2018). Hulme group synthesized alkyne-tagged PLGA to show direct visualization of nanoparticles in vitro within primary rat microglia and ex vivo cortical mouse brain tissue by SRS microscopy (Vanden-Hehir et al., 2019a) (Figure 2D).
Furthermore, multimodal NLO microscopy, which integrates CRS microscopy, two-photon fluorescence microscopy, and second harmonic generation, has shown great potential in investigation of cellular uptake and tissue distribution of drug nanocarriers. Garrett et al. utilized such label-free multimodal NLO microscopy to pinpoint polymeric NPs within the stomach, intestine, gall bladder and liver (Garrett et al., 2012b). Johnston et al. used CRS-based multimodal NLO microscopy to evaluate nanomaterial-cell interactions by visualizing the uptake of gold or titanium dioxide nanomaterials in live and fixed cell lines and biodistribution of nanomaterials in lung and liver tissues in rats (Johnston et al., 2015).
Taken together, in order to optimize the dosing and reduce unwanted toxic effects, it is advantageous of CRS microscopy in label-free and non-invasive imaging drug nanocarrier activity at the single-cell level, which offers a deeper understanding of how nanocarriers interact with cells and tissues, as also reviewed in (Goodhead et al., 2015; Vanden-Hehir et al., 2019b).
CONCLUDING REMARKS
Given the time and overall costs required to bring novel therapeutics to patients, new technologies capable of providing earlier feedback and deeper understanding during the initial phases of drug development and validation are of great importance and urgent need. Owing to the capability of label-free, chemically selective, high temporospatial resolution, and highly sensitive imaging, CRS microscopy has remarkably improved the understanding of anti-cancer drug pharmacokinetics in vitro and in vivo. Advances in Raman tag design are expected to significantly enhance the detection sensitivity and selectivity, which may offer new opportunities for investigation of anti-cancer drugs that do not have distinctive Raman peaks. Advances in instrumental development, such as novel hyperspectral and multiplex CRS microscopy, are expected to promote high-speed simultaneous imaging of multiple drug molecules and drug vehicles. Furthermore, integration of multimodal NLO microscopy techniques is expected to shed new light on the understanding of how drug molecules and drug vehicles interact with cells within the complex tumor tissue environment.
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Breast cancer is the most common cancer in women worldwide. The heterogeneity of breast cancer and drug resistance to therapies make the diagnosis and treatment difficult. Molecular imaging methods with positron emission tomography (PET) and single-photon emission tomography (SPECT) provide useful tools to diagnose, predict, and monitor the response of therapy, contributing to precision medicine for breast cancer patients. Recently, many efforts have been made to find new targets for breast cancer therapy to overcome resistance to standard of care treatments, giving rise to new therapeutic agents to offer more options for patients with breast cancer. The combination of diagnostic and therapeutic strategies forms the foundation of theranostics. Some of these theranostic agents exhibit high potential to be translated to clinic. In this review, we highlight the most recent advances in theranostics of the different molecular subtypes of breast cancer in preclinical studies.
Keywords: theranostics (combined therapeutic and diagnostic technology), breast cancer subtypes, molecular imaging, targeted therapy, preclinical (in-vivo) studies, positron emission tomography, single-photon emission computed tomography
INTRODUCTION
The molecular subtypes of breast cancer are classified based on the status of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). In addition to surgery, radiotherapy, and chemotherapy, the standard of care targeted treatments for breast cancer vary according to the molecular subtype of patient’s tumor and stage of the disease. For ER-positive breast cancer, ER-targeting tamoxifen is the primary therapy for the non-metastastic luminal subtype of breast cancer (Masoud and Pagès, 2017). For HER2-positive breast cancer, monoclonal antibodies targeting this receptor, such as trastuzumab, have greatly improved the survival of breast cancer patients with non-metastatic disease (Waks and Winer, 2019). Finally, patients with advanced triple negative breast cancer are recently benefiting from immune therapy with the FDA-approval of the monoclonal antibody atezolizumab (Cyprian et al., 2019) or from the antibody drug conjugate, sacituzumab govitecan (Bardia et al., 2019).
However, patients with any breast cancer subtype can have intrinsic or acquired resistance to different therapeutics including chemotherapy, endocrine therapy, and targeted therapy (Chun et al., 2017). Further, tumor heterogeneity in the same patient presents a challenge for achieving complete and durable responses to targeted treatments (Steding, 2016; Blasco-Benito et al., 2018). To overcome resistance to standard of care treatments, many efforts have turned to combination therapies or addition of toxic payloads, such as ionizing radiation, for targeted radionuclide therapy (TRT) (Lopez and Banerji, 2017). Many investigations have also been devoted to find new therapeutic targets closely associated with breast cancer aggressiveness, invasion, metastasis, and recurrence, such the gastrin-releasing peptide receptors (GRPR) overexpressed on the surface of cancer cells, cyclin-dependent kinase 4 and 6 (CDK4/6), histone deacetylase (HDACs), and MYC proto-oncogene. The availability of new targeted treatments for these targets prompted the development of non-invasive imaging agents via positron emission tomography (PET) or single-photon emission tomography (SPECT) to help select patients most likely to benefit from these treatments. The combination of diagnostic imaging and therapy forms the foundation of theranostics.
Currently, the diagnosis of breast cancer still depends on biopsy followed by tissue analysis using immunohistochemistry (IHC) or fluorescence in situ hybridization (FISH) to define receptor status and guide treatments. However, tissue analysis results may not be accurate due to several limitations, such as sampling errors, tumor heterogeneity, and changes in receptor status over the course of treatment (de Vries et al., 2019). Thus, non-invasive imaging of therapeutic targets or distribution of therapeutic agents throughout the whole body via PET or SPECT with radiolabeled agents can serve as a complementary diagnostic technique to tissue-based analyses. The type of imaging agent for nuclear imaging is also diverse and includes small molecules, peptides, antibodies, affibodies, antisense oligonucleotides, bispecific scaffolds, and nanoparticles. Figures 1, 2 show the diverse set of probes described in this review.
[image: Figure 1]FIGURE 1 | Structures of radiolabeled small molecules for imaging of breast cancer.
[image: Figure 2]FIGURE 2 | General structure of radiolabeled biomolecules for imaging of breast cancer. Created with BioRender.com.
Herein, we highlight recent advances in preclinical imaging and targeted therapy, the combination of which form the basis of theranostics, for the different molecular subtypes of breast cancer. Table 1 lists the different imaging agents described in this review. We also draw attention to the different cell lines tested in preclinical studies, which represent each molecular subtype of breast cancer to help guide future investigations of novel theranostic agents.
TABLE 1 | Summary of the preclinical imaging agents discussed in this review for the different subtypes of breast cancer.
[image: Table 1]PRECLINICAL IMAGING AGENTS FOR THE DIFFERENT SUBTYPES OF BREAST CANCER
Luminal Subtype
The luminal subtype of breast cancer accounts for about 70% of all breast cancer patients and encompasses molecular signatures that are ER and/or PR positive, and HER2 negative (Waks and Winer, 2019). As the luminal subtype is the most common subtype of breast cancer, many research efforts have been focused on cell surface receptors and intracellular targets for development of both molecular imaging and targeted therapy of luminal breast cancer. Summarized below are some of the most promising agents for PET and SPECT imaging of the luminal subtype of breast cancer.
Cell Surface Receptor
Approximately 70% of breast cancers express ER or PR, or both. Hence, endocrine therapy is the most important treatment for the luminal subtype of breast cancer. Imaging of ER and PR can help determine the status of the tumor tissue, and thus predict prognosis and efficacy of endocrine therapy. A recent review highlighted the preclinical and clinical research progress within the last 5 years of ER imaging with 18F-fluoroestradiol (18F-FES) and PR imaging with 18F-fluorofuranyl norprogesterone (18F-FFNP) in breast cancer (Kumar et al., 2020). Here, we summarized some promising studies that showed imaging of other targets in breast cancer luminal subtype xenografts.
Typically, the MCF-7 and T47D xenograft models are used as high ER-expressing animal models while the MDA-MB-231 xenograft is used as a low ER-expressing model in many of the studies that we summarize herein (Dai et al., 2017). One SPECT imaging agent for ER is an estradiol analog labeled with 99mTc (t1/2 = 6 h) using diethylenetriamine pentaacetate (DTPA) as the chelate to afford 99mTc-DTPA-estradiol (Xia et al., 2016). High tumor uptake was found in MCF-7 xenografts with 6.1 ± 0.38 %ID/g at 4 h post-injection (p.i.), and high tumor-to-blood (T/B) ratio of 2.8 ± 0.39. As expected, low tumor uptake was observed in the MDA-MB-231 xenografts. Nonetheless, high uptake that amounted to 50% ID/g at 4 h p. i. in the liver, which is a common site for metastasis of breast tumor (Ma et al., 2015), may limit the detection of metastatic lesions in this organ when 99mTc-DTPA-estradiol is translated to clinical studies. Another derivative of estradiol, 99mTc(V)-nitrido complex C (99mTc-C, Figure 1), was also developed for SPECT imaging of ER (Tejería et al., 2019). Uptake of 99mTc-C in the liver, at 1.1 ± 0.38% ID/g at 2 h p. i., was much lower than that of 99mTc-DTPA-estradiol. However, its tumor uptake was also very low (0.59 ± 0.12% ID/g), which resulted in a low T/B ratio of only 0.35 ± 0.19 at 1 h p. i., i.e., lower concentration in tumor tissue than blood. Differences in tumor uptake of these two estradiol-derived probes might be due to their different chemical structures that can affect pharmacokinetic properties and receptor-binding specificity. Hence, further optimization is still needed to improve ER targeting and pharmacokinetic properties and provide better contrast between metastatic lesions and surrounding normal tissue.
The chemokine receptor 4 (CXCR4), a seven-transmembrane G protein-coupled receptor (GPCR), is another promising target for theranostic development (Kircher et al., 2018). CXCR4 is expressed in 67% of breast cancer cells, with a level double of that in normal breast tissues (Salvucci et al., 2006). Several studies demonstrated that CXCR4 expression may have value in predicting breast cancer prognosis (Xu et al., 2015). For examples, breast cancer patients with high levels of CXCR4 were found to have more extensive metastasis to lymph nodes (Kato et al., 2003) and significantly reduced disease-free survival and overall survival (Zhang et al., 2014a). There are several CXCR4 inhibitors under clinical trials for the treatment of multiple myeloma, small cell lung cancer, and leukemia (Cooper et al., 2017; Salgia et al., 2017; Ghobrial et al., 2019), although none has been reported for breast cancer. AMD3465, a small molecule antagonist of CXCR4, was labeled with 99mTc to obtain 99mTc-AMD3465 (Figure 1) (Zhang et al., 2018). It showed a moderate tumor uptake of 2.1 ± 0.39% ID/g, but high T/B ratio of 9.4 at 1 h p. i. Specific binding of 99mTc-AMD3465 to CXCR4 was demonstrated by treatment with excess unlabeled AMD3465 which reduced tumor uptake by 36%.
Another example of a cell surface receptor is the gastrin-releasing peptide receptor (GRPR), which is a G-protein coupled receptor highly expressed in the pancreas and lowly expressed in the normal breast tissues (Baratto et al., 2020). In autoradiography studies, GRPR was reported to be expressed at high density (>2000 dpm/mg tissue) in 74% (50 of 68) of breast cancer tissues from patients (Reubi et al., 2002).
Evaluating radiotracers that bind to GRPR typically employ the T47D xenograft model, as this cell line express high levels of GRPR. Agonists and antagonists of GRPR have been adapted as SPECT imaging agents. 111In-AMBA (111In t1/2 = 2.8 days) is a GRPR agonist that has been tested in an autoradiography study of 50 human breast cancer tissue specimens, with 96% (48/50) of them showing elevated GRPR levels (Dalm et al., 2015). A positive correlation was also found between ER status and GRPR expression. Those results were in agreement with previous studies, where a positive correlation between ER expression and GRPR binding affinity was detected in human breast cancer samples (Halmos et al., 1995). 111In-JMV4168 (Peptides, Figure 2), a GRPR antagonist, was developed for SPECT/CT imaging (Dalm et al., 2015). Tumor uptake was about 5% ID/g in both subcutaneous and orthotopic tumors of T47D xenografts (Figure 3). Autoradiography showed high binding of 111In-JMV4168 in T47D xenografts. In orthotopic tumor tissues, 111In-JMV4168 bound with 2.2 ± 4% of added dose (%AD), whereas low binding was observed in the blocking group with 0.1% AD, confirming the specific binding of 111In-JMV4168 to GRPR ex vivo (Dalm et al., 2015).
[image: Figure 3]FIGURE 3 | SPECT/CT imaging using 111In-JMV4168 in orthotopic (green arrows) and subcutaneous (white arrows) tumors of T47D (A) and MCF7 (B) xenografts at 4 h post-injection of 111In-JMV4168 (Dalm et al., 2015). The general structure of 111In-JMV4168 was shown in Figure 2D.
Intracellular Targets
Cell cycle dysregulation leads to uncontrolled progression to tumor (Schafer, 1998). The cell cycle consists of 4 phases: DNA replication (S), mitosis (M), and two gaps (G1 and G2) between the S and M phases. Cyclin-dependent kinases 4/6 (CDK4/6) are two kinases that control cell cycle from G1 to S phase (Lee et al., 2019). CDK4/6 overexpression occurs in many cancers, including breast cancer (O’Sullivan et al., 2019; VanArsdale et al., 2015). Palbociclib, a CDK4/6 inhibitor (CDKi), is in phase 3 clinical trials for the treatment of ER-positive advanced breast cancer (Finn et al., 2016). The use of radiolabeled CDKi for tumor imaging has gained increased attention as companion diagnostic imaging agents to these inhibitors. The palbociclib CDKi was labeled with 18F (t1/2 = 110 min) to obtain 18F-CDKi (Figure 1), for PET imaging of MCF-7 xenografts (Ramos et al., 2020). Tumor uptake was high at about 4% ID/g at 2 h p. i for 18F-CDKi, which translated into a high T/B ratio of about 5. The tumor uptake decreased to 0.3% ID/g at 2 h p. i. when mice were blocked with excess of palbociclib.
A series of 99mTc-labeled palbociclib analogs were also developed for SPECT imaging (Song et al., 2019). However, tumor uptake was moderate, and T/B ratios were low for the ligand series, accompanied by very high liver uptake of more than 50% ID/g. In this study, 99mTc-L2 showed the highest tumor uptake of 2.7 ± 0.26% ID/g but low T/B ratio of 0.42 at 2 h p. i. However, the highest radiotracer accumulation was observed in the liver of greater than 50% ID/g from 99mTc-L2 to L5, which might be due to their relatively high lipophilicity (Log P = 1.5). To reduce the liver uptake, the chelator was changed from an isocyano-group to an hydrazinonicotinamide (HYNIC) moiety, where tricine/TPPTS were used as co-ligands to afford a new 99mTc-labeled palbociclib complex, 99mTc-tricine-TPPTS-L (Figure 1) (Gan et al., 2020). The Log P of the 99mTc-tricine-TPPTS-L variant was −2.9 ± 0.1, which was much lower than that of 99mTc-L2 to L5, demonstrating that 99mTc-tricine-TPPTS-L was more hydrophilic. Tumor uptake of 99mTc-tricine-TPPTS-L was good, at 3.8 ± 1.3 and 2.7 ± 0.58% ID/g at 1 and 2 h p. i., respectively, albeit with low T/B ratio of about 0.4. The liver uptake was indeed much reduced to as low as 4.2 ± 0.33% ID/g at 2 h p. i. These studies showed that radiolabeled palbociclib analogs may have the potential to image CDK4/6 via PET or SPECT as a companion diagnostic agent to CDK4/6 inhibitors.
Another intracellular kinase that also regulates cell proliferation, survival, and migration is the phosphatidylinositol 3-kinase (PI3K) (Bader et al., 2005). Abnormal activation of PI3K/Akt/mTOR has been found in about 70% of breast cancer cases (Cancer-Genome-Atlas-Network, 2012). Pictilisib (GDC-0941), a PI3K inhibitor, is currently under phase Ib clinical trial in patients with advanced breast cancer and non-small cell lung cancer (Yamamoto et al., 2017; Schöffski et al., 2018). Pictilisib was labeled with 11C (t1/2 = 20 min) for PET imaging in pictilisib-sensitive MCF-7 xenograft models (Han et al., 2019). The tumor uptake of 11C-pictilisib was 2.9 ± 0.07% ID/g with T/B ratio of 2.1 ± 0.34 at 1 h p. i. in these xenograft models, demonstrating excellent tumor penetration regardless of the short half-life of 11C. In contrast, PET imaging with 11C-pictilisib in pictilisib-resistant MDA-MB-231 xenograft models showed significantly decreased tumor uptake. However, uptake in the liver was the highest. To reduce liver uptake, a triethylene glycol di (p-toluenesulfonate) (TsO-PEG3-OTs) modified agent, 18F-PEG3-GDC-0941, was developed (Altine et al., 2019). Its liver uptake was 4.7 ± 0.86 %ID/g at 1 h p. i., which is about 76% lower than that of 11C-pictilisib. 18F-PEG3-GDC-0941 also showed high and specific tumor uptake, indicating that imaging PI3K could be a potential strategy for monitoring response to pictilisib treatment.
Sigma-1 receptors (S1R) is a unique ligand-regulated membrane protein involved in modulating cellular protein and lipid homeostasis (Maher et al., 2018). S1R mRNA was found to be overexpressed in 64% of breast cancer tissues, and in several ER-positive breast cancer cell lines on the cell membrane and in the endoplasmic reticulum (Wang et al., 2004). The small molecule inhibitor of S1R 1-(4-Iodophenyl)-3-(2-adamantyl)guanidine (IPAG) was shown to decrease the expression of the programmed death receptor ligand 1 (PD-L1) and suppress PD-L1 interaction with its PD-1 receptor in T-cell, and in cell lines of PC3 prostate cancer and MDA-MB-231 triple negative breast cancer (Maher et al., 2018). IPAG was labeled with 124I (t1/2 = 4.18 days) (Figure 1) for PET imaging in MCF-7 xenografts (Gangangari et al., 2020). The tumor uptake of 124I-IPAG was 1.1 ± 0.24 and 0.94 ± 0.22% ID/g at 24 and 48 h p. i., respectively, with extremely high T/B ratio of 22 ± 6.6 and 46 ± 10.0. With the specific targeting and the high T/B ratios, 124I-IPAG holds great potential for imaging S1R in tumor and may be used to help to define the interaction between S1R and PD-L1 as a consequence of S1R-targeted or checkpoint inhibitor therapy.
Apart from protein targets, oncogenes are also attractive targets in breast cancer. Mouse double-minute 2 (MDM2), an oncogene, is regarded as the major negative regulator of the function of the p53 tumor suppressor, and found to be overexpressed in many malignant tumors, including breast cancer (Haupt et al., 2017). High expression of MDM2 with the consequent inactivating of p53 is associated with tumor development (Graat et al., 2007, Zhang et al., 2017). The 99mTc-labeled antisense oligonucleotides (ASONs) (Antisense oligonucleotides, Figure 2) has been used to visualize MDM2 mRNA expression in MCF-7 xenografts through SPECT imaging (Figure 4) (Fu et al., 2010). This antisense probe and its mismatched oligonucleotide control have similar biodistribution properties in normal organs with fast blood clearance. The tumor uptake of the probe was high and steady from 9.2 ± 1.4 to 8.1 ± 1.1% ID/g at 1 and 6 h p. i., respectively, with increasing T/B ratio of 1.24 at 1 h p. i. to 4.11 at 6 h p. i.. In contrast, tumor uptake of the mismatched oligonucleotide control was significantly lower. This study demonstrates the feasibility of specifically targeting MDM2 mRNA with 99mTc-HYNIC-ASON. With increasing evidence showing that antisense oligonucleotides contribute to breast cancer treatment (Yang et al., 2003), in vivo imaging with radiolabeled antisense oligonucleotides may provide a tool to monitor therapeutic response.
[image: Figure 4]FIGURE 4 | SPECT Imaging of MDM2 expression in MCF-7 xenografts using 99mTc-HYNIC-antisense (A) and mismatch (B) probes at 4 h post-injection. Tumors are indicated by red arrows (Fu et al., 2010). The general structure of 99mTc-HYNIC-antisense was shown in Figure 2A.
HER2 Subtype
The HER2 subtype of breast cancer is classified by amplification of the HER2 oncogene and overexpression of the HER2 transmembrane receptor tyrosine kinase (Ross et al., 2009). HER2 belongs to the epidermal growth factor receptor family, consisting of HER1/EGFR, HER3, and HER4 (Wang, 2017). HER2 is amplified in 15–20% of all breast cancers, and the HER2 subtype is associated with more aggressive growth and poor prognosis (Waks and Winer, 2019). One of the previous reviews has presented a comprehensive summary of recent advances in HER2-targeted imaging and therapy in nuclear medicine prior to 2018 (Massicano et al., 2018). Herein, we summarize new findings in preclinical studies from 2018 to 2020. We will also discuss imaging studies with other novel targets that evaluate xenograft models within the HER2 subtype. In these recent studies, the BT-474 xenograft model is typically used due to its overexpression of HER2, high tumorigenicity in standard immune compromised mice strains, and high sensitivity to HER2-targeted treatments.
HER2
Aptamers are single-stranded oligonucleotides that have unique three-dimensional shape to specifically and tightly bind to their protein targets (Ireson and Kelland, 2006). Currently, many therapeutic aptamers are under clinical investigation, including a nucleolin-targeted DNA aptamer for the treatment of renal cell carcinoma (Rosenberg et al., 2014) and several anti-VEGF aptamers for macular degeneration and angioma (Eyetech-Study-Group, 2002; Dahr et al., 2007). One recent study demonstrated that a HER2-targeted aptamer can differentiate both HER2-positive breast cancer cells and xenografted mice models from other subtypes of breast cancer through fluorescence imaging (Liu et al., 2018). SH-1194-35, a HER2-targeted DNA aptamer, was labeled with 18F using click chemistry between the amine-terminal and an N-succinimidyl 4-18F-fluorobenzoate (18F-SFB) to form an amide linkage (Aptamer, Figure 2) (Kim et al., 2019). Tumor uptake of this 18F-labeled HER2 aptamer in BT474 xenograft models was rather low at 0.62 ± 0.04% ID/g at 1 h p. i., but was higher than that in the HER2-negative MDA-MB-231 xenograft models. The highest uptake was observed in the intestines and kidneys. Although optimization is still needed to increase uptake in the tumor and reduce uptake in normal organs, the translational potential of aptamers to clinical studies opens a new direction for HER2-targeted therapy against breast cancer.
HER3
HER3 overexpression is a resistance mechanism to several anticancer therapies, including hormone therapy in breast cancer (Johnston et al., 2016). Imaging HER3 may help to explain the mechanism of resistance to standard of care treatments. This approach could also predict the HER3-targeted therapeutic efficacy of tyrosine kinase inhibitors neratinib and anti-HER3 antibody patritumab in advanced solid tumors, including breast cancer (Sergina et al., 2007; LoRusso et al., 2013; Mukai et al., 2016; Hyman et al., 2018). Andersson et al. developed a radiolabeled anti-HER3 affibody 111In-HEHEHE-Z08698-NOTA (Affibody, Figure 2) which had extremely high binding affinity for HER3 (KD of 5.4 ± 0.4 pM) (Andersson et al., 2015). The tumor uptake of 111In-HEHEHE-Z08698-NOTA in the BT-474 xenograft models was 5.1 ± 0.4 and 3.7 ± 0.2 at 1 and 24 h p. i., respectively, and T/B ratio increased from 5.3 ± 0.4 to 15.5 ± 0.7 at these time points. These properties are desirable for clinical translation, given the feasibility of same-day imaging of HER3 expression.
Other Targets in HER2-Positive Models
GRPR
GRPR is also expressed in HER2-positive cells. GRPR belongs to the mammalian bombesin (BBN)-like peptide receptor family (Qu et al., 2018). BBN is a 14-amino acid peptide, originally found in the frog skin (Erspamer et al., 1970; Jensen et al., 2008). One of its mammalian homologs is a gastrin-releasing peptide (GRP) (Qu et al., 2018), which binds specifically to GRPR. RM26 (D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2), an antagonist analog of BBN, was conjugated to different lengths of polyethylene glycol (PEGx) and the NOTA chelator for radiolabeling with 68Ga to obtain 68Ga-NOTA-PEGx-RM26 (Peptides, Figure 2) to optimize the radiotracer’s targeting efficiency (Varasteh et al., 2014). 68Ga-NOTA-PEG3-RM26, with a three PEG unit linker, was found to have the lowest liver uptake of 0.7 ± 0.1% ID/g at 2 h p. i. Tumor uptake in the BT-474 xenograft models was 2.8 ± 0.4% ID/g with an extremely high T/B ratio of 42 ± 5 at 2 h p. i. Therefore, it appears that biological properties can be optimized by insertion of an appropriate length of the PEG spacer between the peptide and radiometal chelator. Since PEG has been widely used for modification of therapeutic peptides and proteins to reduce enzymatic degradation (Roberts et al., 2002), the above study presents a rational approach for optimizing the in vivo pharmacokinetic and binding properties of peptide probes.
VPAC
TP-3805 is an analog of the pituitary adenylate cyclase-activating peptide (PACAP), which has high affinity for the VPAC [combination of vasoactive intestinal peptide (VIP) and PACAP] receptors (Thakur et al., 2013). These receptors are highly expressed in malignant breast cancer. TP-3805 was conjugated to either 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid (NODAGA) or 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelate for radiolabeling with 68Ga to obtain 68Ga-NODAGA-peptide or 68Ga-DOTA-peptide, respectively (Peptides, Figure 2). PET imaging with these radiotracers was performed to compare their in vivo stability and pharmacokinetic properties in breast cancer xenografts (Kumar et al., 2019). Tumor uptake of 68Ga-NODAGA-peptide in the BT-474 xenograft models was 2.4 ± 0.3% ID/g at 1 h p. i., with tumor to muscle (T/M) ratio of 3.4 ± 0.3 whereas 68Ga-DOTA-peptide showed similar tumor uptake but a lower T/M ratio of 1.9 ± 0.9 at 1 h p. i. Further, 68Ga-NODAGA-peptide also showed more flexibility in radiolabeling, higher stability in vitro, and higher cell binding affinity than 68Ga-DOTA-peptide. These differences may be due to differences in coordination chemistry. For example, Ga(III) uses all 11 of its coordination sites to form a complex with NODAGA, whereas two sites remain uncoordinated when DOTA is used as a chelator (Viola-Villegas and Doyle, 2009). Although the in vivo stability of both 68Ga-NODAGA- and 68Ga-DOTA-labeled TP-3805 needs improvement, this study suggests that changing the chelator is a strategy to optimize the pharmacologic properties of probes.
Cobalamin
Vitamin B12, or cobalamin (Cbl), is an essential nutrient required to maintain cell growth and differentiation (Gherasim et al., 2013). Cbl is transported by binding to the transport protein transcobalamin, which is recognized by specific receptors such as CD320 (Quadros and Sequeira, 2013), which is highly expressed in several cancers, including breast cancer (Sysel et al., 2013). Cbl was radiolabeled with 89Zr (t1/2 = 78.4 h) and used for PET imaging (Kuda-Wedagedara et al., 2017). Tumor uptake of 89Zr-Cbl (Figure 1) in HER2-positive MDA-MB-453 xenograft models was 3.8 ± 0.77% ID/g with T/B ratio of about 9.7 at 48 h p. i. In addition, clearance from blood was evident from 4 to 48 h with approximately 90% decrease in activity concentration by 48 h p. i. A drawback of this radiotracer is its high uptake in the kidney. This study demonstrates the feasibility of labeling vitamin B12 as a tracer and use it for breast cancer imaging.
In summary, HER2 remains an important target for theranostic development. Several other promising targets in the HER2 subtype of breast cancer such as HER3, GRPR, and vitamin B12 offer additional options for targeted therapy, with their respective companion diagnostic imaging agents readily available for assessing target engagement or monitoring response to treatment. Further investigations are still needed for optimization and validation of these nuclear imaging agents.
Triple-Negative Breast Cancer
Triple-negative breast cancer (TNBC) is characterized by the absence of ER and PR expression, or lack of HER2 overexpression (Waks and Winer, 2019). TNBC makes up approximately 15% of all breast cancers (Waks and Winer, 2019). The absence of these receptors has long limited the treatment of patients with TNBC to chemotherapy, with its accompanying serious adverse effects and drug resistance. Hence, patients with TNBC are faced with a grim prospect of poor prognosis, high rate of distant metastasis and short survival time (Bianchini et al., 2016; He et al., 2018). However, a new era in TNBC treatment has recently begun with the FDA-approval of drugs targeting PD-L1 (e.g., atezolizumab), and trophoblast antigen 2 (Trop-2) (e.g., sacituzumab govitecan) (Bardia et al., 2019; Cyprian et al., 2019). Development of new PET and SPECT imaging agents that inform on the status of new therapeutic targets could help guide treatment options for patients with TNBC. In the preclinical studies of new imaging probes described below, MDA-MB-231 and MDA-MB-468 xenograft models are typically used as animal models for TNBC.
EGFR
TNBC patients with higher expression of the epidermal growth factor receptor (EGFR) have shorter overall survival (Vallböhmer et al., 2005, Zhang et al., 2003). Panitumumab combined with chemotherapy showed promising results in a phase II clinical trial (Cowherd et al., 2015). Thus, imaging EGFR with a radiolabeled panitumumab Fab (PmFab) could afford a tool to monitor response to this combination treatment. The SPECT imaging agent 99mTc-PmFab-His6 (Fab, Figure 2) was prepared by conjugating PmFab and the hexahistidine peptide (His6) which serves as a chelate for 99mTc labeling (Ku et al., 2019a). Tumor uptake in MDA-MB-468 xenograft models was 15 ± 3.1% ID/g with T/B ratio of 12 ± 1.4 at 24 h p. i., indicating that 99mTc-PmFab-His6 is a promising probe for imaging EGFR and may be used to monitor the response to EGFR-directed therapies.
Chemokine-like Receptor 1
Chemerin is known to be involved in angiogenesis, cancer-related inflammation, and insulin resistance (Perumalsamy et al., 2017). The chemokine-like receptor 1 (CMKLR1) is a chemotactic cellular receptor for chemerin (Pachynski et al., 2019). CMKLR1 and chemerin have recently been recognized as modulators of tumor proliferation (Shin and Pachynski, 2018). Increasing chemerin expression in the breast tumor microenvironment can suppress tumor growth (Pachynski et al., 2019). Further, high mRNA expression of CMKLR1 is associated with a longer relapse-free survival of breast cancer patients (Treeck et al., 2019). The first imaging of CMKLR1 in vivo was performed with a family of five novel CMKLR1 peptides derived from chemerin-9 and labeled with 68Ga (Erdmann et al., 2019) (Peptides, Figure 2). One of the radiotracers, 68Ga-DOTA-ADX-CG34, showed the highest tumor uptake with 6.2 ± 0.5% ID/g in CMKLR1-positive DU4475 (TNBC) xenograft models, while 68Ga-DOTA-AHX-CG34 presented the highest T/B ratio of 5.9 ± 0.7 at 1 h p. i., and 68Ga-DOTA-KCap-CG34 the lowest kidney and liver uptake. Since high CMKLR1 expression is associated with longer relapse-free survival, CMKLR1-targeted probes are promising prognostic tools for breast cancer.
Histone Deacetylases
Histone deacetylases (HDACs) are a class of enzymes that modulate transcription and therefore alter gene expression (Bolden et al., 2006; Falkenberg and Johnstone, 2014). Four HDAC inhibitors (HDACi), namely romidepsin, panobinostat, vorinostat, and belinostat, have been approved by the Food and Drug Administration (FDA) for the treatment of T-cell lymphoma and multiple myelomas, while several other HDACi compounds are under clinical investigation (Singh et al., 2018). Therefore, imaging HDAC is needed for non-invasive assessment of its expression in the body and prediction of response to HDAC-targeted treatment. Preclinical studies have shown that HDACi is toxic to TNBC cells and decreases tumorigenesis in vivo (Tate et al., 2012). CUDC-101, a small molecule HDACi, is currently in phase I clinical trials for the treatment of advanced breast cancer (Shimizu et al., 2014). CUDC-101 was labeled with 64Cu to obtain 64Cu-HDACi (Figure 1) for PET imaging of TNBC xenografts (Meng et al., 2013). Tumor uptake of 64Cu-HDACi in was 2.2 ± 0.18% ID/g, as well as high T/B ratio of 4.4 ± 0.88 at 24 h p. i. with moderate uptake in the liver and kidney (3.2 ± 1.3 and 1.9 ± 0.06% ID/g, respectively). Thus, 64Cu-HDACi shows promise for clinical translation to monitor the response to HDACi treatment in breast cancer.
C-Myc Proto-Oncogene
The c-myc proto-oncogene (MYC) is known to play important roles in mRNA regulation, cell proliferation, cell metabolism, and cell death (Horiuchi et al., 2012; Stine et al., 2015). MYC expression is found in 87% of TNBC patients (164 of 187) and associated with poor survival (Bouchalova et al., 2015). There is also evidence that MYC overexpression contributes to drug resistance in patients with TNBC (Carey et al., 2018, Lee et al., 2017). However, directly targeting of the MYC gene remains a challenge, and alternate approaches have been developed (Horiuchi et al., 2014). It has been shown that upregulation of MYC leads to increased surface expression of transferrin receptor (TfR) (O’Donnell et al., 2006), hence 89Zr-transferrin was developed as a potential probe for MYC status and tumor burden in several cancer models, such as prostate cancer and lymphoma (Holland et al., 2012; Doran et al., 2016). Recently, PET imaging with 89Zr-transferrin in TNBC models has also been performed using MDA-MB-231 and MDA-MB-157 xenografts, showing similar accumulation of the radiotracer in both models with 4% ID/g at 48 h p. i. (Henry et al., 2018). In patient-derived xenograft models of TNBC PET imaging with 89Zr-transferrin at 48 h p. i. delineated xenografted tumors from normal organs, indicating the potential of 89Zr-transferrin as a probe for MYC to monitor response to treatments that modulate this oncogene.
Tissue Factor
Tissue factor (TF), also known as thrombokinase or CD142, has been confirmed to be overexpressed on TNBC cells (Callander et al., 1992). Importantly, a high level of TF also contributes to progression and poor survival in TNBC patients (Ruf et al., 2010; Ueno et al., 2000). ALT-836, a chimeric anti-human TF monoclonal antibody (mAb), has been used for the treatment of solid tumors that overexpress TF in a clinical trial (Clinical Trials.gov Identifier: NCT01325558). A radiolabeled antibody fragment, 64Cu-NOTA-ALT-836-Fab (Fab, Figure 2), was developed and shown to have an uptake level of about 4% ID/g with T/B ratio of 2 at 24 h p. i. in MDA-MB-231 xenograft models (Shi et al., 2015). Therefore, targeting TF could be a potential way for imaging and therapy of TNBC.
CXCR4
Similar to its involvement in the luminal subtype, CXCR4 is also a potential target for theranostics of TNBC using RNA interference (RNAi) technology, a powerful tool in gene therapy research (Bottai et al., 2017). The delivery of small-interference RNA (siRNA) can affect the efficacy of RNAi therapy in vivo (Chen et al., 2018). A99mTc-labeled siRNA was used to target CXCR4 in breast cancer xenografts for tracing the delivery of siRNAs in vivo (Fu et al., 2016). Due to its fast blood clearance, the tumor uptake of 99mTc-HYNIC-siRNA1 (siRNA, Figure 2) in MDA-MB-231 xenograft models increased from 4.5 ± 0.47 to 8.4 ± 1.1% ID/g at 1 and 6 h p. i., respectively, with corresponding increase in T/B ratio from 0.6 to 4.8. In comparison, tumor uptake of the siRNA control was lower, indicating specific targeting of 99mTc-HYNIC-siRNA1 to breast cancer. This probe may be a useful tool to predict the efficacy of RNAi gene therapy.
Mucin 1
Mucin 1 (MUC1) is a cell surface glycoprotein and expressed in over 90% of all breast cancers (Miller-Kleinhenz et al., 2015) and 94% of the TNBC subtype (Siroy et al., 2013). High expression of MUC1 has also been found to be associated with metastases and poor survival (Kim et al., 2020, McGuckin et al., 1995), and MUC1 has been reported to contribute to immune escape in TNBC, indicating that MUC1 is a potential immunotherapeutic target for TNBC (Maeda et al., 2018). Several clinical trials targeting MUC1 are ongoing in breast cancer patients (Apostolopoulos et al., 2006; Ibrahim et al., 2011, Tang et al., 2017). Therefore, MUC1 is recognized as a promising marker for theranostics of breast cancer and has been targeted for imaging agent development. One example is 99mTc-labeled mesoporous silica nanoparticles (MSNs), 99mTc-S1-apMUC1 (Nanoparticles, Figure 2), with the MSN functionalized with positively charged aminopropyl groups and gated with negatively charged MUC1 aptamer via electrostatic and hydrogen bonding interactions (Pascual et al., 2017). Tumor uptake of 99mTc-S1-apMUC1 was up to 20% ID/g with T/B ratio of about 7 at 2 h p. i. Notably, 99mTc-S1-apMUC1 uptake in the liver and spleen was as low as about 1% ID/g, suggesting that 99mTc-S1-apMUC1 nanoparticles bypassed elimination by the mononuclear phagocytic system (MPS). Its uptake in the lung was 15% ID/g, possibly due to the high-expression of MUC1 in this organ. High kidney uptake of about 20 %ID/g provides evidence of renal clearance. 99mTc-S1-apMUC1 SPECT imaging can be a useful tool to detect MUC1 expression and predict the prognosis of MUC1-targeted treatment.
DUAL-RECEPTOR TARGETED IMAGING OF BREAST CANCER
Recently, multiple antibodies, peptides, and nanoparticles have been developed to target two receptors simultaneously on the same cell or to elicit contact between two different cell types (Ehlerding et al., 2018). Those dual-receptor targeting strategies have multiple advantages over the mono-targeted ones such as improved target specificity and biodistribution in vivo (Kontermann, 2012). Most importantly, bispecific constructs targeting receptors expressed on the same cancer cell have the potential to overcome resistance mechanisms associated with mono-targeted therapies. Certain bispecific constructs have been designed so that they bind two distinct cells such as T cells and cancer cells and can therefore re-direct immune cells to tumor cells to stimulate cytotoxic activity (Ehlerding et al., 2018; Labrijn et al., 2019). The concept of dual-receptor targeting is of particular interest in heterogeneous subtypes of breast cancer, where a mono-targeted approach might fail to treat lesions absent of its target, especially in metastatic disease (McGuire et al., 2015; Peart, 2017). In this section, we discuss the progress made in the preclinical development and evaluation of bispecific agents with regards to imaging of breast cancer, independent of its molecular subtypes.
GRPR/FA
Folate (FA) is a basic component of cell metabolism and DNA synthesis and repair. Folate receptor (FR) is a membrane-bound protein that binds and transports FA into cells (Frigerio et al., 2019) and its overexpression has been confirmed in all clinical breast cancer subtypes (Karuppaiah et al., 2020; Wang et al., 2020; Zhang et al., 2014b). As described above, overexpression of GRPR is also observed in 96% of all breast cancer tissues (Dalm et al., 2015). Therefore, an heterobivalent agent targeting GRPR and FR could improve breast cancer imaging. The radioconjugate 99mTc-BBN-FA (Peptides, Figure 2) has been synthesized to target the GRPR with the BBN portion and the FR with the FA portion for SPECT imaging in preclinical models of breast cancer (Aranda-Lara et al., 2016b). Tumor uptake of 99mTc-BBN-FA in T47D xenograft models was 5.4 ± 0.97% ID/g at 2 h p. i. and remained stable at 24 h p. i. with values of 2.5 ± 0.63% ID/g. Further, very fast blood clearance contributed to high T/B ratio of 124 at 24 h p. i. High uptake in the pancreas was observed due to the high GRPR expression in this organ. Tumor uptake of 99mTc-BBN-FA was higher than that of 99mTc-BBN or 99mTc-FA alone, demonstrating the advantage of the bispecific construct. BBN and FA were also labeled with 177Lu (t1/2 = 6.71 days) for SPECT imaging in T47D xenograft models (Aranda-Lara et al., 2016a). 177Lu-BBN-FA (Peptides, Figure 2) showed similar excellent tumor uptake and biodistribution compared with the 99mTc-labeled variant. In addition, when administering 74 MBq of each radiotracer, 177Lu-BBN-FA was shown to substantially enhance radiation absorbed dose in the tumor with up to 24 ± 2.1 Gy, as compared with those of the mono-targeted 177Lu-BBN and 177Lu-FA, which were lower by 47 and 67%, respectively. Clearly, the bispecific construct is also advantageous for therapy, as it can deliver greater radiation dose to the tumor. Taken together, these studies demonstrate that GRPR/FA dual-receptor targeted imaging perform better than its respective mono-specific variants and has potential for clinical translation for imaging and targeted radiotherapy of breast cancer.
GRPR/NPY(Y1)R
A study conducted on human breast cancer patient tissues reported that 51% of them (32/63) showed an overexpression of GRPR together with another receptor called the neuropeptide Y receptor subtype 1 (NPY(Y1)R) (Reubi et al., 2002). Thus, a series of 68Ga-labeled heterobivalent peptidic ligands were synthesized to target both receptors with the goal of achieving increased binding to breast cancer cells over the mono-specific targeting agents (Vall-Sagarra et al., 2018). The best bispecific agent in this study was found to be the compound, 68Ga-24 (Peptides, Figure 2), with tumor uptake of 3.1 ± 0.33% ID/g and T/B ratio of 2.7 ± 0.43 at 130 min p. i. in the T47D xenograft models. Conversely, tumor uptake of the GRPR or NPY(Y1)R mono-specific targeted agents were lower, confirming the improved tumor uptake of the bispecific construct over the mono-targeted agents.
αvβ3/CD13
The integrin αvβ3 receptor and CD13 are two other receptors whose expression levels are correlated with neoangiogenesis, invasiveness, metastasis, and poor overall survival in breast cancer (Ranogajec et al., 2012; Rolli et al., 2003). The ligands RGD and NGR bind to αvβ3 and CD13, respectively, and have been used as anti-angiogenic drugs in radionuclide therapy (Debordeaux et al., 2018; Goodman and Picard, 2012). Hence, a bispecific agent derived from these mono-specific targeting agents, 68Ga-NGR-RGD (Peptides, Figure 2), has recently been synthesized for PET imaging in breast cancer xenografts (Gai et al., 2020). Tumor uptake in the MCF-7 xenograft models was 1.0 ± 0.16% ID/g with T/B ratio of about 6. Further, tumor uptake of 68Ga-NGR-RGD was significantly higher than that of 68Ga-NGR and 68Ga-RGD at 1 h p. i. More importantly, 68Ga-NGR-RGD detected lung metastases in MCF-7 xenografts. This study represents another proof of concept for the increased tumor targeting ability of bispecific agents over the mono-specific constructs.
EGFR/HER2
As previously discussed, HER2 represents a common therapeutic target in the HER2 subtype of breast cancer. However, HER2-directed therapies such as trastuzumab can develop resistance through several mechanisms including heterodimerization of EGFR with HER2 (Dua et al., 2010). A 64Cu-labeled bispecific antibody fragment, 64Cu-NOTA-Fab-PEG24-EGF (Fab, Figure 2), was thus developed to inhibit the EGFR and HER2 receptors simultaneously (Kwon et al., 2017). In order to increase the blood circulation time and potentially increase tumor uptake of the tracer, Kwon et al. linked the Fab of the trastuzumab to that of the EGF through a PEG24 linker, conjugated the resulting construct to NOTA, and radiolabeled with 64Cu to obtain 64Cu-NOTA-Fab-PEG24-EGF. In the MDA-MB-231/H2N xenograft model, which is characterized by low expression of HER2 and moderate expression of EGFR, the bispecific 64Cu-NOTA-Fab-PEG24-EGF showed much greater tumor uptake (4.9% ID/g at 48 h p. i.) than those of the radiolabeled Fab (against HER2) and EGF monomers (1.9% ID/g and 0.7% ID/g, respectively). The highest uptake of 64Cu-NOTA-Fab-PEG24-EGF in normal organs was observed in the kidney with 25 ± 4.2% ID/g. Further investigation is needed to evaluate the ability of PET imaging with 64Cu-NOTA-Fab-PEG24-EGF to predict treatment response (efficacy) in HER2-and EGFR-directed therapies.
T-Cell/CEA
Another bispecific agent is the AMG211, a T-cell engager antibody construct used in phase I trials for targeting carcinoembryonic antigen (CEA) (Kebenko et al., 2018; Pishvaian et al., 2016), an established therapeutic target in a number of solid tumors, including breast cancer (Tang et al., 2016, Wang et al., 2017). A PET companion diagnostic agent for AMG211 was recently developed by radiolabeling the antibody with 89Zr to obtain 89Zr-AMG211 (Antibodies, Figure 2) (Waaijer et al., 2018). Tumor uptake of 89Zr-AMG211 in CEA-positive BT-474 xenograft models was 3.8 ± 1.1% ID/g with T/B ratio of about 10 at 24 h p. i., while uptake was significantly lower in the CEA-negative HL-60 xenograft models (p < 0.01). A major drawback of this imaging agent is its extremely high uptake in the kidneys (∼150% ID/g).
EGFR/C-MET
Amivantamab is a new bispecific antibody with multiple mechanisms of action, including inhibition of the EGFR and the hepatocyte growth factor receptor (HGFR/c-MET) pathways (Moores et al., 2016). In a recent report it was radiolabeled with 89Zr via a desferrioxamine chelate (DFO) to create a companion diagnostic imaging agent for this bispecific antibody (Cavaliere et al., 2020) (Bispecific antibodies, Figure 2). As overexpression of EGFR and c-MET was found in TNBC and associated with progression of the disease, the resulting [89Zr]ZrDFO-amivantamab radioconjugate was evaluated in TNBC xenograft models (Cavaliere et al., 2020; Chae et al., 2016). Three xenografts were used, MDA-MB-468, MDA-MB-231, and MDA-MB-453, which are characterized by high, moderate, and negative co-expression of EGFR and c-MET, respectively (Figure 5). PET/CT imaging with [89Zr]ZrDFO-amivantamab showed its ability to detect graded levels of EGFR and c-MET with standard uptake values (SUVmean) of 6.0 ± 1.1, 4.2 ± 1.4, 1.5 ± 1.4 96 h p. i. in MDA-MB-468, MDA-MB-231, and MDA-MB-453, respectively (Figure 5) (Cavaliere et al., 2020). Further, tumor uptake of [89Zr]ZrDFO-amivantamab was significantly higher than those of the radiolabeled single-arm parent antibodies [89Zr]ZrDFO-α-EGFR or [89Zr]ZrDFO-α-c-MET. This imaging agent has the potential to be clinically translated to provide a more quantitative assessment of the total expression of EGFR and c-MET for patient selection in clinical trials that evaluate the efficacy of amivantamab.
[image: Figure 5]FIGURE 5 | PET/CT imaging of [89Zr]ZrDFO-Amivantamab in MDA-MB-468 (A), MDA-MB-231 (B) and MDA-MB-453 (C) xenografts of TNBC at 96 h p. i. Tumors are marked with arrows (Cavaliere et al., 2020). The general structure of [89Zr]ZrDFO-Amivantamab was shown in Figure 2H.
As more bispecific agents are being developed to overcome resistance and limitations associated with mono-targeted therapies, there is an increasing need for development of their companion diagnostic imaging agents. Molecular imaging has the potential to accelerate the development of novel bispecific constructs by predicting response and selecting patients most likely to benefit from these dual-targeted therapies.
PRECLINICAL TARGETED THERAPY AGENTS FOR BREAST CANCER
The two strategies to incorporate cytotoxic payloads into targeting agents are to conjugate non-specific cytotoxic drugs, and to attach radioisotopes that emit DNA-damaging energy. These targeting agents typically employ peptides and antibodies, as they can be chemically modified with the cytotoxic payloads while maintaining their pharmacokinetic properties and specific binding to target proteins on the surface of cancer cells. These vehicles may internalize in the cancer cell once bound to the target protein and deliver their cytotoxic payload.
Targeted Radionuclide Therapy
Targeted radionuclide therapy (TRT) combines the specificity of targeting molecules and the cytotoxicity of ionizing radiation as an approach to overcome resistance to other drugs (Gill et al., 2017). The diverse combinations of targeting molecules and radioisotopes provide flexible choices in the treatment of the different molecular subtypes of breast cancer for both primary and metastatic disease.
There are three types of radiation related to TRT: β-particles, α particles, and Auger electrons, which can irradiate volumes with multicellular, cellular, and subcellular dimensions, respectively (Gill et al., 2017). The β-emitters are considered ideal for targeting large tumors due to their long range path length of 0.05–12.0 mm in tissue, and the ability to induce formation of radical species that are damaging to DNA (Pouget et al., 2011). The α emitters, with a short-range path length of 20–100 μm, has a high linear energy transfer and are ideal for treating micrometastases and blood or bone marrow malignancies (Dahle et al., 2007). Finally, Auger electrons have the shortest range of 1–23 μm and are suitable for targeting single cells (Ku et al., 2019b).
Recently, 177Lu and 111In have attracted the most attention for TRT of breast cancer. 177Lu is a low-energy β-emitter (0.497 MeVmax) with tissue penetration of up to 1.6 mm, which considerably lowers the dosimetry (i.e., radiation dose to organs and whole body) for patients (Massicano et al., 2018). The long half-life of 177Lu (6.71 days) also provides advantages in production and transportation to facilities that do not have the capability to produce this radioisotope. In contrast, 111In is an Auger electron with low-energy (<30 keV) and a very short path length of less than 10 μm, and must be delivered to the tumor cell nucleus to achieve maximum cell-killing ability via DNA double-strand breaks (Valkema et al., 2002; Boswell and Brechbiel, 2005). The radiopharmaceuticals based on Auger electrons can be enhanced by increasing nuclear localization, either by attaching a peptide with an nuclear localization sequence (NLS) (Costantini et al., 2010), or co-administer with other pharmaceuticals capable of intensifying nuclear localization (Bailey et al., 2007). In this section, we review examples of new antibody drug conjugates and TRT in breast cancer, as listed in Table 2.
TABLE 2 | Preclinical targeted therapy agents for the different subtypes of breast cancer. Those with additional imaging properties are checked in the theranostics column.
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Many kinds of HER2-directed agents have been labeled with different radionuclides and previously reviewed (Massicano et al., 2018). Here, we summarize recent strategies on the preclinical development of HER2-targeted therapy agents not discussed by Massicano et al.
Sijbrandi et al. used a novel strategy of conjugating an ethylenediamine platinum (Lx) to trastuzumab (Sijbrandi et al., 2017), with the expected effects of improved aqueous solubility for the Lx-payload complexes and the Lx able to coordinate to unique amino acids, including methionines, cysteines, and histidines, which is a valuable alternative to the currently used strategy of coupling to lysines and cysteines (Messori et al., 2014). In this study, auristatin F (AF) coordinated Lx was conjugated to trastuzumab and radiolabeled with 89Zr to obtain the companion diagnostic agent, 89Zr-AF-Lx-trastuzumab. The therapeutic efficacy of AF-Lx-trastuzumab was evaluated in HER2-positive and trastuzumab resistant JIMT-1 xenograft models. All tumors regressed completely with no regrowth observed until the end of the experiment at day 125, indicating that all xenografted tumors had complete response in mice treated with AF-Lx-trastuzumab. In contrast, only 25% of mice had complete response when treated with the ado-trastuzumab emtansine (T-DM1) control. The therapeutic efficacy of AF-Lx-trastuzumab demonstrates its superiority over the T-DM1 standard-of-care. While these results are promising, toxicity studies in higher species are needed before translation to clinical evaluation.
An 111In-labeled trastuzumab was modified with the nuclear localization sequence (NLS) peptides (CGYGPKKKRKVGG) to obtain 111In-NLS-trastuzumab (Costantini et al., 2010). Tumor growth was delayed in the HER2-positive MDA-MB-361 xenografts treated with a single dose of 111In-NLS-trastuzumab (9.25 MBq, 4 mg/kg). On the contrary, 111In-NLS-trastuzumab had no effect on tumor growth of the HER2-negative MDA-MB-231 xenografts. When two doses (9.25 MBq, 4 mg/kg) of 111In-NLS-trastuzumab were administered two weeks apart, the survival time of MDA-MB-361 xenograft models was significantly prolonged and 50% of the tumors (3 of 6 mice) regressed completely. Based on these results, 111In-NLS-trastuzumab achieved high targeted radiotherapeutic efficacy in HER2-positive tumors.
Nanotechnology represents a hot area in drug delivery research. Superparamagnetic iron oxide nanoparticles (SPIONs) with appropriate surface modification have been widely used for biomedical applications. For example, SPIONs decorated with trastuzumab-doxorubicin (DOX) conjugate and labeled with 111In were evaluated as a theranostic agent in HER2-positive SK-BR-3 xenograft models (Zolata et al., 2015). Tumor uptake of the 111In-labeled SPIONs was 13 ± 0.76% ID/g with T/B ratio of 10 at 48 h p. i. After treatment with 111In-labeled trastuzumab-DOX conjugated SPIONs, tumor volumes were reduced by 36% in 3 weeks, while the tumor volumes of the control group were 4-fold larger than those in the treated group. Therapeutic efficacy was increased due to appropriate surface modification on SPIONs to prolong circulation time, specific targeting by trastuzumab, controlled DOX release, and Auger electrons and gamma rays of the 111In radionuclide.
Recent studies reported that trastuzumab resistance in HER2-positive cells might be due to activation of the EGFR pathway and hence increased EGFR protein expression. The heterodimers formed between EGFR and HER2 may circumvent the anti-tumor effects of HER2-targeted therapies. A bispecific agent 177Lu-AuNPs-trastuzumab-panitumumab was developed to overcome resistance to trastuzumab by targeting both HER2 and EGFR simultaneously (Yook et al., 2020). This dual-receptor-targeted agent was specifically bound and internalized by breast cancer cells that expressed HER2, or EGFR, or both, and showed high absorbed radiation doses with 36–119 Gy in the cell nucleus treated with 177Lu-AuNPs-trastuzumab-panitumumab. Although the study was conducted in vitro, this agent is promising for further evaluation in vivo in breast cancer xenografts.
Triple-Negative Breast Cancer
One potential strategy to overcome drug resistance in TNBC is to combine mAbs with therapeutic radionuclides. Nimotuzumab is a mAb that binds to EGFR and clinically used in several countries for the treatment of epithelial-derived tumors that overexpress EGFR (Mazorra et al., 2018). In one recent study, 111In-Bn-DTPA-nimotuzumab (Antibodies, Figure 2) was prepared by conjugating nimotuzumab to benzyl isothiocyanate DTPA (Bn-DTPA) and radiolabeling with 111In, and evaluated in MDA-MB-468 xenograft models (Chan et al., 2020). Therapeutic efficacy was demonstrated by its enhanced inhibition of tumor growth, where the tumor doubling ratio of MDA-MB-468 xenografts was about 2-fold longer than those treated with the unlabeled Bn-DTPA-nimotuzumab or saline. 111In-Bn-DTPA-nimotuzumab may provide an alternative strategy for targeted treatment of TNBC. This approach might be beneficial to the basal-like subtype of TNBC, whose gene expression profiles suggest sensitivity to therapies that employ DNA damage mechanisms (Lehmann et al., 2011).
Prostate-specific membrane antigen (PSMA) is an established target for theranostics of prostate cancer, but a potential new target for breast cancer. A recent study reported that PSMA was expressed in tumor cells and tumor-associated neovasculature of primary breast cancer and distant metastases, while normal breast tissues expressed PSMA only in the glandular cells (Kasoha et al., 2017). One recent study evaluated the efficacy of radiolabeled PSMA-ligand in TNBC models (Morgenroth et al., 2019). High specific tumor uptake of 68Ga-PSMA-11 was shown in MDA-MB-231 xenografts with T/B ratio of 43.3 ± 0.9 at 30 min p. i., while tumor uptake in the control MCF-7 xenografts was negligible, with T/B ratio of 1.1 ± 0.1 (Figure 6). The MDA-MB-231 cells showed a high pro-angiogenic potential on tube formation of endothelial huvec cells. 177Lu-PSMA-617 strongly impaired the vitality and angiogenic potential of MDA-MB-231 medium-conditioned HUVEC cells. This study presented the rationale for PSMA-targeted therapy for TNBC.
[image: Figure 6]FIGURE 6 | PET imaging of 68Ga-PSMA-11 in MDA-MB-231 (A) and MCF-7 (B) xenografts at 30 min post-injection (Morgenroth et al., 2019).
Subtype-Independent Therapy Agents
The peptide-receptor radionuclide therapy (PRRT) is an approach that uses radiolabeled peptides that bind to receptors on the surface of cancer cells for specific delivery of ionizing radiation. Since GRPR are overexpressed across all subtypes of breast cancer, PRRT of GRPR might have a more general application for breast cancer treatment. To increase the stability of the targeting peptide, nanoparticles have been increasingly used as drug delivery vehicles. A nanosystem based on the 177Lu-labeled polyamidoamine (PAMAM) dendrimer (DN) loaded with paclitaxel (PTX) and functionalized on the surface with the DOTA-BBN peptide was designed for specific targeting to GRPR in T47D breast cancer xenografts (Gibbens-Bandala et al., 2019a). The 177Lu-DOTA-DN(PTX)-BBN nanoconjugate had significant uptake and internalization in T47D cells, with an estimated absorbed radiation dose of 3.0 Gy/MBq at infinite time. Tumor uptake of 177Lu-DOTA-DN(PTX)-BBN was about 35% ID/g at 120 h p. i., with a corresponding reduction in tumor volume by 16% (Figure 7). Another nanoparticle, poly lactic-co-glycolic acid (PLGA), was also evaluated for delivery of drugs and radiation (Gibbens-Bandala et al., 2019b). A PTX-loaded PLGA was conjugated to DOTA-BBN, labeled with 177Lu, and tested in MDA-MB-231 xenografts. The 177Lu-BBN-PLGA (PTX) treated group showed the lowest tumor proliferation and strongest inhibition of tumor growth among the other control groups. The average absorbed radiation dose in the tumor was 37 ± 7.0 Gy. These two nanosystems both exhibited enhanced therapeutic efficacy due to β-radiation from 177Lu and controlled release of PTX. Another example of 177Lu-labeled nanosystem is a dendrimer conjugated to folate and BBN with gold nanoparticles in the dendritic cavity (Mendoza-Nava et al., 2017). The bispecific 177Lu-DenAuNP-FA-BBN showed high absorbed radiation dose with 63 ± 4.2 Gy delivered to T47D cells. Further studies are needed to evaluate its therapeutic efficacy in vivo. Taken together, these strategies of using 177Lu-labeled chemotherapeutic drug-loaded nanosystems with BBN peptides for combined targeted therapy have shown promise in their application to GRPR-positive breast cancers.
[image: Figure 7]FIGURE 7 | Intratumoral administration of 177Lu-DOTA-DN(PTX)-BN after 1.5 h (A), 9 h (B), 10 h (C), 24 h (D), and 120 h (E) in T47D xenograft model (Gibbens-Bandala et al., 2019a). The general structure of 177Lu-DOTA-DN(PTX)-BN was shown in Figure 2I.
Besides the classic breast cancer targets, such as ER, PR, HER2, EGFR, and recently, GRPR, other targets such as FA and nucleolin have also shown some promise for theranostics of breast cancer. A drug delivery nanosystem based on 99mTc-labeled 5-fluorouracil (5-FU)-loaded and FA-functionalized PAMAM G4 dendrimer (99mTc-PEG-PAMAM G4-FA-5FU) was designed for chemotherapy delivery to FA-overexpressing tumors with 99mTc serving as the SPECT reporter for this treatment, and high tumor uptake of the agent in MCF-7 xenografts (Narmani et al., 2017).
An 111In-labeled F3 peptide (Peptides, Figure 2), which is a fragment of the human high mobility group protein 2-binding nucleolin, was developed to investigate the Auger electron-targeted radiotherapy in HER2-positive breast cancer xenograft models (Cornelissen et al., 2012). Animal treated with 111In-BnDTPA-F3 showed significantly slower tumor growth and longer survival time. SPECT imaging is feasible with this agent.
DISCUSSION AND PERSPECTIVES
In the era of precision medicine, theranostic agents are becoming increasingly important for selecting breast cancer patients most likely to benefit from targeted treatments through imaging and offering more options for effective treatments in this heterogenous disease. In this review, we highlight many imaging probes for novel targets with potential for translation to clinical studies. Among the different targets discussed for breast cancer imaging, the GRPR is the most promising novel target in our opinion. GRPR is reported to be overexpressed in 96% of breast cancer tissues across all molecular subtypes of breast cancer. The GRPR-targeted agents for both imaging and therapy achieved excellent tumor uptake, such as 111In-JMV4168 for luminal-subtype imaging (Dalm et al., 2015), 68Ga-NOTA-PEG3-RM26 for HER2-subtype imaging (Varasteh et al., 2014), 99mTc-BN4 for TNBC imaging (De et al., 2019), 177Lu-DOTA-DN(PTX)-BN for luminal-subtype therapy (Gibbens-Bandala et al., 2019a), and 177Lu-BN-PLGA (PTX) for TNBC therapy (Gibbens-Bandala et al., 2019b). These independent studies indicate that GRPR is a highly promising target for theranostics of breast cancer.
Additionally, there are many targeted small molecule inhibitors under clinical trials for the treatment of breast cancer, such as the CDK4/6 inhibitor palbociclib (Song et al., 2019; Gan et al., 2020; Ramos et al., 2020), the PI3K/Akt/mTOR pathway inhibitor pictilisib (Altine et al., 2019; Han et al., 2019), the HDAC inhibitor CUDC-101 (Meng et al., 2013). The radiolabeled analogs of these small molecule inhibitors that we described in this review showed high tumor uptake in breast cancer xenografts. These agents may provide a non-invasive diagnostic imaging tool to monitor the responses to their therapeutic equivalents.
Recently, dual-receptor targeted strategies have attracted increasing attention in heterogeneous subtypes of breast cancer imaging within primary and metastatic lesions. One of the reasons for their success is that bispecific constructs targeting two receptors can help to overcome drug resistance associated with mono-targeted therapies (Thakur et al., 2018). Different bispecific imaging and/or theranostic agents have also been developed, notably the scaffolds targeting GRPR/FA and EGFR/c-MET with 99mTc/177Lu-BBN-FA (Aranda-Lara et al., 2016a; Aranda-Lara et al., 2016b) and [89Zr]ZrDFO-amivantamab (Cavaliere et al., 2020), respectively. These agents hold potential for clinical translation due to the high expression of targets in several molecular subtypes of breast cancer and the promise to overcome resistance to mono-targeted therapy due to their multiple mechanisms of action. Overall, a significant progress has been made in pursing novel targets for breast cancer imaging.
Although the studies mentioned above have shown promising results in rodent xenografts and in the setting of primary breast cancer, most of them did not focus on metastatic models. Of all the studies we reviewed, only 68Ga-NGR-RGD was evaluated in a lung metastasis model of breast cancer (Gai et al., 2020). The most typical sites of metastatic breast cancer are regional lymph nodes, bone, liver, lung, and brain (Jin et al., 2018). Hence, a good imaging agent should reach these organs, but there are still many challenges to overcome. For instance, a high liver uptake, commonly seen in PET and SPECT imaging with tracers that are metabolized in the liver, such as 99mTc-DTPA-estradiol (Xia et al., 2016), 99mTc-labeled palbociclib analogs (99mTc-L2 to L5) (Song et al., 2019), and 11C-pictilisib (Han et al., 2019), may be insensitive in detecting liver metastasis. Thus, future studies should make more efforts into evaluating imaging agents in the metastatic setting.
Crossing the blood-brain barrier (BBB) represents another dilemma for detecting brain metastasis. The BBB with its tight junctions limits the passage of large molecules from the blood to the brain (Deeken and Löscher, 2007). In addition, there are various efflux transporters expressed in the BBB, including P-glycoprotein and breast cancer resistance protein, which contribute to restrict the entry of potentially therapeutic agents (de Vries et al., 2007). A recent study reported that trastuzumab conjugated with melanotransferrin may help treat brain metastasis, and melanotransferrin may be a potential delivery vehicle to increase antibody transport across the BBB (Nounou et al., 2016).
A limitation of the preclinical studies we introduced above is that they all used animal xenograft models due to poor or no cross-reactivity to mouse antigens. While these animal models allow for a convenient method to determine specificity in vivo for human targets, they do not capture accurate biodistribution to normal organs, which pose challenges with using rodents for dosimetry estimates for clinical translation. Nevertheless, companion imaging agents such as those described in this review have the potential to predict and monitor response to treatment, especially for the diverse molecular subtypes in breast cancer. The preclinical studies described in this review showed promising results of targeted imaging in breast cancer xenografts. Validation in human studies warrants further investigation.
With regard to TRT, 177Lu is a widely used radionuclide due to its relatively long-range in tissues (Massicano et al., 2018), which allows a cross-fire effect with the surrounding cells into the tumor. 111In can exhibit high therapeutic efficacy after being delivered to the tumor cell nucleus to maximize the cell-killing ability with the methods of attaching nuclear localization sequence (NLS) peptides, such as 111In-NLS-trastuzumab (Costantini et al., 2010), and co-administration with other pharmaceuticals including mAbs such as 111In-Bn-DTPA-nimotuzumab (Chan et al., 2020).
Another useful tool for drug delivery is nanosystems, especially to deliver chemotherapeutic drugs, mAbs, or their combination, such as 111In-trastuzumab-DOX-SPIONs (Zolata et al., 2015), 177Lu-AuNPs-trastuzumab-panitumumab (Yook et al., 2020), and 177Lu-DOTA-DN(PTX)-BBN (Gibbens-Bandala et al., 2019a). TRT combined with chemotherapy or antibodies have proven to be beneficial to breast cancer treatment. Although the tumor uptake and absorbed radiation dose might vary considerably between different patients, precision medicine for breast cancer patients may help to make TRT more effective and reduce normal tissue toxicity.
CONCLUSION
Targeted imaging and therapy using nuclear medicine methods show promise for precision medicine for patients with breast cancer. Molecular imaging can help with diagnosis, staging, guiding treatment, and predicting response to corresponding targeted therapy. Many studies discussed here have made great contributions in the investigation of new strategies and new agents for breast cancer imaging and therapy. A series of new targets have been found to be valuable for potentially overcoming resistance to standard of care treatments. These new investigations are inspiring in preclinical studies. We look forward to seeing more studies advance to clinical trials in the near future.
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Target Agent Structure Imaging Models References
and
therapy
HER2-positive
HER2  ®%Zr-AF-Lx-trastuzumab Antibody conjugate v JIMT-1 Sijorand et al. (2017)
""'in-NLS-trastuzumab Antibody-peptide conjugate - MDA-MB-361 Costantini et al. (2010)
""in-trastuzumab-DOX-APTES-  Nanoparticles, antiody and v SK-BR-3 Zolata et al. (2015)
PEG-SPIONs chemotherapeutics
HER2  "’Lu-AuNPs-trastuzumab- Nanoparticle-antioody conjugate - MDA-MB-231-H2N; MDA-MB- Yook et al. (2020)
and panitumumab 468; BT-474
EGFR
Triple negative
EGFR ""'In-pn-DTPA-nimotuzumab Antibody - MDA-MB-468 Chan et al. (2020)
PSMA TLU-PSMA-617/°%Ga-PSMA-11 Small molecule v MDA-MB-231 Morgenroth et al. (2019)
Subtype independent
GRPR  '""7Lu-DOTA-DN(PTX)-BN Nanoparticle-peptide conjugate v T47D Gibbens-Bandala et al.
loaded with chemotherapeutics (2019a)
"77L-BN-PLGAPTX) Nanoparticle-peptide conjugate v MDA-MB-231 Gibbens-Bandala et al.
loaded with chemotherapeutics (20190)
FA PMe-PEG-PAMAM G4-FA-5FU  Nanoparticle-peptide conjugate v MCF-7 Narmani et al. (2017)
loaded with chemotherapeutics
Nucleolin  '"'In-BnDTPA-F3 Peptide v MDA-MB-231-H2N Cornelissen et al. (2012)
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Target Agent Type of Tumor model Imaging References
structure modality
Luminal-subtype
ER 97 ¢-DTPA-estradiol Small molecule MCF-7 SPECT Xia et al. (2016)
PTTo(V)-nitrido complex G Small molecule MCF-7 None Tejeria et al. (2019)
CXCR4 P7Te-AMD3465 Small molecule MCF-7 SPECT/CT Znang et al. (2018)
GRPR "in-JMV4168 Peptide T47D SPECT/CT Dalm et al. (2015)
CDK4/6 "8F-CDKi Small molecule MCF-7 PET/CT Ramos et al. (2020)
#™To-labeled palbociclb  Small molecule MCF-7 SPECT/CT Song et al. (2019)
analogs
PMTe-tricine-TPPTS-L. Small molecule MCF-7 SPECT/CT Gan et al. (2020)
PI3K "1C-pictiisib (GDC-0941) Small molecule MCF-7 PET Han et al. (2019)
'8F-PEG,-GDC-0941 Small molecule MCF-7 PET Altine et al. (2019)
Sigma-1 T4 PAG Small molecule MCF-7 PET Gangangari et al. (2020)
receptor
MDM2 FTTe-HYNIC-ASON Antisense oligonucleotide  MCF-7 SPECT Fu et al. (2010)
HER2-subtype
HER2 "®F-aptamer Aptamer BT-474 PEF: Kim et al. (2019)
HER3 ""'In-HEHEHE-Z08698- Affibody BT-474 SPECT Andersson et al. (2015)
NOTA
GRPR %Ga-NOTA-PEG:-RM26  Peptide BT-474 PET/CT Varasteh et al. (2014)
VPAC %Ga-NODAGA-peptide Peptide BT-474 PET/CT Kumar et al. (2019)
Cobalamin (cbl)  #9Zr-cbl Small molecule MDA-MB-453 PET Kuda-Wedagedara et a.
(2017)
Triple-negative breast cancer
EGFR 9Te-Pmfab-His6 Fab MDA-MB-468 SPECT/CT Ku et al. (2019a)
CMKLR1 %Ga-DOTA-ADX-CG34 Peptide DU4475 PET/MR Erdmann et al. (2019)
HDAC %Cu-HDAG Small molecule MDA-MB-231 PET/CT Meng et al. (2013)
MYC 89Zr-transferrin Protein MDA-MB-231; MDA-MB-157 PET Henry et al. (2018)
TF SCu-NOTA-ALT-836-fab  Fab MDA-MB-231 PET Shi et al. (2015)
CXCR4 P e-HYNIC-SIRNAT SIRNA MDA-MB-231 SPECT Fu et al. (2016)
MUG1 P™Te-§1-apMUCT Nanoparticle-aptamer MDA-MB-231 SPECT Pascual et al. (2017)
conjugate
Dual-receptor
GRPR/FA 99mTe-BBN-FA Bispecific peptide T47D SPECT/CT Aranda-Lara et al. (2016a)
77Lu-BBN-FA Bispecific peptide T47D SPECT/CT Aranda-lara et dl. (2016b)
GRPR/ %Ga-24 Bispecific peptide T47D PET/CT Vall-Sagarra et al. (2018)
NPY(Y;)R
afs/CD13  *Ga-NGR-RGD Bispecific peptide MCF-7 PET/CT Gai et al. (2020)
EGFRHER2  %Cu-NOTA-fab- Bispecific fab MDA-MB-231-H2N PET/CT Kwon et al. (2017)
PEG24-EGF
Tcel/CEA  *Zr-AMG211 Bispecific antibody BT-474 PET Waaijer et al. (2018)
EGFR/G-MET  [*°Zr|ZrDFO-amivantamab  Bispecific antibody MDA-MB-468; MDA-MB-231; PET/CT Gavaliere et al. (2020)

MDA-MB-453
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% cl Doxorubicin p-elemene
Inhibition
Conc.: (M) Dose Conc.i(uM)  Dose
reduction reduction
Alone  Mix Alone  Mix

K510
50 06463 2787 5881 4.739 3565 57.32 6202
75 07332 4943  9.537 5.183 8351 9477 8812
95 0.7643 9987 1853 5.390 1334 1792 7444
K30
50 06354 8814 9222 4136 4789 9324 5136
75 06112 7131 20.36 3.502 9927 2007 4.946
95 05895 1103 32.63 3.380 1413 3314 4264
K150
50 06432 3146 7.321 4.297 2974 7732 3.846
75 06752 6582 15.24 4.319 6842 1544 3784
95 07743 1045 2057 5.080 1067 2016 5293
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Characteristics

Imatinib treatment dose

400mg No of patients (%)
300mg No of patients (%)
200mg No of patients (%)
BCR/ABL at sampling time

Unfavorable Response Mean (SD)

PD Mean (SD)
NR Mean (SD)
Favorable response Mean (SD)
CMR Mean (SD)
MMR Mean (SD)
COyR Mean (SD)
Response after 1 year of follow-up.

Unfavorable Response No of patients (%)
PD No of patients (%)
NR No of patients (%)
Favorable response No of patients (%)
CMR No of patients (%)
MMR No of patients (%)
COyR No of patients (%)
Response after 2 years of follow-up

Unfavorable response No of patients (%)
PD No of patients (%)
NR No of patients (%)
Favorable response No of patients (%)
CMR No of patients (%)
MMR No of patients (%)
CCyR No of patients (%)

N =102

94 (92.1%)
7 (6.8%)
1(0.98%)

0.73(1.87)
1.45 (0.05)
070 (1.38)
0.007 (0.01)
0(0)
0.002 (0.002)
0.04(0.03)

37 (36.6%)
3(8%)
34 (92%)
64 (63.4%)
21(33%)
34 (53%)
9 (14%)

37 (36.6%)
3(8%)
34.(92%)
64 (63.4%)
21(33%)
32 (50%)
1(17%)

SD, Standard Deviation; FR, Favorable Response; UF, Unfavorable Response; PD,
Progressive Disease; NR, No Response; CMR, Complete Molecular Response; MMR,

Major Molecular Response; CCyR, Complete Cytogenetic Response.
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Unit

IM level

Peak ng/ml
Trough ng/ml
P/T ratio

N-des-methyl imatinib

Peak ng/ml
Trough ng/ml
P/T ratio

Pyridine-N-oxide imatinib

Peak ng/ml
Trough ng/ml
P/T ratio

Pharmacokinetic parameters
Ke

Css ng/mi
Vo L

cl Uhr
Alph-1-acid gp ng/ml

*Pvalue is significant < 0.05.

Total

(Mean  SD)

2,428 & 902
1,199 + 506
24%15

3111+ 1292
2088+ 98.2
1.71£133

37.1£220
168+ 126
278+213

0.034 (0.0005-0.11)
1,769 + 689
186 £81.7
158 & 147
1.62 +£0.52

Favorable response
(N =64)

Mean + SD

2,378 4 893
1,281 £ 578
206£08

306 + 131
217+94
151£052

38.2+243
188+ 142
2.06 +£0.79

0.029+0.018
1,840 + 679
192 + 89
128 + 137

1.62+£0.55

Unfavorable
response (N = 37)

Mean + SD

2,438 & 927
935 + 559
28+21

320+ 128
192 & 104
213 £209

355+ 17.2
13281
3.12+£200

0.040 % 0.021
1,684 + 706
166 + 64
175 + 158
1.68+0.44

IM, Imatinib; K, elimination constant: Css, IM Steady State plasma Concentration; Vg, Volume of distribution; Cl, IM Clearance; P/T, Peak/Trough ratio.

P-value

045
0.008*
0.001*

0.61
022
0.095

0.52
0.01*

<0001
0.22
0.41
0.004*
0.68
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The frequency Pvalue
Favorable N (row %) Unfavorable N (row %)

ABCG2.34 G>A ] 83(81.4%) 57 (69.5%) 25 (305%) 001"
GA 17 (16.7%) 7 (41.2%) 10 (58.8%)
AA 2(2%) 2(100.0%)

ABCG2. 421C>A cc 91(89.2%) 55 (60.4%) 36 (39.6%) 020
CA 10 9.8%) 8(88.9%) 1(11.1%)
A 1(1%) 1(100.0%)

ABCB1.2677 G>AT e 101(99%) 64 (64.0%) 36 (36.0%) 087
GA 1(1%) 1(100.0%)
AA 0(0%)
T 0(0%)

ABCB1.1286 C>T cc 17 (16.7%) 10 (68.8%) 7 (@1.2%) 047
cr 49 (48%) 34 (69.4%) 15 (30.6%)
™ 36(35.3%) 20(57.1%) 15 (42.9%)

ABCB1.3435C>T cc 38 (37.3%) 21 (56.8%) 16 (43.29) 051
cr 48 (47.1%) 33 (68.8%) 15 (31.3%)
™ 16(15.79%) 10 (62.5%) 6(37.5%)

SLCO1B3.334 T>G ™ 70.1%) 1(16.7%) 5(83.3%) 0.08*
TG 31(313%) 23 (74.2%) 8(25.8%)
GG 61(61.6%) 39(63.9%) 22 (36.1%)

cYPaas “ 6(5.9%) 3(50.0%) 3(50.0%) 083
13 28 (27.5%) 18 (64.3%) 10 (35.7%)
3 68 (66.7%) 43 (64.2%) 24 (35.8%)

G, guanine; C, cytosine; A, adenine; T, thiamine; ABCBI, multidrug resistant gene; ABCG2, breast cancer resistant gene; SLCO1B3, uptake gene; CYP3AS, cytochrome

metebolzing gene.
*p value is significant < 0.05.
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Characteristics Total (N = 102) Favorable response Unfavorable P-value

(N =64) response (N = 37)
Gender 0636
Male N (%) 47.0(46.0%) 28 (43.8%) 18 (48.6%)
Female N (%) 55.0 (53.9%) 36 (56.3%) 19 (51.4%)
Age (year) Mean (SD) 406 (11.0) 409 (10.0) 40.0(12.6) 0629
PS 0687
0 N (%) 99.0 (97.0%) 63 (98.4%) 35 (94.6%)
1 N (%) 3.0(2.9%) 1(1.6%) 2 (65.4%)
Smoking 0,003
Current smoker N (%) 13 (12.7%) 5(7.8%) 7 (18.9%)
No smoking N (%) 89 (87.2%) 59 (92.2%) 30 ©81.1%)
Other diseases other than CML N (%) 35 (34.3%) 23(35.9%) 12 (32.4%) 0723
Hypertension N (%) 8(7.8%)
Diabetes N (%) 8(7.8%)
Others N (%) 21(205%)
Administration of concomitant Drug N (%) 26 (25.5%) 16 (25.0%) 10 (27.0%) 0823

0938

Family history of cancer N (%) 16 (15.7%) 10 (15.6%) 6(16.2%)
Eutos score 0.1
High risk N (%) 8(7.8%) 3(4.7%) 5(13.5%)
Low risk N (%) 94 (92.2%) 61(95.3%) 32 (86.5%)
Laboratory data at sampling time
Hg (g/dl) Mean (SD) 11.7 (1.9 1.7(1.7) 1.5 (2.1) 0.857
WBGC (mm?) Mean (SD) 5.7 (2.2-185.0) 57 (2.5-15.5) 56 (2.2-185.0) 0413
platiet (/mm®) Median (Range) 186.5 (14.0-984.0) 197.5 (100-934) 152.5 (14.0-554) 0.047*
AST (U) Median (Range) 22 (11.7-116.4) 22.2 (12.0-68.0) 21 (11.7-116.4) 0.302
ALT (U) Median (Range) 18.2 (7.4-117.0) 19.0 (8.0-72.3) 17.6 (7.4-117.0) 0766
Creatinine(mg/dl) Median(Range) 0.9 (0.3-1.4) 0.9(0.49-1.4) 0.8(0.3-1.3) 0117
Urea (mg/dl) Median (Range) 24.0 (12.0-46.0) 23.6(12.0-46.0) 240 (12.0-41.0) 0884

Hg, Hemoglobin; WBC, White Blood cell Count; PS, Performance Status; AST, Aspartate, aminotransferase; ALT, Alanine aminotransferase; SD, Standard Deviation; Eutos score:
7*basophils%-+4*spleen size (distance from costal margin cm), high risk > 87, low risk < 87.
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